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FOREWORD

1. This handbook is approved for use by all Departments and Agencies of the Department of Defense
and the Federal Aviation Administration.  This is the last planned edition of MIL-HDBK-5.  MIL-HDBK-
5J is equivalent to MMPDS-01, the first edition of the Metallic Material Properties Development and
Standardization Handbook, which is maintained by the Federal Aviation Administration.  The FAA plans
to publish annual updates and revisions to the MMPDS.  As a result, MIL-HDBK-5J is scheduled to be
reclassifed as noncurrent in the Spring of 2004.  It will be superseded at that time by the MMPDS
Handbook.

2. This handbook is for guidance only.  This handbook cannot be cited as a requirement.  If it is, the
contractor does not have to comply.

3. This document contains design information on the strength properties of metallic materials and
elements for aerospace vehicle structures. All information and data contained in this handbook have been
coordinated with the Air Force, Army, Navy, Federal Aviation Administration, and industry prior to
publication, and are being maintained as a joint effort of the Federal Aviation Administration and the
Department of Defense.

4. The electronic copy of the Handbook is technically consistent with the paper-copy Handbook;
however, minor differences exist in format; e.g., table or figure position. Depending on monitor size and
resolution setting, more data may be viewed without on-screen magnification. The figures were converted
to electronic format using one of several methods. For example, digitization or recomputation methods
were used on most of the engineering figures like typical stress-strain and effect of temperature, etc.
Scanning was used to capture informational figures such as those found in Chapters 1 and 9.  These
electronic figures were also used to generate the paper-copy figures to maintain equivalency between the
paper copy and electronic copy. In all cases, the electronic figures have been compared to the paper-copy
figures to ensure the electronic figures are technically equivalent. Appendix E provides a detailed listing
of all the figures in the Handbook, along with a description of each figure’s format.

5. Beneficial comments (recommendations, additions, deletions) and any pertinent data which may be of
use in improving this document should be addressed to: Chairman, MIL-HDBK-5 Coordination Activity
(937-656-9133 voice, 937-255-4997 fax), AFRL/MLSC, 2179 Twelfth St., Room 122, Wright-Patterson
AFB, OH 45433-7718, by using the Standardization Document Improvement Proposal (DD Form 1426)
appearing at the end of this document or by letter.  Alternatively, comments may be sent directly to: 
Chairman, MMPDS Coordination Activity (609-485-4784 voice, 609-485-4004 fax), AAR-431, Aging
Aircraft Structural Integrity Research, FAA William J. Hughes Technical Center, Atlantic City
International Airport, Atlantic City, NJ  08405.
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For chapters containing materials properties, a deci-numeric system is used to identify sections of
text, tables, and illustrations.  This system is explained in the examples shown below.  Variations of this
deci-numerical system are also used in Chapters 1, 8, and 9.

Example A 2.4.2.1.1

General material category (in this case, steel) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

A logical breakdown of the base material by family characteristics
(in this case, intermediate alloy steels); or for element properties . . . . . . . . . . . . . . . . . . . . . . . . .

Particular alloy to which all data are pertinent.  If zero, section contains comments
on the family characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

If zero, section contains comments specific to the alloy; if it is an integer, the
number identifies a specific temper or condition (heat treatment) . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Type of graphical data presented on a given figure
(see following description) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Example B 3.2.3.1.X

Aluminum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2000 Series Wrought Alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2024 Alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

T3, T351, T3510, T3511, T4, and T42 Tempers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Specific Property as Follows . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Tensile properties (ultimate and yield strength) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Compressive yield and shear ultimate strengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Bearing properties (ultimate and yield strength) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Modulus of elasticity, shear modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

Elongation, total strain at failure, and reduction of area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Stress-strain curves, tangent-modulus curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Creep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Fatigue-Crack Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Fracture Toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

EXPLANATION OF NUMERICAL CODE
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CHAPTER 1

GENERAL

1.1 PURPOSE AND USE OF DOCUMENT

1.1.1 INTRODUCTION — Since many aerospace companies manufacture both commercial and
military products, the standardization of metallic materials design data, which are acceptable to
Government procuring or certification agencies is very beneficial to those manufacturers as well as
governmental agencies.  Although the design requirements for military and commercial products may
differ greatly, the required design values for the strength of materials and elements and other needed
material characteristics are often identical.  Therefore, this publication provides standardized design values
and related design information for metallic materials and structural elements used in aerospace structures.
The data contained herein, or from approved items in the minutes of MIL-HDBK-5 coordination meetings,
are acceptable to the Air Force, the Navy, the Army, and the Federal Aviation Administration.  Approval
by the procuring or certificating agency must be obtained for the use of design values for products not
contained herein.

This printed document is distributed by the Document Automation and Production Service
(DAPS).  It is the only official form of MIL-HDBK-5.  If computerized third-party MIL-HDBK-5
databases are used, caution should be exercised to ensure that the information in these databases is
identical to that contained in this Handbook.

U.S. Government personnel may obtain free copies of the current version of the printed document
from the Document Automation and Production Service (DAPS).  Assistance with orders may be obtained
by calling (215) 697-2179.  The FAX number is (215) 697-1462. 

U.S. Government personnel may also obtain a free electronic copy of the current document from
DAPS through the ASSIST website at http://assist.daps.mil.

1.1.2 SCOPE OF HANDBOOK — This Handbook is primarily intended to provide a source of
design mechanical and physical properties, and joint allowables.  Material property and joint data obtained
from tests by material and fastener producers, government agencies, and members of the airframe industry
are submitted to MIL-HDBK-5 for review and analysis.  Results of these analyses are submitted to the
membership during semi-annual coordination meetings for approval and, when approved, published in this
Handbook.

This Handbook also contains some useful basic formulas for structural element analysis.
However, structural design and analysis are beyond the scope of this Handbook.

References for data and various test methods are listed at the end of each chapter.  The reference
number corresponds to the applicable paragraph of the chapter cited.  Such references are intended to
provide sources of additional information, but should not necessarily be considered as containing data
suitable for design purposes.
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The content of this Handbook is arranged as follows:

Chapter(s) Subjects

  1 Nomenclature, Systems of Units, Formulas, Material Property Definitions,
   Failure Analysis, Column Analysis, Thin-Walled Sections

2-7 Material Properties
  8 Joint Allowables
  9 Data Requirements, Statistical Analysis Procedures
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1.2 NOMENCLATURE

1.2.1 SYMBOLS AND DEFINITIONS — The various symbols used throughout the Handbook to
describe properties of materials, grain directions, test conditions, dimensions, and statistical analysis
terminology are included in Appendix A.

1.2.2 INTERNATIONAL SYSTEM OF UNITS (SI) — Design properties and joint allowables
contained in this Handbook are given in customary units of U.S. measure to ensure compatibility with
government and industry material specifications and current aerospace design practice.  Appendix A.4 may
be used to assist in the conversion of these units to Standard International (SI) units when desired.
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1.3 COMMONLY USED FORMULAS

1.3.1 GENERAL — Formulas provided in the following sections are listed for reference
purposes.  Sign conventions generally accepted in their use are that quantities associated with tension
action (loads, stresses, strains, etc.), are usually considered as positive and quantities associated with
compressive action are considered as negative. When compressive action is of primary interest, it is
sometimes convenient to identify associated properties with a positive sign.  Formulas for all statistical
computations relating to allowables development are presented in Chapter 9. 

1.3.2 SIMPLE UNIT STRESSES —

ft = P / A (tension) [1.3.2(a)]

fc = P / A (compression) [1.3.2(b)]

fb = My / I = M / Z (bending) [1.3.2(c)]

fs = S / A (average direct shear stress) [1.3.2(d)]

fx = SQ / Ib (longitudinal or transverse shear stress) [1.3.2(e)]

fx = Ty / Ip (shear stress in round tubes due to torsion) [1.3.2(f)]

fs = (T/2At) (shear stress due to torsion in thin-walled structures of closed [1.3.2(g)]

              section.  Note  that A is the area enclosed by the median line of the section.)

fA = BfH ; fT = BfL (axial and tangential stresses, where B = biaxial ratio) [1.3.2(h)]

1.3.3 COMBINED STRESSES (SEE SECTION 1.5.3.4) —

fA = fc + fb (compression and bending) [1.3.3(a)]

 (compression, bending, and torsion) [1.3.3(b)]f f fs s nmax

/

/2 2
1 2

2

fn max = fn/2 + fs  max [1.3.3(c)]

1.3.4 DEFLECTIONS (AXIAL) —

e =  / L (unit deformation or strain) [1.3.4(a)]

E = f/e (This equation applied when E is obtained from the same tests in which [1.3.4(b)]

  f and e are measured.)

 = eL = (f / E)L [1.3.4(c)]

      = PL / (AE) (This equation applies when the deflection is to be [1.3.4(d)]

                       calculated using a known value of E.)

1.3.5 DEFLECTIONS (BENDING) —

di/dx = M / (EI) (Change of slope per unit length of a beam; radians per unit length) [1.3.5(a)]
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 — Slope at Point 2.  (This integral denotes the area under the 1.3.5(b)]i i M EI dx

x

x

2 1

1

2

/( )

curve of M/EI plotted against x, between the limits of x1 and x2.)

 — Deflection at Point 2. [1.3.5(c)]y y i x x M EI x x dx

x

x

2 1 2 1 2

1

2

/

(This integral denotes the area under the curve having an ordinate equal to M/EI multiplied by the
corresponding distances to Point 2, plotted against x, between the limits of x1 and x2.)

 — Deflection at Point 2.  (This integral denotes the area under the [1.3.5(d)]y y idx

x

x

2 1

1

2

curve of x1(i) plotted against x, between the limits of x1 and x2.)

1.3.6 DEFLECTIONS (TORSION) —

d  / dx =  T / (GJ) (Change of angular deflection or twist per unit length of a member, [1.3.6(a)]

     radians per unit length.)

 — Total twist over a length from x1 to x2.  (This integral denotes the [1.3.6(b)]T GJ dx
x

x

/ ( )
1

2

area under the curve of T/GJ plotted against x, between the limits

                of x1 and x2.)

 = TL/(GJ) (Used when torque T/GJ is constant over length L.) [1.3.6(c)]

1.3.7 BIAXIAL ELASTIC DEFORMATION —

µ = eT/eL (Unit lateral deformation/unit axial deformation.)  This identifies Poisson’s ratio [1.3.7(a)]

    in uniaxial loading.

Eex = fx - µfy [1.3.7(b)]

Eey = fy - µfx [1.3.7(c)]

Ebiaxial = E(1 - µB) — B = biaxial elastic modulus. [1.3.7(d)]

1.3.8 BASIC COLUMN FORMULAS —

Fc = 2 Et (L  / )2 where L  = L / c  — conservative using tangent modulus [1.3.8(a)]

Fc = 2 E (L  / )2 — standard Euler formula [1.3.8(b)]
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1.3.9 INELASTIC STRESS-STRAIN RESPONSE —

etotal = f / E + ep (elastic strain response plus inelastic or plastic strain response) [1.3.9(a)]

where

ep  =  0.002 * (f/f0.2ys)
n, [1.3.9(b)]

f0.2ys = the 0.2 percent yield stress and

n = Ramberg-Osgood parameter

Equation [1.3.9(b)] implies a log-linear relationship between inelastic strain and stress, which is observed
with many metallic materials, at least for inelastic strains ranging from the material’s proportional limit
to its yield stress.
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1.4 BASIC PRINCIPLES

1.4.1 GENERAL — It is assumed that users of this Handbook are familiar with the principles of
strength of materials.  A brief summary of that subject is presented in the following paragraphs to
emphasize principles of importance regarding the use of allowables for various metallic materials.

Requirements for adequate test data have been established to ensure a high degree of reliability for
allowables published in this Handbook.  Statistical analysis methods, provided in Chapter 9, are
standardized and approved by all government regulatory agencies as well as MIL-HDBK-5 members from
industry.  

1.4.1.1 Basis — Primary static design properties are provided for the following conditions:

Tension . . . . . . . . . Ftu and Fty

Compression . . . . . Fcy

Shear . . . . . . . . . . . Fsu

Bearing . . . . . . . . . Fbru and Fbry

These design properties are presented as A- and B- or S-basis room temperature values for each
alloy.  Design properties for other temperatures, when determined in accordance with Section 1.4.1.3, are
regarded as having the same basis as the corresponding room temperature values.

Elongation and reduction of area design properties listed in room temperature property tables
represent procurement specification minimum requirements, and are designated as S-values.  Elongation
and reduction of area at other temperatures, as well as moduli, physical properties, creep properties, fatigue
properties and fracture toughness properties are all typical values unless another basis is specifically
indicated.

Use of B-Values  —  The use of B-basis design properties is permitted in design by the Air Force,
the Army, the Navy, and the Federal Aviation Administration, subject to certain limitations specified by
each agency.  Reference should be made to specific requirements of the applicable agency before using
B-values in design.

1.4.1.2 Statistically Calculated Values — Statistically calculated values are S (since
1975),  T99 and T90.  S, the minimum properties guaranteed in the material specification, are calculated
using the same requirements and procedure as AMS and is explained in Chapter 9.  T99 and T90 are the
local tolerance bounds, and are defined and may be computed using the data requirements and statistical
procedures explained in Chapter 9.

1.4.1.3 Ratioed Values — A ratioed design property is one that is determined through its
relationship with an established design value.  This may be a tensile stress in a different grain direction
from the established design property grain direction, or it may be another stress property, e.g.,
compression, shear or bearing.  It may also be the same stress property at a different temperature.  Refer
to Chapter 9 for specific data requirements and data analysis procedures.

Derived properties are presented in two manners.  Room temperature derived properties are
presented in tabular form with their baseline design properties.  Other than room temperature derived
properties are presented in graphical form as percentages of the room temperature value.  Percentage
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values apply to all forms and thicknesses shown in the room temperature design property table for the heat
treatment condition indicated therein unless restrictions are otherwise indicated.  Percentage curves usually
represent short time exposures to temperature (thirty minutes) followed by testing at the same strain rate
as used for the room temperature tests.  When data are adequate, percentage curves are shown for other
exposure times and are appropriately labeled.

1.4.2 STRESS — The term “stress” as used in this Handbook implies a force per unit area and is
a measure of the intensity of the force acting on a definite plane passing through a given point (see
Equations 1.3.2(a) and 1.3.2(b)).  The stress distribution may or may not be uniform, depending on the
nature of the loading condition.  For example, tensile stresses identified by Equation 1.3.2(a) are
considered to be uniform.  The bending stress determined from Equation 1.3.2(c) refers to the stress at a
specified distance perpendicular to the normal axis.  The shear stress acting over the cross section of a
member subjected to bending is not uniform.  (Equation 1.3.2(d) gives the average shear stress.)

1.4.3 STRAIN — Strain is the change in length per unit length in a member or portion of a
member.  As in the case of stress, the strain distribution may or may not be uniform in a complex structural
element, depending on the nature of the loading condition.  Strains usually are present also in directions
other than the directions of applied loads.

1.4.3.1 Poisson’s Ratio Effect — A normal strain is that which is associated with a normal
stress; a normal strain occurs in the direction in which its associated normal stress acts.  Normal strains
that result from an increase in length are designated as positive (+) and those that result in a decrease in
length are designated as negative (-). 

Under the condition of uniaxial loading, strain varies directly with stress.  The ratio of stress to
strain has a constant value (E) within the elastic range of the material, but decreases when the proportional
limit is exceeded (plastic range).  Axial strain is always accompanied by lateral strains of opposite sign
in the two directions mutually perpendicular to the axial strain.  Under these conditions, the absolute value
of a ratio of lateral strain to axial strain is defined as Poisson’s ratio.  For stresses within the elastic range,
this ratio is approximately constant.  For stresses exceeding the proportional limit, this ratio is a function
of the axial strain and is then referred to as the lateral contraction ratio.  Information on the variation of
Poisson’s ratio with strain and with testing direction is available in Reference 1.4.3.1.

Under multiaxial loading conditions, strains resulting from the application of each directional load
are additive.  Strains must be calculated for each of the principal directions taking into account each of the
principal stresses and Poisson’s ratio (see Equation 1.3.7 for biaxial loading).

1.4.3.2 Shear Strain — When an element of uniform thickness is subjected to pure shear,
each side of the element will be displaced in opposite directions.  Shear strain is computed by dividing this
total displacement by the right angle distance separating the two sides.

1.4.3.3  Strain Rate — Strain rate is a function of loading rate.  Test results are dependent
upon strain rate, and the ASTM testing procedures specify appropriate strain rates.  Design properties in
this Handbook were developed from test data obtained from coupons tested at the stated strain rate or up
to a value of 0.01 in./in./min, the standard maximum static rate for tensile testing materials per
specification ASTM E 8. 

1.4.3.4 Elongation and Reduction of Area — Elongation and reduction of area are
measured in accordance with specification ASTM E 8. 
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1.4.4 TENSILE PROPERTIES — When a metallic specimen is tested in tension using standard
procedures of ASTM E 8, it is customary to plot results as a “stress-strain diagram.”  Typical tensile stress-
strain diagrams are characterized in Figure 1.4.4.  Such diagrams, drawn to scale, are provided in
appropriate chapters of this Handbook.  The general format of such diagrams is to provide a strain scale
nondimensionally (in./in.) and a stress scale in 1000 lb/in. (ksi).  Properties required for design and
structural analysis are discussed in Sections 1.4.4.1 to 1.4.4.6. 

1.4.4.1 Modulus of Elasticity (E) — Referring to Figure 1.4.4, it is noted that the initial part
of stress-strain curves are straight lines.  This indicates a constant ratio between stress and strain.
Numerical values of such ratios are defined as the modulus of elasticity, and denoted by the letter E.  This
value applies up to the proportional limit stress at which point the initial slope of the stress-strain curve
then decreases. Modulus of elasticity has the same units as stress.  See Equation 1.3.4 (b). 

Other moduli of design importance are tangent modulus, Et, and secant modulus, Es.  Both of these
moduli are functions of strain.  Tangent modulus is the instantaneous slope of the stress-strain curve at any
selected value of strain.  Secant modulus is defined as the ratio of total stress to total strain at any selected
value of strain.  Both of these moduli are used in structural element designs.  Except for materials such
as those described with discontinuous behaviors, such as the upper stress-strain curve in Figure 1.4.4,
tangent modulus is the lowest value of modulus at any state of strain beyond the proportional limit.
Similarly, secant modulus is the highest value of modulus beyond the proportional limit.

Clad aluminum alloys may have two separate modulus of elasticity values, as indicated in the
typical stress-strain curve shown in Figure 1.4.4.  The initial slope, or primary modulus, denotes a
response of both the low-strength cladding and higher-strength core elastic behaviors.  This value applies
only up to the proportional limit of the cladding.  For example, the primary modulus of 2024-T3 clad sheet
applies only up to about 6 ksi.  Similarly, the primary modulus of 7075-T6 clad sheet applies only up to
approximately 12 ksi.  A typical use of primary moduli is for low amplitude, high frequency fatigue.
Primary moduli are not applicable at higher stress levels.  Above the proportional limits of cladding
materials, a short transition range occurs while the cladding is developing plastic behavior.  The material
then exhibits a secondary elastic modulus up to the proportional limit of the core material.  This secondary
modulus is the slope of the second straight line portion of the stress-strain curve.  In some cases, the
cladding is so little different from the core material that a single elastic modulus value is used.

1.4.4.2 Tensile Proportional Limit Stress (Ftp) — The tensile proportional limit is the
maximum stress for which strain remains proportional to stress.  Since it is practically impossible to
determine precisely this point on a stress-strain curve, it is customary to assign a small value of plastic
strain to identify the corresponding stress as the proportional limit.  In this Handbook, the tension and
compression proportional limit stress corresponds to a plastic strain of 0.0001 in./in.

1.4.4.3 Tensile Yield Stress (TYS or Fty) — Stress-strain diagrams for some ferrous alloys
exhibit a sharp break at a stress below the tensile ultimate strength.  At this critical stress, the material
elongates considerably with no apparent change in stress.  See the upper stress-strain curve in Figure 1.4.4.
The stress at which this occurs is referred to as the yield point.  Most nonferrous metallic alloys and most
high strength steels do not exhibit this sharp break, but yield in a monotonic manner.  This condition is
also illustrated in Figure 1.4.4.  Permanent deformation may be detrimental, and the industry adopted
0.002 in./in. plastic strain as an arbitrary limit that is considered acceptable by all regulatory agencies.  For
tension and compression, the corresponding stress at this offset strain is defined as the yield stress (see
Figure 1.4.4).  This value of plastic axial strain is 0.002 in./in. and the corresponding stress is defined as
the yield stress.  For practical purposes, yield stress can be determined from a stress-strain diagram by
extending a line parallel to the elastic modulus line and offset from the origin by an amount of 0.002 in./in.
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Figure 1.4.4.  Typical tensile stress-strain diagrams.

strain.  The yield stress is determined as the intersection of the offset line with the stress-strain curve.
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1.4.4.4 Tensile Ultimate Stress (TUS or Fty) — Figure 1.4.4 shows how the tensile
ultimate stress is determined from a stress-strain diagram.  It is simply the maximum stress attained.  It
should be noted that all stresses are based on the original cross-sectional dimensions of a test specimen,
without regard to the lateral contraction due to Poisson’s ratio effects.  That is, all strains used herein are
termed engineering strains as opposed to true strains which take into account actual  cross sectional
dimensions.  Ultimate tensile stress is commonly used as a criterion of the strength of the material for
structural design, but it should be recognized that other strength properties may often be more important.

1.4.4.5 Elongation (e) — An additional property that is determined from tensile tests is
elongation.  This is a measure of ductility.  Elongation, also stated as total elongation, is defined as the
permanent increase in gage length, measured after fracture of a tensile specimen.  It is commonly
expressed as a percentage of the original gage length.  Elongation is usually measured over a gage length
of 2 inches for rectangular tensile test specimens and in 4D (inches) for round test specimens.  Welded test
specimens are exceptions.  Refer to the applicable material specification for applicable specified gage
lengths.  Although elongation is widely used as an indicator of ductility, this property can be significantly
affected by testing variables, such as thickness, strain rate, and gage length of test specimens.  See Section
1.4.1.1 for data basis.

1.4.4.6 Reduction of Area (RA) — Another property determined from tensile tests is
reduction of area, which is also a measure of ductility.  Reduction of area is the difference, expressed as
a percentage of the original cross sectional area, between the original cross section and the minimum cross
sectional area  adjacent to the fracture zone of a tested specimen.  This property is less affected by testing
variables than elongation, but is more difficult to compute on thin section test specimens.  See Section
1.4.1.1 for data basis.

1.4.5 COMPRESSIVE PROPERTIES — Results of compression tests completed in accordance with
ASTM E 9 are plotted as stress-strain curves similar to those shown for tension in Figure 1.4.4.  Preceding
remarks concerning  tensile properties of materials, except for ultimate stress and elongation, also apply
to compressive properties.  Moduli are slightly greater in compression for most of the commonly used
structural metallic alloys.  Special considerations concerning the ultimate compressive stress are described
in the following section.  An evaluation of techniques for obtaining compressive strength properties of thin
sheet materials is outlined in Reference 1.4.5.

1.4.5.1 Compressive Ultimate Stress (Fcu) – Since the actual failure mode for the highest
tension and compression stress is shear, the maximum compression stress is limited to Ftu.  The driver for
all the analysis of all structure loaded in compression is the slope of the compression stress strain curve,
the tangent modulus.

1.4.5.2 Compressive Yield Stress (CYS or Fcy) — Compressive yield stress is measured
in a manner identical to that done for tensile yield strength.  It is defined as the stress corresponding to
0.002 in./in. plastic strain.

1.4.6 SHEAR PROPERTIES — Results of torsion tests on round tubes or round solid sections are
plotted as torsion stress-strain diagrams.  The shear modulus of elasticity is considered a basic shear
property.  Other properties, such as the proportional limit stress and shear ultimate stress, cannot be treated
as basic shear properties because of “form factor” effects.  The theoretical ratio between shear and tensile
stress for homogeneous, isotropic materials is 0.577.  Reference 1.4.6 contains additional information on
this subject.
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1.4.6.1 Modulus of Rigidity (G) — This property is the initial slope of the shear stress-strain
curve.  It is also referred to as the modulus of elasticity in shear.  The relation between this property and
the modulus of elasticity in tension is expressed for homogeneous isotropic materials by the following
equation:

[1.4.6.1]G
E

2 1( )

1.4.6.2 Proportional Limit Stress in Shear (Fsp) — This property is of particular interest
in connection with formulas which are based on considerations of linear elasticity, as it represents the
limiting value of shear stress for which such formulas are applicable.  This property cannot be determined
directly from torsion tests. 

1.4.6.3 Yield and Ultimate Stresses in Shear (SYS or Fsy) and (SUS or Fsu) —
These properties, as usually obtained from ASTM test procedures tests, are not strictly basic properties,
as they will depend on the shape of the test specimen.  In such cases, they should be treated as moduli and
should not be combined with the same properties obtained from other specimen configuration tests.  

Design values reported for shear ultimate stress (Fsu) in room temperature property tables for
aluminum and magnesium thin sheet alloys are based on “punch” shear type tests except when noted.
Heavy section test data are based on “pin” tests.  Thin aluminum products may be tested to ASTM B 831,
which is a slotted shear test.  Thicker aluminums use ASTM B 769, otherwise known as the Amsler shear
test.  These two tests only provide ultimate strength.  Shear data for other alloys are obtained from pin
tests, except where product thicknesses are insufficient.  These tests are used for other alloys; however,
the standards don’t specifically cover materials other than aluminum

1.4.7 BEARING PROPERTIES — Bearing stress limits are of value in the design of mechanically
fastened joints and lugs.  Only yield and ultimate stresses are obtained from bearing tests.  Bearing stress
is computed from test data by dividing the load applied to the pin, which bears against the edge of the hole,
by the bearing area.  Bearing area is the product of the pin diameter and the sheet or plate thickness.

A bearing test requires the use of special cleaning procedures as specified in ASTM E 238.
Results are identified as “dry-pin” values.  The same tests performed without application of ASTM E 238
cleaning procedures are referred to as “wet pin” tests.  Results from such tests can show bearing stresses
at least 10 percent lower than those obtained from “dry pin” tests.  See Reference 1.4.7 for additional
information.  Additionally, ASTM E 238 requires the use of hardened pins that have diameters within
0.001 of the hole diameter.  As the clearance increases to 0.001 and greater, the bearing yield and failure
stress tends to decrease.

In the definition of bearing values, t is sheet or plate thickness, D is the pin diameter, and e is the
edge distance measured from the center of the hole to the adjacent edge of the material being tested in the
direction of applied load.

1.4.7.1 Bearing Yield and Ultimate Stresses (BYS or Fbry) and (BUS or Fbru) — BUS
is the maximum stress withstood by a bearing specimen.  BYS is computed from a bearing stress-
deformation curve by drawing a line parallel to the initial slope at an offset of 0.02 times the pin diameter.

Tabulated design properties for bearing yield stress (Fbry) and bearing ultimate stress (Fbru) are
provided throughout the Handbook for edge margins of e/D = 1.5 and 2.0.  Bearing values for e/D of 1.5
are not intended for designs of e/D < 1.5.  Bearing values for e/D < 1.5 must be substantiated by adequate
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tests, subject to the approval of the procuring or certificating regulatory agency.  For edge margins
between 1.5 and 2.0, linear interpolation of properties may be used.

Bearing design properties are applicable to t/D ratios from 0.25 to 0.50.  Bearing design values
for conditions of t/D < 0.25 or t/D > 0.50 must be substantiated by tests.  The percentage curves showing
temperature effects on bearing stress may be used with both e/D properties of 1.5 and 2.0.

Due to differences in results obtained between dry-pin and wet-pin tests, designers are encouraged
to consider the use of a reduction factor with published bearing stresses for use in design. 

1.4.8 TEMPERATURE EFFECTS — Temperature effects require additional considerations for static,
fatigue and fracture toughness properties.  In addition, this subject introduces concerns for time-dependent
creep properties.

1.4.8.1 Low Temperature — Temperatures below room temperature generally cause an
increase in strength properties of metallic alloys.  Ductility, fracture toughness, and elongation usually
decrease.  For specific information, see the applicable chapter and references noted therein.

1.4.8.2 Elevated Temperature — Temperatures above room temperature usually cause a
decrease in the strength properties of metallic alloys.  This decrease is dependent on many factors, such
as temperature and the time of exposure which may degrade the heat treatment condition, or cause a
metallurgical change.  Ductility may increase or decrease with increasing temperature depending on the
same variables.  Because of this dependence of strength and ductility at elevated temperatures on many
variables, it is emphasized that the elevated temperature properties obtained from this Handbook be
applied for only those conditions of exposure stated herein.

The effect of temperature on static mechanical properties is shown by a series of graphs of
property (as percentages of the room temperature allowable property) versus temperature.  Data used to
construct these graphs were obtained from tests conducted over a limited range of strain rates.  Caution
should be exercised in using these static property curves at very high temperatures,  particularly if the
strain rate intended in design is much less than that stated with the graphs.  The reason for this concern
is that at very low strain rates or under sustained loads, plastic deformation or creep deformation may
occur to the detriment of the intended structural use.

1.4.8.2.1  Creep and Stress-Rupture Properties — Creep is defined as a time-dependent
deformation of a material while under an applied load.  It is usually regarded as an elevated temperature
phenomenon, although some materials creep at room temperature.  If permitted to continue indefinitely,
creep terminates in rupture.  Since creep in service is usually typified by complex conditions of loading
and temperature, the number of possible stress-temperature-time profiles is infinite.  For economic reasons,
creep data for general design use are usually obtained under conditions of constant uniaxial loading and
constant temperature in accordance with Reference 1.4.8.2.1(a).  Creep data are sometimes obtained under
conditions of cyclic uniaxial loading and constant temperature, or constant uniaxial loading and  variable
temperatures.  Section 9.3.6 provides a limited amount of creep data analysis procedures.  It is recognized
that, when significant creep appears likely to occur, it may be necessary to test under simulated service
conditions because of difficulties posed in attempting to extrapolate from simple to complex stress-
temperature-time conditions.  

Creep damage is cumulative similar to plastic strain resulting from multiple static loadings.  This
damage may involve significant effects on the temper of heat treated materials, including annealing, and
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Figure 1.4.8.2.2.  Typical creep-rupture curve.

the initiation and growth of cracks or subsurface voids within a material.  Such effects are often recognized
as reductions in short time strength properties or ductility, or both.

1.4.8.2.2  Creep-Rupture Curve — Results of tests conducted under constant loading and
constant temperature are usually plotted as strain versus time up to rupture.  A typical plot of this nature
is shown in Figure 1.4.8.2.2.  Strain includes both the instantaneous deformation due to load application
and the plastic strain due to creep.  Other definitions and terminology are provided in Section 9.3.6.2.

1.4.8.2.3  Creep or Stress-Rupture Presentations — Results of creep or stress-rupture tests
conducted over a range of stresses and temperatures are presented as curves of stress versus the logarithm
of time to rupture.  Each curve represents an average, best-fit description of measured behavior.
Modification of such curves into design use are the responsibility of the design community since material
applications and regulatory requirements may differ.  Refer to Section 9.3.6 for data reduction and
presentation methods and References 1.4.8.2.1(b) and (c).

1.4.9 FATIGUE PROPERTIES — Repeated loads are one of the major considerations for design
of both commercial and military aircraft structures.  Static loading, preceded by cyclic loads of lesser
magnitudes, may result in mechanical behaviors (Ftu , Fty , etc.) lower than those published in room
temperature allowables tables.  Such reductions are functions of the material and cyclic loading conditions.
A fatigue allowables development philosophy is not presented in this Handbook.  However, basic
laboratory test data are useful for materials selection.  Such data are therefore provided in the appropriate
materials sections.

In the past, common methods of obtaining and reporting fatigue data included results obtained
from axial loading tests, plate bending tests, rotating bending tests, and torsion tests.  Rotating bending
tests apply completely reversed (tension-compression) stresses to round cross section specimens.  Tests
of this type are now seldom conducted for aerospace use and have therefore been dropped from
importance in this Handbook.  For similar reasons, flexural fatigue data also have been dropped.  No
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significant amount of torsional fatigue data have ever been made available.  Axial loading tests, the only
type retained in this Handbook, consist of completely reversed loading conditions (mean stress equals
zero) and those in which the mean stress was varied to create different stress (or strain) ratios (R =
minimum stress or strain divided by maximum stress or strain).  Refer to Reference 1.4.9(a) for load
control fatigue testing guidelines and Reference 1.4.9(b) for strain control fatigue testing guidelines.

1.4.9.1 Terminology — A number of symbols and definitions are commonly used to describe
fatigue test conditions, test results and data analysis techniques.  The most important of these are described
in Section 9.3.4.2.

1.4.9.2  Graphical Display of Fatigue Data — Results of axial fatigue tests are reported

on S-N and  - N diagrams.  Figure 1.4.9.2(a) shows a family of axial load S-N curves.  Data for each
curve represents a separate R-value.

S-N and  - N diagrams are shown in this Handbook with the raw test data plotted for each stress
or strain ratio or, in some cases, for a single value of mean stress.  A best-fit curve is drawn through the
data at each condition.  Rationale used to develop best-fit curves and the characterization of all such curves
in a single diagram is explained in Section 9.3.4.  For load control test data, individual curves are usually
based on an equivalent stress that consolidates data for all stress ratios into a single curve.  Refer to Figure
1.4.9.2(b).  For strain control test data, an equivalent strain consolidation method is used.

Elevated temperature fatigue test data are treated in the same manner as room temperature data,
as long as creep is not a significant factor and room temperature analysis methods can be applied.  In the
limited number of cases where creep strain data have been recorded as a part of an elevated temperature
fatigue test series, S-N (or  - N) plots are constructed for specific creep strain levels.  This is provided
in addition to the customary plot of maximum stress (or strain) versus cycles to failure.

The above information may not apply directly to the design of structures for several reasons.  First,
Handbook information may not take into account specific stress concentrations unique to any given
structural design.  Design considerations usually include stress concentrations caused by re-entrant
corners, notches, holes, joints, rough surfaces, structural damage, and other conditions.  Localized high
stresses induced during the fabrication of some parts have a much greater influence on fatigue properties
than on static properties.  These factors significantly reduce fatigue life below that which is predictable
by estimating smooth specimen fatigue performance with estimated stresses due to fabrication.  Fabricated
parts have been found to fail at less than 50,000 cycles of loading when the nominal stress was far below
that which could be repeated many millions of times using a smooth-machined test specimen.

Notched fatigue specimen test data are shown in various Handbook figures to provide an
understanding of deleterious effects relative to results for smooth specimens.  All of the mean fatigue
curves published in this Handbook, including both the notched fatigue and smooth specimen fatigue
curves, require modification into allowables for design use.  Such factors may impose a penalty on cyclic
life or upon stress.  This is a responsibility for the design community.  Specific reductions vary between
users of such information, and depending on the criticality of application, sources of uncertainty in the
analysis, and requirements of the certificating activity.  References 1.4.9.2(a) and (b) contain more specific
information on fatigue testing procedures, organization of test results, influences of various factors, and
design considerations.
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Figure 1.4.9.2(a).  Best fit S/N curve diagram for a material at various stress ratios.
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1.4.10 METALLURGICAL INSTABILITY — In addition to the retention of strength and ductility, a
structural material must also retain surface and internal stability.  Surface stability refers to the resistance
of the material to oxidizing or corrosive environments.  Lack of internal stability is generally manifested
(in some ferrous and several other alloys) by carbide precipitation, spheroidization, sigma-phase
formation, temper embrittlement, and internal or structural transformation, depending upon the specific
conditions of exposure. 

Environmental conditions, that influence metallurgical stability include heat, level of stress,
oxidizing or corrosive media, and nuclear radiation.  The effect of environment on the material can be
observed as either improvement or deterioration of properties, depending upon the specific imposed
conditions.  For example, prolonged heating may progressively raise the strength of a metallic alloy as
measured on smooth tensile or fatigue specimens.  However, at the same time, ductility may be reduced
to such an extent that notched tensile or fatigue behavior becomes erratic or unpredictable.  The metallurgy
of each alloy should be considered in making material selections.

Under normal temperatures, i.e., between -65 F and 160 F, the stability of most structural metallic
alloys is relatively independent of exposure time.  However, as temperature is increased, the metallurgical
instability becomes increasingly time dependent.  The factor of exposure time should be considered in
design when applicable. 

1.4.11 BIAXIAL PROPERTIES — Discussions up to this point pertained to uniaxial conditions of
static, fatigue, and creep loading.  Many structural applications involve both biaxial and triaxial loadings.
Because of the difficulties of testing under triaxial loading conditions, few data exist.  However,
considerable biaxial testing has been conducted and the following paragraphs describe how these results
are presented in this Handbook.  This does not conflict with data analysis methods presented in Chapter
9.  Therein, statistical analysis methodology is presented solely for use in analyzing test data to establish
allowables.

If stress axes are defined as being mutually perpendicular along x-, y-, and z-directions in a
rectangular coordinate system, a biaxial stress is then defined as a condition in which loads are applied
in both the x- and y-directions.  In some special cases, loading may be applied in the z-direction instead
of the y-direction.  Most of the following discussion will be limited to tensile  loadings in the x- and y-
directions.  Stresses and strains in these directions are referred to as principal stresses and principal strains.
See Reference 1.4.11. 

When a specimen is tested under biaxial loading conditions, it is customary to plot the results as
a biaxial stress-strain diagram.  These diagrams are similar to uniaxial stress-strain diagrams shown in
Figure 1.4.4.  Usually, only the maximum (algebraically larger) principal stress and strain are shown for
each test result.  When tests of the same material are conducted at different biaxial stress ratios, the
resulting curves may be plotted simultaneously, producing a family of biaxial stress-strain  curves as
shown in Figure 1.4.11 for an isotropic material.  For anisotropic materials, biaxial stress-strain curves also
require distinction by grain direction.

The reference direction for a biaxial stress ratio, i.e., the direction corresponding to B=0, should
be clearly indicated with each result.  The reference direction is always considered as the longitudinal
(rolling) direction for flat products and the hoop (circumferential) direction for shells of revolution, e.g.,
tubes, cones, etc.  The letter B denotes the ratio of applied stresses in the two loading directions.  For
example, biaxility ratios of 2 and 0.5 shown in Figure 1.4.11 indicate  results representing both biaxial
stress ratios of 2 or 0.5, since this is a hypothetical example for an isotropic material, e.g., cross-rolled
sheet.  In a similar manner, the curve labeled B=1 indicates a biaxial stress-strain result for equally applied
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Figure 1.4.11.  Typical biaxial stress-strain diagrams
for isotropic materials.

stresses in both directions.  The curve labeled B = , 0 indicates the biaxial stress-strain behavior when
loading is applied in only one direction, e.g., uniaxial behavior.  Biaxial property data presented in the
Handbook are to be considered as basic material properties obtained from carefully prepared specimens.

1.4.11.1  Biaxial Modulus of Elasticity — Referring to Figure 1.4.11, it is noted that the
original portion of each stress-strain curve is essentially a straight line.  In uniaxial tension or compression,
the slope of this line is defined as the modulus of elasticity.  Under biaxial loading conditions, the initial
slope of such curves is defined as the biaxial modulus.  It is a function of biaxial stress ratio and Poisson’s
ratio.  See Equation 1.3.7.4.

1.4.11.2 Biaxial Yield Stress — Biaxial yield stress is defined as the maximum principal
stress corresponding to 0.002 in./in. plastic strain in the same direction, as determined from a test curve.

In the design of aerospace structures, biaxial stress ratios other than those normally used in biaxial
testing are frequently encountered.  Information can be combined into a single diagram to enable
interpolations at intermediate biaxial stress ratios, as shown in Figure 1.4.11.2.  An envelope is constructed
through test results for each tested condition of biaxial stress ratios.  In this case, a typical biaxial yield
stress envelope is identified.  In the preparation of such envelopes, data are first reduced to
nondimensional form (percent of uniaxial tensile yield stress in the specified reference direction), then a
best-fit curve is fitted through the nondimensionalized data.  Biaxial yield strength allowables are then
obtained by multiplying the uniaxial Fty (or Fcy) allowable by the applicable coordinate of the biaxial stress
ratio curve.  To avoid possible confusion, the reference direction used for the uniaxial yield strength is
indicated on each figure.
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Figure 1.4.11.2.  Typical biaxial yield stress
envelope.

1.4.11.3 Biaxial Ultimate Stress — Biaxial ultimate stress is defined as the highest nominal
principal stress attained in specimens of a given configuration, tested at a given biaxial stress ratio.  This
property is highly dependent upon geometric configuration of the test parts.  Therefore, such data should
be limited in use to the same design configurations.  

The method of presenting biaxial ultimate strength data is similar to that described in the preceding
section for biaxial yield strength.  Both biaxial ultimate strength and corresponding uniform elongation
data are reported, when available, as a function of biaxial stress ratio test conditions.

1.4.12 FRACTURE TOUGHNESS — The occurrence of flaws in a structural component is an
unavoidable circumstance of material processing, fabrication, or service.  Flaws may appear as cracks,
voids, metallurgical inclusions, weld defects, design discontinuities, or some combination thereof.  The
fracture toughness of a part containing a flaw is dependent upon flaw size, component geometry, and a
material property defined as fracture toughness.  The fracture toughness of a material is literally a measure
of its resistance to fracture.  As with other mechanical properties, fracture toughness is dependent upon
alloy type, processing variables, product form, geometry, temperature, loading rate, and other enviro-
nmental factors. 

This discussion is limited to brittle fracture, which is characteristic of high strength materials under
conditions of loading resulting in plane-strain through the cross section.  Very thin materials are described
as being under the condition of plane-stress.  The following descriptions of fracture toughness properties
applies to the currently recognized practice of testing specimens under slowly increasing loads.  Attendant
and interacting conditions of cyclic loading, prolonged static loadings, environmental influences other than
temperature, and high strain rate loading are not considered.
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Figure 1.4.12.1.  Typical load-deformation
record of a structural component containing a
flaw subject to brittle fracture.

1.4.12.1  Brittle Fracture — For materials that have little capacity for plastic flow, or for flaw
and structural configurations, which induce triaxial tension stress states adjacent to the flaw, component
behavior is essentially elastic until the fracture stress is reached.  Then, a crack propagates from the flaw
suddenly and completely through the component.  A convenient illustration of brittle fracture is a typical
load-compliance record of a brittle structural component containing a flaw, as illustrated in Figure
1.4.12.1.  Since little or no plastic effects are noted, this mode is termed brittle fracture. 

This mode of fracture is characteristic of the very high-strength metallic materials under plane-
strain conditions.

1.4.12.2 Brittle Fracture Analysis — The application of linear elastic fracture mechanics
has led to the stress intensity concept to relate flaw size, component geometry, and fracture toughness.
In its very general form, the stress intensity factor, K, can be expressed as

[1.4.12.2]K f aY ksi in, . /1 2

where
f = stress applied to the gross section, ksi
a = measure of flaw size, inches
Y = factor relating component geometry and flaw size, nondimensional.  See 

Reference 1.4.12.2(a) for values.

For every structural material, which exhibits brittle fracture (by nature of low ductility or plane-
strain stress conditions), there is a lower limiting value of K termed the plane-strain fracture toughness,
KIc.
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Figure 1.4.12.3(a).  Typical principal fracture
path directions.

Figure 1.4.12.3(b).  Typical
principal fracture path directions
for cylindrical shapes.

The specific application of this relationship is dependent on flaw type, structural configuration and
type of loading, and a variety of these parameters can interact in a real structure.  Flaws may occur through
the thickness, may be imbedded as voids or metallurgical inclusions, or may be partial-through (surface)
cracks.  Loadings of concern may be tension and/or flexure.  Structural components may vary in section
size and may be reinforced in some manner.  The ASTM Committee E 8 on Fatigue and Fracture has
developed testing and analytical techniques for many practical situations of flaw occurrence subject to
brittle fracture.  They are summarized in Reference 1.4.12.2(a).

1.4.12.3 Critical Plane-Strain Fracture Toughness — A tabulation of fracture
toughness data is printed in the general discussion prefacing most alloy chapters in this Handbook.  These
critical plane-strain fracture toughness values have been determined in accordance with recommended
ASTM testing practices.  This information is provided for information purposes only due to limitations
in available data quantities and product form coverages.  The statistical reliability of these properties is
not known.  Listed properties generally represent the average value of a series of test results.

Fracture toughness of a material commonly varies with grain direction.  When identifying either
test results or a general critical plane strain fracture toughness average value, it is customary to specify
specimen and crack orientations by an ordered pair of grain direction symbols per ASTM E399.
[Reference 1.4.12.2(a).]  The first digit denotes the grain direction normal to the crack plane.  The second
digit denotes the grain direction parallel to the fracture plane.  For flat sections of various products, e.g.,
plate, extrusions, forgings, etc., in which the three grain directions are designated (L) longitudinal, (T)
transverse, and (S) short transverse, the six principal fracture path directions are: L-T, L-S, T-L, T-S, S-L
and S-T.  Figure 1.4.12.3(a) identifies these orientations.  For cylindrical sections where the direction of
principle deformation is parallel to the longitudinal axis of the cylinder, the reference directions are
identified as in Figure 1.4.12.3(b), which gives examples for a drawn bar.  The same system would be
useful for extrusions or forged parts having circular cross section.

1.4.12.3.1 Environmental Effects — Cyclic loading, even well below the fracture threshold
stress, may result in the propagation of flaws, leading to fracture.  Strain rates in excess of standard static
rates may cause variations in fracture toughness properties.  There are significant influences of temperature
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Figure 1.4.12.4.  Typical load-deformation
record for non-plane strain fracture.

on fracture toughness properties.  Temperature effects data are limited.  These information are included
in each alloy section, when available.

Under the condition of sustained loading, it has been observed that certain materials exhibit
increased flaw propagation tendencies when situated in either aqueous or corrosive environments.  When
such is known to be the case, appropriate precautionary notes have been included with the standard
fracture toughness information.

1.4.12.4 Fracture in Plane-Stress and Transitional-Stress States — Plane-strain
conditions do not describe the condition of certain structural configurations which are either relatively thin
or exhibit appreciable ductility.  In these cases, the actual stress state may approach the opposite extreme,
plane-stress, or, more generally, some intermediate- or transitional-stress state.  The behavior of flaws and
cracks under these conditions is different from those of plane-strain.  Specifically, under these conditions,
significant plastic zones can develop ahead of the crack or flaw tip, and stable extension of the
discontinuity occurs as a slow tearing process.  This behavior is illustrated in a compliance record by a
significant nonlinearity prior to fracture as shown in Figure 1.4.12.4.  This nonlinearity results from the
alleviation of stress at the crack tip by causing plastic deformation.

1.4.12.4.1 Analysis of Plane-Stress and Transitional-Stress State Fracture — The basic
concepts of linear elastic fracture mechanics as used in plane-strain fracture analysis also applies to these
conditions.  The stress intensity factor concept, as expressed in general form by Equation 1.4.12.2, is used
to relate load or stress, flaw size, component geometry, and fracture toughness.

However, interpretation of the critical flaw dimension and corresponding stress has two pos-
sibilities.  This is illustrated in Figure 1.4.12.4.1.  One possibility is the onset of nonlinear displacement
with increasing load.  The other possibility identifies the fracture condition, usually very close to the
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Figure 1.4.12.4.1.  Crack growth curve.

maximum load.  Generally, these two conditions are separated in applied stress and exhibit large
differences in flaw dimensions due to stable tearing.  

When a compliance record is transformed into a crack growth curve, the difference between the
two possible K-factor designations becomes more apparent.  In most practical cases, the definition of
nonlinear crack length with increasing load is difficult to assess.  As a result, an alternate characterization
of this behavior is provided by defining an artificial or “apparent” stress intensity factor.

[1.4.12.4.1]K f a Yapp o

The apparent fracture toughness is computed as a function of the maximum stress and initial flaw
size.  This datum coordinate corresponds to point A in Figure 1.4.12.4.1.  This conservative stress intensity
factor is a first approximation to the actual property associated with the point of fracture.  

1.4.12.5 Apparent Fracture Toughness Values for Plane-Stress and
Transitional-Stress States — When available, each alloy chapter contains graphical formats of stress
versus flaw size.  This is provided for each temper, product form, grain direction, thickness, and specimen
configuration.  Data points shown in these graphs represent the initial flaw size and maximum stress
achieved.  These data have been screened to assure that an elastic instability existed at fracture, consistent
with specimen type.  The average Kapp curve, as defined in the following subsections, is shown for each
set of data.

1.4.12.5.1 Middle-Tension Panels — The calculation of apparent fracture toughness for
middle-tension panels is given by the following equation.

[1.4.12.5.1(a)]K f a a Wapp c o osec /
/1 2

Data used to compute Kapp values have been screened to ensure that the net section stress at failure did not
exceed 80 percent of the tensile yield strength; that is, they satisfied the criterion:

[1.4.12.5.1(b)]f TYS a Wc 08 1 2. ( ) / ( / )

This criterion assures that the fracture was an elastic instability and that plastic effects are negligible.
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The average Kapp parametric curve is presented on each figure as a solid line with multiple
extensions where width effects are displayed in the data.  As added information, where data are available,
the propensity for slow stable tearing prior to fracture is indicated by a crack extension ratio, 2a/2ao.  The
coefficient (2) indicates the total crack length; the half-crack length is designated by the letter “a.”  In
some cases, where data exist covering a wide range of thicknesses, graphs of Kapp versus thickness are
presented.

1.4.13 FATIGUE CRACK GROWTH — Crack growth deals with material behavior between crack
initiation and crack instability.  In small size specimens, crack initiation and specimen failure may be
nearly synonymous.  However, in larger structural components, the existence of a crack does not
necessarily imply imminent failure.  Significant structural life exists during cyclic loading and crack
growth.

1.4.13.1  Fatigue Crack Growth — Fatigue crack growth is manifested as the growth or
extension of a crack under cyclic loading.  This process is primarily controlled by the maximum load or
stress ratio.  Additional factors include environment, loading frequency, temperature, and grain direction.
Certain factors, such as environment and loading frequency, have interactive effects.  Environment is
important from a potential corrosion viewpoint.  Time at stress is another  important factor.  Standard
testing procedures are documented in Reference 1.4.13.1.

Fatigue crack growth data presented herein are based on constant amplitude tests.  Crack growth
behaviors based on spectrum loading cycles are beyond the scope of this Handbook.  Constant amplitude
data consist of crack length measurements at corresponding loading cycles.  Such data are presented as
crack growth curves as shown in Figure 1.4.13.1(a).

Since the crack growth curve is dependent on initial crack length and the loading conditions, the
above format is not the most efficient form to present information.  The instantaneous slope, a/ N,
corresponding to a prescribed number of loading cycles, provides a more fundamental characterization
of this behavior.  In general, fatigue crack growth rate behavior is evaluated as a function of the applied
stress intensity factor range, K, as shown in Figure 1.4.13.1(b).

1.4.13.2 Fatigue Crack Growth Analysis — It is known that fatigue-crack-growth behav-
ior under constant-amplitude cyclic conditions is influenced by maximum cyclic stress, Smax, and
some measure of cyclic stress range, S (such as stress ratio, R, or minimum cyclic stress, Smin), the
instantaneous crack size, a, and other factors such as environment, frequency, and temperature.  Thus,
fatigue-crack-growth rate behavior can be characterized, in general form, by the relation 

da/dN a/ N = g(Smax, S or R or Smin, a, ...). [1.4.13.3(a)]

By applying concepts of linear elastic fracture mechanics, the stress and crack size parameters can
be combined into the stress-intensity factor parameter, K, such that Equation 1.4.13.3(a) may be simplified
to

da/dN a/ N = g(Kmax, K, ...) [1.4.13.3(b)]
where

Kmax = the maximum cyclic stress-intensity factor
K = (1-R)Kmax, the range of the cyclic stress-intensity factor, for R  0
K = Kmax, for R  0.
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Figure 1.4.13.1(a).  Fatigue crack-
growth curve.

Figure 1.4.13.1(b).  Fatigue crack-
growth-rate curve.
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At present, in the Handbook, the independent variable is considered to be simply K and the data are con-
sidered to be parametric on the stress ratio, R, such that Equation 1.4.13.3(b) becomes

da/dN a/ N = g( K, R). [1.4.13.3(c)]

1.4.13.3 Fatigue Crack Growth Data Presentation — Fatigue crack growth rate data
for constant amplitude cyclic loading conditions are presented as logarithmic plots of da/dN versus K.
Such information, such as that illustrated in Figure 1.4.13.3, are arranged by material alloy and heat
treatment condition.  Each curve represents a specific stress ratio, R, environment, and cyclic loading
frequency.  Specific details regarding test procedures and data interpolations are presented in Chapter 9.
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Figure 1.4.13.3.  Sample display of fatigue crack growth rate data.
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1.5 TYPES OF FAILURES

1.5.1 GENERAL — In the following discussion, failure will usually indicate fracture of a member
or the condition of a member when it has attained maximum load.

1.5.2 MATERIAL FAILURES — Fracture can occur in either ductile or brittle fashions in the same
material depending on the state of stress, rate of loading, and environment.  The ductility of a material has
a significant effect on the ability of a part to withstand loading and delay fracture.  Although not a specific
design property for ductile materials, some ductility data are provided in the Handbook to assist in material
selections.  The following paragraphs discuss the relationship between failure and the applied or induced
stresses.

1.5.2.1 Direct Tension or Compression — This type of failure is associated with ultimate
tensile or compressive stress of the material.  For compression, it can only apply to members having large
cross sectional dimensions relative to their lengths.  See Section 1.4.5.1.  

1.5.2.2 Shear — Pure shear failures are usually obtained when the shear load is transmitted
over a very short length of a member.  This condition is approached in the case of rivets and bolts.  In
cases where ultimate shear stress is relatively low, a pure shear failure can result.  But, generally members
subjected to shear loads fail under the action of the resulting normal stress, usually the compressive stress.
See Equation 1.3.3.3.  Failure of tubes in torsion are not caused by exceeding the shear ultimate stress, but
by exceeding a normal compressive stress which causes the tube to buckle.  It is customary to determine
stresses for members subjected to shear in the form of shear stresses although they are actually indirect
measures of the stresses actually causing failure. 

1.5.2.3 Bearing — Failure of a material in bearing can consist of crushing, splitting, tearing,
or progressive rapid yielding in the direction of load application.  Failure of this type depends on the
relative size and shape of the two connecting parts.  The maximum bearing stress may not be applicable
to cases in which one of the connecting members is relatively thin.  

1.5.2.4  Bending — For sections not subject to geometric instability, a bending failure can be
classed as either a tensile or compressive failure.  Reference 1.5.2.4 provides methodology by which actual
bending stresses above the material proportional limit can be used to establish maximum stress conditions.
Actual bending stresses are related to the bending modulus of rupture.  The bending modulus of rupture
(fb) is determined by Equation 1.3.2.3.  When the computed bending modulus of rupture is found to be
lower than the proportional limit strength, it represents an actual stress.  Otherwise, it represents an
apparent stress, and is not considered as an actual material strength.  This is important when considering
complex stress states, such as combined bending and compression or tension.

1.5.2.5 Failure Due to Stress Concentrations — Static stress properties represent pristine
materials without notches, holes, or other stress concentrations.  Such simplistic structural design is not
always possible.  Consideration should be given to the effect of stress concentrations.  When available,
references are cited for specific data in various chapters of the Handbook.

1.5.2.6 Failure from Combined Stresses — Under combined stress conditions, where
failure is not due to buckling or instability, it is necessary to refer to some theory of failure.  The
“maximum shear” theory is widely accepted as a working basis in the case of isotropic ductile materials.
It should be noted that this theory defines failure as the first yielding of a material.  Any extension of this
theory to cover conditions of final rupture must be based on evidence supported by the user.  The failure
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of brittle materials under combined stresses is generally treated by the “maximum stress” theory.  Section
1.4.11 contains a more complete discussion of biaxial behavior.  References 1.5.2.6(a) through (c) offer
additional information.

1.5.3 INSTABILITY FAILURES — Practically all structural members, such as beams and columns,
particularly those made from thin material, are subject to failure due to instability.  In general, instability
can be classed as (1) primary or (2) local.  For example, the failure of a tube loaded in compression can
occur either through lateral deflection of the tube acting as a column (primary instability) or by collapse
of the tube walls at stresses lower than those required to produce a general column failure.  Similarly, an
I-beam or other formed shape can fail by a general sidewise deflection of the compression flange, by local
wrinkling of thin outstanding flanges, or by torsional instability.  It is necessary to consider all types of
potential failures unless it is apparent that the critical load for one type is definitely the controlling
condition.

Instability failures can occur in either the elastic range below the proportional limit or in the plastic
range.  These two conditions are distinguished by referring to either “elastic instability” or “plastic
instability” failures.  Neither type of failure is associated with a material’s ultimate strength, but largely
depends upon geometry.  

A method for determining the local stability of aluminum alloy column sections is provided in
Reference 1.7.1(b).  Documents cited therein are the same as those listed in References 3.20.2.2(a) through
(e).

1.5.3.1 Instability Failures Under Compression — Failures of this type are discussed
in Section 1.6 (Columns).

1.5.3.2 Instability Failures Under Bending — Round tubes when subjected to bending
are subject to plastic instability failures.  In such cases, the failure criterion is the modulus of rupture. 
Equation 1.3.2.3, which was derived from theory and confirmed empirically with test data, is applicable.
Elastic instability failures of thin walled tubes having high D/t ratios are treated in later sections.

1.5.3.3 Instability Failures Under Torsion — The remarks given in the preceding section
apply in a similar manner to round tubes under torsional loading.  In such cases, the modulus of rupture
in torsion is derived through the use of Equation 1.3.2.6.  See Reference 1.5.3.3.

1.5.3.4 Failure Under Combined Loadings — For combined loading conditions in which
failure is caused by buckling or instability, no theory exists for general application.  Due to the various
design philosophies and analytical techniques used throughout the aerospace industry, methods for
computing margin of safety are not within the scope of this Handbook.
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1.6 COLUMNS

1.6.1 GENERAL — A theoretical treatment of columns can be found in standard texts on the
strength of materials.  Some of the problems which are not well defined by theory are discussed in this
section.  Actual strengths of columns of various materials are provided in subsequent chapters. 

1.6.2 PRIMARY INSTABILITY FAILURES — A column can fail through primary instability by
bending laterally (stable sections) or by twisting about some axis parallel to its own axis.  This latter type
of primary failure is particularly common to columns having unsymmetrical open sections.  The twisting
failure of a closed section column is precluded by its inherently high torsional rigidity.  Since the amount
of available information  is limited, it is advisable to conduct tests on all columns subject to this type of
failure.

1.6.2.1 Columns with Stable Sections — The Euler formula for columns which fail by
lateral bending is given by Equation 1.3.8.2.  A conservative approach in using this equation is to replace
the elastic modulus (E) by the tangent modulus (Et) given by Equation 1.3.8.1.  Values for the restraint
coefficient (c) depend on degrees of ends and lateral fixities.  End fixities tend to modify the effective
column length as indicated in Equation 1.3.8.1.  For a pin-ended column having no end restraint, c = 1.0
and L  = L.  A fixity coefficient of c = 2 corresponds to an effective column length of L  = 0.707 times
the total length.

The tangent modulus equation takes into account plasticity of a material and is valid when the
following conditions are met:

     (a)  The column adjusts itself to forcible shortening only by bending and not by twisting.
(b)  No buckling of any portion of the cross section occurs.
(c)  Loading is applied concentrically along the longitudinal axis of the column.
(d)  The cross section of the column is constant along its entire length.

MIL-HDBK-5 provides typical stress versus tangent modulus diagrams for many materials, forms,
and grain directions.  These information are not intended for design purposes.  Methodology is contained
in Chapter 9 for the development of allowable tangent modulus curves.

1.6.2.2 Column Stress (fco) — The upper limit of column stress for primary failure is
designated as fco.  By definition, this term should not exceed the compression ultimate strength, regardless
of how the latter term is defined.

1.6.2.3 Other Considerations — Methods of analysis by which column failure stresses can
be computed, accounting for fixities, torsional instability, load eccentricity, combined lateral loads, or
varying column sections are contained in References 1.6.2.3(a) through (d).

1.6.3 LOCAL INSTABILITY FAILURES — Columns are subject to failure by local collapse of walls
at stresses below the primary failure strength.  The buckling analysis of a column subject to local
instability requires consideration of the shape of the column cross section and can be quite complex.  Local
buckling, which can combine with primary buckling, leads to an instability failure commonly identified
as crippling.

1.6.3.1 Crushing or Crippling Stress (f cc) — The upper limit of column stress for local
failure is defined by either its crushing or crippling stress.  The strengths of round tubes have been
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thoroughly investigated and considerable amounts of test results are available throughout literature.  Fewer
data are available for other cross sectional configurations and testing is suggested to establish specific
information, e.g., the curve of transition from local to primary failure.

1.6.4 CORRECTION OF COLUMN TEST RESULTS — In the case of columns having unconventional
cross sections which are subject to local instability, it is necessary to establish curves of transition from
local to primary failure.  In determining these column curves, sufficient tests should be made to cover the
following points.

1.6.4.1 Nature of “Short Column Curve” — Test specimens should cover a range of L /
values.  When columns are to be attached eccentrically in structural application, tests should be designed
to cover such conditions.  This is important particularly in the case of open sections, as maximum load
carrying capabilities are affected by locations of load  and reaction points.  

1.6.4.2 Local Failure — When local failure occurs, the crushing or crippling stress can be
determined by extending the short column curve to a point corresponding to a zero value for L / .  When
a family of columns of the same general cross section is used, it is often possible to determine a
relationship between crushing or crippling stress and some geometric factor.  Examples are wall thickness,
width, diameter, or some combination of these dimensions.  Extrapolation of such data to conditions
beyond  test geometry extremes should be avoided.

1.6.4.3  Reduction of Column Test Results on Aluminum and Magnesium Alloys
to Standard Material — The use of correction factors provided in Figures 1.6.4.3(a) through (i) is
acceptable to the Air Force, the Navy, the Army, and the Federal Aviation Administration for use in
reducing  aluminum and magnesium alloys column test data into allowables.  (Note that an alternate
method is provided in Section 1.6.4.4).  In using Figures 1.6.4.3(a) through (i),  the correction of column
test results to standard material is made by multiplying the stress obtained from testing a column specimen
by the factor K.  This factor may be considered applicable regardless of the type of failure involved, i.e.,
column crushing, crippling or twisting.  Note that not all the information provided in these figures pertains
to allowable stresses, as explained below.

The following terms are used in reducing column test results into allowable column stress:

Fcy is the design compression yield stress of the material in question, applicable to the gage, temper
and grain direction along the longitudinal axis of a test column.

Fc is the maximum test column stress achieved in test.  Note that a letter (F) is used rather the
customary lower case (f).  This value can be an individual test result.

Fcy is the compressive yield strength of the column material.  Note that a letter (F) is used rather than
the customary lower case (f).  This value can be an individual test result using a standard
compression test specimen.

Using the ratio of (Fc  / Fcy ), enter the appropriate diagram along the abscissa and extend a line
upwards to the intersection of a curve with a value of (Fcy  / Fcy).  Linear interpolation between curves is
permissible.  At this location, extend a horizontal line to the ordinate and read the corresponding K-factor.
This factor is then used as a multiplier on the measured column strength to obtain the allowable.  The basis
for this allowable is the same as that noted for the compression yield stress allowable obtained from the
room temperature allowables table.
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If the above method is not feasible, due to an inability of conducting a standard compression test
of the column material, the compression yield stress of the column material may be estimated as follows:
Conduct a standard tensile test of the column material and obtain its tensile yield stress.  Multiply this
value by the ratio of compression-to-tensile yield allowables for the standard material.  This provides the
estimated compression yield stress of the column material.  Continue with the analysis as described above
using the compression stress of a test column in the same manner.

If neither of the above methods are feasible, it may be assumed that the compressive yield stress
allowable for the column is 15 percent greater than minimum established allowable longitudinal tensile
yield stress for the material in question.

1.6.4.4 Reduction of Column Test Results to Standard Material-Alternate
Method — For materials that are not covered by Figures 1.6.4.4(a) through (i), the following method is
acceptable for all materials to the Air Force, the Navy, the Army, and the Federal Aviation Administration.

(1) Obtain the column material compression properties: Fcy, Ec, nc.

(2) Determine the test material column stress (fc ) from one or more column tests.

(3) Determine the test material compression yield stress  (fcy ) from one or more tests.

(4) Assume Ec and nc from (1) apply directly to the column material.  They should be the same
material.

(5) Assume that geometry of the test column is the same as that intended for design.  This means
that a critical slenderness ratio value of  (L / ) applies to both cases.

(6) Using the conservative form of the basic column formula provided in Equation 1.3.8.1, this
enables an equality to be written between column test properties and allowables.  If

[1.6.4.4(a)]L for design L of thecolumn test'/ '/

Then

[1.6.4.4(b)]Fc Et for design fc Et from test/ '/ '

(7) Tangent modulus is defined as:

[1.6.4.4(c)]E df det /

(8) Total strain (e) is defined as the sum of elastic and plastic strains, and throughout the
Handbook is used as:

[1.6.4.4(d)]e e ee p

or,

[1.6.4.4(e)]e
f

E

f

fy

n

0 002.
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Figure 1.6.4.4(a).  Nondimensional material correction
chart for 2024-T3 sheet.
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Figure 1.6.4.4(b).  Nondimensional material correction
chart for 2024-T3 clad sheet.
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Figure 1.6.4.4(c).  Nondimensional material correction
chart for 2024-T4 extrusion less than 1/4 inch thick.
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Figure 1.6.4.4(d).  Nondimensional material correction chart
for 2024-T4 extrusion 1/4 to 1-1/2 inches thick.
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Figure 1.6.4.4(e).  Nondimensional material correction
chart for 2024-T3 tubing.
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Figure 1.6.4.4(f).  Nondimensional material correction chart
for clad 2024-T3 sheet.
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Figure 1.6.4.4(g).  Nondimensional material correction chart
for 7075-T6 sheet.
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Figure 1.6.4.4(h).  Nondimensional material correction chart
for AZ31B-F and AZ61A-F extrusion.
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Equation 1.6.4.4(c) can be rewritten as follows:

[1.6.4.4(f)]E
f

f

E
n

f

f

t

y

n

0 002.

Tangent modulus, for the material in question, using its compression allowables is:

[1.6.4.4(g)]E
F

F

E
n

F

F

t
c

c

c

c
c

cy

nc

0 002.

In like manner, tangent modulus for the same material with the desired column configuration is:

[1.6.4.4(h)]E
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Substitution of Equations 1.6.4.4(g) and 1.6.4.4(h) for their respective terms in Equation  1.6.4.4(b)
and simplifying provides the following relationship:

[1.6.4.4(i)]
F

E
n

F

F

f

E
n

f

f
c

c

c
c

cy

n

c

c

c
c

cy

nc c

0 002 0 002.
'

.
'

'

The only unknown in the above equation is the term Fc , the allowable column compression stress.
This property can be solved by an iterative process.

This method is also applicable at other than room temperature, having made adjustments for the
effect of temperature on each of the properties.  It is critical that the test material be the same in all
respects as that for which allowables are selected from the Handbook.  Otherwise, the assumption
made in Equation 1.6.4.4(c) above is not valid.  Equation 1.6.4.4(i) must account for such differences
in moduli and shape factors when applicable.
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1.7 THIN-WALLED AND STIFFENED THIN-WALLED SECTIONS

A bibliography of information on thin-walled and stiffened thin-walled sections is contained in
References 1.7(a) and (b).
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CHAPTER 2

Table 2.1.1.  Steel Alloy Index

Section Alloy Designation

2.2

2.2.1
2.3

2.3.1
2.4

2.4.1
2.4.2
2.4.3
2.5

2.5.1
2.5.2
2.5.3
2.6

2.6.1
2.6.2
2.6.3
2.6.4
2.6.5
2.6.6
2.6.7
2.6.8
2.6.9
2.6.10

Carbon steels

AISI 1025
Low-alloy steels (AISI and proprietary grades)

Specific alloys
Intermediate alloy steels

5Cr-Mo-V
9Ni-4Co-0.20C
9Ni-4Co-0.30C
High alloy steels

18 Ni maraging steels
AF1410
AerMet 100
Precipitation and transformation hardening steel (stainless)

AM-350
AM-355
Custom 450
Custom 455
Custom 465
PH13-8Mo
15-5PH
PH15-7Mo
17-4PH
17-7PH

STEEL

This chapter contains the engineering properties and related characteristics of steels used in aircraft
and missile structural applications.  General comments on engineering properties and other considerations
related to alloy selection are presented in Section 2.1.  Mechanical and physical property data and
characteristics pertinent to specific steel groups or individual steels are reported in Sections 2.2 through 2.7.
Element properties are presented in Section 2.8.

2.1 GENERAL

The selection of the proper grade of steel for a specific application is based on material properties
and on manufacturing, environmental, and economic considerations.  Some of these considerations are
outlined in the sections that follow.

2.1.1 ALLOY INDEX — The steel alloys listed in this chapter are arranged in major sections that
identify broad classifications of steel partly associated with major alloying elements, partly associated with
processing, and consistent generally with steel-making technology.  Specific alloys are identified as shown
in Table 2.1.1.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-2

Table 2.1.1(Continued).  Steel Alloy Index

Section Alloy Designation

2.7

2.7.1
Austenitic stainless steels

AISI 301 and Related 300 Series Stainless Steels

2.1.2 MATERIAL PROPERTIES — One of the major factors contributing to the general utility of steels
is the wide range of mechanical properties which can be obtained by heat treatment.  For example, softness
and good ductility may be required during fabrication of a part and very high strength during its service life.
Both sets of properties are obtainable in the same material.

All steels can be softened to a greater or lesser degree by annealing, depending on the chemical
composition of the specific steel.  Annealing is achieved by heating the steel to an appropriate temperature,
holding, then cooling it at the proper rate.

Likewise, steels can be hardened or strengthened by means of cold working, heat treating, or a combi-
nation of these.

Cold working is the method used to strengthen both the low-carbon unalloyed steels and the highly
alloyed austenitic stainless steels.  Only moderately high strength levels can be attained in the former, but the
latter can be cold rolled to quite high strength levels, or “tempers”.  These are commonly supplied to specified
minimum strength levels.

Heat treating is the principal method for strengthening the remainder of the steels (the low-carbon
steels and the austenitic steels cannot be strengthened by heat treatment).  The heat treatment of steel may
be of three types:  martensitic hardening, age hardening, and austempering.  Carbon and alloy steels are
martensitic-hardened by heating to a high temperature, or “austenitizing”, and cooling at a recommended rate,
often by quenching in oil or water.  This is followed by “tempering”, which consists of reheating to an
intermediate temperature to relieve internal stresses and to improve toughness.

The maximum hardness of carbon and alloy steels, quenched rapidly to avoid the nose of the
isothermal transformation curve, is a function in general of the alloy content, particularly the carbon content.
Both the maximum thickness for complete hardening or the depth to which an alloy will harden under
specific cooling conditions, and the distribution of hardness can be used as a measure of a material’s
hardenability.

A relatively new class of steels is strengthened by age hardening.  This heat treatment is designed
to dissolve certain constituents in the steel, then precipitate them in some preferred particle size and
distribution.  Since both the martensitic hardening and the age-hardening treatments are relatively complex,
specific details are presented for individual steels elsewhere in this chapter.

Recently, special combinations of working and heat treating have been employed to further enhance
the mechanical properties of certain steels.  At the present time, the use of these specialized treatments is not
widespread.

Another method of heat treatment for steels is austempering.  In this process, ferrous steels are
austenitized, quenched rapidly to avoid transformation of the austenite to a temperature below the pearlite
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and above the martensite formation ranges, allowed to transform isothermally at that temperature to a
completely bainitic structure, and finally cooled to room temperature.  The purpose of austempering is to
obtain increased ductility or notch toughness at high hardness levels, or to decrease the likelihood of cracking
and distortion that might occur in conventional quenching and tempering.

2.1.2.1 Mechanical Properties — 

2.1.2.1.1 Strength (Tension, Compression, Shear, Bearing) — The strength properties pre-
sented are those used in structural design.  The room-temperature properties are shown in tables following
the comments for individual steels.  The variations in strength properties with temperature are presented
graphically as percentages of the corresponding room-temperature strength property, also described in
Section 9.3.1 and associated subsections.  These strength properties may be reduced appreciably by prolonged
exposure at elevated temperatures.

The strength of steels is temperature-dependent, decreasing with increasing temperature.  In addition,
steels are strain rate-sensitive above about 600 to 800 F, particularly at temperatures at which creep occurs.
At lower strain rates, both yield and ultimate strengths decrease.

The modulus of elasticity is also temperature-dependent and, when measured by the slope of the
stress-strain curve, it appears to be strain rate-sensitive at elevated temperatures because of creep during
loading.  However, on loading or unloading at high rates of strain, the modulus approaches the value
measured by dynamic techniques.

Steel bars, billets, forgings, and thick plates, especially when heat treated to high strength levels,
exhibit variations in mechanical properties with location and direction.  In particular, elongation, reduction
of area, toughness, and notched strength are likely to be lower in either of the transverse directions than in
the longitudinal direction.  This lower ductility and/or toughness results both from the fibering caused by the
metal flow and from nonmetallic inclusions which tend to be aligned with the direction of primary flow.  Such
anisotropy is independent of the depth-of-hardening considerations discussed elsewhere.  It can be minimized
by careful control of melting practices (including degassing and vacuum-arc remelting) and of hot-working
practices.  In applications where transverse properties are critical, requirements should be discussed with the
steel supplier and properties in critical locations should be substantiated by appropriate testing.

2.1.2.1.2 Elongation — The elongation values presented in this chapter apply in both the longi-
tudinal and long transverse directions, unless otherwise noted.  Elongation in the short transverse (thickness)
direction may be lower than the values shown.

2.1.2.1.3 Fracture Toughness — Steels (as well as certain other metals), when processed to
obtain high strength, or when tempered or aged within certain critical temperature ranges, may become more
sensitive to the presence of small flaws.  Thus, as discussed in Section 1.4.12, the usefulness of high-strength
steels for certain applications is largely dependent on their toughness.  It is generally noted that the fracture
toughness of a given alloy product decreases relative to increase in the yield strength.  The designer is cau-
tioned that the propensity for brittle fracture must be considered in the application of high-strength alloys for
the purpose of increased structural efficiency.

Minimum, average, and maximum values, as well as coefficient of variation of plane-strain fracture
toughness for several steel alloys, are presented in Table 2.1.2.1.3.  These values are presented as indicative
information and do not have the statistical reliability of room-temperature mechanical properties.  Data
showing the effect of temperature are presented in the respective alloy sections where the information is
available.
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Table 2.1.2.1.3.  Values of Room Temperature Plane-Strain Fracture Toughness of Steel Alloysa

Alloy
Heat Treat 
Condition

Product
Form

Orien-
tationb

Yield
Strength 
Range,

ksi

Product
Thickness

Range,
inches

Number
of

Sources
Sample

Size

Specimen
Thickness

Range, 
inches

KIC, ksi in.

Max. Avg. Min.
Coefficient
of Variation

AerMet 100 Anneal, HT to 280ksi Bar L-R 236-281 2.75-10 1 183 1 146 121 100 7.9

AerMet 100 Anneal, HT to 280ksi Bar C-R 223-273 2.75-10 1 156 1 137 112 90 8.5

AerMet 100 Anneal, HT to 290ksi Bar L-R 251-265 3-10 1 29 1 110 99 88 6.5

AerMet 100 Anneal, HT to 290ksi Bar C-R 250-268 3-10 1 24 1 101 88 73 9.7

Custom 465 H950 Bar  L-Rc 229-249 3-12 1 40 1-1.5 104 89 76 7.4

Custom 465 H950 Bar  R-Lc 231-246 3-12 1 40 1-1.5 94 82 73 6.4

Custom 465 H1000 Bar L-Rc 212-227 3-12 1 40 1-1.5 131 120 108 5.2

Custom 465 H1000 Bar R-Lc 212-225 3-12 1 40 1-1.5 118 109 100 3.7

D6AC 1650 F, Aus-Bay
Quench 975 F, SQ
375 F, 1000 F 2 + 2

Plate L-T 217 1.5 1 19 0.6 88 62 40 22.5

D6AC 1650 F, Aus-Bay
Quench 975 F, SQ
400 F, 1000 F 2 + 2

Plate L-T 217 0.8 1 103 0.6-0.8 92 64 44 18.9

D6AC 1650 F, Aus-Bay
Quench 975 F, SQ
400 F, 1000 F 2 + 2

Forging L-T 214 0.8-1.5 1 53 0.6-0.8 96 66 39 18.6

D6AC 1700 F, Aus-Bay
Quench 975 F, OQ
140 F, 1000 F 2 + 2

Plate L-T 217 0.8-1.5 1 30 0.6-0.8 101 92 64 8.9

D6AC 1700 F, Aus-Bay
Quench 975 F, OQ
140 F, 1000 F 2 + 2

Forging L-T 214 0.8-1.5 1 34 0.7 109 95 81 6.7

9Ni-4Co-.20C Quench and Temper Hand
Forging

L-T 185-192 3.0 2 27 1.0-2.0 147 129 107 8.3

9Ni-4Co-.20C 1650 F, 1-2 Hr, AC, 
1525 F, 1-2 Hr, OQ,
-100 F, Temp

Forging L-T 186-192 3.0-4.0 3 17 1.5-2.0 147 134 120 8.5

PH13-8Mo H1000 Forging L-T 205-212 4.0-8.0 3 12 0.7-2.0 104 90 49 21.5

a  These values are for information only.
b  Refer to Figures 1.4.12.3(a) and 1.4.12.3(b) for definition of symbols.
c  L-R also includes some L-T, R-L also includes some T-L.
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2.1.2.1.4 Stress-Strain Relationships — The stress-strain relationships presented in this chapter
are prepared as described in Section 9.3.2.

2.1.2.1.5 Fatigue — Axial-load fatigue data on unnotched and notched specimens of various steels
at room temperature and at other temperatures are shown as S/N curves in the appropriate section.  Surface
finish, surface finishing procedures, metallurgical effects from heat treatment, environment and other factors
influence fatigue behavior.  Specific details on these conditions are presented as correlative information for
the S/N curve.

2.1.2.2 Physical Properties — The physical properties ( , C, K, and ) of steels may be con-
sidered to apply to all forms and heat treatments unless otherwise indicated.

2.1.3 ENVIRONMENTAL CONSIDERATIONS — The effects of exposure to environments such as
stress, temperature, atmosphere, and corrosive media are reported for various steels.  Fracture toughness of
high-strength steels and the growth of cracks by fatigue may be detrimentally influenced by humid air and
by the presence of water or saline solutions.  Some alleviation may be achieved by heat treatment and all
high-strength steels are not similarly affected.

In general, these comments apply to steels in their usual finished surface condition, without surface
protection.  It should be noted that there are available a number of heat-resistant paints, platings, and other
surface coatings that are employed either to improve oxidation resistance at elevated temperature or to afford
protection against corrosion by specific media.  In employing electrolytic platings, special consideration
should be given to the removal of hydrogen by suitable baking.  Failure to do so may result in lowered
fracture toughness or embrittlement.
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2.2 CARBON STEELS

2.2.0 COMMENTS ON CARBON STEELS

2.2.0.1 Metallurgical Considerations — Carbon steels are those steels containing carbon up
to about 1 percent and only residual quantities of other elements except those added for deoxidation.

The strength that carbon steels are capable of achieving is determined by carbon content and, to a
much lesser extent, by the content of the residual elements.  Through cold working or proper choice of heat
treatments, these steels can be made to exhibit a wide range of strength properties.

The finish conditions most generally specified for carbon steels include hot-rolled, cold-rolled, cold-
drawn, normalized, annealed, spheroidized, stress-relieved, and quenched-and-tempered.  In addition, the low-
carbon grades (up to 0.25 percent C) may be carburized to obtain high surface hardness and wear resistance
with a tough core.  Likewise, the higher carbon grades are amenable to selective flame hardening to obtain
desired combinations of properties.

2.2.0.2 Manufacturing Considerations — 

Forging — All of the carbon steels exhibit excellent forgeability in the austenitic state provided the
proper forging temperatures are used.  As the carbon content is increased, the maximum forging temperature
is decreased.  At high temperatures, these steels are soft and ductile and exhibit little or no tendency to work
harden.  The resulfurized grades (free-machining steels) exhibit a tendency to rupture when deformed in
certain high-temperature ranges.  Close control of forging temperatures is required.

Cold Forming — The very low-carbon grades have excellent cold-forming characteristics when in
the annealed or normalized conditions.  Medium-carbon grades show progressively poorer formability with
higher carbon content, and more frequent annealing is required.  The high-carbon grades require special
softening treatments for cold forming.  Many carbon steels are embrittled by warm working or prolonged
exposure in the temperature range from 300 to 700 F.

Machining — The low-carbon grades (0.30 percent C and less) are soft and gummy in the annealed
condition and are preferably machined in the cold-worked or the normalized condition.  Medium-carbon (0.30
to 0.50 percent C) grades are best machined in the annealed condition, and high-carbon grades (0.50 to 0.90
percent C) in the spheroidized condition.  Finish machining must often be done in the fully heat-treated
condition for dimensional accuracy.  The resulfurized grades are well known for their good machinability.
Nearly all carbon steels are now available with 0.15 to 0.35 percent lead, added to improve machinability.
However, resulfurized and leaded steels are not generally recommended for highly stressed aircraft and
missile parts because of a drastic reduction in transverse properties.

Welding — The low-carbon grades are readily welded or brazed by all techniques.  The medium-
carbon grades are also readily weldable but may require preheating and postwelding heat treatment.  The
high-carbon grades are difficult to weld.  Preheating and postwelding heat treatment are usually mandatory
for the latter, and special care must be taken to avoid overheating.  Furnace brazing has been used
successfully with all grades.

Heat Treatment — Due to the poor oxidation resistance of carbon steels, protective atmospheres must
be employed during heat treatment if scaling of the surface cannot be tolerated.  Also, these steels are subject
to decarburization at elevated temperatures and, where surface carbon content is critical, should be heated
in reducing atmospheres.
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Table 2.2.1.0(a).  Material Specifications for
    AISI 1025 Carbon Steel

Specification Form

ASTM A 108 Bar

AMS 5075 Seamless tubing

AMS-T-5066
a

Tubing

AMS 5077 Tubing

AMS 5046 Sheet, strip, and plate

AMS-S-7952 Sheet and strip

2.2.0.3 Environmental Considerations — Carbon steels have poor oxidation resistance above
about 900 to 1000 F.  Strength and oxidation-resistance criteria generally preclude the use of carbon steels
above 900 F.

Carbon steels may undergo an abrupt transition from ductile to brittle behavior.  This transition
temperature varies widely for different carbon steels depending on many factors.  Cautions should be
exercised in the application of carbon steels to assure that the transition temperature of the selected alloy is
below the service temperature.  Additional information is contained in References 2.2.0.3(a) and (b).

The corrosion resistance of carbon steels is relatively poor; clean surfaces rust rapidly in moist
atmospheres.  Simple oil film protection is adequate for normal handling.  For aerospace applications, the
carbon steels are usually plated to provide adequate corrosion protection.

2.2.1 AISI 1025

2.2.1.0 Comments and Properties — AISI 1025 is an excellent general purpose steel for the
majority of shop requirements, including jigs, fixtures, prototype mockups, low torque shafting, and other
applications.  It is not generally classed as an airframe structural steel.  However, it is available in aircraft
quality as well as commercial quality.

Manufacturing Considerations — Cold-finished flat-rolled products are supplied principally where
maximum strength, good surface finish, or close tolerance is  desirable.   Reasonably good forming properties
are found in AISI 1025.  The machinability of bar stock is rated next to these sulfurized types of
free-machining steels, but the resulting surface finish is poorer.

Specifications and Properties — Material specifications for AISI 1025 steel are presented in Table
2.2.1.0(a). The room-temperature mechanical and physical properties are shown in Table 2.2.1.0(b). The
effect of temperature on thermal expansion is shown in Figure 2.2.1.0.

a Noncurrent specification
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Table 2.2.1.0(b).  Design Mechanical and Physical Properties of AISI 1025 Carbon Steel

Specification . . . . . . . . . . .
AMS 5046 and
AMS-S-7952

AMS 5075, AMS 5077
and AMS-T-5066

a ASTM A 108

Form . . . . . . . . . . . . . . . . . . Sheet, strip, and plate Tubing Bar

Condition . . . . . . . . . . . . . . Annealed Normalized All

Thickness, in. . . . . . . . . . . ... ... ...

Basis . . . . . . . . . . . . . . . . . . S S Sb

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . 55 55 55

     LT . . . . . . . . . . . . . . . . . 55 55 55

     ST . . . . . . . . . . . . . . . . . ... ... 55

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . 36 36 36

     LT . . . . . . . . . . . . . . . . . 36 36 36

     ST . . . . . . . . . . . . . . . . . ... ... 36

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . 36 36 36

     LT . . . . . . . . . . . . . . . . . 36 36 36

     ST . . . . . . . . . . . . . . . . . ... ... 36

Fsu, ksi . . . . . . . . . . . . . . . 35 35 35

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 90 90 90

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . . ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . . ... c c

     LT . . . . . . . . . . . . . . . . . c ... ...

E, 103 ksi . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . .  0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.284

C, Btu/(lb)( F) . . . . . . . . 0.116 (122 to 212 F)

K, Btu/[(hr)(ft2)( F)/ft] . . 30.0 (at 32 F)

, 10-6 in./in./ F . . . . . . . . See Figure 2.2.1.0

  a  Noncurrent specification.
  b  Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control testing.
  c  See applicable specification for variation in minimum elongation with ultimate strength.
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Figure 2.2.1.0.  Effect of temperature on the thermal expansion of 1025 steel.
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2.3 LOW-ALLOY STEELS (AISI GRADES AND PROPRIETARY GRADES)

2.3.0 COMMENTS ON LOW-ALLOY STEELS (AISI AND PROPRIETARY GRADES)

2.3.0.1 Metallurgical Considerations — The AISI or SAE alloy steels contain, in addition
to carbon, up to about 1 percent (up to 0.5 percent for most airframe applications) additions of various
alloying elements to improve their strength, depth of hardening, toughness, or other properties of interest.
Generally, alloy steels have better strength-to-weight ratios than carbon steels and are somewhat higher in
cost on a weight, but not necessarily strength, basis.  Their applications in airframes include landing-gear
components, shafts, gears, and other parts requiring high strength, through hardening, or toughness.

Some alloy steels are identified by the AISI four-digit system of numbers.  The first two digits
indicate the alloy group and the last two the approximate carbon content in hundredths of a percent.  The
alloying elements used in these steels include manganese, silicon, nickel, chromium, molybdenum, vanadium,
and boron.  Other steels in this section are proprietary steels which may be modifications of the AISI grades.
The alloying additions in these steels may provide deeper hardening, higher strength and toughness.

These steels are available in a variety of finish conditions, ranging from hot- or cold-rolled to
quenched-and-tempered.  They are generally heat treated before use to develop the desired properties.  Some
steels in this group are carburized, then heat treated to produce a combination of high surface hardness and
good core toughness.

2.3.0.2 Manufacturing Conditions — 

Forging — The alloy steels are only slightly more difficult to forge than carbon steels.  However,
maximum recommended forging temperatures are generally about 50 F lower than for carbon steels of the
same carbon content.  Slower heating rates, shorter soaking period, and slower cooling rates are also required
for alloy steels.

Cold Forming — The alloy steels are usually formed in the annealed condition.  Their formability
depends mainly on the carbon content and is generally slightly poorer than for unalloyed steels of the same
carbon content.  Little cold forming is done on these steels in the heat-treated condition because of their high
strength and limited ductility.

Machining — The alloy steels are generally harder than unalloyed steels of the same carbon content.
As a consequence, the low-carbon alloy steels are somewhat easier to finish machine than their counterparts
in the carbon steels.  It is usually desirable to finish machine the carburizing and through-hardening grades
in the final heat-treated condition for better dimensional accuracy.  This often leads to two steps in machining:
rough machining in the annealed or hot-finished condition, then finish machining after heat treating.  The
latter operation, because of the relatively high hardness of the material, necessitates the use of sharp, well-
designed, high-speed steel cutting tools, proper feeds, speeds, and a generous supply of coolant.  Medium-
and high-carbon grades are usually spheroidized for optimum machinability and, after heat treatment, may
be finished by grinding.  Many of the alloy steels are available with added sulfur or lead for improved
machinability.  However, resulfurized and leaded steels are not recommended for highly stressed aircraft and
missile parts, because of drastic reductions in transverse properties.

Welding — The low-carbon grades are readily welded or brazed by all techniques.  Alloy welding
rods comparable in strength to the base metal are used, and moderate preheating (200 to 600 F) is usually
necessary.  At higher carbon levels, higher preheating temperatures, and often postwelding stress relieving,
are required.  Certain alloy steels can be welded without loss of strength in the heat-affected zone provided
that the welding heat input is carefully controlled.  If the composition and strength level are such that the
strength of the welded joint is reduced, the strength of the joint may be restored by heat treatment after
welding.
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Heat Treatment — For the low alloy steels, there are various heat treatment procedures that can be
applied to a particular alloy to achieve any one of a number of specific mechanical (for example tensile)
properties.  Within this chapter, there are mechanical properties for three thermal processing conditions:
annealed, normalized, and quenched and tempered.  The specific details of these three thermal processing
conditions are reviewed in Reference 2.3.0.2.5.  In general, the annealed condition is achieved by heating to
a suitable temperature and holding for a specified period of time.  Annealing generally softens the material,
producing the lowest mechanical properties.  The normalized condition is achieved by holding to a slightly
higher temperature than annealing, but for a shorter period of time.  The purpose of normalizing varies
depending on the desired properties; it can be used to increase or decrease mechanical properties.  The
quenched and tempered condition, discussed in more detail below, is used to produce the highest mechanical
properties while providing relatively high toughness.  The mechanical properties for these three processing
conditions for specific steels are as shown in Tables 2.3.1.0(c), (f), and (g).

Maximum hardness in these steels is obtained in the as-quenched condition, but toughness and
ductility in this condition are comparatively low.  By means of tempering, their toughness is improved,
usually accompanied by a decrease in strength and hardness.  In general, tempering temperatures to achieve
very high strength should be avoided when toughness is an important consideration.

In addition, these steels may be embrittled by tempering or by prolonged exposure under stress within
the “blue brittle” range (approximately 500 to 700 F).  Strength levels that necessitate tempering within this
range should be avoided.

The mechanical properties presented in this chapter represent steels heat treated to produce a
quenched structure containing 90 percent martensite  at  the  center and tempered to the desired Ftu level.  This
degree of through hardening is necessary (regardless of strength level) to insure the attainment of reasonably
uniform mechanical properties throughout the cross section of the heat-treated part.  The maximum diameter
of round bars of various alloy steels capable of being through hardened consistently are given in Table
2.3.0.2.  Limiting dimensions for common shapes other than round are determined by means of the
“equivalent round” concept in Figure 2.3.0.2.  This concept is essentially a correlation between the significant
dimensions of a particular shape and the diameter of a round bar, assuming in each instance that the material,
heat treatment, and the mechanical properties at the centers of both the respective shape and the equivalent
round are substantially the same.

For the quenched and tempered condition, a large range of mechanical property values can be
achieved as indicated in Table 2.3.0.2.  Various quench media (rates), tempering temperatures, and times can
be employed allowing any number of processing routes to achieve these values.  As a result of these
processing routes, there are a large range of mechanical properties that can be obtained for a specific alloy.
Therefore, the properties of a steel can be tailored to meet the needs for a specific component/application.

Because of the potential for several different processing methods for these three conditions, the MIL,
Federal, and AMS specifications do not always contain minimum mechanical property values (S-basis).  They
may contain minimum mechanical property values for one specific quenched and tempered condition.  Those
specifications cited in this Handbook that do not contain mechanical properties are identified with a footnote
in Tables 2.3.1.0(a) and (b).  The possible mechanical properties for these alloys covered in the specifications
for the normalized, and quenched and tempered conditions in Table 2.3.0.2 are presented in Tables 2.3.1.0
(g1) and (g2).  Users must rely on their own in-house specifications or appropriate industry specifications to
validate that the required strength was achieved.  Therefore, no statistical basis (A, B, S) for these values are
indicated in Tables 2.3.1.0 (g1) and (g2).
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Table 2.3.0.2.  Maximum Round Diameters for Low-Alloy Steel Bars (Through
Hardening to at Least 90 Percent Martensite at Center)

Maximum Diameter of Round or Equivalent Round, in.a

Ftu, ksi 0.5 0.8 1.0 1.7 2.5 3.5 5.0

270 & 280 . . . . . . . . . . . . . . . . . . 300Mc

260 . . . . . . . . . AISI 4340b AISI 4340c AISI 4340d . . .

220 . . . . . . . . . AMS Gradesb,e AMS Gradesc,e D6ACb D6ACc

200 . . . AISI 8740 AISI 4140 AISI 4340b

AMS Gradesb,e

AISI 4340c

AMS Gradesc,e

AISI 4340d D6ACc

180 AISI 4130
and 8630

AISI 8735
4135 and 8740

AISI 4140 AISI 4340b

AMS Gradesb,e

AISI 4340c

AMS Gradesc,e

AISI 4340d

D6ACb

D6ACc

a This table indicates the maximum diameters to which these steels may be through hardened consistently by quenching as
indicated.  Any steels in this table may be used at diameters less than those indicated.  The use of steels at diameters greater
than those indicated should be based on hardenability data for specific heats of steel.

b Quenched in molten salt at desired tempering temperature (“martempering”).
c Quenched in oil at a flow rate of 200 feet per minute.
d Quenched in water at a flow rate of 200 feet per minute.
e 4330V, 4335V, and Hy-Tuf.
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Figure 2.3.0.2.  Correlation between significant dimensions of common shapes other
than round, and the diameters of round bars.
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Table 2.3.0.3.  Temperature Exposure Limits for Low-Alloy Steels

Exposure Limit, F

Ftu, ksi 125 150 180 200 220 260 270 & 280

Alloy:

AISI 4130 and
8630

925 775 575 . . . . . . . . . . . .

AISI 4140 and
8740

1025 875 725 625 . . . . . . . . .

AISI 4340 1100 950 800 700 . . . 350 . . .

AISI 4135 and
8735

975 825 675 . . . . . . . . . . . .

D6AC 1150 1075 1000 950 900 500 . . .

Hy-Tuf 875 750 650 550 450 . . . . . .

4330V 925 850 775 700 500 . . . . . .

4335V 975 875 775 700 500 . . . . . .

300M . . . . . . . . . . . . . . . . . . 475

a Quenched and tempered to Ftu indicated.  If the material is exposed to temperatures exceeding those listed,
a reduction in strength is likely to occur.

2.3.0.3 Environmental Considerations — Alloy steels containing chromium or high
percentages of silicon have somewhat better oxidation resistance than the carbon or other alloy steels.
Elevated-temperature strength for the alloy steels is also higher than that of corresponding carbon steels.  The
mechanical properties of all alloy steels in the heat-treated condition are affected by extended exposure to
temperatures near or above the temperature at which they were tempered.  The limiting temperatures to which
each alloy may be exposed for no longer than approximately 1 hour per inch of thickness or approximately
one-half hour for thicknesses under one-half inch without a reduction in strength occurring are listed in Table
2.3.0.3.  These values are approximately 100 F below typical tempering temperatures used to achieve the
designated strength levels.

Low-alloy steels may undergo a transition from ductile to brittle behavior at low temperatures.  This
transition temperature varies widely for different alloys.  Caution should be exercised in the application of
low-alloy steels at temperatures below -100 F.  For use at a temperature below -100 F, an alloy with a
transition temperature below the service temperature should be selected.  For low temperatures, the steel
should be heat treated to a tempered martensitic condition for maximum toughness.

Heat-treated alloy steels have better notch toughness than carbon steels at equivalent strength levels.
The decrease in notch toughness is less pronounced and occurs at lower temperatures.  Heat-treated alloy
steels may be useful for subzero applications, depending on their alloy content and heat treatment.  Heat
treating to strength levels higher than 150 ksi Fty may decrease notch toughness.

The corrosion properties of the AISI alloy steels are comparable to the plain carbon steels.
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2.3.1 SPECIFIC ALLOYS

2.3.1.0 Comments and Properties — AISI 4130 is a chromium-molybdenum steel that is in
general use due to its well-established heat-treating practices and processing techniques.  It is available in all
sizes of sheet, plate, and tubing.  Bar stock of this material is also used for small forgings under one-half inch
in thickness.  AISI 4135, a slightly higher carbon version of AISI 4130, is available in sheet, plate, and
tubing.

AISI 4140 is a chromium-molybdenum steel that can be heat treated in thicker sections and to higher
strength levels than AISI 4130.  This steel is generally used for structural machined and forged parts one-half
inch and over in thickness.  It can be welded but it is more difficult to weld than the lower carbon grade AISI
4130.

AISI 4340 is a nickel-chromium-molybdenum steel that can be heat treated in thicker sections and
to higher strength levels than AISI 4140.

AISI 8630, 8735, and 8740 are nickel-chromium-molybdenum steels that are considered alternates
to AISI 4130, 4135, and 4140, respectively.

There are a number of steels available with compositions that represent modifications to the AISI
grades described above.  Four of the steels that have been used rather extensively at Ftu = 220 ksi are D6AC,
Hy-Tuf, 4330V, and 4335V.  It should be noted that this strength level is not used for AISI 4340 due to
embrittlement encountered during tempering in the range of 500 to 700 F.  In addition, AISI 4340 and 300M
are utilized at strength levels of Ftu = 260 ksi or higher.  The alloys, AISI 4340, D6AC, 4330V, 4335V, and
300M, are available in the consumable electrode melted grade.  Material specifications for these steels are
presented in Tables 2.3.1.0(a) and (b).

The room-temperature mechanical and physical properties for these steels are presented in
Tables 2.3.1.0(c) through 2.3.1.0(g).  Mechanical properties for heat-treated materials are valid only for steel
heat treated to produce a quenched structure containing 90 percent or more martensite at the center.  Fig-
ure 2.3.1.0 contains elevated temperature curves for the physical properties of AISI 4130 and AISI 4340
steels.

2.3.1.1 AISI Low-Alloy Steels — Elevated temperature curves for heat-treated AISI low-alloy
steels are presented in Figures 2.3.1.1.1 through 2.3.1.1.4.  These curves are considered valid for each of these
steels in each heat-treated condition but only up to the maximum temperatures listed in Table 2.3.0.1(b).

2.3.1.2 AISI 4130 and 8630 Steels — Typical stress-strain and tangent-modulus curves for
AISI 8630 are shown in Figures 2.3.1.2.6(a) through (c).  Best-fit S/N curves for AISI 4130 steel are pre-
sented in Figures 2.3.1.2.8(a) through (h).

2.3.1.3 AISI 4340 Steel — Typical stress-strain and tangent-modulus curves for AISI 4340 are
shown in Figures 2.3.1.3.6(a) through (c).  Typical biaxial stress-strain curves and yield-stress envelopes for
AISI 4340 alloy steel are presented in Figures 2.3.1.3.6(d) through (g).  Best-fit S/N curves for AISI 4340
are presented in Figures 2.3.1.3.8(a) through (o).

2.3.1.4 300M Steel — Best-fit S/N curves for 300M steel are presented in Figures 2.3.1.4.8(a)
through (d).  Fatigue-crack-propagation data for 300M are shown in Figure 2.3.1.4.9.

2.3.1.5  D6AC Steel — Fatigue-crack-propagation data for D6AC steel are presented in
Figure 2.3.1.5.9.
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Table 2.3.1.0(a).  Material Specifications for Air Melted Low-Alloy Steels

Form

Alloy Sheet, strip, and plate Bars and forgings Tubing

4130

8630

4135

8735

4140

4340

8740

4330V

4335V

AMS-S-18729, AMS 6350a,

AMS 6351a

AMS-S-18728b, AMS 6350a

AMS 6352a

AMS 6357a

AMS 6395a

AMS 6359a

AMS 6358a

...

AMS 6433

AMS-S-6758a, AMS 6348a,

AMS 6370a, AMS 6528a

AMS-S-6050, AMS 6280a

...

AMS 6320a

AMS-S-5626a, AMS 6382a,

AMS 6349a, AMS 6529a

AMS-S-5000a, AMS 6415a

AMS-S-6049b, AMS 6327, 

AMS 6322a

AMS 6427a

AMS 6430

AMS-T-6736, AMS 6371a,

AMS 6360, AMS 6361, AMS 6362,

AMS 6373, AMS 6374

AMS 6281a

AMS 6372a, AMS 6365, 

AMS-T-6735b

AMS 6282a

AMS 6381a

AMS 6415a

AMS 6323a

AMS 6427a

AMS 6430

a Specification does not contain minimum mechanical properties.

b Noncurrent specification.

Table 2.3.1.0(b).  Material Specifications for Consumable Electrode Melted
Low-Alloy Steels

Form

Alloy Sheet, strip, and plate Bar and forgings Tubing

4340

D6AC

4330V

Hy-Tuf

4335V

300M
(0.40C)

300M
(0.42C)

AMS 6454a

AMS 6439

...

...

AMS 6435

...

...

AMS 6414

AMS 6431, AMS 6439

AMS 6411

AMS 6425

AMS 6429

AMS 6417

AMS 6419, AMS 6257

AMS 6414

AMS 6431

AMS 6411

AMS 6425

AMS 6429

AMS 6417

AMS 6419, AMS 6257

a Specification does not contain minimum mechanical properties.
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Table 2.3.1.0(c1).  Design Mechanical and Physical Properties of Air Melted Low-Alloy
Steels

Alloy . . . . . . . . . . . . . . . . . . . AISI 4130 AISI 4135 AISI 8630

Specification [see Tables
2.3.1.0(a) and (b)] . . . . . . . . .

AMS 6360
AMS 6373
AMS 6374

AMS-T-6736
AMS-S-18729

AMS 6365
AMS-T-6735a AMS-S-18728a

Form . . . . . . . . . . . . . . . . . . . .
Sheet, strip, plate,

and tubing
Tubing Sheet, strip, and plate

Condition . . . . . . . . . . . . . . . . Normalized and tempered, stress relievedb

Thickness or diameter, in. . . . 0.188 >0.188 0.188 0.188 0.188 0.188

Basis . . . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . .  95  90 100  95  95  90

Fty, ksi . . . . . . . . . . . . . . . . .  75  70 85  80  75  70

Fcy, ksi . . . . . . . . . . . . . . . . .  75  70  89  84  75  70

Fsu, ksi . . . . . . . . . . . . . . . . .  57  54 60  57  57  54

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . 200 190 190 180 200 190

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . 129 120 146 137 129 120

e, percent . . . . . . . . . . . . . . . See Table 2.3.1.0(d)

E, 103 ksi . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . .  0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . . . . . See Figure 2.3.1.0

a  Noncurrent specification.
b  Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control testing.
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Table 2.3.1.0(c2).  Design Mechanical and Physical Properties of Air Melted Low-Alloy
Steels

Alloy . . . . . . . . . . . . . . . . . . . AISI 4130

Specification [see Tables
2.3.1.0(a) and (b)] . . . . . . . . .

AMS 6361
AMS-T-6736

AMS 6362
AMS-T-6736

AMS-T-6736

Form . . . . . . . . . . . . . . . . . . . . Tubing

Condition . . . . . . . . . . . . . . . . Quenched and tempereda

Thickness or diameter, in. . . . 0.188 0.188 All Walls

Basis . . . . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . .  125 150 180

Fty, ksi . . . . . . . . . . . . . . . . .  100 135 165

Fcy, ksi . . . . . . . . . . . . . . . . .  109 141 173

Fsu, ksi . . . . . . . . . . . . . . . . .   75  90 108

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 194 231 277

     (e/D = 2.0) . . . . . . . . . . . . . 251 285 342

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 146 210 257

     (e/D = 2.0) . . . . . . . . . . . . . 175 232 284

e, percent . . . . . . . . . . . . . . . See Table 2.3.1.0(e)

E, 103 ksi . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . .  0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . . . . . See Figure 2.3.1.0

a  Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control testing.
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Table 2.3.1.0(c3).  Design Mechanical and Physical Properties of Air Melted Low-Alloy
Steels

Alloy . . . . . . . . . . . . . . . . . . . AISI 8630 AISI 8740 

Specification [see Tables
2.3.1.0(a) and (b)] . . . . . . . . .

AMS-S-6050 AMS-S-6049a AMS 6327

Form . . . . . . . . . . . . . . . . . . . . Bars and forgings

Condition . . . . . . . . . . . . . . . . Quenched and temperedb

Thickness or diameter, in. . . . 1.500 1.750

Basis . . . . . . . . . . . . . . . . . . . . S  S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . .  125 125 125

Fty, ksi . . . . . . . . . . . . . . . . .  100 103 100

Fcy, ksi . . . . . . . . . . . . . . . . .  109 108 109

Fsu, ksi . . . . . . . . . . . . . . . . .   75  75  75

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 194 192 194

     (e/D = 2.0) . . . . . . . . . . . . . 251 237 251

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 146 160 146

     (e/D = 2.0) . . . . . . . . . . . . . 175 177 175

e, percent . . . . . . . . . . . . . . . See Table 2.3.1.0(e)

E, 103 ksi . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . .  0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . . . . . See Figure 2.3.1.0

a  Noncurrent specification
b  Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control testing.
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Table 2.3.1.0(c4).  Design Mechanical and Physical Properties of Air Melted Low-Alloy
Steels

Alloy . . . . . . . . . . . . . . . . . . . AISI 4135

Specification [see Tables
2.3.1.0(a) and (b)] . . . . . . . . .

AMS-T-6735

Form . . . . . . . . . . . . . . . . . . . . Tubing

Condition . . . . . . . . . . . . . . . . Quenched and tempereda

Wall thickness, in. . . . . . . . . . 0.8 < 0.5b

Basis . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . .  125 150 180 200

Fty, ksi . . . . . . . . . . . . . . . . .  100 135 165 165

Fcy, ksi . . . . . . . . . . . . . . . . .  109 141 173 181

Fsu, ksi . . . . . . . . . . . . . . . . .   75  90 108 120

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 194 231 277 308

     (e/D = 2.0) . . . . . . . . . . . . . 251 285 342 380

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 146 210 257 274

     (e/D = 2.0) . . . . . . . . . . . . . 175 232 284 302

e, percent . . . . . . . . . . . . . . . See Table 2.3.1.0(e)

E, 103 ksi . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . . 0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . . . . . See Figure 2.3.1.0

a Design values are applicable only to parts for which the indicated Ftu and through hardening has been substantiated by adequate quality
control testing.
b Wall thickness at which through hardening is achieved and verified through quality control testing.
b The S-basis value in MIL-T-6735 is 165 ksi.
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Table 2.3.1.0(d).  Minimum Elongation Values for Low-Alloy Steels in Condition N

Form Thickness, in.

Elongation,
percent

Full tube Strip

Sheet, strip, and plate (T) . . . . . . Less than 0.062 . . . . . . . . . . . . . . . -- 8

Over 0.062 to 0.125 incl. . . . . . . . . -- 10

Over 0.125 to 0.187 incl. . . . . . . . . -- 12

Over 0.187 to 0.249 incl. . . . . . . . . -- 15

Over 0.249 to 0.749 incl. . . . . . . . . -- 16

Over 0.749 to 1.500 incl. . . . . . . . . -- 18

Tubing (L) . . . . . . . . . . . . . . . . . Up to 0.035 incl. (wall) . . . . . . . . . 10 5

Over 0.035 to 0.188 incl. . . . . . . . . 12 7

Over 0.188 . . . . . . . . . . . . . . . . . . . 15 10

Table 2.3.1.0(e).  Minimum Elongation Values for Heat-Treated Low-Alloy Steels

Ftu, ksi

Round specimens (L)

Elongation in 2 in., percent

Sheet specimens Tubing (L)

Elongation
in 4D,
percent

Reduction
of area,
percent

Less than
0.032 in.

thick

0.032 to
0.060 in.

thick

Over
0.060 in.

thick
Full
tube Strip

125 17 55 5 7 10 12 7

140 15 53 4 6 9 10 6

150 14 52 4 6 9 10 6

160 13 50 3 5 8 9 6

180 12 47 3 5 7 8 5

200 10 43 3 4 6 6 5
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Table 2.3.1.0(f1).  Design Mechanical and Physical Properties of Low-Alloy Steels

Alloy . . . . . . . . . . . . . . . Hy-Tuf 4330V 4335V 4335V D6AC AISI 4340a 0.40C
300M

0.42C
300M

Specification . . . . . . . . . . AMS 6425 AMS 6411 AMS 6430 AMS 6429 AMS 6431 AMS 6414 AMS 6417
AMS 6257
AMS 6419

Form . . . . . . . . . . . . . . . . Bar, forging, tubing

Condition . . . . . . . . . . . . Quenched and temperedb

Thickness or diameter, in. c d e f

Basis . . . . . . . . . . . . . . . . S S S S S S S S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . 220 220 205 240 220 260 270 280

Fty, ksi . . . . . . . . . . . . . 185 185 190 210 190 217 220 230

Fcy, ksi . . . . . . . . . . . . . 193 193 199 220 198 235 236 247

Fsu, ksi . . . . . . . . . . . . . 132 132 123 144 132 156 162 168

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . 297 297 315 369 297 347 414g 430g

     (e/D = 2.0) . . . . . . . . . 385 385 389 465 385 440 506g 525g

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . 267 267 296 327 274 312 344c 360c

     (e/D = 2.0) . . . . . . . . . 294 294 327 361 302 346 379c 396c

e, percent:

     L . . . . . . . . . . . . . . . .  10 10  10   10 12 10 8  7

     LT . . . . . . . . . . . . . . .   5a 5a  7    7 9 ... ... ...

E, 103 ksi . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . .  0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . See Figure 2.3.1.0
a Applicable to consumable-electrode vacuum-melted material only.
b Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control  testing.
c Thickness  1.70 in. for quenching in molten salt at desired tempering temperature (martempering); 2.50 in. for quenching in oil at flow rate of

200 feet/min.
d Thickness  3.50 in. for quenching in molten salt at desired tempering temperature (martempering); 5.00 in. for quenching in oil at flow rate of

200 feet/min.
e Thickness  1.70 in. for quenching in molten salt at desired tempering temperature (martempering); 2.50 in. for quenching in oil at flow rate of

200 feet/min.; 3.50 in. for quenching in water at a flow rate of 200 feet/min.
f Thickness 5.00 in. for quenching in oil at a flow rate of 200 feet/min.
g Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 2.3.1.0(f2).  Design Mechanical and Physical Properties of Low-Alloy Steels

Alloy . . . . . . . . . . . . . . . . . . . . 4335V D6AC

Specification . . . . . . . . . . . . . . AMS 6435 AMS 6439

Form . . . . . . . . . . . . . . . . . . . . . Sheet, strip, and plate

Condition . . . . . . . . . . . . . . . . . Quenched and tempereda

Thickness or diameter, in. . . . . b 0.250 0.251

Basis . . . . . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . . . 220 215 224

Fty, ksi . . . . . . . . . . . . . . . . . . 190 190 195

Fcy, ksi . . . . . . . . . . . . . . . . . . 198 198 203

Fsu, ksi . . . . . . . . . . . . . . . . . . 132 129 134

Fbru, ksi:c

     (e/D = 1.5) . . . . . . . . . . . . . . 297 290 302

     (e/D = 2.0) . . . . . . . . . . . . . . 385 376 392

Fbry, ksi:c

     (e/D = 1.5) . . . . . . . . . . . . . . 274 274 281

     (e/D = 2.0) . . . . . . . . . . . . . . 302 302 310

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . 10 ... ...

     LT . . . . . . . . . . . . . . . . . . . . 7 7 7

E, 103 ksi . . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . . 29.0

G, 103 ksi . . . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . . . 0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . . . . . . See Figure 2.3.1.0

a Design values are applicable only to parts for which the indicated Ftu has been substantiated by  adequate
quality control testing.

b Thickness 1.70 in. for quenching in molten salt at desired tempering temperature (martempering); 2.50 in.
for quenching in oil at a flow rate of 200 feet/min.

c Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 2.3.1.0(g1).  Design Mechanical and Physical Properties of Low-Alloy Steels

Alloy . . . . . . . . . . . . . . . . . . . AISI 4130 AISI 4135 AISI 8630 AISI 8735

Specification [see Tables 
2.3.1.0(a) and (b)] . . . . . . . . .

AMS 6350
AMS 6528

AMS-S-6758

AMS 6352
AMS 6372

AMS 6281 AMS 6357

Form . . . . . . . . . . . . . . . . . . . .
Sheet, strip, plate,
bars, and forgings

Sheet, strip, plate,
and tubing

Tubing
Sheet, strip, and

plate

Condition . . . . . . . . . . . . . . . . Normalized and tempered, stress relieveda

Thickness or diameter, in. . . . 0.188 >0.188 0.188 >0.188 0.188 >0.188 0.188 >0.188

Basis . . . . . . . . . . . . . . . . . . . .
b

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . .  95  90  95  90  95  90  95  90

Fty, ksi . . . . . . . . . . . . . . . . .  75  70  75  70  75  70  75  70

Fcy, ksi . . . . . . . . . . . . . . . . .  75  70  75  70  75  70  75  70

Fsu, ksi . . . . . . . . . . . . . . . . .  57  54  57  54  57  54  57  54

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . ... ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . 200 190 200 190 200 190 200 190

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . ... ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . 129 120 129 120 129 120 129 120

e, percent . . . . . . . . . . . . . . . See Table 2.3.1.0(d)

E, 103 ksi . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . 29.0 

G, 103 ksi . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . .  0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.283

C, K, and . . . . . . . . . . . . . See Figure 2.3.1.0

a Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control
testing.

b There is no statistical basis (T99 or T90) or specification basis (S) to support the mechanical property values in this table.  See
Heat Treatment in Section 2.3.0.2.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-25

Table 2.3.1.0(g2).  Design Mechanical and Physical Properties of Low-Alloy Steels

Alloy . . . . . . . . . . . . . . 4330V
See steels listed in Table 2.3.0.2 for the

applicable strength levels

Specification . . . . . . . . AMS 6427 See Tables 2.3.1.0(a) and (b)

Form . . . . . . . . . . . . . . . All wrought forms

Condition . . . . . . . . . . . Quenched and tempereda

Thickness or diameter,
in. . . . . . . . . . . . . . . . . .

 2.5
b c

Basis . . . . . . . . . . . . . . .
d

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . .
Fbru, ksi:

     (e/D = 1.5) . . . . . . . .
     (e/D = 2.0) . . . . . . . .

Fbry, ksi:
     (e/D = 1.5) . . . . . . . .
     (e/D = 2.0) . . . . . . . .

220
185
193
132

297
385

267
294

125
100
109
 75 

209
251

146
175

140
120
131
 84

209
273

173
203

150
132
145
 90

219
287

189
218

160
142
154
 96 

230
300

202
231

180
163
173
108

250
326

230
256

200
176
181
120

272
355

255
280

e, percent:
     L . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . .

 10 
  5a

See Table 2.3.1.0(e)

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . .

29.0
29.0
11.0
 0.32

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, K, and . . . . . . . .
0.283

See Figure 2.3.1.0

a Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control
testing.

b For Ftu  180 ksi, thickness  0.50 in. for AISI 4130 and 8630;  0.80 in. for AISI 8735, 4135, and 8740;  1.00 in. for AISI
4140;  1.70 in. for AISI 4340, 4330V, 4335V, and Hy-Tuf [Quenched in molten salt at desired tempering temperature
(martempering)];  2.50 in. for AISI 4340, 4330V, 4335V, and Hy-Tuf (Quenched in oil at a flow rate of 200 feet/min.); 
3.50 in. for AISI 4340 (Quenched in water at a flow rate of 200 feet/min.);  5.00 in. for D6AC (Quenched in oil at a flow
rate of 200 feet/min.)

c For Ftu = 200 ksi AISI 4130, 8630, 4135, 8740 not available; thickness  0.80 in. for AISI 8740;  1.00 in. for AISI 4140; 
1.70 in. for AISI 4340, 4330V, 4335V, and Hy-Tuf [Quenched in molten salt at desired tempering temperature
(martempering)];  2.50 in. for AISI 4340, 4330V, 4335V, and Hy-Tuf (Quenched in oil at a flow rate of 200 feet/min.); 
3.50 in. for AISI 4340 (Quenched in water at a flow rate of 200 feet/min.);  5.00 in. for D6AC (Quenched in oil at a flow
rate of 200 feet/min.)

d There is no statistical basis (T99 or T90) or specification basis (S) to support the mechanical property values in this table.  See
Heat Treatment in Section 2.3.0.2.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-26

Temperature, °F

-400 -200 0 200 400 600 800 1000 1200 1400 1600
0

5

10

15

20

25

30

35

40

45

50

0

5

10

15

20

25

30

35

40

45

50

8

9

0.1

0.2

0.3

0.4 3

4

5

6

7

K, 4340

K, 4130

α, 4340

α, 4130

C
, 
B

tu
/ 
(l
b
)(

°F
)

α - Between 70 °F and indicated temperature
K - At indicated temperature
C - At indicated temperature

α
, 
1
0
-6

 in
./

in
./

°F

K
, 

B
tu

/ 
[ 
(h

r)
(f

t2
)(

°F
)/

ft
]

Figure 2.3.1.0.  Effect of temperature on the physical properties of 4130 and 4340 alloy
steels.
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Figure 2.3.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and
tensile yield strength (Fty) of AISI low-alloy steels (all products).
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Figure 2.3.1.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of heat-treated AISI low-alloy steels (all products).
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Figure 2.3.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of heat-treated AISI low-alloy steels (all products).
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Figure 2.3.1.1.4.  Effect of temperature on the tensile and compressive modulus (E and
Ec) of AISI low-alloy steels.

Figure 2.3.1.2.6(a).  Typical tensile stress-strain curves at room temperature for
heat-treated AISI 8630 alloy steel (all products).
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Figure 2.3.1.2.6(b).  Typical compressive tangent-modulus curves at room temperature
for heat-treated AISI 8630 alloy steel (all products).
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Figure 2.3.1.2.6(c).  Typical tensile stress-strain curves at elevated temperatures for
heat-treated AISI 8630 alloy steel, Ftu = 125 ksi (all products).
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Figure 2.3.1.2.8(a).  Best-fit S/N curves for unnotched 4130 alloy steel sheet,
normalized, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(a)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi   Temp., F
                  117             99         RT     

Specimen Details: Unnotched
2.88-3.00 inches gross width
0.80-1.00 inch net width
12.0 inch net section radius

Surface Condition: Electropolished

References: 3.2.3.1.8(a) and (f)

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]

Test Parameters:
Loading - Axial
Frequency - 1100-1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equations:

For stress ratios of -0.60 to +0.02
Log Nf = 9.65-2.85 log (Seq - 61.3)
Seq = Smax (1-R)0.41

Std. Error of Estimate, Log (Life) = 0.21
Standard Deviation, Log (Life) = 0.45
R2 = 78%

Sample Size = 23

For a stress ratio of -1.0
Log Nf = 9.27-3.57 log (Smax-43.3)
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Figure 2.3.1.2.8(b).  Best-fit S/N curves for notched, Kt = 1.5, 4130 alloy steel sheet,
normalized, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(b)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
  117               99 RT       

(unnotched)
  123    -- RT       

(notched)
Kt 1.5

Specimen Details: Edge Notched, Kt = 1.5
3.00 inches gross width
1.50 inches net width
0.76 inch notch radius

Surface Condition: Electropolished

Reference: 3.2.3.1.8(d)

Test Parameters:
Loading - Axial
Frequency - 1100-1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equations:
Log Nf = 7.94-2.01 log (Seq - 61.3)
Seq = Smax (1-R)0.88

Std. Error of Estimate, Log (Life) = 0.27
Standard Deviation, Log (Life) = 0.67
R2 = 84%

Sample Size = 21

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 2.3.1.2.8(c).  Best-fit S/N curves for notched, Kt = 2.0, 4130 alloy steel sheet,
normalized, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(c)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
  117              99 RT       

(unnotched)
  120   -- RT       

(notched)
Kt 2.0

Specimen Details: Notched, Kt = 2.0
Notch Gross   Net Notch
 Type Width Width Radius
Edge 2.25    1.500 0.3175
Center 4.50    1.500 1.500
Fillet 2.25    1.500 0.1736

Surface Condition: Electropolished

References: 3.2.3.1.8(b) and (f)

Test Parameters:
Loading - Axial
Frequency - 1100-1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 17.1-6.49 log (Seq)
Seq = Smax (1-R)0.86

Std. Error of Estimate, Log (Life) = 0.19
Standard Deviation, Log (Life) = 0.78
R2 = 94%

Sample Size = 107

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Fatigue Life, Cycles
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Figure 2.3.1.2.8(d).  Best-fit S/N curves diagram for notched, Kt = 4.0, 4130
alloy steel sheet, normalized, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(d)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi     Temp., F
  117              99 RT     

(unnotched)
  120   — RT     

(notched)
Kt = 4.0

Specimen Details: Notched, Kt = 4.0
Notch        Gross   Net Notch
 Type           Width Width Radius
Edge         2.25 1.500 0.057
Edge         4.10 1.496 0.070
Fillet         2.25 1.500 0.0195

Surface Condition: Electropolished

References: 3.2.3.1.8(b), (f), and (g)

Test Parameters:
Loading - Axial
Frequency - 1100-1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 12.6-4.69 log (Seq)
Seq = Smax (1-R)0.63

Std. Error of Estimate, Log (Life) = 0.24
Standard Deviation, Log (Life) = 0.70
R2 = 88%

Sample Size = 87

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 2.3.1.2.8(e).  Best-fit S/N curves diagram for notched, Kt = 5.0, 4130 alloy
steel sheet, normalized, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(e)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi    Temp., F
  117              99 RT      

(unnotched)
  120   — RT      

(notched)
Kt = 5.0

Specimen Details: Edge Notched, Kt = 5.0
2.25 inches gross width 
1.50 inches net width 
0.075 inch notch radius 

Surface Condition: Electropolished

Reference: 3.2.3.1.8(c)

Test Parameters:
Loading - Axial
Frequency - 1100-1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 12.0-4.57 log (Seq)
Seq = Smax (1-R)0.56

Std. Error of Estimate, Log (Life) = 0.18
Standard Deviation, Log (Life) = 0.87
R2 = 96%

Sample Size = 38

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 2.3.1.2.8(f).  Best-fit S/N curves for unnotched 4130 alloy steel sheet, Ftu =
180 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(f)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   180             174 RT     

Specimen Details: Unnotched
2.88 inches gross width
1.00 inch net width
12.0 inch net section radius

Surface Condition: Electropolished

Reference: 3.2.3.1.8(f)

Test Parameters:
Loading - Axial
Frequency - 20-1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 20.3-7.31 log (Seq)
Seq = Smax (1-R)0.49

Std. Error of Estimate, Log (Life) = 0.39
Standard Deviation, Log (Life) = 0.89
R2 = 81%

Sample Size = 27

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Fatigue Life, Cycles
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Figure 2.3.1.2.8(g).  Best-fit S/N curves for notched, Kt = 2.0, 4130 alloy steel
sheet, Ftu = 180 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(g)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   180            174 RT    

Specimen Details: Edge Notched
2.25 inches gross width
1.50 inches net width
0.3175 inch notch radius

Surface Condition: Electropolished

Reference: 3.2.3.1.8(f)

Test Parameters:
Loading - Axial
Frequency - 21-1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 8.87-2.81 log (Seq - 41.5)
Seq = Smax (1-R)0.46

Std. Error of Estimate, Log (Life) = 0.18
Standard Deviation, Log (Life) = 0.77
R2 = 94%

Sample Size = 19

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 2.3.1.2.8(h).  Best-fit S/N curves for notched, Kt = 4.0, 4130 alloy steel sheet,
Ftu = 180 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.2.8(h)

Product Form: Sheet, 0.075 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   180             174 RT     

Specimen Details: Edge Notched
2.25 inches gross width
1.50 inches net width
0.057 inch notch radius

Surface Condition: Electropolished

Reference: 3.2.3.1.8(f)

Test Parameters:
Loading - Axial
Frequency - 23-1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 12.4-4.45 log (Seq)
Seq = Smax (1-R)0.60

Std. Error of Estimate, Log (Life) = 0.11
Standard Deviation, Log (Life) = 0.90
R2 = 98%

Sample Size = 20

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 2.3.1.3.6(a).  Typical tensile stress-strain curves at room temperature for heat-
treated AISI 4340 alloy steel (all products).
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Figure 2.3.1.3.6(b).  Typical tensile stress-strain curves at cryogenic and room
temperature for AISI 4340 alloy steel bar, Ftu = 260 ksi.
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Figure 2.3.1.3.6(c).  Typical compressive stress-strain and compressive tangent-modulus
curves at room temperature for AISI 4340 alloy steel bar, Ftu = 260 ksi.
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Figure 2.3.1.3.6(d).  Typical biaxial stress-strain curves at room
temperature for AISI 4340 alloy steel (machined thin-wall cylinders, axial
direction = longitudinal direction of bar stock), Ftu = 180 ksi.  A biaxial
ratio, B, denotes the ratio of hoop stresses to axial stresses.
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Figure 2.3.1.3.6(e).  Biaxial yield-stress envelope at room temperature for AISI 4340
alloy steel (machined thin-wall cylinders, axial direction = longitudinal direction of bar
stock), Ftu = 180 ksi, Fty measured in the hoop direction.
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Figure 2.3.1.3.6(f).  Typical biaxial stress-strain curves at room temperature for AISI
4340 alloy steel (machined thin-wall cylinders, axial direction = longitudinal direction
of bar stock), Ftu = 260 ksi.  A biaxial ratio B of zero corresponds to the hoop direction.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-44

Hoop Stress, FH, percent Fty

0 20 40 60 80 100 120

A
xi

a
l 
S

tr
e
ss

, 
F

A
, 
p
e
rc

e
n
t 

F
ty

0

20

40

60

80

100

120
B = 4 3 2 1.5 1

0.67

0.50

0.33

0.25

0

Cylindrical Specimens

OO

Figure 2.3.1.3.6(g).  Biaxial yield-stress envelope at room temperature for AISI 4340
alloy steel (machined thin-wall cylinders, axial direction = longitudinal direction of bar
stock), Ftu = 260 ksi, Fty measured in the hoop direction.
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Figure 2.3.1.3.8(a).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar, Ftu =
125 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(a)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   125   — RT      

(unnotched)
   150   — RT      

(notched)

Specimen Details: Unnotched
0.400 inch diameter

Surface Condition: Hand polished to RMS 10

Reference: 2.3.1.3.8(a)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 14.96-6.46 log (Seq-60)
Seq = Smax (1-R)0.70

Std. Error of Estimate, Log (Life) = 0.35
Standard Deviation, Log (Life) = 0.77
R2 = 75%

Sample Size = 9

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 2.3.1.3.8(b).  Best-fit S/N curves for notched, Kt = 3.3, AISI 4340 alloy steel bar,
Ftu = 125 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(b)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi   TYS, ksi  Temp., F
   125   — RT      

(unnotched)
   150   — RT      

(notched)

Specimen Details: Notched, V-Groove, Kt=3.3
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Lathe turned to RMS 10

Reference: 2.3.1.3.8(a)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.75-3.08 log (Seq-20.0)
Seq = Smax (1-R)0.84

Std. Error of Estimate, Log (Life) = 0.40
Standard Deviation, Log (Life) = 0.90
R2 = 80%

Sample Size = 11

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(c).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar, Ftu =
150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(c)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi   TYS, ksi  Temp., F
   158            147 RT      

(unnotched)
   190   — RT      

(notched)

Specimen Details: Unnotched
0.400 inch diameter

Surface Condition: Hand polished to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 10.76-3.91 log (Seq - 101.0)
Seq = Smax (1-R)0.77

Std. Error of Estimate, Log (Life) = 0.17
Standard Deviation, Log (Life) = 0.33
Adjusted R2 Statistic = 73%

Sample Size = 9

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(d).  Best-fit S/N curves for notched AISI 4340 alloy steel bar, Ftu =
150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(d)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   158           147 RT      

(unnotched)
   190   — RT      

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.3
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Lathe turned to RMS 10

Reference: 2.3.1.3.8(a)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 7.90-2.00 log (Seq-40.0)
Seq = Smax (1-R)0.60

Std. Error of Estimate, Log (Life) = 0.27
Standard Deviation, Log (Life) = 0.74
R2 = 86%

Sample Size = 11

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 2.3.1.3.8(e).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar at 600 F,
Ftu = 150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(e)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi  TYS, ksi Temp., F
   158   147 RT      

(unnotched)
   153   121 600     

(unnotched)
   190   — RT      

(notched)
   176   — 600     

(notched)

Specimen Details: Unnotched
0.400 inch diameter

Surface Condition: Hand polished to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - 600 F
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 22.36-9.98 log (Seq-60.0)
Seq = Smax (1-R)0.66

Std. Error of Estimate Log (Life) = 0.24
Standard Deviation, Log (Life) = 1.08
R2 = 95%

Sample Size = 11

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(f).  Best-fit S/N curves for notched, Kt = 3.3, AISI 4340 alloy steel bar at
600 F, Ftu = 150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(f)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   158   147 RT      

(unnotched)
   153   121 600     

(unnotched)
   190   — RT      

(notched)
   176   — 600     

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.3
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Lathe turned to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 10.39-3.76 log (Seq-30.0)
Seq = Smax (1-R)0.62

Std. Error of Estimate, Log (Life) = 0.36
Standard Deviation, Log (Life) = 1.06
R2 = 89%

Sample Size = 11

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(g).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar at 800 F,
Ftu =  150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(g)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   158   147 RT      

(unnotched)
   125   101 800     

(unnotched)
   190   — RT      

(notched)
  154   — 800     

(notched)

Specimen Details: Unnotched 
0.400 inch diameter

Surface Condition: Hand polished to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - 800 F
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 17.53-7.35 log (Seq-60.0)
Seq = Smax (1-R)0.66

Std. Error of Estimate, Log (Life) = 0.42
Standard Deviation, Log (Life) = 0.99
R2 = 82%

Sample Size = 15

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(h).  Best-fit S/N curves for notched, Kt = 3.3, AISI 4340 alloy steel bar at
800 F, Ftu = 150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(h)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   158   147 RT      

(unnotched)
   125   101 800     

(unnotched)
   190   — RT      

(notched)
   154   — 800     

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.3
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Lathe turned to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - 800 F
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 7.31-2.01 log (Seq-48.6)
Seq = Smax (1-R)0.92

Std. Error of Estimate, Log (Life) = 0.60
Standard Deviation, Log (Life) = 1.14
R2 = 72%

Sample Size = 9

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(i).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar at
1000 F, Ftu = 150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(i)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   158   147 RT      

(unnotched)
     81    63 1000 F

(unnotched)
   190    — RT      

(notched)
     98    — 1000 F

(notched)

Specimen Details: Unnotched 
0.400 inch diameter

Surface Condition: Hand polished to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - 1000 F
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 16.85-7.02 log (Seq-40.0)
Seq = Smax (1-R)0.80

Std. Error of Estimate, Log (Life) = 0.42
Standard Deviation, Log (Life) = 1.20
R2 = 88%

Sample Size = 13

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(j).  Best-fit S/N curves for notched, Kt = 3.3, AISI 4340 alloy steel bar at
1000 F, Ftu = 150 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(j)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties:   TUS, ksi   TYS, ksi     Temp., F
158 147 RT (unnotched)
  81   63             1000 F       

              (unnotched)   
190  — RT  (notched)  
  98  —              1000 F       

      (notched)      

Specimen Details: Notched, V-Groove, Kt = 3.3
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Lathe turned to RMS 10

Reference: 2.3.1.3.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - 1000 F
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.76-3.75 log (Seq-30.0)
Seq = Smax (1-R)0.50

Std. Error of Estimate, Log (Life) = 0.40
Standard Deviation, Log (Life) = 1.22
R2 = 89%

Sample Size = 12

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(k).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar and
die forging, Ftu = 200 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(k)

Product Form: Rolled bar, 1.125 inch diameter, 
air melted
Die forging (landing gear-B-36
aircraft), air melted

Properties: TUS, ksi     TYS, ksi Temp., F
208, 221     189, 217 RT      

(unnotched)
    251    — RT      

(notched)

Specimen Details: Unnotched
0.300 and 0.400inch diameter

Surface Condition:    Hand polished to RMS 5-10

References: 2.3.1.3.8(a) and (c)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 2

Equivalent Stress Equation:
Log Nf = 9.31-2.73 log (Seq-93.4)
Seq = Smax (1-R)0.59

Std. Error of Estimate, Log (Life) = 0.49
Standard Deviation, Log (Life) = 0.93
R2 = 72%

Sample Size = 26

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(l).  Best-fit S/N curves for notched, Kt = 3.3, AISI 4340 alloy steel bar,
Ftu = 200 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(l)

Product Form:  Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi   Temp., F
   208           — RT      

(unnotched)
   251           — RT      

(notched)

Specimen Details:  Notched, V-Groove, Kt = 3.3
     0.450 inch gross diameter
     0.400 inch net diameter
     0.010 inch root radius, r
     60  flank angle, 

Surface Condition:  Lathe turned to RMS 10

Reference: 2.3.1.3.8(a)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 7.52-1.96 log (Seq-31.2)
Seq = Smax (1-R)0.65

Std. Error of Estimate, Log (Life) = 0.16
Standard Deviation, Log (Life) = 0.62
R2 = 93%

Sample Size = 26

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 2.3.1.3.8(m).  Best-fit S/N curves for unnotched AISI 4340 alloy steel bar and
billet, Ftu = 260 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(m)

Product Form: Rolled bar, 1.125 inch diameter,
air melted
Billet, 6 inches RCS air melted

Properties: TUS, ksi    TYS, ksi Temp., F
266, 291        232 RT      

(unnotched)
   352          — RT      

(notched)

Specimen Details: Unnotched
0.200 and 0.400 inch diameter

Surface Condition: Hand polished to RMS 10

References: 2.3.1.3.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 2

Equivalent Stress Equation:
Log Nf = 11.62-3.75 log (Seq-80.0)
Seq = Smax (1-R)0.44

Std. Error of Estimate, Log (Life) = 0.64
Standard Deviation, Log (Life) = 0.86
R2 = 45%

Sample Size = 41

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(n).  Best-fit S/N curves for notched, Kt = 2.0, AISI 4340 alloy steel bar,
Ftu = 260 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(n)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties: TUS, ksi    TYS, ksi Temp., F
   266   232 RT      

(unnotched)
   390    — RT      

(notched)

Specimen Details: Notched, V-Groove, Kt = 2.0
0.300 inch gross diameter
0.220 inch net diameter
0.030 inch root radius, r
60  flank angle, 

Surface Condition:  Lathe turned to RMS 10

Reference: 2.3.1.3.8(a)

Test Parameters:
Loading - Axial
Frequency - 2000 to 2500 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.46-2.65 log (Seq-50.0)
Seq = Smax (1-R)0.64

Std. Error of Estimate, Log (Life) = 0.22
Standard Deviation, Log (Life) = 0.34
R2 = 58%

Sample Size = 30

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.3.8(o).  Best-fit S/N curves for notched, Kt = 3.0, AISI 4340 alloy steel bar,
Ftu = 260 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.3.8(o)

Product Form: Rolled bar, 1.125 inch diameter,
air melted

Properties:    TUS, ksi   TYS, ksi    Temp., F
      266        232          RT       

                                                       (unnotched)
      352         —          RT

                     (notched)

Specimen Details: Notched, V-Groove, Kt = 3.0
0.270 inch gross diameter
0.220 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Lathe turned to RMS 10

Reference: 2.3.1.3.8(a)

Test Parameters:
Loading—Axial
Frequency—2000 to 2500 cpm
Temperature—RT
Atmosphere—Air

No. of Heats/Lots:  1

Equivalent Stress Equation:
Log Nf = 7.14-1.74 log (Seq - 56.4)
Seq = Smax (1-R)0.51

Std. Error of Estimate, Log (Life) = 0.32
Standard Deviation, Log (Life) = 0.59
R2 = 71%

Sample Size = 29

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.4.8(a).  Best-fit S/N curves for unnotched 300M alloy forging, Ftu = 280 ksi,
longitudinal and transverse directions.

Correlative Information for Figure 2.3.1.4.8(a)

Product Forms: Die forging, 10 x 20 inches
  CEVM

Die forging, 6.5 x 20 inches
  CEVM

RCS billet, 6 inches CEVM
Forged Bar, 1.25 x 8 inches

  CEVM

Properties: TUS, ksi    TYS, ksi Temp., F
274-294     227-247 RT     

Specimen Details: Unnotched
0.200 - 0.250 inch diameter

Surface Condition: Heat treat and finish grind
to a surface finish of RMS
63 or better with light
grinding parallel to
specimen length, stress
relieve

References: 2.3.1.4.8(a), (c), (d), (e)

Test Parameters:
Loading - Axial
Frequency - 1800 to 2000 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 6

Equivalent Stress Equation:
Log Nf = 14.8-5.38 log (Seq-63.8)
Seq = Sa + 0.48 Sm

Std. Error of Estimate, Log (Life) = 55.7 (1/Seq)
Standard Deviation, Log (Life) = 1.037
R2 = 82.0

Sample Size = 104

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.4.8(b).  Best-fit S/N curves for unnotched, Kt = 2.0, 300M alloy forged billet,
Ftu = 280 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.4.8(b)

Product Form: Forged billet, unspecified size,
 CEVM

Properties: TUS, ksi    TYS, ksi Temp., F
   290            242 RT      

(unnotched)
  456             — RT      

(notched)

Specimen Details: Notched, 60  V-Groove, Kt=2.0
0.500 inch gross diameter
0.250 inch net diameter
0.040 inch root radius, r
60  flank angle, 

Surface Condition: Heat treat and finish grind
notch to RMS 63 ± 5; stress
relieve

Reference: 2.3.1.4.8(b)

Test Parameters:
Loading - Axial
Frequency - 
Temperature - RT
Atmosphere - Air

No. of Heats/Lots: 3

Equivalent Stress Equation:
Log Nf = 12.87-5.08 log (Seq-55.0)
Seq = Smax (1-R)0.36

Std. Error of Estimate, Log (Life) = 0.79
Standard Deviation, Log (Life) = 1.72
R2 = 79%

Sample Size = 70

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.4.8(c).  Best-fit S/N curves for notched, Kt = 3.0, 300M alloy forging, 
Ftu = 280 ksi, longitudinal and transverse directions.

Correlative Information for Figure 2.3.1.4.8(c)

Product Forms: Forged billet, unspecified size, 
  CEVM
Die forging, 10 x 20 inches,
  CEVM
Die forging, 6.50 x 20 inches,
  CEVM

Properties: TUS, ksi       TYS, ksi Temp., F
290-292        242-247 RT      

(unnotched)
  435                   — RT      

(notched)

Specimen Details: Notched 60  V-Groove, Kt = 3.0
0.500 inch gross diameter
0.250 inch net diameter
0.0145 inch root radius, r
60  flank angle, 

Surface Condition: Heat treat and finish grind
notch to RMS 63 or better;
stress relieve

References: 2.3.1.4.8(a), (b), (c)

Test Parameters:
Loading - Axial
Frequency - 
Temperature - RT
Atmosphere - Air

No. of Heats/Lots: 5

Equivalent Stress Equation:
Log Nf = 10.40-3.41 log (Seq-20.0)
Seq = Smax (1-R)0.51

Std. Error of Estimate, Log (Life) = 18.3 (1/Seq)
Standard Deviation, Log (Life) = 2.100
R2 = 97.4

Sample Size = 99

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress  ratios
beyond those represented above.]
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Figure 2.3.1.4.8(d).  Best-fit S/N curves for notched, Kt = 5.0, 300M alloy forged billet,
Ftu = 280 ksi, longitudinal direction.

Correlative Information for Figure 2.3.1.4.8(d)

Product Forms: Forged billet, unspecified size,
CEVM

Properties: TUS, ksi    TYS, ksi Temp., F
  290              242         RT     

(unnotched)
  379              —             RT     

(notched)

Specimen Details: Notched, 60  V-Groove, Kt=5.0
0.500 inch gross diameter
0.250 inch net diameter
0.0042 inch root radius, r
60  flank angle, 

Surface Condition: Heat treat and finish grind
notch to RMS 63 maximum;
stress relieve

Reference: 2.3.1.4.8(b)

Test Parameters:
Loading - Axial
Frequency - 
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 2

Equivalent Stress Equation:
Log Nf = 9.61-3.04 log (Seq-10.0)
Seq = Smax (1-R)0.52

Std. Error of Estimate, Log (Life) = 0.28
Standard Deviation, Log (Life) = 0.81 
R2 = 88%

Sample Size = 48

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.3.1.4.9.  Fatigue-crack-propagation data for 3.00-inch hand
forging and 1.80-inch thick, 300M steel alloy plate (TUS:  280-290 ksi). 
[References - 2.3.1.4.9(a) and (b).]

Specimen Thickness: 0.900-1.000 inches Environment: Low-humidity air

Specimen Width: 3.09-7.41 inches Temperature: RT

Specimen Type: CT Orientation: L-T and T-L
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Figure 2.3.1.5.9.  Fatigue-crack-propagation data for 0.80-inch D6AC
steel alloy plate.  Data include material both oil quenched and salt
quenched (TUS:  230-240 ksi).  [Reference - 2.3.1.5.9.] 

Specimen Thickness: 0.70-0.75 inch Environment: Dry air and lab air

Specimen Width: 1.5-5.0 inches Temperature: RT

Specimen Type: CT Orientation: L-T 
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Table 2.4.1.0(a).  Tempering Temperatures for 5Cr-Mo-V Aircraft Steel

Ftu, ksi Temperature, F Hardness, Rc

280
260
240
220

1000 ± 10
1030 ± 10
1050 ± 10
1080 ± 10

54-56
52-54
49-52
46-49

2.4 INTERMEDIATE ALLOY STEELS

2.4.0 COMMENTS ON INTERMEDIATE ALLOY STEELS — The intermediate alloy steels in this section
are those steels that are substantially higher in alloy content than the alloy steels described in Section 2.3, but
lower in alloy content than the stainless steels.  Typical of the intermediate alloy steels is the 5Cr-Mo-V
aircraft steel and the 9Ni-4Co series of steels.

2.4.0.1 Metallurgical Considerations — The alloying elements added to these steels are
similar to those used in the lower alloy steels and, in general, have the same effects.  The difference lies in
the quantity of alloying additions and the extent of these effects.  Thus, higher chromium contents provide
improved oxidation resistance.  Additions of molybdenum, vanadium, and tungsten, together with the
chromium, provide deep air-hardening properties and improve the elevated-temperature strength by retarding
the rate of tempering at high temperatures.  Additions of nickel to nonsecondary hardening steels lower the
transition temperature and improve low-temperature toughness.

2.4.1 5CR-MO-V

2.4.1.0 Comments and Properties — Alloy 5Cr-Mo-V aircraft steel exhibits high strength
in the temperature range up to 1000 F.  Its characteristics also include air hardenability in thick sections;
consequently, little distortion is encountered in heat treatment.  This steel is available either as air-melted or
consumable electrode vacuum-melted quality although only consumable electrode vacuum-melted quality
is recommended for aerospace applications.

The heat treatment recommended for this steel consists of heating to 1850 F ± 50, holding 15 to
25 minutes for sheet or 30 to 60 minutes for bars depending on section size, cooling in air to room
temperature, tempering three times by heating to the temperature specified in Table 2.4.1.0(a) for the
strength level desired, holding at temperature for 2 to 3 hours, and cooling in air.

Material specifications for 5Cr-Mo-V aircraft steel are presented in Table 2.4.1.0(b).  The room-
temperature mechanical and physical properties are shown in Tables 2.4.1.0(c) and (d).  The mechanical
properties are for 5Cr-Mo-V steel heat treated to produce a structure containing 90 percent or more
martensite at the center prior to tempering.
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Table 2.4.1.0(b).  Material Specifications for 5Cr-Mo-V Aircraft Steel

Specification Form

AMS 6437
AMS 6488
AMS 6487

Sheet, strip, and plate (air melted)
Bar and forging (air melted, premium quality)
Bar and forging (CEVM)
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Figure 2.4.1.0.  Effect of temperature on the physical properties of 5Cr-Mo-V aircraft
steel.

 The room-temperature properties of 5Cr-Mo-V aircraft steel are affected by extended exposure to
temperatures near or above the tempering temperature.  The limiting temperature to which the alloy may be
exposed for extended periods without significantly affecting its room-temperature properties may be
estimated at 100 F below the tempering temperature for the desired strength level.  The effect of temperature
on the physical properties is shown in Figure 2.4.1.0.

2.4.1.1 Heat-Treated Condition — The effect of temperature on various mechanical properties
for heat-treated 5Cr-Mo-V aircraft steel is presented in Figures 2.4.1.1.1(a) through 2.4.1.1.4.
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Table 2.4.1.0(c).  Design Mechanical and Physical Properties of 5Cr-Mo-V Aircraft Steel
Bar and Forging

Specification . . . . . . . . . . . . . . . . . . . . . . . . . AMS 6487 and AMS 6488

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Bars and forgings

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . Quenched and tempered

Cross-sectional area, in.2. . . . . . . . . . . . . . . . . a,b

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sc Sc Sc

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 260a ...

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240 260b 280

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 215a ...

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 215b 240

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220 234 260

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 156 168

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . 400 435 465

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . 315 333 365

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   9   8a   7

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  30a ...

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 6b ...

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . 30.0 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 30.0 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.36

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.281

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . 0.11 (32 F)d

K and . . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.4.1.0

a Longitudinal properties applicable to cross-sectional area 25 sq. in.
b Transverse properties applicable only to product sufficiently large to yield tensile specimens not less than 4.50 inches in length.
c Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control testing.
d Calculated value.
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Table 2.4.1.0(d).  Design Mechanical and Physical Properties of 5Cr-Mo-V Aircraft Steel
Sheet, Strip, and Plate

Specification . . . . . . . . . . . . . . . . . . . . AMS 6437

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet, strip, and plate

Condition . . . . . . . . . . . . . . . . . . . . . . . Quenched and tempered

Thickness, in. . . . . . . . . . . . . . . . . . . . ...

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . Sa Sa Sa

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . 240 260 280

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . 200 220 240

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . 220 240 260

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . 144 156 168

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . 400 435 465

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . 315 340 365

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ...

     LT, in 2 inchesb . . . . . . . . . . . . . . . .   6   5   4

     LT, in 1 inch . . . . . . . . . . . . . . . . . .   8   7   6

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . 30.0 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . 30.0 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.36

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . 0.281

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . 0.11c (32 F)

K and . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.4.1.0

a Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control testing.
b For sheet thickness greater than 0.050 inch.
c Calculated value.
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Figure 2.4.1.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of 5Cr-Mo-V
aircraft steel.
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Figure 2.4.1.1.1(a).  Effect of temperature on the ultimate tensile strength (Ftu) of 5Cr-
Mo-V aircraft steel.
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Figure 2.4.1.1.2(a).  Effect of temperature on the compressive yield strength (Fcy) of 5Cr-
Mo-V aircraft steel.
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Figure 2.4.1.1.2(b).  Effect of temperature on the ultimate shear strength (Fsu) of 5Cr-
Mo-V aircraft steel.
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Figure 2.4.1.1.3(b).  Effect of temperature on the bearing yield strength (Fbry) of
5Cr-Mo-V aircraft steel.
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Figure 2.4.1.1.3(a).  Effect of temperature on the ultimate bearing strength (Fbru) of 5 Cr-
Mo-V aircraft steel.
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Figure 2.4.1.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 5Cr-Mo-V aircraft steel.
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Table 2.4.2.0(a).  Material Specification for
9Ni-4Co-0.20C Steel

Specification Form

AMS 6523 Sheet, strip, and plate

2.4.2 9NI-4CO-0.20C

2.4.2.0 Comments and Properties — The 9Ni-4Co-0.20C alloy was developed specifically
to have excellent fracture toughness, excellent weldability, and high hardenability when heat-treated to 190
to 210 ksi ultimate tensile strength.  The alloy can be readily welded in the heat-treated condition with preheat
and post-heat usually not required.  The alloy is through hardening in section sizes up to at least 8 inches
thick.  The alloy may be exposed to temperatures up to 900 F (approximately 100 F below typical tempering
temperature) without microstructural changes which degrade room temperature strength.

The heat treatment for this alloy consists of normalizing at 1650 ± 25 F for 1 hour per inch of cross
section, cooling in air to room temperature, heating to 1525 ± 25 F for 1 hour per inch of cross section,
quenching in oil or water, hold at -100 ± 20 F for 2 hours within 2 hours after quenching, and double
tempering at 1035 ± 10 F for 2 hours.

A material specification for 9Ni-4Co-0.20C steel is presented in Table 2.4.2.0(a).  Room temperature
mechanical and physical properties are shown in Table 2.4.2.0(b). The effect of temperature on thermal
expansion is shown in Figure 2.4.2.0.

2.4.2.1  Heat-Treated Condition — Effect of temperature on various mechanical properties
is presented in Figures 2.4.2.1.1, 2.4.2.1.2, and 2.4.2.1.4.  Typical tensile stress-strain curves at room and
elevated temperatures are shown in Figure 2.4.2.1.6(a).  Typical compression stress-strain and tangent-
modulus curves are presented in Figure 2.4.2.1.6(b).
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Table 2.4.2.0(b).  Design Mechanical and Physical Properties of 9Ni-4Co-0.20C Steel
Plate

Specification . . . . . . . . . . . . . . . . . . . . . . AMS 6523

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Plate

Condition . . . . . . . . . . . . . . . . . . . . . . . . . Quenched and tempered

Thickness, in. . . . . . . . . . . . . . . . . . . . . . <0.250 0.250

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sa Sa

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 186

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 190

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 173

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 175

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 188

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 187

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 114 114

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . ... ...

e, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . .   5  10

RA, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45  45

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . 28.8 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . 28.8 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . 11.1 

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.30

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . 0.283

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . ...

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . 14.2 (75 F)

, 10-6 in./in./ F . . . . . . . . . . . . . . . . . . . See Figure 2.4.2.0

a Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control
testing.
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Figure 2.4.2.0.  Effect of temperature on the thermal expansion of 9Ni-4Co-0.20C steel.
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Figure 2.4.2.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and tensile
yield strength (Fty) of 9Ni-4Co-0.20C steel plate.
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Figure 2.4.2.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of 9Ni-4Co-0.20C steel plate.
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Figure 2.4.2.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 9Ni-4Co-0.20C steel plate.
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Figure 2.4.2.1.6(a).  Typical tensile stress-strain curves for 9Ni-4Co-0.20C steel plate at
various temperatures.
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Figure 2.4.2.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 9Ni-4Co-0.20C steel plate at various temperatures.
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Table 2.4.3.0(a).  Material Specifications for
9Ni-4Co-0.30C Steel

Specification Form

AMS 6524a Sheet, strip, and plate

AMS 6526 Bar, forging, and tubing
a  Noncurrent specification.

2.4.3  9Ni-4Co-0.30C

2.4.3.0 Comments and Properties — The 9Ni-4Co-0.30C alloy was developed specifically
to have high hardenability and good fracture toughness when heat treated to 220 to 240 ksi ultimate tensile
strength.  The alloy is through hardening in section sizes up to 4 inches thick.  The alloy may be exposed to
temperatures up to 900 F (approximately 100 F below typical tempering temperature) without
microstructural changes which degrade room temperature strength.  This grade must be formed and welded
in the annealed condition.  Preheat and post-heat of the weldment is required.  The steel is produced by
consumable electrode vacuum melting.

The heat treatment for this alloy consists of normalizing at 1650 ± 25 F for 1 hour per inch of cross
section, cooling in air to room temperature, heating to 1550 ± 25 F for 1 hour per inch of cross section but
not less than 1 hour, quenching in oil or water, subzero treating at -100 F for  1 to 2 hours, and double
tempering at 975 ± 10 F (sheet, strip, and plate) or 1000 ± 10 F (bars, forgings, and tubings) for 2 hours.

Material specifications for 9Ni-4Co-0.30C steel are presented in Table 2.4.3.0(a).  The room
temperature mechanical and physical properties are shown in Table 2.3.4.0(b).  The effect of temperature on
thermal expansion is shown in Figure 2.4.3.0.

2.4.3.1 Heat-Treated Condition — Effect of temperature on various mechanical properties
is presented in Figures 2.4.3.1.1. through 2.4.3.1.4.  Typical stress-strain and tangent-modulus curves are
presented in Figures 2.4.3.1.6(a) through (d).  Notched fatigue data at room temperature are illustrated in
Figure 2.4.3.1.8.
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Table 2.4.3.0(b).  Design Mechanical and Physical Properties of 9Ni-4Co-0.30C Steel

Specification . . . . . . . . . . . . . . . . . . . . AMS 6524a AMS 6526

Form . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet, strip, and plate Bar, forging, and tubing

Condition . . . . . . . . . . . . . . . . . . . . . . Quenched and tempered Quenched and tempered

Thickness, in. . . . . . . . . . . . . . . . . . . 0.249 0.250 4.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . Sb Sb Sb

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 220

     LT . . . . . . . . . . . . . . . . . . . . . . . . . 220 220 ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 190

     LT . . . . . . . . . . . . . . . . . . . . . . . . . 185 190 ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 209

     LT . . . . . . . . . . . . . . . . . . . . . . . . . ... 209 ...

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . ... 137 137

Fbru
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . ... 346 346

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . ... 440 440

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . ... 291 291

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . ... 322 322

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . ... ...  10

     LT . . . . . . . . . . . . . . . . . . . . . . . . .   6  10 ...

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . ... ...  40

     LT . . . . . . . . . . . . . . . . . . . . . . . . . ...  35 ...

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . 28.5 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . 29.8 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . 0.28

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . ...

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . 13.3 (75 F)

, 10-6 in./in./ F . . . . . . . . . . . . . . . . See Figure 2.4.3.0

a Noncurrent specification.
b Design values are applicable only to parts for which the indicated Ftu has been substantiated by adequate quality control

testing.
c Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 2.4.3.0.  Effect of temperature on the thermal expansion of 9Ni-4Co-0.30C steel.
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Figure 2.4.3.1.1.  Effect of temperature on the tensile yield strength (Fty) and the tensile
ultimate strength of 9Ni-4Co-0.30C steel hand forging.
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Figure 2.4.3.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of 9Ni-4Co-0.30C steel hand forging.
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Figure 2.4.3.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of 9Ni-4Co-0.30C steel hand forging.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-85

Temperature, F

-400 -200 0 200 400 600 800 1000

P
e

rc
e

n
ta

g
e

 o
f

R
o

o
m

 T
e

m
e

ra
tu

re
 M

o
d

u
lu

s

0

20

40

60

80

100

120

140

160

180

200

E & Ec

TYPICAL

Modulus at temperature
Exposure up to ½ hr

Figure 2.4.3.1.4 Effect of temperature on the tensile and compressive moduli (E and
Ec) of 9Ni-4Co-0.30C steel.
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Figure 2.4.3.1.6(a).  Typical compressive stress-strain and compressive tangent-
modulus curves for 9Ni-4Co-0.30C steel hand forging at various temperatures.
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Figure 2.4.3.1.6(b).  Typical tensile stress-strain curves (full range) for 9Ni-4Co-
0.30C hand forging at various temperatures.
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Figure 2.4.3.1.6(c).  Typical tensile stress-strain curves (full range) for 9Ni-4Co-
0.30C hand forging at various temperatures.
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Figure 2.4.3.1.6(d).  Typical tensile stress-strain curves (full range) for 9Ni-4Co-
0.30C hand forging at various temperatures.
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Figure 2.4.3.1.8.  Best-fit S/N curves for notched, Kt = 3.0, 9Ni-4Co-0.30C steel hand
forging, long and short transverse directions.

Correlative Information for Figure 2.4.3.1.8

Product Form:Hand forging, 3 x 9 inches

Properties: TUS, ksi    TYS, ksi Temp., F
    231            197 RT (LT)

Specimen Details:Notched, V-Groove Kt=3.0
0.354 inch gross diameter
0.250 inch net diameter
0.01 inch root radius
60  flank angle, 

Surface Condition: Not specified

Reference: 2.4.3.1.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 3

Equivalent Stress Equation:
Log Nf = 7.77-2.15 log (Seq-28.32)
Seq = Smax (1-R)0.79

Std. Error of Estimate, Log (Life) = 0.12
Standard Deviation, Log (Life) = 0.47
R2 = 93%

Sample Size = 22

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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2.5 HIGH-ALLOY STEELS

2.5.0 COMMENTS ON HIGH-ALLOY STEELS — The high-alloy steels in this section are those steels

that are substantially higher in alloy content than the intermediate alloy steels described in Section 2.4 but
are not stainless steels.  The 18 Ni maraging and AF1410 steels are in this category.

2.5.0.1  Metallurgical Considerations — The 18 Ni maraging steels are iron base alloys with
nominally 18 percent nickel, 7 to 9 percent cobalt, 3 to 5 percent molybdenum, less than 1 percent titanium,
and very low carbon content, below 0.03 percent.  Upon cooling from the annealing or hot-working tempera-
ture, these steels transform to a soft martensite which can be easily machined or formed.  The steels can be
subsequently aged (maraged) to high strengths by heating to a lower temperature, 900 F.

AF1410 is an iron base alloy with nominally 14 percent cobalt, 10 percent nickel, 2 percent
chromium, 1 percent molybdenum, and 0.15 percent carbon.  When quenched from austenitizing
temperatures, AF1410 forms a highly dislocated lath martensitic structure with very little twinning or retained
austenite.  At aging temperatures ranging from 900 to 1000 F, a precipitation of extremely fine alloy carbide
containing chromium and molybdenum occurs, which simultaneously develops strength and toughness
properties.

2.5.0.2 Environmental Considerations — The stress corrosion cracking resistance of high
strength steels is of concern for highly loaded structural components such as landing gears and wing attach
fittings that are subjected to corrosive environments such as sea spray or water.  Figure 2.5.0.2(a) indicates
the relative stress corrosion cracking resistance of several high-strength steel alloys.  The data in this figure
were obtained from Reference (2.5.0.2).  The stress corrosion cracking threshold stress intensity (KIssc) for
each steel was defined as the value at which cracking did not occur.  For most of these alloys, this value is
about 20 ksi in. As indicated, there is a definite difference in the stress corrosion resistance between the
alloys.

In general, the high-strength steels do not reach a true threshold stress intensity until after 1000 hours
of exposure.  The highest stress corrosion cracking resistance in high-strength steels is associated with low
carbon levels and lath martensite microstructure containing a fine distribution of M2C type carbides; alloys
AF1410 and AerMet 100.  The effect of low carbon is indicated between the AF1410 and 0.20AF1410 where
the carbon levels are 0.15 and 0.20%, respectively.  The lower stress cracking corrosion resistance is
associated with higher carbon and the martensite is of plate morphology that exhibits a twinned structure;
alloys 4340 and 300M.  A slight anisotropic effect was observed for Hy-Tuf (TL vs LT); however, the effect
was not apparent for AF1410.  The differences in anisotropic properties may be due to differences in the
cleanliness of the steels since Hy-Tuf was an air melted product and the others were either vacuum induction
melted (VIM) or electroslag remelted (ESR).
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Figure 2.5.0.2(a).  The relative stress corrosion cracking resistance of several high-
strength steels tested in an environment of 3.5% NaCl (Reference 2.5.0.2).
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Table 2.5.1.0(a).  Material Specifications for
18 Ni Maraging Steels

Grade Specification Form

250 AMS 6520 Sheet and plate

250 AMS 6512 Bar

280 (300) AMS 6521a Sheet and plate

280 (300) AMS 6514 Bar
a  Noncurrent specification.

2.5.1 18 NI MARAGING STEELS

2.5.1.0 Comments and Properties — The 250 and 280 (300) maraging steels are normally
supplied in the annealed condition and are heat treated to high strengths, without quenching, by aging at
900 F. The steels are characterized by high hardenability and high strength combined with good toughness.
The 250 and 280 (300) designation refers to the nominal yield strengths of the two alloys.  The two alloys
are available in the form of sheet, plate, bar, and die forgings.  Only the consumable electrode-vacuum-melted
quality grades are considered in this section.

Manufacturing Considerations — The 250 and 280 grades are readily hot worked by conventional
rolling and forging operations.  These grades also have good cold forming characteristics in spite of the
relatively high hardness in the annealed (martensitic) condition.  The machinability of the 250 and 280 grades
is not unlike 4330 steel at equivalent hardness.  The 18 Ni maraging steels can be readily welded in either the
annealed or aged conditions without preheating.  Welding of aged material should be followed by aging at
900 F to strengthen the weld area.

Environmental Considerations — Although the 18 Ni maraging steels are high in alloy content, these
grades are not corrosion resistant.  Since the general corrosion resistance is similar to the low-alloy steels,
these steels require protective coatings.  The 250 grade reportedly has better resistance to stress corrosion
cracking than the low-alloy steels at the same strength.

Specifications and Properties — Material specifications for these steels are shown in Table 2.5.1.0(a).
The room temperature properties for material aged at 900 F are shown in Tables 2.5.1.0(b) and (c), and the
effect of temperature on physical properties is shown in Figure 2.5.1.0.

2.5.1.1 Maraged Condition (aged at 900  F) — Effect of temperature on 250 and 280
grade maraging steel is presented in Figures 2.5.1.1.1 through 2.5.1.1.4. Figures 2.5.1.1.6(a) and (b) are room
and elevated temperature tensile stress-strain curves.  Typical compressive stress-strain and tangent-modulus
curves at room temperature are presented in Figures 2.5.1.1.6(c) and (d).  Figure 2.5.1.1.6(e) is a full-range
stress-strain curve at room temperature for 280 grade maraging steel.
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Table 2.5.1.0(b).  Design Mechanical and Physical Properties of 250 Maraging Steel

Specification . . . . . . . . . . . . . AMS 6520 AMS 6512

Form . . . . . . . . . . . . . . . . . . . . Sheet Plate Bar

Condition . . . . . . . . . . . . . . . . Maraged at 900 F Maraged at 900 F

Thickness or diameter, in. . . . 0.187 0.187-0.250 >0.250 <4.000 4.000-10.000

Basis . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:

Ftu ksi:

      L . . . . . . . . . . . . . . . . . . . . 247 252 ... 255 245

      T . . . . . . . . . . . . . . . . . . . . 255 255 255 255 245

Fty, ksi:

      L . . . . . . . . . . . . . . . . . . . . 238 242 ... 250 240

      T . . . . . . . . . . . . . . . . . . . . 245 245 245 250 240

Fcy, ksi:

      L . . . . . . . . . . . . . . . . . . . . 221 ... ... 260 ...

      T . . . . . . . . . . . . . . . . . . . . 225 255 ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . . 148 155 ... 148 ...

Fbru, ksi:

      (e/D = 1.5) . . . . . . . . . . . . 327 352 ... ... ...

      (e/D = 2.0) . . . . . . . . . . . . 444 448 ... ... ...

Fbry, ksi:

      (e/D = 1.5) . . . . . . . . . . . . 278 324 ... ... ...

      (e/D = 2.0) . . . . . . . . . . . . 353 354 ... ... ...

e, percent:

      L . . . . . . . . . . . . . . . . . . . . ... ... ... 6 5

      T . . . . . . . . . . . . . . . . . . . .
a a a

4 3

RA, percent:

      L . . . . . . . . . . . . . . . . . . . . ... ... ... 45 30

      T . . . . . . . . . . . . . . . . . . . . ... ... ... 35 20

E,103 ksi . . . . . . . . . . . . . . . 26.5

Ec, 103 ksi:

      L . . . . . . . . . . . . . . . . . . . . 28.2

      T . . . . . . . . . . . . . . . . . . . . 29.4

G, 103 ksi . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . 0.31

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.286

C, K, and . . . . . . . . . . . . . See Figure 2.5.1.0

a Elongation properties vary with thickness as follows:
0.090 2.5%

 0.091-0.125 3.0%
 0.126-0.250 4.0%
 0.251-0.375 5.0%

0.376 6.0%
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Table 2.5.1.0(c).  Design Mechanical and Physical Properties of 280 Maraging Steel
Specification . . . . . . . . . . . . . . AMS 6521a AMS 6514

Form . . . . . . . . . . . . . . . . . . . . . Sheet Plate Bar

Condition . . . . . . . . . . . . . . . . . Maraged at 900 F Maraged at 900 F

Thickness or diameter, in. . . . . 0.187 0.188-0.250 >0.250 <4.000 4.000-10.000

Basis . . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:

Ftu ksi:

      L . . . . . . . . . . . . . . . . . . . . . 271 276 ... 280 275

      T . . . . . . . . . . . . . . . . . . . . . 280 280 280 280 275

Fty, ksi:

      L . . . . . . . . . . . . . . . . . . . . . 262 267 ... 270 270

      T . . . . . . . . . . . . . . . . . . . . . 270 270 270 270 270

Fcy, ksi:

      L . . . . . . . . . . . . . . . . . . . . . 244 ... ... 281 ...

      T . . . . . . . . . . . . . . . . . . . . . 248 281 ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . . . 163 170 ... 162 ...

Fbru, ksi:

      (e/D = 1.5) . . . . . . . . . . . . . 359 386 ... ... ...

      (e/D = 2.0) . . . . . . . . . . . . . 487 492 ... ... ...

Fbry, ksi:

      (e/D = 1.5) . . . . . . . . . . . . . 306 357 ... ... ...

      (e/D = 2.0) . . . . . . . . . . . . . 389 390 ... ... ...

e, percent:

      L . . . . . . . . . . . . . . . . . . . . . ... ... ... 5 4

      T . . . . . . . . . . . . . . . . . . . . .
b b b

4 2

RA, percent:

      L . . . . . . . . . . . . . . . . . . . . . ... ... ... 30 25

      T . . . . . . . . . . . . . . . . . . . . . ... ... ... 25 20

E,103 ksi . . . . . . . . . . . . . . . . 26.5

Ec, 103 ksi:

      L . . . . . . . . . . . . . . . . . . . . . 28.6

      T . . . . . . . . . . . . . . . . . . . . . 29.6

G, 103 ksi . . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . .   0.31

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . 0.286

C, K, and . . . . . . . . . . . . . . See Figure 2.5.1.0

a Noncurrent specification.
b Elongation properties vary with thickness as follows:

0.090 2.5%
 0.091-0.125 3.0%
 0.126-0.250 4.0%
 0.251-0.375 5.0%

0.376 6.0%
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Figure 2.5.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 250 and 280 maraging steel sheet and plate.
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Figure 2.5.1.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of 250 and 280 maraging steel sheet and plate.
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Figure 2.5.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of 250 and 280 maraging steel sheet and plate.
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Figure 2.5.1.1.4.  Effect of temperature on the tensile and compressive moduli (E
and Ec) of 250 and 280 maraging steel.
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curves for 250 maraging steel bar at room temperature.
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Figure 2.5.1.1.6(d).  Typical compressive stress-strain and compressive tangent-modulus
curves for 280 maraging steel bar at room temperature.
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steel bar at room temperature.
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Table 2.5.2.0(a).  Material Specification for AF1410 Steel

Specification Form

AMS 6527 Bar and forging

2.5.2 AF1410

2.5.2.0 Comments and Properties — AF1410 alloy was developed specifically to have high
strength, excellent fracture toughness, and excellent weldability when heat treated to 235 to 255 ksi ultimate
tensile strength.  AF1410 has good weldability and does not require preheating prior to welding.  The alloy
maintains good toughness at cryogenic temperatures, as well as high strength and stability at temperatures
up to 800 F.  The alloy is available in a wide variety of sizes and forms, including billet, bar, plate, and die
forgings.  The alloy is produced by vacuum induction melting followed by vacuum remelting.

Heat Treatment — The heat treatment for this alloy consists of heating to 1650 ± 25 F for 1 hour,
forced-air cooling to room temperature, reheating to 1525 ± 25 F for 1 hour, forced-air cooling to room
temperature, cooling to -100 ± 15 F, holding at temperature for 1 hour, warming to room temperature, and
aging at 950 ± 10 F for 5 hours, and air cooling.  A forced-air cool from austenitizing temperatures should
be used for section thicknesses up to 2 inches.  For sections of greater thickness, an oil quench should be uti-
lized.  A single austenitizing treatment (1525 ± 25 F) can be used to minimize heat treating distortion with
a resulting slight decrease in fracture toughness.

Environmental Considerations — AF1410 has general corrosion resistance similar to the maraging
steels.  It should not be used in the unprotected condition.  The alloy is highly resistant to stress-corrosion
cracking compared to other high-strength steels.

Specification and Properties — A material specification for AF1410 is presented in Table 2.5.2.0(a).
Room temperature mechanical properties are shown in Table 2.5.2.0(b).

2.5.2.1 Heat-Treated Condition — Typical stress-strain curves at room temperature are shown
in Figures 2.5.2.1.6(a) and (b).
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Table 2.5.2.0(b).  Design Mechanical and Physical Properties of AF1410 Steel Bar
Specification . . . . . . . . . . . . . . . . . . . . . . . AMS 6527

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . a

Cross-sectional area, sq. in. . . . . . . . . . . . . 100b

Thickness or diameter, in. . . . . . . . . . . . . . 4.25b

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

     LTc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

     STc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

     LTc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

     STc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

Fcy, ksi:  

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

     STc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Fbru, ksi:   

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . 334

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . 435

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . 269

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . 300

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12  

     LTc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12  

     STc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12  

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60

     LTc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55  

     STc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  55  

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . .  29.4

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . .  30.9

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . .    0.283

C, K, and . . . . . . . . . . . . . . . . . . . . . . . ...

a Heat at 1650 ± 25 F for one hour, forced-air cool to room temperature, heat at 1525 ± 25 F for one hour, forced-air cool to
room temperature, cool at -100 ± 15 F for one hour, age at 950 ± 10 F for 5 hours, and air cool.

b Maximum size from which test specimens were rough machined prior to heat treatment.
c Applicable providing LT or ST dimension is 2.500 inches.
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Figure 2.5.2.1.6(a).  Typical tensile stress-strain curves at room temperature for
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Table 2.5.3.0(a).  Material Specification for AerMet
100 Steel

Specification Form

AMS 6532 Bar and forging

AMS 6478 Bar and forging

2.5.3 AERMET 100

2.5.3.0 Comments and Properties — AerMet 100 is a higher strength derivative of AF1410.
The Ni-Co-Fe alloy can be heat treated to 280-300 ksi or to 290-310 ksi tensile strength while exhibiting
excellent fracture toughness and high resistance to stress-corrosion cracking.  AerMet 100 has good weld-
ability and does not require preheating prior to welding.  AerMet 100 is available in a wide variety of sizes
and forms including billet, bar, sheet, strip, plate, wire, and die forgings.  The alloy is produced by vacuum
induction melting followed by vacuum-arc remelting.

Heat Treatment — This alloy can be heat treated to several strength levels.  Consult the applicable
materials specification for specific procedures.

Environmental Considerations — AerMet 100 is not considered corrosion resistant; consequently,
parts should be protected with a corrosion resistant coating.  The alloy is highly resistant to stress corrosion
cracking compared to other high-strength steels of the same strength level.

This alloy displays good toughness at cryogenic temperatures as well as high strength and stability
at temperatures up to 800 F.

Specification and Properties — A material specification for AerMet 100 is shown in Table 2.5.3.0(a).
Room temperature mechanical properties are presented in Table 2.5.3.0(b) for both heat treated conditions.

2.5.3.1 280-300 ksi Heat-Treated Condition — Typical stress-strain curves at room temper-
ature are shown in Figures 2.5.3.1.6(a) and (b).  A full-range tensile stress-strain curve is presented in Figure
2.5.3.1.6(c).

2.5.3.2 290-310 ksi Heat-Treated Condition — Typical tensile and compression stress-
strain curves and compression tangent-modulus curves at room temperature are shown in Figures 2.5.3.2.6(a)
and (b).  A full-range tensile stress-strain curve is presented in Figure 2.5.3.2.6(c).
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Table 2.5.3.0(b).  Design Mechanical and Physical Properties of AerMet 100 Steel Bar
Specification . . . . . . . . . . . . . AMS 6532 AMS 6478

Form . . . . . . . . . . . . . . . . . . . . Bar and forging

Condition . . . . . . . . . . . . . . . . Solution treated and aged

Cross-sectional area, in.2. . . .  100

Thickness or diameter, in. . . .  10.000

Basis . . . . . . . . . . . . . . . . . . . . A B S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . 275 284 290

     LTa . . . . . . . . . . . . . . . . . . . 280 284 290

     STa . . . . . . . . . . . . . . . . . . . 280b ... 290

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . 235 247 245

     LTa . . . . . . . . . . . . . . . . . . . 235 246 245

     STa . . . . . . . . . . . . . . . . . . . 235b ... 245

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . 262 276 281

     STa . . . . . . . . . . . . . . . . . . . 263 277 279

Fsu, ksi . . . . . . . . . . . . . . . . . 174 177 182

Fbru
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 432 440 448

     (e/D = 2.0) . . . . . . . . . . . . . 569 579 581

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 361 380 378

     (e/D = 2.0) . . . . . . . . . . . . . 411 432 442

e, percent: (S-basis)

     L . . . . . . . . . . . . . . . . . . . .  10 ...  10

     LTa . . . . . . . . . . . . . . . . . . .   8 ...   8

     STa . . . . . . . . . . . . . . . . . . .   8 ...   8

RA, percent: (S-basis)

     L . . . . . . . . . . . . . . . . . . . .  55 ...  50

     LTa . . . . . . . . . . . . . . . . . . .  45d ...  35

     STa . . . . . . . . . . . . . . . . . . .  45 ...  35

E, 103 ksi . . . . . . . . . . . . . . . 28.0

Ec, 103 ksi . . . . . . . . . . . . . . 28.1

G, 103 ksi . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . 0.305

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.285

C, K, and . . . . . . . . . . . . . ...

a Applicable providing LT or ST dimension is 2.500 inches.
b S-Basis value
c Bearing values are “dry pin” values per Section 1.4.7.1.
d Rounded T99 value is 41%.
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Figure 2.5.3.1.6(a).  Typical tensile stress-strain curve at room temperature for
AerMet 100 steel bar, heat treated to 280-300 ksi.
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Figure 2.5.3.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for AerMet 100 steel bar, heat treated to 280-
300 ksi.
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Figure 2.5.3.1.6(c).  Typical tensile stress-strain curve (full range) at room temperature
for AerMet 100 steel bar, heat treated to 280-300 ksi.
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Figure 2.5.3.2.6(a).  Typical tensile stress-strain curve at room temperature for AerMet
100 steel bar, heat treated to 290-310 ksi.
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Figure 2.5.3.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for AerMet 100 steel bar, heat treated to 290-
310 ksi.
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Figure 2.5.3.2.6(c).  Typical tensile stress-strain curve (full range) at room temperature
for AerMet 100 steel bar, heat treated to 290-310 ksi.
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2.6 PRECIPITATION AND TRANSFORMATION-HARDENING STEELS (STAINLESS)

2.6.0 COMMENTS ON PRECIPITATION AND TRANSFORMATION-HARDENING STEELS (STAINLESS)

2.6.0.1 Metallurgical Considerations — The transformation and precipitation-hardening
stainless steels are martensitic or semiaustenitic stainless steels that are hardenable by heat treatment.*  The
martensitic alloys require only a single step heat treatment to develop maximum strength.  The others are
austenitic in the fully annealed condition but become martensitic during subsequent heat treatment or as a
result of extensive cold working.  During a final heat treatment designed to temper the martensite, several of
these steels are hardened further by the precipitation of copper, aluminum, or titanium.

Some dimensional change may be experienced during the heat treatment of the semiaustenitic steels.
A dimensional expansion of approximately 0.0045-in./in. occurs during the transformation from the austenitic
to the martensitic condition; during aging, a contraction of about 0.0005-in./in. takes place.

2.6.0.2. Manufacturing Considerations — The martensitic precipitation-hardening steels,
before age hardening, are similar to the straight-chromium martensitic stainless steels (Type 410 or 431) in
their general fabricating characteristics.  The semiaustenitic grades, in the annealed condition, are similar to
the austenitic stainless steels (Types 301, etc.) in this respect, and are readily cold formed.  Forming of hard-
ened steels after final heat treatment should be avoided.

These alloys can be welded by the conventional methods used for the austenitic stainless steels.  Inert-
gas-shielded welding is recommended to prevent the loss of titanium or aluminum in certain of these alloys.
Postweld annealing is recommended for some grades.

The heat treatments for these steels are compatible with the cycles used for honeycomb panel brazing.
Vapor blasting of scaled parts, after final heat treatment, is recommended because of the hazards of
intergranular corrosion in inadequately controlled acids pickling operations.

2.6.0.3 Environmental Considerations — The precipitation-hardening stainless steels have
good strength and oxidation and corrosion resistance in their service range.  Prolonged exposures above
600 F and below the tempering range may cause further hardening, with possible decrease in ductility.
Prolonged exposures in or above the temperature range result in loss of strength due to overtempering,
overaging, or reaustenizing.

2.6.1 AM-350

2.6.1.0 Comments and Properties — AM-350 has high strength up to 800 F and good oxida-
tion resistance up to about 1000 F.  The alloy can be hardened by subzero cooling and tempering (Condition
SCT).

Manufacturing Considerations — AM-350 is readily formed, welded, and brazed.  Its forming
characteristics are similar to the AISI 300 series stainless steels; however, it does have a higher rate of strain
hardening.  When fabricating AM-350 in the annealed condition, proper design allowance must be made for
growth which occurs upon hardening.  To obtain proper response to the SCT treatment after welding, the
alloy must be reannealed.

Environmental Considerations — AM-350 shows good corrosion-resisting properties in ordinary
atmospheres and also in a number of chemical environments.  Exposure in the 600 to 800 F range for 1,000
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Table 2.6.1.0(a).  Effect of Elevated Temperature Exposure on Typical Tensile Properties
of AM-350 Alloy in the SCT 850 Condition

Exposure temperature, F
Exposure
stress, ksi

Exposure
time, hr

Room-temperature properties

TUS, ksi TYS, ksi e, %

RT . . . . . . . . . . . . . . . . . . . . . .
600 . . . . . . . . . . . . . . . . . . . . . .
700 . . . . . . . . . . . . . . . . . . . . . .
800 . . . . . . . . . . . . . . . . . . . . . .
600 . . . . . . . . . . . . . . . . . . . . . .
700 . . . . . . . . . . . . . . . . . . . . . .
800 . . . . . . . . . . . . . . . . . . . . . .

...
60
60
60
90
90
90

...
1,000
1,000
1,000
1,000
1,000
1,000

201
198
204
220
202
206
214

158
162
169
190
177
180
192

12.0
14.0
11.0
 7.0
13.0
11.0
 7.0

Table 2.6.1.0(b).  Material Specifications for AM-350
Stainless Steel

Specification Form

AMS 5548 Sheet and strip

hours at stress levels below the short-time yield strength tends to increase room-temperature yield strength
and room-temperature tensile strength slightly.  Exposure to 800 F results in a decrease in elongation.  Typi-
cal data are presented in Table 2.6.1.0(a).

Specifications and Properties — A material specification for AM-350 stainless steel is presented in
Table 2.6.1.0(b).  The room-temperature properties of AM-350 in the SCT 850 condition are shown in Table
2.6.1.0(c).  Figure 2.6.1.0 presents elevated temperature physical property information.

2.6.1.1 SCT 850 Condition — Effect of temperature on various mechanical properties of AM-
350 is presented in Figures 2.6.1.1.1 through 2.6.1.1.4.  Typical stress-strain and tangent-modulus curves at
several temperatures are shown in Figures 2.6.1.1.6(a) and (b).
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Table 2.6.1.0(c).  Design Mechanical and Physical Properties 
of AM-350 Stainless Steel Sheet and Strip
Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 5548

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet and stripa

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . SCT 850

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.187

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252

e, percent: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10b

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30.0 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.0 

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.32

Physical Properties:  

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.282

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.12 (32 to 212 F)

K and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.1.0

a Test direction longitudinal for widths less than 9 in.; transverse for widths 9 in. and over.
b Elongation is 8 percent for sheet thickness in the range 0.010 to 0.050 inch.  Listed value

is for thickness > 0.050 inch.
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Figure 2.6.1.0.  Effect of temperature on the physical properties of AM-350 stainless
steel.
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Figure 2.6.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu), the
tensile yield strength (Fty), and the compressive yield strength (Fcy) of AM-350 (SCT
850) stainless steel sheet.
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Figure 2.6.1.1.2.  Effect of temperature on the shear ultimate strength (Fsu) of AM-
350 (SCT 850) stainless steel sheet.
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Figure 2.6.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and
the bearing yield strength (Fbry) of AM-350 (SCT 850) stainless steel sheet.
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Figure 2.6.1.1.4.  Effect of temperature on the tensile and compressive moduli
(E and Ec) of AM-350 (SCT 850) stainless steel sheet.
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Table 2.6.2.0(a).  Effect of Elevated Temperature Exposure on Typical Tensile Properties
of AM-355 Alloy in the SCT 850 Condition

Exposure temperature, F
Exposure
stress, ksi

Exposure
time, hr

Room-temperature properties

TUS, ksi TYS, ksi e, %

RT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
600 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
800 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
600 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
700 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
800 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

...
66
65
62
99
97
93

...
1,000
1,000
1,000
1,000
1,000
1,000

211
213
218
227
214
218
224

170
172
178
200
180
189
204

11.5
12.0
10.5
12.5
10.5
11.5
12.5

Table 2.6.2.0(b).  Material Specifications for
AM-355 Stainless Steel

Specification Form

AMS 5547
AMS 5549a

AMS 5743

Sheet and strip
Plate
Bar, forging, and forging stock

a   Noncurrent specification.

2.6.2 AM-355

2.6.2.0 Comments and Properties — AM-355, like AM-350, has high strength up to 800 F
and good oxidation resistance up to 1000 F.  The AM-355 alloy is generally hardened by subzero cooling and
tempering (Condition SCT).

AM-355 is available in all mill products.  The manufacturing considerations for AM-355 are similar
to those for AM-350.  Machining of AM-355 bars and forgings is best accomplished after overtempering at
1000 F to 1100 F.

The differences between AM-350 and AM-355 are a result of higher carbon, lower chromium, and
reduced delta ferrite in AM-355.  This difference in composition makes AM-355 slightly stronger but slightly
less corrosion resistant than AM-350.

Environmental Considerations — Exposure in the 600 F to 800 F range for 100 hours at stress levels
below the short time yield strength tends to increase room-temperature yield strength and room-temperature
tensile strength slightly, with little change in elongation.  Typical data are shown in Table 2.6.2.0(a).

Specifications and Properties — Material specifications for AM-355 are presented in Table 2.6.2.0(b).
The room temperature properties of AM-355 SCT are shown in Table 2.6.2.0(c) through (e).  The physical
properties of this alloy are presented in Figure 2.6.2.0.

2.6.2.1 SCT Condition — Elevated-temperature properties for AM-355 in the SCT (subzero cooled
and tempered) condition are presented in Figures 2.6.2.1.1 through 2.6.2.1.4.
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Table 2.6.2.0(c).  Design Mechanical and Physical Properties of AM-355 Stainless Steel

Specification . . . . . . . . . . . . . . . . . . . . . . . AMS 5547 AMS 5743

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet and stripa Bar and forging

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . SCT850b SCT1000 SCT850b SCT1000

Thickness or diameter, in. . . . . . . . . . . . . . 0.0005-0.187 0.010-0.187 . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 . . . 200 170

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 165 . . . . . .

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 . . . 165 155

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 140 . . . . . .

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 . . . . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . 383 . . . . . . . . .

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . 278 . . . . . . . . .

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 12

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
c

10 . . . . . .

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 25

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . 29.0

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . 29.0

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . 0.282

C, K, and . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.2.0

a Test direction longitudinal for widths less than 9 inches; transverse for widths 9 inches and over.
b Note:  Condition SCT850 has been superseded by Condition SCT1000 in the applicable specifications.  The tensile

properties in these columns are the values previously specified for Condition SCT850.
c See Table 2.6.2.0(e).
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Table 2.6.2.0(d).  Design Mechanical and Physical Properties of AM-355 Stainless Steel Plate

Specification . . . . . . . . . . . . . . . . . . . . . . . . . AMS 5549a

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Plateb

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . SCT850c SCT 1000

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . <0.375 0.375-1.000 >1.000 <0.187

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 190 190 165

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 150
d

140

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 . . . . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . 383 . . . . . . . . .

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . 278 . . . . . . . . .

e, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 10 10 12

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 29.0

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . 29.0

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.32

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.282

C, K, and . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.2.0

a Noncurrent specification.
b Test direction longitudinal for widths less than 9 inches; transverse for widths 9 inches and over.
c Note:  Condition SCT850 has been superseded by Condition SCT1000 in the applicable specifications.  The tensile

properties in these columns are the values previously specified for Condition SCT850.
d As agreed upon by purchaser and vendor.
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Figure 2.6.2.0.  Effect of temperature on the physical properties of AM-355 stainless
steel.

Table 2.6.2.0(e).  Minimum Elongation Values for AM-355 (SCT 850) Stainless Steel
Sheet and Strip

Thickness, inches e (LT), percent in 2 inches

0.0005 to 0.0015 . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Over 0.0015 to 0.0020 . . . . . . . . . . . . . . . . . . . . . 3

Over 0.0020 to 0.0050 . . . . . . . . . . . . . . . . . . . . . 5

Over 0.0050 to 0.0100 . . . . . . . . . . . . . . . . . . . . . 7

Over 0.0100 to 0.1875 . . . . . . . . . . . . . . . . . . . . . 8
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Figure 2.6.2.1.1.  Effect of temperature on the tensile ultimate strength (Ftu), the
tensile yield strength (Fty), and the compressive yield strength (Fcy) of AM-355
(SCT 850) stainless steel (all products).
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Figure 2.6.2.1.2.  Effect of temperature on the shear ultimate strength (Fsu) of AM-
355 (SCT 850) stainless steel (all products).
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Figure 2.6.2.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and
the bearing yield strength (Fbry) of AM-355 (SCT 850) stainless steel sheet.
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Figure 2.6.2.1.4.  Effect of temperature on the tensile modulus (E) of AM-355 (SCT
850) stainless steel (all products).
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Table 2.6.3.0(a).  Material Specifications for Custom 450 Stainless Steel

Specification Form

AMS 5763
AMS 5773

Bar, forging, tubing, wire, and ring (air melted)
Bar, forging, tubing, wire, and ring (CEM)

2.6.3 CUSTOM 450

2.6.3.0 Comments and Properties — Custom 450 is a martensitic, precipitation-hardening
stainless steel used for parts requiring corrosion resistance and high strength at temperatures up to 800 F for
aged conditions.  It is available in the form of forgings, billet, bar, wire, strip, and welded tubing.

Manufacturing Considerations — Custom 450 is normally supplied and fabricated in the solution-
treated condition except wire for cold heading is supplied in the H1150M condition.  Forming, machining, and
joining operations are similar to those employed for other precipitation hardening stainless steels.

Heat Treatment — Among the alloys of its type, Custom 450 is the only one recommended for use in
the solution-treated condition at temperatures up to 500 F.  The alloy can also be heat treated to various
strength levels having a wide range of properties.  Consult the applicable material specification or MIL-H-6875
for specific heat treatment procedures.

In all heat treat conditions, Custom 450 has excellent ductility and toughness.  Cryogenic properties
are optimum in the H1150 condition.  Maximum strength is achieved with the 900 F aging treatment while
optimum fatigue life is exhibited with a 1050 F age.

When the as-supplied solution-treated condition is altered during processing by hot working, severe
cold working, or welding, parts should be resolution annealed prior to aging.  A dimensional contraction of
about 0.0002 in./in. with the 900 F age and about 0.001 in./in. for the 1050 F aging treatment can be expected.

Environmental Considerations — The general corrosion  resistance of Custom 450 is similar to AISI
Type 304 stainless steel.  Custom 450 shows excellent resistance to atmosphere corrosion and mild chemical
environments.  It has good resistance to stress corrosion cracking in the solution-treated condition.  Like all
martensitic precipitation hardening alloys, if stress corrosion is of concern, it should be aged at the highest
temperature compatible with strength requirements.  It offers the best resistance to stress corrosion cracking
and hydrogen embrittlement when aged at 1150 F.  The general corrosion resistance is very slightly decreased
by the higher aging temperatures.

Material specifications for Custom 450 are shown in Table 2.6.3.0(a). The room-temperature mechan-
ical properties are presented in Tables 2.6.3.0(b) and (c).  The effect of temperature on thermal expansion is
shown in Figure 2.6.3.0.

2.6.3.1 H900 Condition — Elevated temperature curves are presented in Figures 2.6.3.1.1,
2.6.3.1.2, and 2.6.3.1.5. A tensile stress-strain curve at room temperature is shown in Figure 2.6.3.1.6. Fatigue
data at room temperature are presented in Figure 2.6.3.1.8.

2.6.3.2 H1050 Condition — Elevated temperature curves are presented in Figures 2.6.3.2.1,
2.6.3.2.2, and 2.6.3.2.5. A tensile stress-strain curve at room temperature is shown in Figure 2.6.3.2.6. Fatigue
data at room temperature are presented in Figure 2.6.3.2.8.
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Table 2.6.3.0(b).  Design Mechanical and Physical Properties of Custom 450 Stainless
Steel Bar

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 5763

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Solution Treated H900 H1050

Thickness or diameter, in. . . . . . . . . . . . . . . . . . . . . . . 8.000 8.000 8.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S Sa

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 180 145

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 144

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  95 170 135

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 133

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 143

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 141

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114  93

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298 239

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381 307

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265 204

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326 257

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10  10  12

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40  40  45

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28.0 29.0

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31.0

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.29

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.28

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.3.0

a   Suppliers guaranteed minimum properties.
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Table 2.6.3.0(c).  Design Mechanical and Physical Properties of Custom 450 Stainless
Steel Bar

Specification . . . . . . . . . . . . . . . . AMS 5773

Form . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . Solution treated H900 H950 H1000 H1050 H1100 H1150

Thickness or diameter, in. . . . . . . 12.000

Basis . . . . . . . . . . . . . . . . . . . . . . . S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 125 180 170 160 145 130 125

     T . . . . . . . . . . . . . . . . . . . . . . . . . . 180 170 160 145 130 125

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . .  95 170 160 150 135 105  75

     T . . . . . . . . . . . . . . . . . . . . . . . . . . 170 160 150 135 105  75

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . 175 . . . . . . 143 . . . . . .

     T . . . . . . . . . . . . . . . . . . . . . . . . . . 173 . . . . . . 141 . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . 114 . . . . . .  93 . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . 298 . . . . . . 239 . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . 381 . . . . . . 307 . . . . . .

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . 265 . . . . . . 204 . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . 326 . . . . . . 257 . . . . . .

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . .  10  10  10  12   12  16  18

     T . . . . . . . . . . . . . . . . . . . . . . . ...   6   7   8   9  11  12

R, percent:

     L . . . . . . . . . . . . . . . . . . . . . . .  40  40  40  45  45  50  55

     T . . . . . . . . . . . . . . . . . . . . . . . . . .  20  22  27  30  30  35

E, 103 ksi . . . . . . . . . . . . . . . . . . 28.0 29.0

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . 31.0

G, 103 ksi . . . . . . . . . . . . . . . . . .  . . . 11.2

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.29

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . 0.28

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . See Figure 2.6.3.0
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Figure 2.6.3.0.  Effect of temperature on the physical properties of Custom 450
stainless steel.
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Figure 2.6.3.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the tensile
yield strength (Fty) of Custom 450 (H900) stainless steel bar.
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Figure 2.6.3.1.2.  Effect of temperature on the ultimate shear strength (Fsu) of Custom
450 (H900) stainless steel bar.
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Figure 2.6.3.1.5.  Effect of temperature on the elongation (e) and the reduction of
area (RA) of Custom 450 (H900) stainless steel bar.

Strain, 0.001 in./in.

0 2 4 6 8 10 12

S
tr

e
s

s
, 

k
s

i

0

40

80

120

160

200

Longitudinal

and

Long transverse

Ramberg-Osgood

n = 16

TYPICAL

Thickness:  1.000 - 12.000 in.

Figure 2.6.3.1.6.  Typical tensile stress-strain curve for Custom 450 (H900) stainless
steel bar at room temperature.
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Figure 2.6.3.1.8.  Best-fit S/N curves for notched, Kt = 3.0, Custom 450 (H900) stainless
steel (ESR) bar, longitudinal direction.

Correlative Information for Figure 2.6.3.1.8

Product Form: Bar, 1.0625 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
    192             188           RT     

(unnotched)
   304              —               RT

     (notched) 

Specimen Details: Notched, V-Groove, Kt=3.0
 0.283 inch gross diameter
 0.200 inch net diameter
 0.010 inch root radius, r
 60  flank angle, 

Surface Condition: Polished with abrasive nylon
  cord

Reference: 2.6.3.1.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.64-3.21 log (Seq-39.28)
Seq = Smax (1-R)0.65

Std. Error of Estimate, Log (Life) = 0.228
Standard Deviation, Log (Life) = 0.656
R2 = 88%

Sample Size = 19

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.3.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of Custom 450 (H1050) stainless steel bar.
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Figure 2.6.3.2.2.  Effect of temperature on the ultimate shear strength (Fsu) of Custom
450 (H1050) stainless steel bar.
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Figure 2.6.3.2.5.  Effect of temperature on the elongation (e) and the reduction of area
(RA) of Custom 450 (H1050) stainless steel bar.
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Figure 2.6.3.2.6.  Typical tensile stress-strain curve for Custom 450 (H1050)
stainless steel bar at room temperature.
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Figure 2.6.3.2.8.  Best-fit S/N curves for notched, Kt = 3.0, Custom 450 (H1050) stainless
steel (ESR) bar, longitudinal direction.

Correlative Information for Figure 2.6.3.2.8

Product Form: Bar, 1.0625 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
  156             151           RT     

(unnotched)
  244              —               RT     

          (notched) 

Specimen Details: Notched, V-Groove, Kt=3.0
 0.283 inch gross diameter
 0.200 inch net diameter
 0.010 inch root radius, r
 60  flank angle, 

Surface Condition: Polished with abrasive nylon
cord

Reference: 2.6.3.1.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.59-3.15 log (Seq-33.23)
Seq = Smax (1-R)0.607

Std. Error of Estimate, Log (Life) = 0.188
Standard Deviation, Log (Life) = 0.649
R2 = 92%

Sample Size = 18

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Table 2.6.4.0(a).  Material Specifications for Custom
455 Stainless Steel

Specification Form

AMS 5578
AMS 5617

Tubing (welded)
Bar and forging

2.6.4 CUSTOM 455

2.6.4.0 Comments and Properties — Custom 455 is a precipitation hardenable stainless steel
with a martensitic structure in both the solution annealed and hardened conditions.  It is used for parts requiring
corrosion resistance and high strength at temperatures up to 800 F. It is produced by consumable electrode
remelting and is available in the form of forgings, billet, bar, wire, strip, and welded tubing.

Manufacturing Considerations — Custom 455 is normally supplied and fabricated in the solution
annealed condition.  Forming, machining, and joining operations are similar to those employed for other
precipitation hardening stainless steels.  Optimum weld ductility is obtained by postweld solution annealing
prior to aging.

Heat Treatment — The alloy can be heat treated to several strength levels.  Consult the applicable
materials specification or MIL-H-6875 for specific procedures.  The minimum recommended hardening
temperature to produce the optimum combination of strength, fracture toughness, and stress corrosion cracking
resistance is 950 F.  Higher strength is attainable with the 900 F aging treatment but at a sacrifice of fracture
toughness and stress corrosion cracking resistance.  Like other precipitation hardening stainless steels, the
fracture toughness and stress intensity below which stress corrosion cracking does not occur improve with
increasing aging temperature within the range of 900 F to 1000 F.

Usually parts are aged directly from the as-supplied solution annealed condition.  When this condition
has been altered during processing by hot working, severe cold working, or welding, the parts should be
resolution annealed prior to aging.  A dimensional contraction of about 0.0009 in./in. should be expected with
the 950 F aging treatment.

Environmental Considerations — The general corrosion resistance of Custom 455 is about equivalent
to that of AISI Type 430 stainless steel.

Hydrogen embrittlement tests in 5 percent by weight acid saturated with H2S at room temperature show
the same degree of susceptibility as other high-strength martensitic stainless steels.

When stress-corrosion cracking is of concern, one should use the highest aging temperature consistent
with the strength properties required.  The 900 F aging treatment should not be employed when stress
corrosion cracking is a consideration.  Consult the material producers literature for available stress corrosion
data.

Like other precipitation hardening stainless steels, Custom 455 increases slightly in tensile strength and
loses some toughness when exposed for long periods of time at temperatures around 700 F.  For most
applications, the loss in toughness which occurs is not detrimental to performance.

Specifications and Properties — Material specifications for Custom 455 are presented in Table
2.6.4.0(a).  The room-temperature mechanical properties of Custom 455 are presented in Table 2.6.4.0(b).
Physical properties at elevated temperatures are presented in Figure 2.6.4.0.
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Table 2.6.4.0(b).  Design Mechanical and Physical Properties of Custom 455 Stainless Steel
Specification . . . . . . . . . . . . . . . . AMS 5578 AMS 5617

Form . . . . . . . . . . . . . . . . . . . . . . . Tubing (Welded) Bar

Condition . . . . . . . . . . . . . . . . . . . H950 H950 H1000

Thickness or diameter, in.a . . . . . . 0.020-0.062 >0.062 4.000 4.001-6.000 8.000

Basis . . . . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 220 220 225 220 200

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225b 220b . . .

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225b 220b . . .

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 205 205 210 205 185

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210b 205b . . .

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210b 205b . . .

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 214 193

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 214 193

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219 214 193

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 133 130 124

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . 355 347 324

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . 450 440 409

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . 311 303 285

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . 366 358 343

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . .   3   4  10 10  10

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . .   5b   5b . . .

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . .   5b   5b . . .

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40  40  40

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20b  20b . . .

     ST . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20b  20b . . .

E, 103 ksi . . . . . . . . . . . . . . . . . . 28.5 28.9

Ec, 103 ksi . . . . . . . . . . . . . . . . . 30.0 30.0

G, 103 ksi . . . . . . . . . . . . . . . . . . 11.3 11.5

µ . . . . . . . . . . . . . . . . . . . . . . . . 0.27 0.26

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . 0.28

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . See Figure 2.6.4.0

, 10-6 in./in./ F . . . . . . . . . . . . . See Figure 2.6.4.0

a Wall thickness for tubing.

b For Grade 2 material only.
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Figure 2.6.4.0.  Effect of temperature on the physical properties of Custom 455 (H950)
stainless steel.

2.6.4.1  H950 Condition — Elevated temperature  curves  are  presented  in  Figure 2.6.4.1.1,
2.6.4.1.2, and 2.6.4.1.5. A tensile stress-strain curve at room temperature is shown in Figure 2.6.4.1.6.  Fatigue
data at room temperature are presented in Figure 2.6.4.1.8(a) and (b).

2.6.4.2 H1000 Condition — Elevated temperature curves are shown in Figures 2.6.4.2.1,
2.6.4.2.2, and 2.6.4.2.5. A tensile stress-strain curve at room temperature is presented in Figure 2.6.4.2.6.
Fatigue data at room temperature are shown in Figure 2.6.4.2.8.
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Figure 2.6.4.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of Custom 455 (H950) stainless steel bar.
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Figure 2.6.4.1.2.  Effect of temperature on the ultimate shear strength (Fsu) of Custom 455
(H950) stainless steel bar.
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Figure 2.6.4.1.5.  Effect of temperature on the elongation (e) and reduction of area
(RA) of Custom 455 (H950) stainless steel bar.
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Figure 2.6.4.1.6.  Typical tensile stress-strain curve for Custom 455 (H950) stainless
steel bar at room temperature.
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Figure 2.6.4.1.8(a).  Best-fit S/N curves for unnotched, Custom 455 (H950) stainless steel
bar, longitudinal direction.

Correlative Information for Figure 2.6.4.1.8(a)

Product Form: Bar, 1.0625 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
  245            242         RT     

(unnotched)

Specimen Details: Unnotched
0.200-inch diameter

Surface Condition: Hand polished in longitudi-
nal direction, finishing with
3 µ diamond paste

Reference: 2.6.3.1.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 38.1-15.7 log Smax, R = -1.0

= 82.9-34.8 log Smax, R = 0.026
= 85.9-34.7 log Smax, R = 0.50

Sample Size = 22

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.4.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0, Custom 455 (H950) stainless
steel bar, longitudinal direction.

Correlative Information for Figure 2.6.4.1.8(b)

Product Form: Bar, 1.0625 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
  245             242  RT     

(unnotched)
  361              —  RT     

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.0
0.283 inch gross diameter
0.200 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition: Polished with abrasive
nylon cord

Reference: 2.6.3.1.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 7.42-1.90 log (Seq-47.34)
Seq = Smax (1-R)0.515

Std. Error of Estimate, Log (Life) = 0.246
Standard Deviation, Log (Life) = 0.568
R2 = 81%

Sample Size = 17

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 2.6.4.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of Custom 455 (H1000) stainless steel bar.
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Figure 2.6.4.2.2.  Effect of temperature on the ultimate shear strength (Fsu) of Custom 455
(H1000) stainless steel bar.
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Figure 2.6.4.2.6.  Typical tensile stress-strain curve for Custom 455 (H1000)
stainless steel bar at room temperature.

Figure 2.6.4.2.5.  Effect of temperature on the elongation (e) and the reduction
of area (RA) of Custom 455 (H1000) stainless steel bar.
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Figure 2.6.4.2.8.  Best-fit S/N curves for notched, Kt = 3.0, Custom 455 (H1000)
stainless steel bar, longitudinal direction.

Correlative Information for Figure 2.6.4.2.8

Product Form: Bar, 1.0625 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
  214            209 RT     

(unnotched)
  335            — RT     

(notched)

Specimen Details: Notched, V-Groove, Kt=3.0
 0.283 inch gross diameter
 0.200 inch net diameter
 0.010 inch root radius, r
 60  flank angle, 

Surface Condition: Polished with abrasive
nylon cord

Reference: 2.6.3.1.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 12.37-4.44 log (Seq-21.43)
Seq = Smax (1-R)0.561

Std. Error of Estimate, Log (Life) = 0.359
Standard Deviation, Log (Life) = 0.540
R2 = 56%

Sample Size = 18

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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2.6.5 CUSTOM 465

2.6.5.0 Comments and Properties — Custom 465® stainless is a double-vacuum melted,
martensitic, age-hardenable alloy.  This alloy was designed to have excellent notch tensile strength and fracture
toughness over a wide range of section sizes.  In the H950 condition, the alloy achieves a minimum ultimate
tensile strength of 240 ksi while retaining good toughness and resistance to stress-corrosion cracking.
Overaging to the H1000 condition provides a greater level of toughness at a minimum ultimate tensile strength
of 220 ksi.  Custom 465 stainless provides a superior combination of strength, toughness and stress corrosion
cracking resistance compared with other high-strength PH stainless alloys such as Custom 455® stainless or
PH13-8Mo® stainless.  Other combinations of strength and toughness are possible employing age-hardening
temperatures between 900 F and 1150 F.  Custom 465 stainless is available in the form of forgings, billet, bar,
wire and strip.

Manufacturing Considerations —Custom 465 stainless normally is supplied and fabricated in the
solution-annealed condition.  Billet products will be provided in the hot finished condition.  Forming,
machining, and joining operations are similar to those employed for other precipitation-hardening stainless
steels.  Optimum weld strength and ductility are obtained by postweld solution annealing and subzero cooling
prior to aging.  Pyromet®X23 stainless filler metal should be considered under multi-bead GMA welding
conditions.

Heat Treatment —Among the corrosion-resistant alloys of its type, Custom 465 stainless provides
the highest minimum combinations of strength and toughness in the H950 and H1000 conditions.  Usually,
parts are aged directly from the mill-supplied, solution-annealed condition.  However, if material has been
hot worked or welded, components should be reannealed (1800 F/982 C) and subzero cooled (-100 F/-
73 C, 8-hour hold) prior to age hardening.  Components should be cooled rapidly from the annealing
temperature.  Section sizes up to 12" (305 mm) can be cooled in a suitable liquid quench medium.  The
subsequent subzero treatment should be applied within 24-hours of solution annealing.  The refrigeration
treatment after annealing is important for achieving optimum aging response by eliminating small amounts
of retained austenite from the microstructure.  The mill-supplied solution anneal includes the subzero
treatment.

Aging treatments are performed by heating components to the specified temperature, holding for four
hours, followed by cooling in air, oil or other suitable liquid quench medium.  The 4-hour aging cycle is
important developing optimum toughness and ductility at the specified strength levels.  Increased cooling rates
from the aging temperature tend to improve toughness and ductility and may be beneficial for 3" (76mm)
section sizes and greater.

Environmental Considerations — The general corrosion resistance of Custom 465 stainless approaches
that of Type 304 stainless.  Exposure to 5% neutral salt spray at 95 F (35 C) (per ASTM B117) caused little
or no corrosion after 200 hours regardless of condition (i.e., annealed or H900-H1100 conditions).

Double cantilever beam tests conducted in 3.5% NaCl (pH 6) show Custom 465 stainless to possess
inherently good resistance to stress corrosion cracking which improves with increasing aging temperature.
Typical results for 1/2" thick double cantilever beam specimens (T-L orientation) from 4-1/2" x 2-3/4" forged

bar exposed to 3.5 wt. % NaCl (pH 6) for 1270 hours by constant immersion per NACE Standard TM0177-96
(Reference 2.6.5.0), are shown in Table 2.6.5.0(a).
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Table 2.6.5.0(c).  Material Specifications for Custom 465 Stainless Steel

Specification Form

AMS 5936 Bars, Wires, and Forgings

Table 2.6.5.0(a).  Typical Stress Corrosion Cracking Resistancea

Condition TYS (T), ksi KIscc, ksi in. Remarks

H950 226 68 No cracking

H1000 213 98 No cracking

a  Double-cantilever-beam, wedge loaded, constant immersion in 3.5% NaCl (pH 6) per NACE 
    Standard TM0177-96.  See Reference 2.6.5.0.

Typical tensile properties following exposure to elevated temperatures for 200 and 1000 hours are
shown in Table 2.6.5.0(b).

Table 2.6.5.0(b).  Effect of Elevated Temperature Exposure on Typical
Tensile Properties of Custom 465 Alloya

Condition Exposure Temp.,
F

Exposure Time,
Hours

Room-temperature properties

UTS, ksi TYS, ksi e, % RA, %

H950

Room Temp. Unexposed 255 238 14 62

600
700
800
900

200
200
200
200

258
266
266
236

240
249
249
223

14
13
14
15

61
59
58
64

600
700
800
900

1000
1000
1000
1000

259
268
272
223

242
250
253
211

16
14
13
19

59
56
54
67

H1000

Room Temp. Unexposed 231 218 16 66

600
700
800
900

200
200
200
200

234
241
240
230

220
226
226
218

14
15
14
16

66
64
66
66

600
700
800
900

1000
1000
1000
1000

232
240
245
222

219
226
229
210

18
16
15
20

65
64
62
66

a Data from 1 heat, 4.5" x1.5" forged bar, duplicate tests

Specifications and Properties — Material specifications for Custom 465 are shown in Table 2.6.5.0(c).
The room-temperature mechanical properties are presented in Tables 2.6.5.0(b). 

2.6.5.1 H950 and H1000 Condition — Figure 2.6.5.1(a) presents the typical tensile stress-strain
curves at room temperature. Figures 2.6.5.1(b) and (c) present the full-range tensile stress-strain curves at room
temperature for the H950 and H1000 conditions.
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Table 2.6.5.0(d).  Design Mechanical and Physical Properties of Custom 465 Stainless
Steel Bar

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 5936

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . H950 H1000

Thickness or diameter, in. . . . . . . . . . . . . . . . . . . . . . . 12.000 12.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A B A B

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru

c, ksi:
     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent: (S-basis)
     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

RA, percent: (S-basis)
     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

240a

240a

220a

220a

233
233
134

359
462

321
365

10
8

45
35

251
251

236
236

249
250
140

375
484

344
391

...

...

...

...

220b

220b

200b

200b

210
211
129

333
428

294
353

10
10

50
40

226
226

212
213

223
224
132

342
440

312
374

...

...

...

...

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

28.7
28.9
11.2
0.28

28.4
29.4
11.3
0.28

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.28
...
...
...

0.28
see Figure 2.6.5.0(a)
see Figure 2.6.5.0(a)
see Figure 2.6.5.0(a)

a S-basis.  The rounded T99 value for Ftu (L) = 246 ksi, Ftu (T) = 249, Fty (L) = 230 ksi, and Fty (T) = 231 ksi
b S-basis.  The rounded T99 value for Ftu (L) = 221 ksi, Ftu (T) = 221, Fty (L) = 206 ksi, and Fty (T) = 208 ksi
c Bearing values are “dry pin” values per Section 1.4.7.1
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Figure 2.6.5.0(a).  Effect of temperature on the physical properties of
Custom 465 H1000 stainless steel bar.
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Figure 2.6.5.1(a).  Typical tensile stress-strain curves for Custom 465, H950
and H1000 condition bar at room temperature.
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Figure 2.6.5.1(b).  Typical tensile stress-strain curves (full range) for Custom
465 H950 bar at room temperature.
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465, H1000 bar at room temperature.
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Table 2.6.6.0(a).  Material Specification for PH13-8Mo Stainless
Steel

Specification Form

AMS 5629 Bar, forging, ring, and extrusion (VIM plus CEVM)

2.6.6  PH13-8Mo

2.6.6.0 Comments and Properties — PH13-8Mo is a martensitic precipitation-hardening
stainless steel used for parts requiring corrosion resistance, high strength, high fracture toughness, and
oxidation resistance up to 800 F.  When used at temperatures between 600 F and 800 F, some loss in notch
toughness will occur.  The loss is time-temperature dependent and will occur gradually over thousands of hours
at 600 F and hundreds of hours at 800 F.  Depending upon the application, this loss in notch toughness may
not be important and useful engineering properties may still be available.  Good transverse mechanical
properties are one of the major advantages of PH13-8Mo.  PH13-8Mo is produced by double vacuum melting
and is available in the form of forgings, plate, bar, and wire, normally furnished in the solution-treated (A)
condition.

Manufacturing Considerations — Forming, joining, and machining operations are usually performed
on material in Condition A, using similar procedures and equipment to those employed for other precipitation-
hardening stainless steels.  Best machinability is exhibited by Conditions H1150 and H1150M.  A dimensional
contraction of 0.0004 to 0.0006 and 0.0008 to 0.0012 in./in. occurs upon hardening to the H1000 and H1100
conditions, respectively.

Heat Treatment — PH13-8Mo must be used in the heat-treated condition and should not be placed in
service in Condition A.  The alloy can be heat treated to various strength levels having a wide range of
properties.  Consult the applicable material specification or MIL-H-6875 for specific heat treatment procedures.

Environmental Considerations — PH13-8Mo is nearly equal to 17-4PH in general corrosion resistance
and surpasses the other hardenable stainless steels in stress-corrosion resistance.  However, for tensile
application where stress corrosion is a possibility, PH13-8Mo should be aged at the highest temperature com-
patible with strength requirements and at a temperature not lower than 1000 F for 4 hours minimum aging
time.

Specification and Properties — A material specification for PH13-8Mo is presented in Table
2.6.6.0(a). The room-temperature mechanical and physical properties for PH13-8Mo are presented in Table
2.6.6.0(b) and (c).  The physical properties of this alloy at elevated temperatures are presented in Figure 2.6.6.0.

2.6.6.1 H950 and H1000 Conditions — Elevated temperature curves for tensile yield and ulti-
mate strengths are presented in Figure 2.6.6.1.1.  Typical tensile and compressive stress-strain and tangent-
modulus curves for the H1000 condition at room temperature are depicted in Figures 2.6.6.1.6(a) and (b).
Figure 2.6.6.1.6(c) contains typical full-range stress-strain curves at room temperature for various heat-treated
conditions.  Unnotched and notched fatigue information for H1000 condition at room temperature is presented
in Figures 2.6.6.1.8(a) through (c).
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Table 2.6.6.0(b).  Design Mechanical and Physical Properties of PH13-8Mo Stainless Steel

Specification . . . . . . . . . . . . . AMS 5629

Form . . . . . . . . . . . . . . . . . . . . Round, hex, square and flat bar

Condition . . . . . . . . . . . . . . . . H950 H1000 H1025 H1050 H1100 H1150

Thickness or diameter, in. . . . <9.0 <8.0 12.0

Basis . . . . . . . . . . . . . . . . . . . . A B A B S S S S

Mechanical Properties:a

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . 217 221 201 208 185 175 150 135

     T . . . . . . . . . . . . . . . . . . . . 217 221 201 208 185 175 150 135

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . 198 205 190b 200 175 165 135  90

     T . . . . . . . . . . . . . . . . . . . . 198 205 190b 200 175 165 135  90

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . ... ... 200 211 ... ... ... ...

     T . . . . . . . . . . . . . . . . . . . . ... ... 200 211 ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . . ... ... 117 122 ... ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . ... ... 302 313 ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . ... ... 402 416 ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . ... ... 263 277 ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . ... ... 338 356 ... ... ... ...

e, percent (S-basis):

     L . . . . . . . . . . . . . . . . . . . .  10 ...  10 ...  11  12  14  14

     T . . . . . . . . . . . . . . . . . . . .  10 ...  10 ...  11  12  14  14

RA, percent (S-basis):

     L . . . . . . . . . . . . . . . . . . . .  45 ...  50 ...  50  50  50  50

     T . . . . . . . . . . . . . . . . . . . .  35 ...  40 ...  45  45  50  50

E, 103 ksi . . . . . . . . . . . . . . . 28.3

Ec, 103 ksi . . . . . . . . . . . . . . 29.4

G, 103 ksi . . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . . 0.28

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.279

C, Btu/(lb)( F) . . . . . . . . . . 0.11 (32 to 212 F) (Est.)

K and . . . . . . . . . . . . . . . . See Figure 2.6.6.0

a Design allowables were based mainly upon data from samples of material, supplied in the solution treated condition,
which were aged to demonstrate response to heat treatment by suppliers.

b S-basis.  Rounded T99 value = 193 ksi.
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Table 2.6.6.0(c).  Design Mechanical and Physical Properties of PH13-8Mo Stainless Steel

Specification . . . . . . . . . . . . . . . . . . . . . AMS 5629

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . Forging, flash welded ring, and extrusion

Condition . . . . . . . . . . . . . . . . . . . . . . . . H950 H1000 H1025 H1050 H1100 H1150

Thickness or diameter, in. . . . . . . . . . . . 12

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220 205 185 175 150 135

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220 205 185 175 150 135

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205 190 175 165 135  90

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205 190 175 165 135  90

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10  10  11  12  14  14

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10  10  11  12  14  14

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45  50  50  50  50  50

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  40  45  45  50  50

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . 28.3

Ec 103 ksi . . . . . . . . . . . . . . . . . . . . . . . 29.4

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     0.28

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . 0.279

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . 0.11 (32 to 212 F) (Est.)

K and . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.6.0
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Figure 2.6.6.0.  Effect of temperature on the physical properties of PH13-8Mo stainless
steel.
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Figure 2.6.6.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of PH13-8Mo (H950 and H1000) stainless steel bar.
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Figure 2.6.6.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for PH13-8Mo (H1000) stainless steel bar.
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Figure 2.6.6.1.6(a).  Typical tensile stress-strain curve at room temperature for
PH13-8Mo (H1000) stainless steel bar.
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Figure 2.6.6.1.6(c).  Typical tensile stress-strain curves (full range) at room
temperature for various heat treated conditions of PH13-8Mo stainless steel bar.
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Figure 2.6.6.1.8(a).  Best-fit S/N curves for unnotched PH13-8Mo (H1000) forged bar,
longitudinal and transverse directions.

Correlative Information for Figure 2.6.6.1.8(a)

Product Form: Forged bar, 4 x 5 and 2 x 6 inches

Properties:       TUS, ksi   TYS, ksi   Temp., F
          205           197        RT

Specimen Details: Unnotched

   Gross       Net
Diameter Diameter

 0.50 - 0.75    0.25

Surface Condition:  Polished to RMS 10 

References:  2.6.6.1.8(a), (b), (d)

Test Parameters:
Loading - Axial
Frequency - Not Specified
Temperature - RT
Environment - Air

No. of Heats/Lots:  4

Equivalent Stress Equation:
Log Nf = 16.32 - 5.75 log (Seq - 92.6)
Seq = Smax (1 - R)0.64

Std. Error of Estimate, Log (Life) = 0.461
Standard Deviation, Log (Life) = 0.919
R2 = 75%

Sample Size:  86

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios  beyond those represented above.]
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Figure 2.6.6.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0, PH13-8Mo (H1000)
forged bar, longitudinal and long transverse directions.

Correlative Information for Figure 2.6.6.1.8(b)

Product Form: Forged bar, 4 x 5 and 2 x 6 inches

Properties:    TUS, ksi   TYS, ksi Temp., F
          205      197     RT

Specimen Details: Notched, Kt = 3.0

     Gross      Net    Notch Root
Diameter Diameter     Radius

     0.750          0.252          0.013
     0.500          0.250          0.013

60  flank angle

Surface Condition: Notch was polished with
abrasively charged wire and
rotating wire with oil and
aluminum grit

References: 2.6.6.1.8(a), (b), (d)

Test Parameters:

Loading - Axial
Frequency - Not Specified
Temperature - RT
Environment - Air

No. of Heats/Lots:  4

Equivalent Stress Equation:
Log Nf = 9.90 - 3.13 log (Seq - 34.4)
Seq = Smax (1 - R)0.68

Std. Error of Estimate, Log (Life) = 23.1 (1/Seq)
Standard Deviation, Log (Life) = 1.15
R2 = 92%

Sample Size:  104

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.6.1.8(c).  Best-fit S/N curves for unnotched PH13-8Mo (H1000) hand forging,
longitudinal direction.

Correlative Information for Figure 2.6.6.1.8(c)

Product Form:  Forged bar, 7 x 7 inches

Properties:        TUS, ksi  TYS, ksi Temp., F
           210        204     RT

Specimen Details: Unnotched
0.500 inch gross diameter
0.250 inch net diameter

Surface Condition: Machined to RMS 63-270,
solution treated and aged,
grit blasted 

Reference: 2.6.6.1.8(c)

Test Parameters:
Loading - Axial
Frequency - Not Specified
Temperature - RT
Environment - Air

No. of Heats/Lots:  2

Equivalent Stress Equation:
Log Nf = 18.12-6.54 log (Seq)
Seq = Smax (1-R)0.11

Std. Error of Estimate, Log (Life) = 0.263
Standard Deviation, Log (Life) = 0.475
R2 = 69%

Sample Size:  20

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Specification Form

AMS 5659 Bar, forging, ring, and extrusion (CEVM)

AMS 5862 Sheet, strip, and plate (CEVM)

AMS 5400 Investment casting

2.6.7 15-5PH

2.6.7.0 Comments and Properties — 15-5PH is a precipitation-hardening, martensitic stainless
steel used for parts requiring corrosion resistance and high strength at temperatures up to 600 F.  Alloy 15-5PH
has good transverse ductility and strength in large section sizes.  This material is supplied in either the annealed
or overaged condition and is heat treated after fabrication.  Parts should never be used in Condition A.  When
good fracture toughness or impact properties are required, both at or below room temperature, conditions H900
and H925 should not be used.  Conditions H1025, H1075, H1100, and H1150 provide lower transition tempera-
tures and more useful levels of fracture toughness than the H900 and H925 conditions.  The H1150M condition
has the best notch toughness and is recommended for cryogenic applications.

Manufacturing Considerations — 15-5PH is readily forged and welded.  Forging procedures are
similar to those used for 17-4PH, the forgeability of 15-5PH being superior to that of 17-4PH in critical types
of upset-forging and hot-flattening operations.  Machining in the solution-treated condition is done at rates
similar to Type 304 and 60 percent of these rates work well for Condition H900.  Highest machining rates are
possible with Conditions H1150 and H1150M.  Material which is hot worked must be solution-treated before
hardening.  A dimensional contraction of 0.0004 to 0.0006 and 0.0008 to 0.0010 in./in. will occur on hardening
to the H900 and H1150 conditions, respectively.

Heat Treatment — 15-5PH must be used in the heat-treated condition and should not be placed in
service in Condition A.  The alloy can be heat treated to various strength levels having a wide range of
properties.  Consult the applicable material specification or MIL-H-6875 for specific heat treatment procedures.

Environmental Considerations — The corrosion  resistance  of 15-5PH is comparable to that of
17-4PH.  For tensile applications where stress corrosion is a possibility, 15-5PH should be aged at the highest
temperature compatible with strength requirements and at a temperature not lower than 1025 F for 4 hours
minimum aging time.

Specifications and Properties — Material specifications for 15-5PH are presented in Table 2.6.7.0(a).
Room-temperature mechanical and physical properties of 15-5PH are shown in Tables 2.6.7.0(b) through (d).
The effect of temperature on physical properties is depicted in Figure 2.6.7.0.

Table 2.6.7.0(a).  Material Specifications for 15-5PH Stainless Steel

2.6.7.1  Various Heat-Treated Conditions  —  Elevated temperature curves for the various
mechanical properties are shown in Figures 2.6.7.1.1 and 2.6.7.1.4.  Typical stress-strain and tangent-modulus
curves are shown in Figures 2.6.7.1.6(a) through (c).
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2.6.7.2 H1025 Condition — An elevated temperature curve for compressive yield strength is
presented in Figure 2.6.7.2.2.  Stress-strain and tangent-modulus curves are shown in Figures 2.6.7.2.6(a) and
(b).  Fatigue data at room temperature are illustrated in Figures 2.6.7.2.8(a) through (c).

2.6.7.3 H1150 Condition — An elevated temperature curve for compressive yield strength is
presented in Figure 2.6.7.3.2.  Compressive stress-strain and tangent-modulus curves at various temperatures
are shown in Figure 2.6.7.3.6.
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Table 2.6.7.0(b).  Design Mechanical and Physical Properties of 15-5PH
Stainless Steel Bar and Forging

Specification . . . . . . . . . AMS 5659

Form . . . . . . . . . . . . . . . . Bara

Condition . . . . . . . . . . . . H900 H925 H1025 H1075 H1100 H1150

Thickness or diam., in. . 12 12 12 12 12 12

Basis . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . .
T . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . .
T . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . .
T . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . .
T . . . . . . . . . . . . . . . . .

RA, percent:
L . . . . . . . . . . . . . . . . .
T . . . . . . . . . . . . . . . . .

190
190

170
170

...

...

...

...

...

...

...

  10
    6

  35
  20

170
170

155
155

...

...

...

...

...

...

...

  10
    7

  38
  25

155
155

145
145

143
143
  97

263
332

211
250

  12
    8

  45
  32

145
145

125
125

...

...

...

...

...

...

...

  13
    9

  45
  33

140
140

115
115

...

...

...

...

...

...

...

  14
  10

  45
  34

135
135

105
105

  99
  99
  85

230
293

166
201

  16
  11

  50
  35

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

28.5
29.2
11.2

0.27

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . .
K and . . . . . . . . . . . . .

0.283
...

See Figure 2.6.7.0

a Forging, ring, and extrusion product forms are also covered by AMS 5659.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 2.6.7.0(c).  Design Mechanical and Physical Properties of 15-5PH Stainless Steel Plate

Specification . . . . . . . . . . . . . . . . . . . . . . . . . AMS 5862

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Plate

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . H1025a

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . 0.187-0.625 0.626-2.000 2.001-3.000 3.001-4.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154 154 154 . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 155 155 155

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143 143 143 . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 145 145 145

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 150 150 . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 149 146 . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97  97  96 . . .

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . 257 257 257 . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . 331 331 331 . . .

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . 211 211 211 . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . 246 246 246 . . .

e, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   8   12  12  12

RA, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  35  40  40  40

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 28.5

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . 29.2

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 11.2

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.27

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.283

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . . .

K and . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.7.0

a The H900, H925, H1075, H1100, and H1150 conditions are included in AMS 5862.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 2.6.7.0(d).  Design Mechanical and Physical Properties of 15-5PH Stainless Steel
Investment Casting

Specification . . . . . . . . . . . . AMS 5400

Form . . . . . . . . . . . . . . . . . . . Investment casting

Condition . . . . . . . . . . . . . . . H935

Location within casting . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:a

Ftu, ksi . . . . . . . . . . . . . . . . 170

Fty, ksi . . . . . . . . . . . . . . . . 150

Fcy, ksi . . . . . . . . . . . . . . . . 155

Fsu, ksi . . . . . . . . . . . . . . . . 107

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . . 269

     (e/D = 2.0) . . . . . . . . . . . . 349

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . . 209

     (e/D = 2.0) . . . . . . . . . . . . 240

e, percent . . . . . . . . . . . . . .   6   

RA, percent . . . . . . . . . . . .  14   

E, 103 ksi . . . . . . . . . . . . . .  28.5 

Ec, 103 ksi . . . . . . . . . . . . .  29.2 

G, 103 ksi . . . . . . . . . . . . . .  11.2 

µ . . . . . . . . . . . . . . . . . . . .    0.27

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . 0.283

C, Btu/(lb)( F) . . . . . . . . . . . .

K, and . . . . . . . . . . . . . . . See Figure 2.6.7.0

a Properties apply only when drawing specifies that conformance to tensile property requirements will be determined from
specimens cut from castings or integrally cast specimens.

b Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 2.6.7.0.  Effect of temperature on the physical properties of 15-5PH stainless
steel.
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Figure 2.6.7.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 15-5PH (H925, H1025, and H1100) stainless steel bar.
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Figure 2.6.7.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 15-5PH stainless steel.
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Figure 2.6.7.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for various heat-treated conditions of 15-5PH
stainless steel bar.
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Figure 2.6.7.1.6(a).  Typical tensile stress-strain curves at room temperature for
various heat-treated conditions of 15-5PH stainless steel bar.
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Figure 2.6.7.1.6(c).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 15-5PH (H935) stainless steel casting.
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Figure 2.6.7.2.2.  Effect of temperature on the compressive yield strength (Fcy) of 15-5PH
(H1025) stainless steel bar.

Figure 2.6.7.2.6(a).  Typical compressive stress-strain and compressive tangent-
modulus curves at various temperatures for 15-5PH (H1025) stainless steel bar.
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Figure 2.6.7.2.6(b).  Tensile and compressive stress-strain and compressive tangent-
modulus curves for 15-5PH (H1025) stainless steel plate.
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Note:   Stresses are based

Figure 2.6.7.2.8(a).  Best-fit S/N curve for notched, Kt = 3.0, 15-5PH (H1025) stainless
steel bar, longitudinal and long transverse directions.

Correlative Information for Figure 2.6.7.2.8(a)

Product Form:  Bar, 2 x 6 inches

Properties: TUS, ksi TYS, ksi Temp, F
Longitudinal     163    159      RT
Long Transverse   164    160             RT
Longitudinal     278     —      RT

(notched)
Long Transverse    277     —     RT

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.0
0.375 inch gross diameter
0.250 inch net diameter
0.013 inch root radius, r
60  flank angle, 

Surface Condition:  Ground notch

Reference:  2.6.7.2.8(a)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  3

Equivalent Stress Equation:
Log Nf = 19.69 - 9.14 log (Seq - 18.16)
Seq = Smax (1 - R)0.595

Std. Error of Estimate, Log (Life) = 0.449
Standard Deviation, Log (Life) = 0.627
R2 = 49%

Sample Size:  40

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Fatigue Life, Cycles
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Figure 2.6.7.2.8(b).  Best-fit S/N curve for unnotched, Kt = 1.0, 15-5PH (H1025)
stainless steel plate, longitudinal and long transverse directions.

Correlative Information for Figure 2.6.7.2.8(b)

Product Form: Plate, 0.808 inch, 2.024 inch, 
and 2.579 inch thick

Properties: TUS, ksi TYS, ksi Temp, F
Longitudinal   169.9   165.7    RT
Long Transverse   170.2   166.1    RT

Specimen Details: Unnotched
0.250 inch diameter

Surface Condition:  Axial, ground RMS 8

Reference:  2.6.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 30 Hz
Temperature - RT
Atmosphere - Air

No. of Heats/Lots:  4

Fatigue Life Equation:
Log Nf = 110.1 - 47.22 log (Smax)
Std. Error of Estimate, Log (Life) = 0.58
Standard Deviation, Log (Life) = 0.84
R2 = 52.8%

Sample Size = 19
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Fatigue Life, Cycles
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Figure 2.6.7.2.8(c).  Best-fit S/N curve for notched, Kt = 3.0, 15-5PH (H1025) stainless
steel plate, longitudinal and long transverse directions.

Correlative Information for Figure 2.6.7.2.8(c)

Product Form: Plate, 0.215 inch, 0.269 inch,
0.277 inch, 0.394 inch,
0.524 inch, 0.908 inch,
2.024 inch, and 2.579 inch

Properties: TUS, ksi TYS, ksi   Temp, F
Longitudinal   170.8   165.6    RT
Long Transverse   170.2   166.1    RT

Specimen Details:  Notched, V-Groove, Kt = 3.0
Flat, 0.590-inch gross width

0.500-inch net width
0.025-inch root radius
60  flank angle, 

Round, 0.374-inch gross diameter
0.252-inch net diameter
0.013-inch root radius
60  flank angle, 

Surface Condition:   RMS 32 notch

Reference:  2.6.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 30 Hz
Temperature - RT
Atmosphere - Air

No. of Heats/Lots:  10

Fatigue Life Equation:
Log Nf = 8.72 - 2.56 log (Smax - 34.9)
Std. Error of Estimate, Log (Life) =10.9 (l/Smax )

R2 = 88.2%

Sample Size = 55
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Figure 2.6.7.3.2.  Effect of temperature on the compressive yield strength (Fcy) of 15-5PH
(H1150) stainless steel bar.

Figure 2.6.7.3.6.  Typical compressive stress-strain and tangent-modulus curves at
various temperatures for 15-5PH (H1150) stainless steel bar.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-183

Table 2.6.8.0(a).  Material Specification for PH15-
7Mo Stainless Steel

Specification Form

AMS 5520 Plate, sheet, and strip

2.6.8  PH15-7Mo

2.6.8.0 Comments and Properties — PH15-7Mo is a semiaustenitic stainless steel used where
high strength and good corrosion and oxidation resistance are needed up to 600 F.  This steel is supplied in
Condition A for ease of forming or in Condition C when highest strength is required.

Manufacturing Considerations — PH15-7Mo in Condition A is readily cold formed.  Conventional
inert-gas shielded arc and resistance techniques are generally used for welding.  The heat treatments for this
steel are compatible with the cycles used for honeycomb panel brazing.  Vapor blasting of scaled Condition
TH1050 parts is recommended because of the hazards of intergranular corrosion in adequately controlled
pickling operations.

In hardening this steel from Condition A to Condition TH1050 a net dimensional growth of
0.004 in./in. should be anticipated.  Use of this steel in Conditions T and T-100 is not recommended.

Environmental Considerations — The resistance of PH15-7Mo to stress-corrosion cracking in chloride
environments has been evaluated and found to be superior to that of the alloy steels and the hardenable
chromium steels.  Conditions C and CH 900 provide maximum resistance to stress corrosion.

Specification and Properties — A material specification for PH15-7Mo stainless steel is presented in
Table 2.6.8.0(a). The room-temperature properties of PH15-7Mo are shown in Tables 2.6.8.0(b) and (c).  The
physical properties of this alloy at room and elevated temperatures are presented in Figure 2.6.8.0.

2.6.8.1 TH1050 Condition — Effect of temperature on various mechanical properties for this con-
dition is presented in Figures 2.6.8.1.1 and 2.6.8.1.4. Typical stress-strain and tangent-modulus curves at room
temperature and elevated temperature are presented in Figures 2.6.8.1.6(a) through (c).  Unnotched and notched
fatigue information at room and elevated temperatures are illustrated in Figures 2.6.8.1.8(a) through (f).
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Table 2.6.8.0(b).  Design Mechanical and Physical Properties of PH15-7Mo Stainless Steel
Sheet, Strip, and Plate

Specification . . . . . . . . . . . . . . . . . . . . . . . . AMS 5520

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet, strip, and plate

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . TH1050

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . 0.0015-0.500

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . 327

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . 377

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . 259

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . 272

e, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
a

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . .  29.0

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . .  30.0

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . .  11.4

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .      0.28

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.277

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . .

   K and . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.8.0

a See Table 2.6.8.0(c).
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Figure 2.6.8.0.  Effect of temperature on the physical properties of PH15-7Mo
(TH1050) stainless steel.

Table 2.6.8.0(c).  Minimum Elongation Values for PH15-7Mo (TH1050) Stainless Steel
Sheet

Thickness, inches e (LT), percent

0.0015 to 0.0049 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

0.0050 to 0.0099 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

0.010 to 0.019 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

0.020 to 0.1874 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

0.1875 to 0.500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
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Figure 2.6.8.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of PH15-7Mo (TH1050) stainless steel sheet.

Figure 2.6.8.1.1.  Effect of temperature on the tensile ultimate strength (Ftu), tensile yield
strength (Fty), and compressive yield strength (Fcy) of PH15-7Mo (TH1050) stainless steel
sheet.
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Figure 2.6.8.1.6(a).  Typical tensile stress-strain curves at various temperatures for
PH15-7Mo (TH1050) stainless steel sheet.

Figure 2.6.8.1.6(b).  Typical compressive stress-strain curves at various temperatures for
PH15-7Mo (TH1050) stainless steel sheet.
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Figure 2.6.8.1.6(c).  Typical compressive tangent-modulus curves at various
temperatures for PH15-7Mo (TH1050) stainless steel sheet.
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Figure 2.6.8.1.8(a).  Best-fit S/N curves for unnotched PH15-7Mo (TH1050) sheet,
longitudinal direction.

Correlative Information for Figure 2.6.8.1.8(a)

Product Form:      Sheet, 0.025 inch

Properties: TUS, ksi TYS, ksi Temp., F
        201    196 RT       

Specimen Details: Unnotched
2.0 inch gross width
0.75 inch net width

Surface Condition: Specimen edges machined in
longitudinal direction, edges
polished with 320 grit emery
paper

References:  2.6.8.1.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 24 and 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 23.24-8.32 log Seq

Seq = Smax (1-R)0.47

Std. Error of Estimate, Log (Life) = 0.35
Standard Deviation, Log (Life) = 0.94
R2 = 86%

Sample Size:  124

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-190

Figure 2.6.8.1.8(b).  Best-fit S/N curves for notched, Kt = 4.0, PH15-7Mo (TH1050) sheet,
longitudinal direction.

Correlative Information for Figure 2.6.8.1.8(b)

Product Form:   Sheet, 0.025-inch

Properties: TUS, ksi   TYS, ksi   Temp., F
            201    196 RT         

Specimen Details: Edge Notched, Kt = 4.0
2.25 inch gross width
1.50 inch net width
0.058 inch notch radius
0  flank angle, 

Surface Condition: Drilled holes near edges
and slots milled from
edge, corners of notch were
beveled with rubber abrasive

Reference:  2.6.8.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 24 and 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 10.42-3.91 log (Seq-32)
Seq = Smax (1-R)0.58

Std. Error of Estimate, Log (Life) = 0.36
Standard Deviation, Log (Life) = 1.07
R2 = 89%

Sample Size:  74

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.8.1.8(c).  Best-fit S/N curves for unnotched PH15-7Mo (TH1050) sheet at
500 F, longitudinal direction.

Correlative Information for Figure 2.6.8.1.8(c)

Product Form:   Sheet, 0.025 inch

Properties: TUS, ksi   TYS, ksi   Temp., F
        201   196 RT           
        179   173     500

Specimen Details: Unnotched
2.0 inch gross width
0.75 inch net width

Surface Condition: Machined in longitudinal
direction, edges polished
with 320 grit emery paper

Reference:  2.6.8.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 24 and 1800 cpm
Temperature - 500 F
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 11.71-4.00 log (Seq-96)
Seq = Smax (1-R)0.70

Std. Error of Estimate, Log (Life) = 0.44
Standard Deviation, Log (Life) = 0.79
R2 = 69%

Sample Size:  55

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.8.1.8(d).  Best-fit S/N curves for notched, Kt = 4.0, PH15-7Mo (TH1050)
sheet at 500 F, longitudinal direction.

Correlative Information for Figure 2.6.8.1.8(d)

Product Form:   Sheet, 0.025 inch

Properties: TUS, ksi   TYS, ksi   Temp., F
          201    196 RT          

   179    173      500

Specimen Details: Edge Notched, Kt = 4.0
2.25 inch gross width
1.50 inch net width
0.058 inch notch radius
0  flank angle, 

Surface Condition: Drilled holes near edges
and slots milled from
edge, corners of notch were
beveled with rubber abrasive

Reference:  2.6.8.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 24 and 1800 cpm
Temperature - 500 F
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 18.60-7.92 log (Seq)
Seq = Smax (1-R)0.55

Std. Error of Estimate, Log (Life) = 0.41
Standard Deviation, Log (Life) = 0.86
R2 = 77%

Sample Size:  37

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.8.1.8(e).  Best-fit S/N curves for PH15-7Mo (TH1050) sheet at 700 F,
transverse direction.

Correlative Information for Figure 2.6.8.1.8(e)

Product Form:  Sheet, 0.050 inch

Properties: TUS, ksi   TYS, ksi   Temp., F
          175    161 700 (LT)     

Specimen Details: Unnotched
2.0 inch gross width
0.375 inch net width

Surface Condition: Polished in longitudinal
direction with wet 600 grit
silicon carbide paper

Reference:  2.6.8.1.8(c)

Test Parameters:
Loading - Axial
Frequency - 1200 cpm
Temperature - 700 F
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 56.92-24.46 log (Seq)
Seq = Smax (1-R)0.58

Std. Error of Estimate, Log (Life) = 0.77
Standard Deviation, Log (Life) = 0.99
R2 = 39%

Sample Size:  17

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.8.1.8(f).  Best-fit S/N curves for notched, Kt = 3.0, PH15-7Mo (TH1050) sheet at
1000 F, transverse direction.

Correlative Information for Figure 2.6.8.1.8(f)

Product Form:   Sheet, 0.050 inch

Properties: TUS, ksi   TYS, ksi   Temp., F
         107     92 1000 (LT)    

Specimen Details: Edge Notched, Kt = 3.0
0.535 inch gross width
0.375 inch net width
0.021 inch notch radius
60  flank angle, 

Surface Condition: Polished longitudinally

Reference:  2.6.8.1.8(c)

Test Parameters:
Loading - Axial
Frequency - 1200 cpm
Temperature - 1000 F
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 21.00-9.80 log (Seq)
Seq = Smax (1-R)0.78

Std. Error of Estimate, Log (Life) = 0.33
Standard Deviation, Log (Life) = 0.99
R2 = 89%

Sample Size:  16

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-195

2.6.9  17-4PH

2.6.9.0 Comments and Properties — Alloy 17-4PH is a precipitation-hardening, martensitic
stainless steel used for parts requiring high strength and good corrosion and oxidation resistance up to 600 F.
The alloy is available in all product forms.

Manufacturing Considerations — 17-4PH is readily forged, machined, welded, and brazed.  Machining
requires the same precautions as the austenitic stainless steels except that work-hardening is not a problem.
Best machinability is exhibited by Conditions H1150 and H1150M.  A dimensional contraction of 0.0004 to
0.0006 and 0.0008 to 0.0010 in./in. occurs upon hardening to the H900 and H1150 conditions, respectively.
This fact should be considered before finish machining prior to aging treatment.

When permanent deformation is performed, such as cold straightening of hardened parts, reaging is
recommended to minimize internal stresses.

Alloy 17-4PH can be fusion welded with any of the normal processes using 17-4PH filler metal without
preheat.  For details up to ½-inch thickness, Condition A is satisfactory prior to welding, but for heavy sections,
an overaged condition (H1150) is recommended to preclude cracking.  After welding, weldments should be
aged or solution treated and aged.

Alloy 17-4PH castings are produced in sand molds, investment molds, and by centrifugal casting.
While 17-4PH has good castability, it is subject to hot-tearing, so heavy X or T sections, sharp corners, and
abrupt changes in section size should be avoided.  Alloy 17-4PH castings are susceptible to microshrinkage
which will decrease the ductility but have no effect on the yield or ultimate strength.  During heat treatment,
care must be exercised to avoid carbon or nitrogen contamination from furnace atmospheres.  Combusted
hydrocarbon and dissociated ammonia atmospheres have been sources of contamination.  Air is commonly used
and both vacuum and dry argon are effective for minimizing scaling.  Oxides formed during solution treating
in air may be removed by grit blasting or abrasive tumbling.

Alloy 17-4PH can be heat treated to develop a wide range of properties. Heat treatment procedures
are specified in applicable material specifications and MIL-H-6875.

Design and Environmental Considerations — For tensile applications where stress corrosion is a
possibility, 17-4PH should be aged at the highest temperature compatible with strength requirements and at
a temperature not lower than 1025 F for 4 hours minimum.

The impact strength of 17-4PH, especially large size bar in the H900 and H925 conditions, may be very
low at subzero temperatures; consequently, the use of 17-4PH for critical applications at low temperatures
should be avoided.  For non-impact applications, such as valve seats, parts in the H925 condition have
performed satisfactorily down to -320 F.  The H1100 and H1150 conditions have improved impact strength
so that parts made from small diameter bar can be used down to -100 F with low risk.  For critical low
temperature applications, a similar alloy, 15-5PH (consumable electrode vacuum melted), should be used
instead of 17-4PH because of its superior impact strength at low temperature.

Specifications and Properties — Material specifications for 17-4PH are presented in Table 2.6.9.0(a).
Room temperature mechanical and physical properties for various conditions of 17-4PH products are presented
in Table 2.6.9.0(b) through (f).  The physical properties of this alloy at room and elevated temperatures are
presented in Figure 2.6.9.0.
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Table 2.6.9.0(a).  Material Specifications for 17-
4PH Stainless Steel

Specification Form

AMS 5604
AMS 5643
AMS 5342
AMS 5343
AMS 5344

Sheet, strip, and plate
Bar, forging, and ring
Investment casting (H1100)
Investment casting (H1000)
Investment casting (H900)

2.6.9.1 H900 Condition — Elevated temperature curves for various mechanical properties are
presented in Figures 2.6.9.1.2 through 2.6.9.1.4.  Unnotched and notched fatigue information at room
temperature is presented in  Figures 2.6.9.1.8(a) through (c).

2.6.9.2 Various Heat Treat Conditions — Elevated temperature curves for tensile yield and
ultimate strengths are depicted in Figure 2.6.9.2.1.  Room temperature stress-strain and tangent-modulus curves
are shown in Figures 2.6.9.2.6(a) and (b).

2.6.9.3 H1000 Condition — Room temperature stress-strain and tangent-modulus curves for
castings are shown in Figures 2.6.9.3.6(a) and (b).

2.6.9.4 H1025 Condition — Notched fatigue information is presented in Figure 2.6.9.4.8 for bar.

2.6.9.5 H1100 Condition — Notched fatigue information is presented in Figure 2.6.9.5.8 for bar.

2.6.9.6 H1150 Condition — Elevated temperature curves for tensile yield and ultimate strengths
are shown in Figure 2.6.9.6.1.
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Table 2.6.9.0(b).  Design Mechanical and Physical Properties of 17-4PH Stainless Steel Sheet,
Strip, and Plate

Specification . . . . . . . . . . . . . . . . . . . . . . . AMS 5604

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet, stripa, and plate

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . H900 H925 H1025 H1075 H1100 H1150

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . .  4.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 170 155 145 140 135

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 155 145 125 115 105

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent:

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
b b b b b b

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . 28.5

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . 11.2

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.27

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . 0.282 (H900), 0.283 (H1075), 0.284 (H1150)

C, K, and . . . . . . . . . . . . . . . . . . . . . . . See Figure 2.6.9.0

a Test direction longitudinal for widths less than 9 inches; long transverse for widths 9 inches and over.
b See Table 2.6.9.0(c).

Table 2.6.9.0(c).  Minimum Elongation Values for 17-4PH Sheet, Strip, and Plate

Thickness

e, percent (LT)

H900 H925 H1025 H1075 H1100 H1150

0.015 through 0.186
0.187 through 0.625
0.626 through 4.000

 5
 8
10

 5
 8
10

 5
 8
12

 5
 9
13

 5
10
14

 8
10
16
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Table 2.6.9.0(d).  Design Mechanical and Physical Properties of 17-4PH Stainless Steel
Forging, Tubing, and Rings

Specification . . . . . . . . . . . . . . . . AMS 5643

Form . . . . . . . . . . . . . . . . . . . . . . . Forging, tubing, and rings

Condition . . . . . . . . . . . . . . . . . . . H900 H925 H1025 H1075 H1100 H1150 H1150Ma

Thickness, in. . . . . . . . . . . . . . . . . <8.000

Basis . . . . . . . . . . . . . . . . . . . . . . . S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 190 170 155 145 140 135 115

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 170 155 145 125 115 105  75

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . .  10  10  12  13  14  16  18

E, 103 ksi . . . . . . . . . . . . . . . . . . 28.5

Ec, 103 ksi . . . . . . . . . . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . . . . . . . . . . 11.2

µ . . . . . . . . . . . . . . . . . . . . . . . . 0.27

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . 0.282 (H900), 0.283 (H1075), 0.284 (H1150)

C, K, and . . . . . . . . . . . . . . . . See Figure 2.6.9.0

a   Not covered by AMS 5643.  S values are producers’ guaranteed minimum tensile properties.
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Table 2.6.9.0(e).  Design Mechanical and Physical Properties of 17-4PH Stainless Steel
Bar

Specification . . . . . . . . . . . AMS 5643

Form . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . H900 H925 H1025 H1075 H1100 H1150 H1150Ma

Thickness or diameter, in. . <8.000

Basis . . . . . . . . . . . . . . . . . . A B A B S A B S A B Sa

Mechanical Properties:b

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . 190 195 170 178 155 143 150 140 125 134 115

     T . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . 170 175 155c 167 145 125d 143 115 100 115  75

     T . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . 170 175 ... ... 139 ... ... ...  90 104 ...

     T . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . 123 126 ... ...  95 ... ... ...  79  85 ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . 313 322 ... ... 263e ... ... ... 213e 228e ...

     (e/D = 2.0) . . . . . . . . . . . 380 390 ... ... 332e ... ... ... 270e 289e ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . 255 262 ... ... 211e ... ... ... 152e 175e ...

     (e/D = 2.0) . . . . . . . . . . . 280 288 ... ... 250e ... ... ... 181e 208e ...

e, percent (S-basis):

     L . . . . . . . . . . . . . . . . . .  10 ...  10 ...  12  13 ...  14  16 ...  18

E, 103 ksi . . . . . . . . . . . . . 28.5

Ec, 103 ksi . . . . . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . . . . . 11.2

µ . . . . . . . . . . . . . . . . . . . 0.27

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.282 (H900), 0.283 (H1075), 0.284 (H1150)

C, K, and . . . . . . . . . . . See Figure 2.6.9.0

a Not covered by AMS 5643.  S values are producer’s guaranteed minimum tensile properties.
b Design allowables were based upon data from samples of material, supplied in the solution treated condition,

which were aged to demonstrate response to heat treatment by suppliers.
c S-basis.  Rounded T99 value = 157 ksi.
d S-basis.  Rounded T99 value = 136 ksi.
e Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 2.6.9.0(f).  Design Mechanical and Physical Properties of 17-4PH Stainless Steel
Investment Casting

Specification . . . . . . . . . . . . . . . AMS 5344 AMS 5343 AMS 5342

Form . . . . . . . . . . . . . . . . . . . . . . Investment Casting

Condition . . . . . . . . . . . . . . . . . .
a

H1000b H1100c

Location within casting . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . . . S S S

Mechanical Propertiesd:

Ftu, ksi . . . . . . . . . . . . . . . . . . . 180 150 130

Fty, ksi . . . . . . . . . . . . . . . . . . . 160 130 120

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . 132 . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .  98 . . .

Fbru
e, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . 254 . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . 329 . . .

Fbry
e, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . 189 . . .

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . 222 . . .

e, percent . . . . . . . . . . . . . . . . .   4   4   6

RA, percent . . . . . . . . . . . . . . .  12  12  15

E, 103 ksi . . . . . . . . . . . . . . . . . 28.5

Ec, 103 ksi . . . . . . . . . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . . . . . . . . . 12.7

µ . . . . . . . . . . . . . . . . . . . . . . . 0.27

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . 0.282 (H900)

C, K, and . . . . . . . . . . . . . . . See Figure 2.6.9.0

a Aged at 900 to 925 F for 90 minutes.
b Aged at 985 to 1015 F for 90 minutes.
c Aged at 1085 to 1115 F for 90 minutes.
d Properties apply only when drawing specifies that conformance to tensile property requirements will be

determined from specimens cut from casting or integrally cast specimens.
e Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 2.6.9.0.  Effect of temperature on the physical properties of 17-4PH
stainless steel.
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Figure 2.6.9.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of 17-4PH (H900) stainless steel bar and forging.
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Figure 2.6.9.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of 17-4PH (H900) stainless steel bar and forging.
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Figure 2.6.9.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 17-4PH (H900) stainless steel bar and forging.
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Figure 2.6.9.1.8(a).  Best-fit S/N curves for unnotched 17-4PH (H900) bar,
longitudinal direction.

Correlative Information for Figure 2.6.9.1.8(a)

Product Form: Bar, 1 inch and 1.125 inch
diameter

Properties: TUS, ksi   TYS, ksi   Temp., F
          202   195 RT          

Specimen Details: Unnotched
1.25 inch gross diameter
0.252 inch net diameter

Surface Condition: Polished

References:  2.6.9.1.8(a)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 30.6-11.2 log (Seq)
Seq = Smax (1-R)0.52

Std. Error of Estimate, Log (Life) = 0.531
Standard Deviation, Log (Life) = 0.672
R2 = 38%

Sample Size: = 42

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.9.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0, 17-4PH (H900) bar,
longitudinal direction.

Correlative Information for Figure 2.6.9.1.8(b)

Product Form:  Bar, 1 inch and 1.125 inch diameter

Properties:       TUS, ksi TYS, ksi Temp., F
          202     195              RT         

Specimen Details: Circumferential V-Groove, 
Kt = 3.0

   Gross    Net Notch
  diameter   diameter radius
   inches    inches inches
   0.430     0.300 0.016
   0.357     0.252 0.013

60  flank angle, 

Surface Condition: Polished

Reference:  2.6.9.1.8(a)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - RT
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 9.10-2.79 log (Seq - 48.4)
Seq = Smax (1-R)0.67

Std. Error of Estimate, Log (Life) = 0.235
Standard Deviation, Log (Life) = 0.897
R2 = 93%

Sample Size:  39

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.9.1.8(c).  Best-fit S/N curves for notched, Kt = 4.0, 17-4PH (H900) bar,
longitudinal direction.

Correlative Information for Figure 2.6.9.1.8(c)

Product Form:   Bar, 0.787 inch diameter,
 vacuum melted

Properties: TUS, ksi   TYS, ksi   Temp., F
         207     — RT          

Specimen Details: Circumferential
V-Groove, Kt = 4.0
0.492 inch gross diameter
0.256 inch net diameter
0.008 inch notch radius, n
60  flank angle, 

Surface Condition: Machined and aged

Reference:  2.6.9.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  1 

Equivalent Stress Equation:
Log Nf = 9.03-2.91 log (Seq - 26.1)
Seq = Smax (1-R)0.51

Std. Error of Estimate, Log (Life) = 0.345
Standard Deviation, Log (Life) = 0.812
R2 = 82%

Sample Size:  = 22

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.9.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 17-4PH (H900, H925, H1025, and H1075) stainless steel
bar.
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Figure 2.6.9.2.6(a).  Typical tensile stress-strain curves at room temperature for
various heat treated conditions of 17-4PH stainless steel bar.
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modulus curves at room temperature for various heat treated conditions of 17-4PH
stainless steel bar.
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Figure 2.6.9.3.6(a).  Typical tensile stress-strain curve for 17-4PH (H1000) stainless
steel casting at room temperature.
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Figure 2.6.9.3.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 17-4PH (H1000) stainless steel casting at room temperature.
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Figure 2.6.9.4.8.  Best-fit S/N curves for notched, Kt = 3.0, fatigue behavior of 17-
4PH (H1025) stainless steel bar, longitudinal and long transverse directions.

Correlative Information for Figure 2.6.9.4.8

Product Form:   Bar, 2 x 6 inches

Properties: TUS, ksi  TYS, ksi    Temp, F
Longitudinal     165  161     RT
Long     164  158  RT 
  Transverse
Longitudinal     280  — RT       

(notched)
Long     275  —      RT
  Transverse (notched)  

Specimen Details: Notched V-Groove, Kt = 3.0
0.375 inch gross diameter
0.250 inch net diameter
0.013 inch root radius, r
60  flank angle, 

Surface Condition: Notched:  Ground notch 

Reference:  2.6.6.2.8

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  3

Equivalent Stress Equation:
Log Nf = 21.60-9.24 log (Seq)
Seq = Smax (1-R)0.581

Std. Error of Estimate, Log (Life) = 0.413
Standard Deviation, Log (Life) = 0.724
R2 = 67%

Sample Size:  = 44

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 2.6.9.5.8.  Best-fit S/N curves for notched, Kt = 4.0, 17-4PH (H1100) bar,
longitudinal direction.

Correlative Information for Figure 2.6.9.5.8

Product Form:   Bar, 0.787 inch diameter

Properties: TUS, ksi TYS, ksi Temp, F
    151     —     RT     

Specimen Details: Circumferential V-Groove, Kt=4.0
    0.492 inch gross diameter
    0.256 inch net diameter
    0.008 inch notch radius, r
    60  flank angle, 

Surface Condition: Machined then aged

Reference:  2.6.9.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 2000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not Specified

Equivalent Stress Equation:
Log Nf = 14.6-5.56 log (Seq)
Seq = Smax (1-R)0.69

Std. Error of Estimate, Log (Life) = 0.301
Standard Deviation, Log (Life) = 0.556
R2 = 71%

Sample Size:  = 21

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 2.6.9.6.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 17-4PH (H1150) stainless steel bar.
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Table 2.6.10.0(a).  Material Specification for
17-7PH Stainless Steel

Specification Form

AMS 5528 Plate, sheet, and strip

2.6.10 17-7PH

2.6.10.0 Comments and Properties — 17-7PH is a semiaustenitic stainless steel used where high
strength and good corrosion and oxidation resistance are needed up to 600 F.  This steel is supplied in
Condition A for ease of forming.

Manufacturing Considerations — 17-7PH in Condition A is readily cold formed.  Conventional inert-gas
shielded arc and resistance techniques are generally used for welding.  Vapor blasting of scaled Condition
TH1050 parts is recommended because of the hazards of intergranular corrosion during pickling operations.

Heat Treatment — 17-7PH must be used in the heat-treated condition and should not be placed in service
in Condition A or T.  Condition A should be restored by resolution treating when this condition has been
altered during processing operations such as hot working, welding, or brazing.  The heat-treatment procedures
for this steel are compatible with the cycles used for honeycomb panel brazing.  In hardening this steel from
Condition A to Condition TH1050 a net dimensional growth of 0.0045 in./in. will occur.

The heat treatment to anneal is:

Treatment Designation
1950 ± 25 F and air cool Condition A

The transformation treatment from Condition A is as follows:

Treatment Designation
1400 ± 25 F - 90 minutes Condition T

and cool to 55 ± 5 F
for 30 minutes

The aging treatment is:

Treatment Designation
1050 ± 10 F - 90 minutes and TH1050

air cool

Environmental Considerations — The resistance of 17-7PH to stress-corrosion cracking in chloride
environs has been evaluated and found to be superior to that of the alloy steels and the hardenable chromium
steels.  Strength properties are lowered by exposure to temperatures above about 975 F for periods longer than
one-half hour.

Specifications and Properties — Material specifications for 17-7PH stainless steel is presented in Table
2.6.10.0(a).  The room-temperature properties of 17-7PH are shown in Tables 2.6.10.0(b) and (c).  The effect
of temperature on the physical properties of this alloy are presented in Figure 2.6.10.0.
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Table 2.6.10.0(b).  Design Mechanical and Physical Properties of 17-7PH Stainless Steel
Sheet and Plate

Specification . . . . . . . . . . . . . . AMS 5528

Form . . . . . . . . . . . . . . . . . . . . . Sheet Plate

Condition . . . . . . . . . . . . . . . . . TH1050

Thickness, in. . . . . . . . . . . . . . . 0.015-0.187 0.188-0.500 0.501-1.000

Basis . . . . . . . . . . . . . . . . . . . . . A B S S

Mechanical Properties:a

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . 177 183 ... ...

     LT . . . . . . . . . . . . . . . . . . . . 177 184 180 180

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . 150b 167 ... ...

     LT . . . . . . . . . . . . . . . . . . . . 150c 167 150 150

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . 160 179 160 ...

     LT . . . . . . . . . . . . . . . . . . . . 166 185 166 ...

Fsu, ksi . . . . . . . . . . . . . . . . . . 112 117 114 ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . 305 317 310 ...

     (e/D = 2.0) . . . . . . . . . . . . . . 351 365 357 ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . 228 254 228 ...

     (e/D = 2.0) . . . . . . . . . . . . . . 240 267 240 ...

e, percent (S-basis):

     LT . . . . . . . . . . . . . . . . . . . .
d

...    6    6

E, 103 ksi . . . . . . . . . . . . . . . . 29.0 

Ec, 103 ksi . . . . . . . . . . . . . . . 30.0 

G, 103 ksi . . . . . . . . . . . . . . . . 11.5 

µ . . . . . . . . . . . . . . . . . . . . . .  0.28

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . 0.276

C, K, and . . . . . . . . . . . . . . See Figure 2.6.10.0

a Design allowables were based upon data from samples of material, supplied in the solution treated condition,
which were austenite conditioned and aged to demonstrate response to heat treatment by suppliers.  Properties
obtained by the user may be different if  the material has been formed or otherwise cold worked.

b The rounded T99 value of 158 ksi was reduced to agree with transverse specification value.
c S-Basis.  The rounded T99 value equals 159 ksi.
d See Table 2.6.10.0(c).
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Figure 2.6.10.0.  Effect of temperature on the physical properties of 17-7PH stainless
steel.

2.6.10.1 TH1050 Condition — Elevated temperature curves for various mechanical properties
are presented in Figures 2.6.10.1.1, 2.6.10.1.2, and 2.6.10.1.4(a) and (b).  Tensile and compression stress-strain
curves at room temperature and at several elevated temperatures are presented in Figures 2.6.10.1.6(a) and (b).
Typical compressive tangent-modulus curves at various temperatures are presented in Figure 2.6.10.1.6(c).

Table 2.6.10.0(c).  Minimum Elongation Values for 17-7PH (TH1050) Stainless Steel
Sheet

Thickness, in. Elongation (LT), percent

0.005 to 0.010
0.011 to 0.019
0.020 to 0.187

4
5
6
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Figure 2.6.10.1.1.  Effect of temperature on the tensile ultimate strength (Ftu), tensile
yield strength (Fty), and compressive yield strength (Fcy) of 17-7PH (TH1050) stainless
steel sheet.
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Figure 2.6.10.1.2.  Effect of temperature on the ultimate shear strength (Fsu) of 17-7PH
(TH1050) stainless steel sheet.
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Figure 2.6.10.1.4(b).  Effect of temperature on Poisson’s ratio (µ) for 17-7PH (TH1050)
stainless steel sheet.

Temperature, F

0 200 400 600 800 1000 1200 1400 1600

P
e
rc

e
n
ta

g
e
 o

f
R

o
o
m

 T
e
m

p
e
ra

tu
re

 M
o
d
u
lu

s

0

20

40

60

80

100

Modulus at temperature 
Exposure up to 1/2 hr

TYPICAL

Ec

E

Figure 2.6.10.1.4(a).  Effect of temperature on the tensile and compressive moduli (E
and Ec) of 17-7PH (TH1050) stainless steel sheet.
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Figure 2.6.10.1.6(a).  Typical tensile stress-strain curves at various temperatures for
17-7PH (TH1050) stainless steel sheet.
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Figure 2.6.10.1.6(b).  Typical compressive stress-strain curves at various
temperatures for 17-7PH (TH1050) stainless steel sheet.
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Figure 2.6.10.1.6(c).  Typical compressive tangent-modulus curves at various
temperatures for 17-7PH (TH1050) stainless steel sheet.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-220

2.7 AUSTENITIC STAINLESS STEELS

2.7.0 COMMENTS ON AUSTENITIC STAINLESS STEEL

2.7.0.1 Metallurgical Considerations — The austenitic (“18-8”) stainless steels were devel-
oped as corrosion-resistant alloys.  However, they possess excellent oxidation resistance and good creep
strength at elevated temperatures, along with good cold formability and other properties in airframe and missile
applications.  They are used in sheet form for portions of the airframe having ambient temperatures too high
for aluminum alloys and, with the development of sandwich structures, are gaining additional uses.  These
steels are also used extensively at cryogenic temperatures.

The two alloying elements in the austenitic stainless steels are chromium and nickel.  Chromium adds
corrosion and oxidation resistance and high-temperature strength, and nickel gives an austenitic structure, with
its associated toughness and ductility.  The AISI 300 series stainless steels constitute a wide variety of com-
positions designed for different applications.  The basic grade, Type 302, contains 18 percent chromium and
8 percent nickel.  Varying one or both of these elements creates special characteristics.  Type 301 (17 percent
chromium and 7 percent nickel) work hardens to very high strengths.  Type 310 (25 percent chromium and
20 percent nickel) has higher elevated temperature strength and greater oxidation resistance than Type 302.
Sulfur and selenium additions promote free machining.  Low carbon and/or  columbium or titanium additions
minimize intergranular corrosion for elevated temperature applications and welded construction.  The addition
of molybdenum improves corrosion resistance in reducing environments and gives improved creep resistance
over Type 302.  The characteristics of some of the AISI 300 series stainless steels are presented in Table
2.7.0.1.

These alloys are not hardenable by heat treatment but can achieve high-strength levels through cold
working.  The strength imparted by cold working is decreased by exposure to temperatures above about 900 F.

2.7.0.2 Manufacturing Considerations —

Forging — The stainless steels have lower thermal conductivity than lower alloy steels and are
susceptible to grain growth at forging temperatures.  Hence, soaking times must be adequate to permit thorough
heating of the billet but must be controlled carefully to limit grain growth when small reductions are involved
during forging.  At forging temperatures, the stainless steels are stronger than alloy steels, and forging must
be conducted at higher temperatures and heavier forging equipment and more frequent reheating are required.
The stainless steel billets forge much better when the surface is free of defects, and machine turning of the
billets is advisable.

Cold Forming — Because of their austenitic structure at room temperature, the stainless steels have
excellent ductility for cold-forming operations when in the annealed condition.  These steels work harden
rapidly, and intermediate anneals may be required in deep drawing.

Machining — The machining of the austenitic stainless steels is not difficult if proper steps are taken
to combat the work-hardening tendencies of these steels.  The use of heavy machines, slow speeds, deep cuts,
and properly designed cutting tools with a fairly steep top rake produces the best results.  Cold-worked material
possesses somewhat better machinability than hot-finished, annealed material.  These steels also are available
in free-machining grades, containing sulfur or selenium.

Welding — The austenitic stainless steels can be welded by almost any usual technique except carbon
arc, provided adequate steps are taken to prevent oxidation or carburization of the weldment.  The stabilized
grades are preferred for welded parts that are used in the as-welded condition under corrosive conditions.  The
free-machining grades are not recommended for welding.  Filler rods should be the same composition, or
slightly higher in alloy content, as the material to be welded.  Special fluxes designed for use with stainless
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Table 2.7.0.1.  Characteristics of Some AISI 300 Series Stainless Steels

AISI Characteristics

301 High work-hardening rate; applications requiring high strength and ductility.

302 Higher carbon modification of Type 304 for higher strength on cold rolling.

303 Free machining sulfur modification of Type 302.

303Se Free machining selenium modification of Type 302.

304 General purpose austenitic grade for enhanced corrosion resistance.

304L Low-carbon modification of Type 304 for welding applications.

305 Low work-hardening rate; spin forming and severe spin drawing operations.

309 High-temperature strength and oxidation resistance.

309S Low-carbon modification of Type 309 for welded construction.

310 High-temperature strength and oxidation resistance greater than Type 309.

310S Low-carbon modification of Type 310 for welded construction.

314 Increased oxidation resistance over Type 310.

316 Mo added to improve corrosion resistance in reducing environments; improved creep resistance
over Type 302.

316L Low-carbon modification of Type 316 for welded construction.

317 Increased Mo to improve corrosion resistance over Type 316 in reducing media.

321 Titanium stabilized for service in 800 to 1600 F range and to minimize carbide precipitation
when welding for resistance to intergranular corrosion.

347 Columbium stabilized for service in 800 to 1600 F range and to minimize carbide precipitation
when welding for resistance to intergranular corrosion.

steels should be employed, except in atomic hydrogen or inert-gas-shielded arc welding.  Spot and roll seam
welding also are used to a considerable extent.

Brazing — Special techniques have been developed for silver-soldering and brazing these steels.
Solders and fluxes especially designed should be used, surfaces must be thoroughly cleaned, and close control
of temperature must be followed.

2.7.0.3 Environmental Considerations — The austenitic stainless steels have excellent
oxidation resistance at high temperatures, and their elevated-temperature service is usually limited by strength
criteria.  They also possess unusually good resistance to corrosion by most media.  Prolonged exposure of the
nonstabilized grades to temperatures between 700 and 1650 F makes them susceptible to intergranular
corrosion.
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Table 2.7.1.0(a).  Material Specifications for AISI 301
Stainless Steel

Specification Form

AMS 5517
AMS 5518
AMS 5519
AMS 5901
AMS 5902

Sheet and strip
Sheet and strip
Sheet and strip
Plate, sheet, and strip
Sheet and strip

2.7.1  AISI 301 and Related 300 Series Stainless Steels

2.7.1.0   Comments and Properties — Of the austenitic stainless steels, AISI 301 is the one
most frequently used at high-strength levels in aircraft, mainly because of its greater work-hardening
characteristics.

Type 301 is strengthened by cold working.  If cold-worked Type 301 is subjected to temperatures
above 900 F, its room-temperature strength is reduced.

Type 301 should not be used for extended periods at temperatures of 750 to 1650 F and should not
be cooled slowly from higher temperatures through this range.

Material specifications for AISI 301 stainless steel are presented in Table 2.7.1.0(a).  The room-
temperature mechanical and physical properties for AISI 301 stainless steel are presented in Tables 2.7.1.0(b)
and (c).  The physical properties of this alloy at room and elevated temperatures are presented in Figure 2.7.1.0.
Specifications for related 300 series alloys for which the properties are applicable are footnoted in Table
2.7.1.0(b).

2.7.1.1 Annealed Condition — Elevated temperature curves for tensile yield and ultimate
strengths are presented in Figures 2.7.1.1.1(a) and (b).

2.7.1.2 ¼ Hard Condition — Typical room-temperature stress-strain and tangent-modulus curves
are presented in Figures 2.7.1.2.6(a) and (b).

2.7.1.3 ½ Hard Condition — Elevated temperature curves for various mechanical properties are
presented in Figures 2.7.1.3.1 through 2.7.1.3.4.  Typical stress-strain and tangent-modulus curves are
presented in Figures 2.7.1.3.6(a) and (b).

2.7.1.4  ¾ Hard Condition — Typical room-temperature stress-strain and tangent-modulus curves
are presented in Figures 2.7.1.4.6(a) and (b).

2.7.1.5 Full-Hard Condition — The full-hard condition is a standard AISI temper and is
developed by cold rolling 40 to 50 percent.  Elevated temperature curves for various mechanical properties are
presented in Figure 2.7.1.5.1 through 2.7.1.5.4.  Tensile and compressive stress-strain as well as tangent-
modulus curves at room temperature and several elevated temperatures are presented in Figures 2.7.1.5.6(a)
through (d).
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Table 2.7.1.0(b).  Design Mechanical and Physical Properties of AISI 301and
Relateda,b,c Stainless Steels

Specification . . . . . . AMS 5901 AMS 5517 AMS 5518 AMS 5902 AMS 5519

Form . . . . . . . . . . . . Sheet and strip

Condition . . . . . . . . . Annealed ¼ Hard ½ Hard ¾ Hard Full Hard

Thickness, in. . . . . . . 0.187 ... ... ... ...

Basis . . . . . . . . . . . . . S A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent (S basis):
LT . . . . . . . . . . . .

 73
 75

 26
 30

 23
 29
 50

...
162

...
 55

 40

124
122

 69
 67

 44
 71
 66

...
262

...
123

 25

129
127

 83
 82

 54
 88
 69

...
273

...
149

...

141
142

 93
 92

 61
100
 77

...
292

...
167

d

151
152

110
105

 69
116
 82

...
310

...
189

...

157
163

118
113

 75
127
 88

...
327

...
202

d

168
173

135
133

 88
152
 93

...
342

...
234

...

174
175

137
125

 83
142
 95

...
346

...
222

d

185
186

153
142

 94
164
100

...
361

...
249

...

E, 103 ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Ec, 103 ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . .

29.0
29.0

28.0
28.0
11.2

0.27

27.0
28.0

26.0
27.0
10.6

0.27

26.0
28.0

26.0
27.0
10.5

0.27

26.0
28.0

26.0
27.0
10.5

0.27

26.0
28.0

26.0
27.0
10.5

0.27

Physical Properties:
, lb/in.3 . . . . . . . .

C, K, and  . . . . . .
0.286

See Figure 2.7.1.0

a Properties also applicable to AISI 302 for the following; AMS 5516 for annealed condition, AMS 5903 for 1/4H
condition, AMS 5904 for 1/2H condition, AMS 5905 for 3/4H condition, and AMS 5906 for full hard condition.

b Properties also applicable to AISI 304 for the following; AMS 5513 for annealed condition, AMS 5910 for 1/4H
condition, AMS 5911 for 1/2H condition, AMS 5912 for 3/4H condition, and AMS 5913 for full hard condition.

c Properties also applicable to AISI 316 for the following; AMS 5524 for annealed condition and AMS 5907 for 1/4H
condition.

d See Table 2.7.1.0(c).

Note: Yield strength, particularly in compression, and modulus of elasticity in the longitudinal direction may be raised
appreciably by thermal stress-relieving treatment in the range 500 to 800 F.
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Temperature, °F
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Figure 2.7.1.0.  Effect of temperature on the physical properties of AISI 301 stainless
steel.

Table 2.7.1.0(c).  Minimum Elongation Values for AISI 301
Stainless Steel Sheet and Strip

Condition
Thickness,

inches Elongation (LT), percent

½ hard . . . . . . . . . . .

¾ hard . . . . . . . . . . .

Full hard . . . . . . . . .

0.015 and under
0.016 and over
0.030 and under
0.031 and over
0.015 and under
0.016 and over

15
18
10
12
  8
  9
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Temperature, °F
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Figure 2.7.1.1.1(a).  Effect of temperature on the tensile yield strength (Fby) of AISI 301,
302, 304, 304L, 321, and 347 annealed stainless steel.
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Temperature, F
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Figure 2.7.1.1.1(b).  Effect of temperature on the tensile ultimate strength (Ftu) of AISI
301, 302, 304, 304L, 321, and 347 annealed stainless steel.
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Figure 2.7.1.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for AISI 301 1/4-hard stainless steel sheet.
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Figure 2.7.1.2.6(a).  Typical tensile stress-strain curves at room temperature for AISI
301 1/4-hard stainless steel sheet.
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Temperature, F

0 200 400 600 800 1000 1200 1400 1600

P
e
rc

e
n
ta

g
e
 o

f 
R

o
o
m

 T
e
m

p
e
ra

tu
re

 S
tr

e
n
g
th

0

20

40

60

80

100

Strength at temperature 
Exposure up to 1/2 hr

Fcy

Fsu

Figure 2.7.1.3.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of AISI 301 1/2-hard stainless steel sheet.
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Figure 2.7.1.3.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of AISI 301 1/2-hard stainless steel sheet.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

2-229

Temperature, F
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Figure 2.7.1.3.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of AISI 301 1/2-hard stainless steel sheet.
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Figure 2.7.1.3.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of AISI 301 1/2-hard stainless steel sheet.
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Figure 2.7.1.3.6(a).  Typical tensile stress-strain curves at room temperature for AISI
301 1/2-hard stainless steel sheet.
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Figure 2.7.1.3.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for AISI 301 1/2-hard stainless steel sheet.
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Figure 2.7.1.4.6(a).  Typical tensile stress-strain curves at room temperature for AISI
301 3/4-hard stainless steel sheet.
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Figure 2.7.1.4.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves at room temperature for AISI 301 3/4-hard stainless steel sheet.
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Figure 2.7.1.5.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of AISI 301 full-hard stainless steel sheet.
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Figure 2.7.1.5.2(b).  Effect of temperature on the ultimate shear strength (Fsu) of AISI
301 (full-hard) stainless steel sheet.
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Figure 2.7.1.5.2(a).  Effect of temperature on the compressive yield strength (Fcy) of AISI
301 (full-hard) stainless steel sheet.
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Figure 2.7.1.5.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of AISI 301 (full-hard) stainless steel sheet.
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Figure 2.7.1.5.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of AISI 301 (full-hard) stainless steel sheet.
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Figure 2.7.1.5.6(a).  Typical tensile stress-strain curves at room and elevated
temperatures for AISI 301 (full-hard) stainless steel sheet.
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Figure 2.7.1.5.6(b).  Typical tensile stress-strain curves at room and elevated
temperatures for AISI 301 (full-hard) stainless steel sheet.
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Figure 2.7.1.5.6(c).  Typical compressive stress-strain and compressive tangent-
modulus curves at room and elevated temperatures for AISI 301 (full-hard) stainless
steel sheet.
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Figure 2.7.1.5.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves at room and elevated temperatures for AISI 301 (full-hard) stainless
steel sheet.
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2.8 ELEMENT PROPERTIES

2.8.1 BEAMS

See Equation 1.3.2.3, Section 1.5.2.5, and References 1.7.1(a) and (b) for general information on stress
analysis of beams.

2.8.1.1 Simple Beams — Beams of solid, tubular, or similar cross sections, not subject to insta-
bility (buckling, crippling, column, lateral bending) can be assumed to fail through exceeding an allowable
modulus of rupture in bending, Fb, the value of which will depend upon beam cross-section geometry and beam
material stress-strain characteristics.  The modulus of rupture in bending is further discussed in Section 1.5.2.5.
See Reference 2.8.1.1.

Round Tubes — For round tubes, the value of Fb will depend on the D/t ratio, as well as the ultimate
tensile stress.  Figures 2.8.1.1(a) and (b) give the bending modulus of rupture for round alloy-steel tubing.

Unconventional Cross Sections — Sections other than solid or tubular should be tested to determine
the allowable bending stress.

2.8.1.2 Built-Up Beams — Built-up beams usually fail because of local failures of the component
parts.  In welded steel tube beams, the allowable tensile stresses should be reduced properly for the effects of
welding.

2.8.1.3 Thin-Web Beams — The allowable stresses for thin-web beams will depend on the nature
of the failure and are determined from the allowable stresses of the web in tension and of the flanges and
stiffeners in compression.

2.8.2 COLUMNS

2.8.2.1 General — The general formula for primary instability is given in Section 1.3.8.  Both
primary and local instability are discussed in Section 1.6.

2.8.2.2 Effects of Welding — The primary failure stress of a column having welded ends can be
determined from column curves or the column formula with the restriction that the column stress will not
exceed a “cut-off” stress which accounts for the effect of welding on the local failure of the column.
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Figure 2.8.1.1(a).  Bending modulus of rupture for round low-alloy steel tubing.
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Figure 2.8.1.1(b).  Bending modulus of rupture for round high-alloy steel tubing.
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Figure 2.8.3.2(a).  Torsional modulus of rupture—plain carbon steels Ftu = 55 ksi.

2.8.3 TORSION

2.8.3.1 General — The torsion failure of steel tubes may be due to material failure, or to elastic
or plastic buckling.  Pure shear failure usually will not occur within the range of wall thickness commonly used
for aircraft tubing.

2.8.3.2 Torsion Properties — The curves of Figures 2.8.3.2(a) through (j) are derived from the
method outlined in Reference 2.8.3.2 and take into account the parameter L/D; the theoretical results set forth
in Reference 2.8.3.2 have been found to be in good agreement with the experimental results.
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Figure 2.8.3.2(b).  Torsional modulus of rupture—low-alloy steels treated to Ftu = 90 ksi.
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Figure 2.8.3.2(c).  Torsional modulus of rupture—low-alloy steels heat treated to Ftu =
95 ksi.
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Figure 2.8.3.2(d).  Torsional modulus of rupture—low-alloy steels, heat treated to Ftu =
125 ksi.

Figure 2.8.3.2(e).  Torsional modulus of rupture—low-alloy steels heat treated to Ftu =
150 ksi.
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Figure 2.8.3.2(g).  Torsional modulus of rupture—alloy steels heat
treated to Ftu = 200 ksi.
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Figure 2.8.3.2(f).  Torsional modulus of rupture—alloy steels heat
treated to Ftu = 180 ksi.
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Figure 2.8.3.2(h).  Torsional modulus of rupture—alloy
steels heat treated to Ftu = 220 ksi.
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Figure 2.8.3.2(i).  Torsional modulus of rupture—alloy steels heat treated to Ftu =
240 ksi.
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Figure 2.8.3.2(j).  Torsional modulus of rupture—alloy steels heat
treated to Ftu = 260 ksi.
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Table 3.1.  Basic Designation for Wrought and Cast Aluminum Alloys 
[Reference 3.1(b)]

Alloy
Group Major Alloying Elements

Alloy
Group Major Alloying Groups

Wrought Alloys Cast Alloys

1XXX

2XXX
3XXX
4XXX
5XXX
6XXX
7XXX
8XXX
9XXX

99.00 percent minimum
  aluminum
Copper
Manganese
Silicon
Magnesium
Magnesium and Silicon
Zinc
Other Elements
Unused Series

1XX.0

2XX.0
3XX.0
4XX.0
5XX.0
6XX.0
7XX.0
8XX.0
9XX.0

99.00 percent minimum aluminum

Copper
Silicon with added copper and/or magnesium
Silicon
Magnesium
Unused Series
Zinc
Tin
Other Elements

ALUMINUM

3.1 GENERAL

This chapter contains the engineering properties and related characteristics of wrought and cast
aluminum alloys used in aircraft and missile structural applications.

General comments on engineering properties and the considerations relating to alloy selection are
presented in Section 3.1.  Mechanical and physical property data and characteristics pertinent to specific
alloy groups or individual alloys are reported in Sections 3.2 through 3.9.  Element properties are presented
in Section 3.10.

Aluminum is a lightweight, corrosion-resistant structural material that can be strengthened through
alloying and, dependent upon composition, further strengthened by heat treatment and/or cold working
[Reference 3.1(a)].  Among its advantages for specific applications are:  low density, high strength-to-
weight ratio, good corrosion resistance, ease of fabrication and diversity of form.

Wrought and cast aluminum and aluminum alloys are identified by a four-digit numerical
designation, the first digit of which indicates the alloy group as shown in Table 3.1.  For structural wrought
aluminum alloys the last two digits identify the aluminum alloy.  The second digit indicates modifications
of the original alloy or impurity limits.  For cast aluminum and aluminum alloys the second and third digits
identify the aluminum alloy or indicate the minimum aluminum percentage.  The last digit, which is to the
right of the decimal point, indicates the product form:  XXX.0 indicates castings, and XXX.1 and XXX.2
indicate ingot.

CHAPTER 3
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Table 3.1.1.  Aluminum Alloy Index

Section Alloy Designation Section Alloy Designation

3.2
3.2.1
3.2.2
3.2.3
3.2.4
3.2.5
3.2.6
3.2.7
3.2.8
3.2.9
3.2.10
3.2.11
3.2.12
3.2.13
3.3
3.4
3.5
3.5.1
3.5.2
3.5.3
3.5.4
3.5.5
3.6
3.6.1

2000 series wrought alloys
2014
2107
2024
2025
2026
2090
2124
2219
2297
2424
2519
2524
2618
3000 series wrought alloys
4000 series wrought alloys
5000 series wrought alloys
5052
5083
5086
5454
5456
6000 series wrought alloys
6013

3.6.2.
3.6.3
3.7
3.7.1
3.7.2
3.7.3
3.7.4
3.7.5
3.7.6
3.7.7
3.7.8
3.7.9
3.7.10
3.8
3.8.1
3.9
3.9.1
3.9.2
3.9.3
3.9.4
3.9.5
3.9.6
3.9.7
3.9.8

6061
6151
7000 series wrought alloys
7010
7040
7049/7149
7050
7055
7075
7150
7175
7249
7475
200.0 series cast alloys
A201.0
300.0 series cast alloys
354.0
355.0
C355.0
356.0
A356.0
A357.0
D357.0
359.0

3.1.1  ALUMINUM ALLOY INDEX — The layout of this chapter is in accordance with this four-
digit number system for both wrought and cast alloys [Reference 3.1(b)].  Table 3.1.1 is the aluminum alloy
index that illustrates both the general section layout as well as details of those specific aluminum alloys
presently contained in this chapter.  The wrought alloys are in Sections 3.2 through 3.7; whereas the cast
alloys are in Sections 3.8 and 3.9.

3.1.2  MATERIAL PROPERTIES — The properties of the aluminum alloys are determined by the
alloy content and method of fabrication.  Some alloys are strengthened principally by cold work, while
others are strengthened principally by solution heat treatment and precipitation hardening [Reference
3.1(a)].  The temper designations, shown in Table 3.1.2 (which is based on Reference 3.1.2), are indicative
of the type of strengthening mechanism employed.

Among the properties presented herein, some, such as the room-temperature, tensile, compressive,
shear and bearing properties, are either specified minimum properties or derived minimum properties
related directly to the specified minimum properties.  They may be directly useful in design.  Data on the
effect of temperature on properties are presented so that percentages may be applied directly to the room-
temperature minimum properties.  Other properties, such as the stress-strain curve, fatigue and fracture
toughness data, and modulus of elasticity values, are presented as average or typical values, which may be
used in assessing the usefulness of the material for certain applications.  Comments on the effect of
temperature on properties are given in Sections 3.1.2.1.7 and 3.1.2.1.8; comments on the corrosion resis-
tance are given in Section 3.1.2.3; and comments on the effects of manufacturing practices on these proper-
ties are given in Section 3.1.3.
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Table 3.1.2.  Temper Designation System for Aluminum Alloys

Temper Designation Systema,b

   The temper designation system is used for all forms
of wrought and cast aluminum and aluminum alloys
except ingot.  It is based on the sequences of basic
treatments used to produce the various tempers.  The
temper designation follows the alloy designation, the
two being separated by a hyphen.  Basic temper
designations consist of letters.  Subdivisions of the
basic tempers, where required, are indicated by one
or more digits following the letter.  These designate
specific sequences of basic treatments, but only
operations recognized as significantly influencing the
characteristics of the product are indicated.  Should
some other variation of the same sequence of basic
operations be applied to the same alloy, resulting in
different characteristics, then additional digits are
added to the designation.

Basic Temper Designations

F as fabricated.  Applies to the products of shaping
processes in which no special control over
thermal conditions or strain-hardening is
employed.  For wrought products, there are no
mechanical property limits.

O annealed.  Applies to wrought products which
are annealed to obtain the lowest strength temper,
and to cast products which are annealed to
improve ductility and dimensional stability.  The
O may be followed by a digit other than zero.

H strain-hardened (wrought products only).
Applies to products which have their strength
increased by strain-hardening, with or without
supplementary thermal treatments to produce
some reduction in strength.  The H is always
followed by two or more digits.

W solution heat-treated.  An unstable temper
applicable  only to alloys which spontaneously
age at room temperature after solution heat-
treatment.  This designation is specific only when
the period of natural aging is indicated:  for
example, W ½ hr.

T thermally treated to produce stable tempers
other than F, O, or H.  Applies to products
which are thermally treated, with or without
supplementary strain-hardening, to produce stable
tempers.  The T is always followed by one or
more digits.

Subdivisions of H Temper:  Strain-hardened.

   The first digit following H indicates the specific
combination of basic operations, as follows:

H1 strain-hardened only.  Applies to products
which are strain-hardened to obtain the desired
strength without supplementary thermal treat-
ment.  The number following this designation
indicates the degree of strain-hardening.

H2 strain-hardened and partially annealed.
Applies to products which are strain-hardened
more than the desired final amount and then
reduced in strength to the desired level by partial
annealing.  For alloys that age-soften at room
temperature, the H2 tempers have the same
minimum ultimate tensile strength as the
corresponding H3 tempers.  For other alloys, the
H2 tempers have the same minimum ultimate
tensile strength as the corresponding H1 tempers
and slightly higher elongation.  The number
following this designation indicates the degree of
strain-hardening remaining after the product has
been partially annealed.

H3 strain-hardened and stabilized.  Applies to
products which are strain-hardened and whose
mechanical properties are stabilized either by a
low  temperature thermal treatment or as a result
of heat introduced during fabrication.
Stabilization usually improves ductility.  This
designation is applicable only to those alloys
which, unless stabilized, gradually age-soften at
room temperature.  The number following this
designation indicates the degree of strain-
hardening remaining after the stabilization
treatment.

a From reference 3.1.2.
b Temper designations conforming to this standard for wrought aluminum and wrought aluminum alloys, and aluminum alloy

castings may be registered with the Aluminum Association provided:  (1) the temper is used or is available for use by more than
one user, (2) mechanical property limits are registered, (3) characteristics of the temper are significantly different from those of
all other tempers which have the same sequence of basic treatments and for which designations already have been assigned for
the same alloy and product, and (4) the following are also registered if characteristics other than mechanical properties are
considered significant:  (a) test methods and limits for the characteristics or (b) the specific practices used to produce the temper.
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Table 3.1.2.  Temper Designation System for Aluminum Alloys — Continued

   The digit following the designations H1, H2, and
H3 indicates the degree of strain hardening.  Numeral
8 has been assigned to indicate tempers having an
ultimate tensile strength equivalent to that achieved
by a cold reduction (temperature during reduction not
to exceed 120 F) of approximately 75 percent
following a full anneal.  Tempers between O
(annealed) and 8 are designated by numerals 1
through 7.  Material having an ultimate tensile
strength about midway between that of the O temper
and that of the 8 temper is designated by the numeral
4; about midway between the O and 4 tempers by the
numeral 2; and about midway between 4 and 8
tempers by the numeral 6.  Numeral 9 designates
tempers whose minimum ultimate tensile strength
exceeds that of the 8 temper by 2.0 ksi or more.  For
two-digit H tempers whose second digit is odd, the
standard limits for ultimate tensile strength are
exactly midway between those of the adjacent two
digit H tempers whose second digits are even.

NOTE:  For alloys which cannot be cold reduced an
amount sufficient to establish an ultimate tensile
strength applicable to the 8 temper (75 percent cold
reduction after full anneal), the 6 temper tensile
strength may be established by a cold reduction of
approximately 55 percent following a full anneal, or
the 4 temper tensile strength may be established by a
cold reduction of approximately 35 percent after a
full anneal.

   The third digitc, when used, indicates a variation of
a two-digit temper.  It is used when the degree of
control of temper or the mechanical properties or
both differ from, but are close to, that (or those)  for
the  two-digit H temper designation to which it is
added, or when some other characteristic is
significantly affected.

NOTE:  The minimum ultimate tensile strength of a
three-digit H temper must be at least as close to that
of the corresponding two-digit H temper as it is to
the adjacent two-digit H tempers.  Products of the H
temper whose mechanical properties are below H_1
will be variations of H_1.

Three-digit H Tempers

H_11 Applies to products which incur sufficient
strain hardening after the final anneal that
they fail to qualify as annealed but not so
much or so consistent an amount of strain
hardening that they qualify as H_1.

H112 Applies to products which may acquire some
temper from working at an elevated
temperature and for which there are me-
chanical property limits.

Subdivisions of T Temper:
Thermally Treated

   Numerals 1 through 10 following the T indicate
specific sequences of basic treatments, as follows.d

T1 cooled from an elevated temperature shaping
process and naturally aged to a substantially
stable condition.  Applies to products which are
not cold worked after cooling from an elevated
temperature shaping process, or in which the
effect of cold work in flattening or straightening
may not be recognized in mechanical property
limits.

T2 cooled from an elevated temperature shaping
process, cold worked and naturally aged to a
substantially stable condition.  Applies to
products which are cold worked to improve
strength after cooling from an elevated temper-
ature shaping process, or in which the effect of
cold work in flattening or straightening is
recognized in mechanical property limits.

T3 solution heat-treatede, cold worked, and natu-
rally aged to a substantially stable condition.
Applies to products which are cold worked to
improve strength after solution heat-treatment, or
in which the effect of cold work in flattening or
straightening is recognized in mechanical
property limits.

c Numerals 1 through 9 may be arbitrarily assigned as the third digit and registered with The Aluminum Association for an alloy
and product to indicate a variation of a two-digit H temper (see footnote b).

d A period of natural aging at room temperature may occur between or after the operations listed for the T tempers.  Control of this
period is exercised when it is metallurgically important.

e Solution heat treatment is achieved by heating cast or wrought products to a suitable temperature, holding at that temperature
long enough to allow constituents to enter into solid solution and cooling rapidly enough to hold the constituents in solution.
Some 6000 series alloys attain the same specified mechanical properties whether furnace solution heat-treated or cooled from an
elevated temperature shaping process at a rate rapid enough to hold constituents in solution.  In such cases the temper
designations T3, T4, T6, T7, T8, and T9 are used to apply to either process and are appropriate designations.
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Table 3.1.2.  Temper Designation System for Aluminum Alloys — Continued

T4 solution heat-treatede and naturally aged to a
substantially stable condition.  Applies to
products which are not cold worked after solu-
tion heat-treatment, or in which the effect of cold
work in flattening or straightening may not be
recognized in mechanical property limits.

T5 cooled from an elevated temperature shaping
process and artificially aged.  Applies to
products which are not cold worked after cooling
from an elevated temperature shaping process, or
in which the effect of cold work in flattening or
straightening may not be recognized in
mechanical property limits.

T6 solution heat-treatede and artificially aged.
Applies to products which are not cold worked
after solution heat-treatment or in which the
effect of cold work in flattening or straightening
may not be recognized in mechanical property
limits.

T7 solution heat-treatede and overaged/stabilized.
Applies to wrought products that are artificially
aged after solution heat-treatment to carry them
beyond a point of maximum strength to provide
control of some significant characteristic.
Applies to cast products that are artificially aged
after solution heat-treatment to provide
dimensional and strength stability.

T8 solution heat-treatede, cold worked, and
artificially aged.  Applies to products which are
cold worked to improve strength, or in which the
effect of cold work in flattening or straightening
is recognized in mechanical property limits.

T9 solution heat-treatede, artificially aged, and
cold worked.  Applies to products which are
cold worked to improve strength.

T10 cooled from an elevated temperature shaping
process, cold worked, and artificially aged.
Applies to products which are cold worked to
improve strength, or in which the effect of cold
work in flattening or straightening is recognized
in mechanical property limits.

   Additional digitsf, the first of which will not be
zero, may be added to designations T1 through T10
to indicate a variation in treatment which signifi-
cantly alters the product characteristicsg that are or
would be obtained using the basic treatment.

   The following specific additional digits have been
assigned for stress-relieved tempers of wrought
products:

Stress Relieved by Stretching

T_51 Applies to plate and rolled or cold-finished
rod and bar when stretched the indicated
amounts after solution heat-treatment or
after cooling from an elevated temperature
shaping process.  The products receive no
further straightening after stretching.

Plate .... 1½ to 3% permanent set.
Rolled or Cold-Finished
Rod and Bar .... 1 to 3% permanent set.
Die or Ring Forgings
and Rolled Rings .... 1 to 5% permanent set.

T_510 Applies to extruded rod, bar, shapes and tube
and to drawn tube when stretched the
indicated amounts after solution heat-
treatment or after cooling from an elevated
temperature shaping process.  These prod-
ucts receive no further straightening after
stretching.

Extruded Rod, Bar, Shapes
and Tube .... 1 to 3% permanent set.
Drawn Tube .... ½ to 3% permanent set.

e Solution heat treatment is achieved by heating cast or wrought products to a suitable temperature, holding at that temperature
long enough to allow constituents to enter into solid solution and cooling rapidly enough to hold the constituents in solution.
Some 6000 series alloys attain the same specified mechanical properties whether furnace solution heat-treated or cooled from an
elevated temperature shaping process at a rate rapid enough to hold constituents in solution.  In such cases the temper
designations T3, T4, T6, T7, T8, and T9 are used to apply to either process and are appropriate designations.

f Additional digits may be arbitrarily assigned and registered with the Aluminum Association for an alloy and product to indicate a
variation of tempers T1 through T10 even though the temper representing the basic treatment has not been registered (see
footnote b).  Variations in treatment which do not alter the characteristics of the product are considered alternate treatments for
which additional digits are not assigned.

g For this purpose, characteristic is something other than mechanical properties.  The test method and limit used to evaluate
material for this characteristic are specified at the time of the temper registration.
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Table 3.1.2.  Temper Designation System for Aluminum Alloys — Continued

T_511
Applies to extruded rod, bar, shapes and tube
and to drawn tube when stretched the indicated
amounts after solution heat-treatment or after
cooling from an elevated temperature shaping
process.  These products may receive minor
straightening after stretching to comply with
standard tolerances.

Stress Relieved by Compressing

T_52
Applies to products which are stress-relieved by
compressing after solution heat-treatment or
cooling from an elevated temperature shaping
process to produce a set of 1 to 3 percent.

Stress Relieved by Combined
Stretching and Compressing

T_54
Applies to die forgings which are stress relieved
by restriking cold in the finish die.

NOTE:  The same digits (51, 52, 54) may be added
to the designation W to indicate unstable solution
heat-treated and stress-relieved treatment.
   The following temper designations have been
assigned for wrought product test material heat-
treated from annealed (O, O1, etc.) or F temper.h

T42 Solution heat-treated from annealed or F
temper and naturally aged to a substantially
stable condition.

T62 Solution heat-treated from annealed or F
temper and artificially aged.

   Temper designations T42 and T62 may also be ap-
plied to wrought products heat-treated from any
temper by the user when such heat-treatment results
in the mechanical properties applicable to these
tempers.

Variations of O Temper:  Annealed

   A digit following the O, when used, indicates a
product in the annealed condition have special char-
acteristics.  NOTE:  As the O temper is not part of
the strain-hardened (H) series, variations of O temper
will not apply to products which are strain-hardened
after annealing and in which the effect of strain-
hardening is recognized in the mechanical properties
or other characteristics.

Assigned O Temper Variations

  The following temper designation has been
assigned for wrought products high temperature an-
nealed to accentuate ultrasonic response and provide
dimensional stability.

O1 Thermally treated at approximately same
time and temperature required for solution
heat treatment and slow cooled to room tem-
perature.  Applicable to products which are to
be machined prior to solution heat treatment
by the user.  Mechanical Property limits are
not applicable.

Designation of Unregistered Tempers

   The letter P has been assigned to denote H, T and
O temper variations that are negotiated between
manufacturer and purchaser.  The letter P
immediately    follows   the temper  designation that
most nearly pertains.  Specific examples where such
designation may be applied include the following:

   The use of the temper is sufficiently limited so as
to preclude its registration.  (Negotiated H temper
variations were formerly indicated by the third digit
zero.)

   The test conditions (sampling location, number of
samples, test specimen configuration, etc.) are
different from those required for registration with the
Aluminum Association.

   The mechanical property limits are not established
on the same basis as required for registration with the
Aluminum Association.

h When the user requires capability demonstrations from T-temper, the seller will note “capability compliance” adjacent to the
specified ending tempers.  Some examples are:  “-T4 to -T6 Capability Compliance as for aging” or “-T351 to -T4 Capability
Compliance as for resolution heat treating.”
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It should be recognized not all combinations of stress and environment have been investigated, and
it may be necessary to evaluate an alloy under the specific conditions involved for certain critical
applications.

3.1.2.1 Mechanical Properties —

3.1.2.1.1 Strength (Tension, Compression, Shear, Bearing) — The design strength properties
at room temperature are listed at the beginning of the section covering the properties of an alloy.  The effect
of temperature on these properties is indicated in figures which follow the tables.

The A- and B-basis values for tensile properties for the direction associated with the specification
requirements are based upon a statistical analysis of production quality control data obtained from spe-
cimens tested in accordance with procurement specification requirements.  For sheet and plate of heat-
treatable alloys, the specified minimum values are for the long-transverse (LT) direction, while for sheet
and plate of nonheat treatable alloys and for rolled, drawn, or extruded products, the specified minimum
values are for the longitudinal (L) direction.  For forgings, the specified minimum values are stated for at
least two directions.  The design tensile properties in other directions and the compression, shear, and
bearing properties are “derived” properties, based upon the relationships among the properties developed by
tests of at least ten lots of material and applied to the appropriate established A, B, or S properties.  All of
these properties are representative of the regions from which production quality control specimens are
taken, but may not be representative of the entire cross section of products appreciably thicker than the test
specimen or products of complex cross sections.

Tensile and compressive strengths are given for the longitudinal, long-transverse, and short-
transverse directions wherever data are available.  Short-transverse strengths may be relatively low, and
transverse properties should not be assumed to apply to the short-transverse direction unless so stated.  In
those instances where the direction in which the material will be used is not known, the lesser of the
applicable longitudinal or transverse properties should be used.

Bearing strengths are given without reference to direction and may be assumed to be about the same
in all directions, with the exception of plate, die forging, and hand forging.  A reduction factor is used for
edgewise bearing load in thick bare and clad plate of 2000 and 7000 series alloys.  The results of bearing
tests on longitudinal and long-transverse specimens taken edgewise from plate, die forging, and hand
forging have shown that the edgewise bearing strengths are substantially lower than those of specimens
taken parallel to the surface.  The bearing specimen orientations in thick plate are shown in Figure
3.1.2.1.1(a). For plate, bearing specimens are oriented so that the width of the specimen is parallel to the
surfaces of the plate (flatwise); consequently, in cases where the stress condition approximates that of the
longitudinal or long-transverse edgewise orientations, the reductions in design values shown in Table
3.1.2.1.1 should be made.

It should be noted that in recent years, bearing data have been presented from tests made in accord-
ance with ASTM E 238 which requires clean pins and specimens.  See Reference 3.1.2.1.1 for additional
information.  Designers should consider a reduction factor in applying these values to structural analyses.

For die and hand forgings, bearing specimens are taken edgewise so that no reduction factor is
necessary.  In the case of die forgings, the location of bearing specimens is shown in Figures 3.1.2.1.1(b)
and (c).  For die forgings with cross-sectional shapes in the form of an I-beam or a channel, longitudinal
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Figure 3.1.2.1.1(a).  Bearing specimen
orientation in thick plate.

Table 3.1.2.1.1.  Bearing Property
Reductions for Thick Plate of 2000 and
7000 Series Alloys

Thickness (in.) ...

Bearing Property Reduction,
percent

1.001-6.000

Fbru (e/D = 1.5)
Fbru (e/D = 2.0)
Fbry (e/D = 1.5)
Fbry (e.D = 2.0)

15
10
 5
 5

Figure 3.1.2.1.1(b).  Bearing specimen
orientation for web-flange type die
forging.

Figure 3.1.2.1.1(c).  Bearing specimen
orientation for thick cross-section die
forging.

bearing specimens are oriented so the width of the specimens is normal to the parting plane (edgewise). 
The specimens are positioned so the bearing test holes are midway between the parting plane and the top of
the flange.  The severity of metal flow at the parting plane near the flash can be expected to vary con-
siderably for web-flange type die forgings; therefore, for consistency, the bearing test hole should not be
located on the parting plane.  However, in the case of large, bulky-type die forgings, with a cross-sectional
shape similar to a square, rectangle, or trapezoid, as shown in Figure 3.1.2.1.1(c), longitudinal bearing
specimens are oriented edgewise to the parting plane, but the specimens are positioned so the bearing test
holes are located on the parting plane.  Similarly, for hand forgings, bearing specimens are oriented
edgewise and the specimens are positioned at the ½ thickness location.
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 Shear strengths also vary to some extent with plane of shear and direction of loading but the differ-
ences are not so consistent [Reference 3.1.2.1.1(c)]. The standard test method for the determination of shear
strength of aluminum alloy products, 3/16 inch and greater in thickness, is contained in ASTM B 769.

Shear strength values are presented without reference to grain direction, except for hand forgings.
For products other than hand forgings, the lowest shear strength exhibited by tests in the various grain
directions is the design value.  For hand forgings, the shear strength in short-transverse direction may be
significantly lower than for the other two grain directions.  Consequently, the shear strength for hand
forgings is presented for each grain direction.

For clad sheet and plate (i.e., containing thin surface layers of material of a different composition
for added corrosion protection), the strength values are representative of the composite (i.e., the cladding
and the core).  For sheet and thin plate ( 0.499 inch), the quality-control test specimens are of the full
thickness, so that the guaranteed tensile properties and the associated derived values for these products
directly represent the composite.  For plate 0.500 inch in thickness, the quality-control test specimens are
machined from the core so the guaranteed tensile properties in specifications reflect the core material only,
not the composite.  Therefore, the design tensile properties for the thicker material are obtained by
adjustment of the specification tensile properties and the other related properties to represent the composite,
using the nominal total cladding thickness and the typical tensile properties of the cladding material.

For clad aluminum sheet and plate products, it is also important to distinguish between primary and
secondary modulus values.  The initial, or primary, modulus represents an average of the elastic moduli of
the core and cladding; it applies only up to the proportional limit of the cladding.  For example, the primary
modulus of 2024-T3 clad sheet applies only up to about 6 ksi.  Similarly, the primary modulus of 7075-T6
clad sheet applies only up to approximately 12 ksi.  A typical use of primary moduli is for low amplitude,
high frequency fatigue.

3.1.2.1.2 Elongation — Elongation values are included in the tables of room-temperature
mechanical properties.  In some cases where the elongation is a function of material thickness, a
supplemental table is provided.  Short-transverse elongations may be relatively low, and long-transverse
values should not be assumed to apply to the short-transverse direction.

3.1.2.1.3 Stress-Strain Relationship — The stress-strain relationships presented, which include
elastic and compressive tangent moduli, are typical curves based on three or more lots of test data.  Being
typical, these curves will not correspond to yield strength data presented as design allowables (minimum
values).  However, the stress-strain relationships are no less useful, since there are well-known methods for
using these curves in design by reducing them to a minimum curve scaled down from the typical curve or
by using Ramberg-Osgood parameters obtained from the typical curves.

3.1.2.1.4  Creep and Stress Rupture — Sustained stressing at elevated temperature sufficient to
result in appreciable amounts of creep deformation (e.g., more than 0.2 percent) may result in decreased
strength and ductility.  It may be necessary to evaluate an alloy under its stress-temperature environment for
critical applications where sustained loading is anticipated (see Reference 3.1.2.1.4).

3.1.2.1.5 Fatigue — Fatigue S/N curves are presented for those alloys for which sufficient data
are available.  Data for both smooth and notched specimens are presented.  The data from which the curves
were developed were insufficient to establish scatter bands and do not have the statistical reliability of the
room-temperature mechanical properties; the values should be considered to be representative for the
respective alloys.

The fatigue strengths of aluminum alloys, with both notched and unnotched specimens, are at least
as high or higher at subzero temperatures than at room temperature [References 3.1.2.1.5(a) through (c)].
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At elevated temperatures, the fatigue strengths are somewhat lower than at room temperature, the difference
increasing with increase in temperature.

The data presented do not apply directly to the design of structures because they do not take into
account the effect of stress raisers such as reentrant corners, notches, holes, joints, rough surfaces, and other
similar conditions which are present in fabricated parts.  The localized high stresses induced in fabricated
parts by such stress raisers are of much greater importance for repeated loading than they are for static
loading and may reduce the fatigue life of fabricated parts far below that which would be predicted by
comparing the smooth-specimen fatigue strength directly with the nominal calculated stresses for the parts
in question.  See References 3.1.2.1.5 (d) through (q) for information on how to use high-strength alumi-
num alloys, Reference 3.1.2.1.5(r) for details on the static and fatigue strengths of high-strength aluminum-
alloy bolted joints, Reference 3.1.2.1.5(s) for single-rivet fatigue-test data, and Reference 1.4.9.3(b) for a
general discussion of designing for fatigue.  Fatigue-crack-growth data are presented in the various alloy
sections.

3.1.2.1.6 Fracture Toughness — Typical values of plane-strain fracture toughness, KIc, [Refer-
ence 3.1.2.1.6(a)] for the high-strength aluminum alloy products are presented in Table 3.1.2.1.6.  Mini-
mum, average, and maximum values as well as coefficient of variation are presented for the alloys and
tempers for which valid data are available [References 3.1.2.1.6(b) through (j)].  Although representative,
these values do not have the statistical reliability of the room-temperature mechanical properties.

Graphic displays of the residual strength behavior of middle tension panels are presented in the
various alloy sections.  The points denote the experimental data from which the curve of fracture toughness
was derived.

3.1.2.1.7 Cryogenic Temperatures — In general, the strengths (including fatigue strengths) of
aluminum alloys increase with decrease in temperature below room temperature [References 3.1.2.1.7(a)
and (b)].  The increase is greatest over the range from about -100 to -423 F (liquid hydrogen temperature);
the strengths at -452 F (liquid helium temperature) are nearly the same as at -423 F [References
3.1.2.1.7(c) and (d)].  For most alloys, elongation and various indices of toughness remain nearly constant
or increase with decrease in temperature, while for the 7000 series, modest reductions are observed [Refer-
ences 3.1.2.1.7(d)  and (e)].  None of the alloys exhibit a marked transition in fracture resistance over a nar-
row range of temperature indicative of embrittlement.

The tensile and shear moduli of aluminum alloys also increase with decreasing temperature so that
at -100, -320, and -423 F, they are approximately 5, 12, and 16 percent, respectively, above the room
temperature values [Reference 3.1.2.1.7(f)].

3.1.2.1.8 Elevated Temperatures — In general, the strengths of aluminum alloys decrease and
toughness increases with increase in temperature and with time at temperature above room temperature; the
effect is generally greatest over the temperature range from 212 to 400 F.  Exceptions to the general trends
are tempers developed by solution heat treatment without subsequent aging, for which the initial elevated
temperature exposure results in some age hardening and reduction in toughness; further time at temperature
beyond that required to achieve peak hardness results in the aforementioned decrease in strength and
increase in toughness [Reference 3.1.2.1.8].
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Table 3.1.2.1.6.  Values of Room-Temperature Plane-Strain Fracture Toughness of Aluminum Alloysa

Alloy/Temperb
Product
Form

Orien-
tationc

Product
Thickness

Range,
inches

Number
of

Sources
Sample

Size

Specimen
Thickness

Range,
inches

KIC, ksi in.

Max. Avg. Min.
Coefficient
of Variation

Minimum
Specification

Value

2014-T651 Plate L-T 0.5 1 24 0.5-1.0 25 22 19 8.4

2014-T651 Plate T-L 0.5 2 34 0.5-1.0 23 21 18 6.5

2014-T652 Hand Forging L-T 0.5 2 15 0.8-2.0 48 31 24 21.8

2014-T652 Hand Forging T-L 0.8 2 15 0.8-2.0 30 21 18 14.4

2024-T351 Plate L-T 1.0 2 11 0.8-2.0 43 31 27 16.5

2024-T851 Plate L-S 1.4-3.0 4 11 0.5-0.8 32 25 20 17.8

2024-T851 Plate L-T 0.5 11 102 0.4-1.4 32 23 15 10.1

2024-T851 Plate T-L 0.4-4.0 9 80 0.4-1.4 25 20 18 8.8

2024-T852 Forging T-L 2.0-7.0 3 20 0.7-2.0 25 19 15 15.5

2024-T852 Hand Forging L-T ---- 4 35 0.8-2.0 38 28 19 18.4

2024-T852 Hand Forging T-L ---- 2 17 0.7-2.0 22 18 14 14.4

2124-T851 Plate L-T 0.8 13 497 0.5-2.5 38 29 18 10.4 24

2124-T851 Plate T-L 0.6-6.0 10 509 0.5-2.0 32 25 19 9.7 20

2124-T851 Plate S-L 0.5 6 489 0.3-1.5 27 21 16 9.8 18

2219-T851 Plate L-T ---- 4 67 1.0-2.5 38 33 30 7.2

2219-T851 Plate T-L 1.0 6 108 0.8-2.5 37 29 20 10.1

2219-T851 Plate S-L 0.8 3 24 0.5-1.5 26 22 20 9.6

2219-T851 Forging S-L ---- 1 85 1.0-1.5 34 25 19 12.1

2219-T8511 Extrusion T-L ---- 1 19 1.8-2.0 34 29 23 12.3

2219-T852 Forging S-L ---- 2 60 0.8-2.0 35 25 20 12.1

2219-T852 Hand Forging L-T ---- 2 32 1.5-2.5 46 38 30 9.7

2219-T852 Hand Forging T-L 1.5 2 28 1.5-2.5 30 27 22 8.4

2219-T87 Plate L-T 1.5 3 11 0.8-2.0 34 27 25 9.3

2219-T87 Plate T-L ---- 1 11 1.0 22 22 19 3.9 31

2297-T87 Plate L-T 3-4 1 16 1.5 50 40 33 11.3 31

2297-T87 Plate T-L 3-4 1 18 1.5 41 32 28 9.4 27

2297-T87 Plate S-L 3-4 1 17 1.0 32 25 20 11.0 20

2297-T87 Plate L-T 4-5 1 51 1.5 46 38 32 8.0 30

2297-T87 Plate T-L 4-5 1 51 1.5 37 30 26 7.1 26

2297-T87 Plate S-L 4-5 1 52 1.0 30 24 19 8.7 18

2297-T87 Plate L-T 5-6 1 17 1.5 42 36 31 7.7 29

2297-T87 Plate T-L 5-6 1 17 1.5 30 27 25 6.2 25

2297-T87 Plate S-L 5-6 1 14 1.0 27 23 19 8.7 18

a These values are for information only.
b Products that do not receive a mechanical stress-relieving process (e.g. -T73 & -T74 tempers) have the potential for induced residual stresses.  As a

result, care must be taken to prevent fracture toughness properties from bias resulting from residual stresses.
c Refer to Figure 1.4.12.3 for definition of symbols.
d Varies with thickness.
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Table 3.1.2.1.6.  Values of Room-Temperature Plane-Strain Fracture Toughness of Aluminum Alloysa—Continued

Alloy/Temperb
Product
Form

Orien-
tationc

Product
Thickness

Range,
inches

Number
of

Sources
Sample

Size

Specimen
Thickness

Range,
inches

KIC, ksi in.

Max. Avg. Min.
Coefficient
of Variation

Minimum
Specification

Value

7040-T7451 Plate L-T 3-4 1 16 2 39 37 34 5.2 26

7040-T7451 Plate T-L 3-4 1 16 2 31 30 28 2.8 24

7040-T7451 Plate S-L 3-4 1 14 2 33 31 29 4.2 30

7040-T7451 Plate L-T 4-5 1 17 2 34 32 31 2.0 25

7040-T7451 Plate T-L 4-5 1 17 2 27 26 26 1.5 24

7040-T7451 Plate S-L 4-5 1 17 2 28 26 26 2.2 29

7040-T7451 Plate L-T 5-6 1 17 2 34 32 30 2.7 23

7040-T7451 Plate T-L 5-6 1 14 2 28 25 25 3.5 24

7040-T7451 Plate S-L 5-6 1 16 2 28 27 26 2.7 27

7040-T7451 Plate L-T 6-7 1 21 2 37 34 30 5.9 22

7040-T7451 Plate T-L 6-7 1 21 2 29 27 25 2.8 23

7040-T7451 Plate S-L 6-7 1 21 2 30 29 27 4.0 26

7040-T7451 Plate L-T 7-8 1 18 2 33 32 30 3.2 22

7040-T7451 Plate T-L 7-8 1 16 2 29 28 26 2.7 23

7040-T7451 Plate S-L 7-8 1 13 2 31 29 26 4.6 26

7040-T7451 Plate L-T 8-8.5 1 17 2 34 31 28 4.6 22

7040-T7451 Plate T-L 8-8.5 1 13 2 26 24 23 5.0 22

7040-T7451 Plate S-L 8-8.5 1 17 2 27 26 25 2.1

7049-T73 Die Forging L-T 1.4 3 21 0.5-1.0 34 30 27 7.4

7049-T73 Die Forging S-L 0.5 3 46 0.5-1.0 26 22 18 9.7

7049-T73 Hand Forging L-T 0.5 2 28 0.5-1.0 37 30 23 12.1

7049-T73 Hand Forging T-L 2.0-7.1 2 27 1.0 28 22 18 12.5

7049-T73 Hand Forging S-L 1.0 2 24 0.8-1.0 22 19 14 14.2

7050-T7351 Plate L-T 1.0-6.0 2 31 1.0-2.0 43 35 28 11.3

7050-T7351 Plate T-L 2.0-6.0 1 29 1.5-2.0 35 30 25 8.5

7050-T7351 Plate S-L 2.0-6.0 1 30 0.8-1.5 30 28 25 4.6

7050-T74 Die Forging S-L 0.6-7.1 3 12 0.6-2.0 27 24 21 8.8 d

7050-T7451 Plate L-T ---- 13 96 1.0-2.0 39 32 25 11.7 d

7050-T7451 Plate T-L 1.0 9 97 0.5-2.0 38 28 21 15.6 d

7050-T7451 Plate S-L 1.0 6 44 0.7-2.0 28 23 21 6.3 d

a These values are for information only.

b Products that do not receive a mechanical stress-relieving process (e.g. -T73 & -T74 tempers) have the potential for induced residual stresses.  As a result,
care must be taken to prevent fracture toughness properties from bias resulting from residual stresses.

c Refer to Figure 1.4.12.3 for definition of symbols.
d Varies with thickness.
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Table 3.1.2.1.6.  Values of Room-Temperature Plane-Strain Fracture Toughness of Aluminum Alloysa—Continued

Alloy/Temperb
Product
Form

Orien-
tationc

Product
Thickness

Range,
inches

Number
of

Sources
Sample

Size

Specimen
Thickness

Range,
inches

KIC, ksi in.

Max. Avg. Min.
Coefficient
of Variation

Minimum
Specification

Value

7050-T7452 Hand Forging L-T 3.5-5.5 1 11 1.5 34 31 26 8.0 d

7050-T7452 Hand Forging T-L 3.5-7.5 1 13 1.5 22 21 18 6.7 d

7050-T7452 Hand Forging S-L 3.5-7.5 1 17 0.8-1.5 21 19 16 7.5

7050-T76511 Extrusion L-T ---- 2 38 0.6-2.0 40 31 27 7.8

7075-T651 Plate L-T 0.6 7 99 0.5-2.0 30 26 20 7.6

7075-T651 Plate T-L 0.5 5 135 0.4-2.0 27 22 18 8.9

7075-T651 Plate S-L ---- 2 37 0.5-1.5 22 18 14 10.4

7075-T6510 Extrusion L-T 0.7-3.5 1 26 0.5-1.2 32 27 23 7.8

7075-T6510 Extrusion T-L 0.7-3.5 1 25 0.5-1.2 28 24 21 8.0

7075-T6510 Forged Bar L-T 0.7-5.0 1 13 0.6-2.0 35 29 24 11.6

7075-T6510 Forged Bar T-L 0.7-5.0 1 13 0.5-2.5 24 21 17 8.2

7075-T73 Die Forging T-L 0.5 1 22 0.5-0.8 25 21 18 9.9

7075-T73 Hand Forging L-T ---- 2 10 1.0-1.5 39 31 29 8.8

7075-T73 Hand Forging T-L 1.0 2 14 1.0-1.5 27 23 20 9.0

7075-T7351 Plate L-T 1.0 8 65 0.5-2.0 36 30 25 8.2

7075-T7351 Plate T-L 0.5 6 56 0.5-2.0 47 27 21 20.1

7075-T7351 Plate S-L 0.5 3 20 0.5-1.5 38 22 17 32.5

7075-T73511 Extrusion T-L 1.0-7.0 1 19 0.9-1.0 22 20 19 3.7

7075-T73511 Extrusion L-T 0.9 3 28 0.7-2.0 43 35 31 9.4

7075-T73511 Extrusion T-L 0.7 3 35 0.5-1.8 35 23 12 20.3

7075-T73511 Extrusion S-L 0.5 3 15 0.4-1.0 22 20 17 9.0

7075-T7352 Hand Forging L-T ---- 2 27 0.8-2.0 39 33 30 9.2

7075-T7352 Hand Forging T-L 0.8 3 20 0.8-2.0 33 26 23 9.9

7075-T7651 Plate L-T 0.8 6 82 0.5-2.0 43 29 22 17.8

7075-T7651 Plate T-L 0.5 7 96 0.5-2.0 28 23 20 7.6

7075-T7651 Plate S-L 0.5 5 28 0.4-0.8 20 18 15 7.7

7075-T7651 Clad Plate L-T 0.5-0.6 2 30 0.5-0.6 30 25 22 7.1

7075-T7651 Clad Plate T-L 0.5-0.6 2 56 0.5-0.6 28 24 21 7.7

a These values are for information only.

b Products that do not receive a mechanical stress-relieving process (e.g. -T73 & -T74 tempers) have the potential for induced residual stresses.  As a result, 
care must be taken to prevent fracture toughness properties from bias resulting from residual stresses.

c Refer to Figure 1.4.12.3 for definition of symbols.
d Varies with thickness.
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Table 3.1.2.1.6.  Values of Room-Temperature Plane-Strain Fracture Toughness of Aluminum Alloysa—Concluded

Alloy/Temperb
Product
Form

Orien-
tationc

Product
Thickness

Range,
inches

Number
of

Sources
Sample

Size

Specimen
Thickness

Range,
inches

KIC, ksi in.

Max. Avg. Min.
Coefficient
of Variation

Minimum
Specification

Value

7075-T76511 Extrusion L-T 1.3-7.0 4 11 1.2-2.0 41 35 31 11.0

7075-T76511 Extrusion T-L 1.2 3 42 0.6-2.0 36 23 20 15.5

7150-T77511 Extrusion L-T 0.76 1 52 0.5 36 31 26 7.7 24

7150-T77511 Extrusion T-L 0.76 1 52 0.5 27 24 21 5.1 20

7175-T6/T6511 Extrusion T-L ---- 2 25 0.8-1.0 24 21 18 7.9

7175-T651 Plate L-T ---- 1 17 0.7-0.8 30 26 24 9.2

7175-T651 Plate T-L ---- 1 10 0.7-0.8 26 22 20 9.8

7175-T6511 Extrusion L-T ---- 2 14 0.8-1.0 36 32 24 13.8

7175-T7351 Plate L-T ---- 2 30 0.7-1.6 36 33 32 3.3

7175-T7351 Plate T-L ---- 2 32 0.7-1.6 30 27 25 4.5

7175-T73511 Extrusion L-T 0.7 5 43 0.5-1.5 47 33 23 16.0 30

7175-T73511 Extrusion T-L 0.5 5 43 0.5-1.5 35 25 20 10.9 22

7175-T74 Die Forging L-T 0.5 3 14 0.5-1.0 38 30 22 15.0 27

7175-T74 Die Forging T-L 0.5 2 13 0.5-1.0 33 24 21 15.7 21

7175-T74 Die Forging S-L 0.5 4 41 0.5-0.8 31 26 20 8.6 21

7175-T74 Hand Forging T-L 3.0-5.0 2 10 1.0-1.5 29 26 24 4.8 25

7175-T7651 Clad Plate L-T ---- 1 53 1.5 33 32 30 4.3

7175-T7651 Clad Plate T-L ---- 1 50 0.6 28 27 25 3.1

7175-T7651 Plate L-T ---- 1 12 1.5 32 32 31 1.7

7175-T7651 Plate T-L ---- 1 11 1.5 26 25 24 3.3

7175-T76511 Extrusion L-T 1.4-3.8 2 48 0.6-2.0 39 33 27 10.7

7175-T76511 Extrusion T-L 0.6 4 49 0.6-1.8 31 22 20 9.8

7475-T651 Plate L-T ---- 3 34 0.9-2.0 49 38 33 9.2 30

7475-T651 Plate T-L 0.6-2.0 2 143 0.6-2.0 43 34 27 9.8 28

7475-T651 Plate S-L 0.6 1 23 0.5-1.0 36 28 20 14.9

7475-T7351 Plate L-T 1.3-4.0 8 151 1.3-3.0 60 47 34 10.4 d

7475-T7351 Plate T-L 1.3 7 132 0.7-3.0 50 37 29 10.4 d

7475-T7351 Plate S-L 0.7 7 74 0.5-1.5 36 30 25 8.7 25

7475-T7651 Plate L-T 1.0-2.0 4 10 1.0-2.0 46 41 36 6.2 33

7475-T7651 Plate T-L 1.0 2 15 0.9-2.0 50 36 29 14.5 30

   a These values are for information only.

   b Products that do not receive a mechanical stress-relieving process (e.g. -T73 & -T74 tempers) have the potential for induced residual stresses.  As a result,
care must be taken to prevent fracture toughness properties from bias resulting from residual stresses.

   c Refer to Figure 1.4.12.3 for definition of symbols.
   d Varies with thickness.
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3.1.2.2 Physical Properties — Where available from the literature, the average values of certain
physical properties are included in the room-temperature tables for each alloy.  These properties include
density, , in lb/in.3; the specific heat, C, in Btu/(lb)( F); the thermal conductivity, K, in
Btu/[(hr)(ft2)( F)/ft]; and the mean coefficient of thermal expansion, , in in./in./ F. Where more extensive
data are available to show the effect of temperature on these physical properties, graphs of physical property
as a function of temperature are presented for the applicable alloys.

3.1.2.3 Corrosion Resistance —

3.1.2.3.1 Resistance to Stress-Corrosion Cracking [see References 3.1.2.3.1(a) through
(d)] — In-service stress-corrosion cracking failures can be caused by stresses produced from a wide variety
of sources, including solution heat treatment, straightening, forming, fit-up, clamping, and sustained service
loads.  These stresses may be tensile or compressive, and the stresses due to Poisson effects should not be
ignored because SCC failures can be caused by sustained shear stresses.  Pin-hole flaws in some corrosion
protection coatings may also be sufficient to allow SCC to occur.  The high-strength heat treatable wrought
aluminum alloys in certain tempers are susceptible to stress-corrosion cracking, depending upon product,
section size, direction and magnitude of stress.  These alloys include 2014, 2025, 2618, 7075, 7150, 7175,
and 7475 in the T6-type tempers and 2014, 2024, 2124, and 2219 in the T3 and T4-type tempers.  Other
alloy-temper combinations, notably 2024, 2124, 2219, and 2519 in the T6- or T8-type tempers and 7010,
7049, 7050, 7075, 7149, 7175, and 7475 in the T73-type tempers, are decidedly more resistant and
sustained tensile stresses of 50 to 75 percent of the minimum yield strength may be permitted without
concern about stress corrosion cracking.  The T74 and T76 tempers of 7010, 7075, 7475, 7049, 7149, and
7050 provide an intermediate degree of resistance to stress-corrosion cracking, i.e., superior to that of the
T6 temper, but not as good as that of the T73 temper of 7075.  To assist in the selection of materials, letter
ratings indicating the relative resistance to stress-corrosion cracking of various mill product forms of the
wrought 2000, 6000, and 7000 series heat-treated aluminum alloys are presented in Table 3.1.2.3.1(a).  This
table is based upon ASTM G 64 which contains more detailed information regarding this rating system and
the procedure for determining the ratings.  In addition, more quantitative information in the form of the
maximum specified tension stresses at which test specimens will not fail when subjected to the alternate
immersion stress-corrosion test described in ASTM G 47 are shown in Tables 3.1.2.3.1(b) through (e) for
various heat-treated aluminum product forms, alloys, and tempers.

Where short times at elevated temperatures of 150 to 500 F may be encountered, the precipitation
heat-treated tempers of 2024 and 2219 alloys are recommended over the naturally aged tempers.

Alloys 5083, 5086, and 5456 should not be used under high constant applied stress for continuous
service at temperatures exceeding 150 F, because of the hazard of developing susceptibility to stress-
corrosion cracking.  In general, the H34 through H38 tempers of 5086, and the H32 through H38 tempers of
5083 and 5456 are not recommended, because these tempers can become susceptible to stress-corrosion
cracking.

For the cold forming of 5083 sheet and plate in the H112, H321, H323, and H343 tempers and 5456
sheet and plate in the H112 and H321 tempers, a minimum bend radius of 5T should be used.  Hot forming
of the O temper for  alloys 5083  and 5456 is recommended, and is  preferred to the cold worked tempers to
avoid excessive cold work and high residual stress.  If the cold worked tempers are heat-treatable alloys are
heated for hot forming, a slight decrease in mechanical properties, particularly yield strength, may result. 
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Table 3.1.2.3.1(a).  Resistance to Stress-Corrosion Ratingsa for High-Strength
Aluminum Alloy Products

Alloy and
Temperb

Test
Directionc

Rolled
Plate

Rod and
Bard

Extruded
Shapes Forging

2014-T6

2024-T3, T4

2024-T6

2024-T8

2124-T8

2219-T351X, T37

2219-T6

2219-T85XX, T87

6061-T6

7040-T7451

7049-T73

7049-T76

7050-T74

7050-T76

7075-T6

7075-T73

L
LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST

A
Be

D
A
Be

D
f

f

f

A
A
B
A
A
B
A
B
D
A
A
A
A
A
A
A
A
A
A
A
B
A
A
A
f

f

f

A
A
B
A
A
C
A
Be

D
A
A
A

A
D
D
A
D
D
A
B
B
A
A
A
f

f

f

f

f

f

A
A
A
f

f

f

A
A
A
f

f

f

f

f

f

f

f

f

f

f

f

A
B
B
A
D
D
A
A
A

A
Be

D
A
Be

D
f

f

f

A
A
B
f

f

f

A
B
D
A
A
A
A
A
A
A
A
A
f

f

f

A
A
B
A
A
C
A
A
B
A
A
C
A
Be

D
A
A
A

B
Be

D
f

f

f

A
Ae

D
A
A
C
f

f

f

f

f

f

A
A
A
A
A
A
A
A
A
f

f

f

A
A
A
f

f

f

A
A
B
f

f

f

A
Be

D
A
A
A
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Table 3.1.2.3.1(a).  Resistance to Stress-Corrosion Ratingsa for High-Strength
Aluminum Alloy Products—Continued

Alloy and
Temperb

Test
Directionc

Rolled
Plate

Rod and
Bard

Extruded
Shapes Forging

7075-T74

7075-T76

7149-T73

7175-T74

7475-T6

7475-T73

7475-T76

L
LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST
L

LT
ST

f

f

f

A
A
C
f

f

f

f

f

f

A
Be

D
A
A
A
A
A
C

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

f

A
A
C
A
A
B
f

f

f

f

f

f

f

f

f

f

f

f

A
A
B
f

f

f

A
A
A
A
A
B
f

f

f

f

f

f

f

f

f

a Ratings were determined from stress corrosion tests performed on at least ten random lots for which test results showed 90%

conformance with 95% confidence when tested at the following stresses.

A  - Equal to or greater than 75% of the specified minimum yield strength.  A very high rating.  SCC not anticipated in general

applications if the total sustained tensile stress* is less than 75% of the minimum specified yield stress for the alloy, heat

treatment, product form, and orientation.

B  - Equal to or greater than 50% of the specified minimum yield strength.  A high rating.  SCC not anticipated if the total sustained

tensile stress* is less than 50% of the specified minimum yield stress.

C  - Equal to or greater than 25% of the specified minimum yield stress or 14.5 ksi, whichever is higher.  An intermediate rating.  SCC

not anticipated if the total sustained tensile stress* is less than 25% of the specified minimum yield stress.  This rating is

designated for the short transverse direction in improved products used primarily for high resistance to exfoliation corrosion in

relatively thin structures where applicable short transverse stresses are unlikely.

D  - Fails to meet the criterion for the rating C.  A low rating.  SCC failures have occurred in service or would be anticipated if there is

any sustained tensile stress* in the designated test direction.  This rating currently is designated only for the short transverse

direction in certain materials.

NOTE  - The above stress levels are not to be interpreted as “threshold” stresses, and are not recommended for design.  Other

documents, such as MIL-STD-1568, NAS SD-24, and MSFC-SPEC-522A, should be consulted for design recommendations.

b The ratings apply to standard mill products in the types of tempers indicated, including stress-relieved tempers, and could be

invalidated in some cases by application of nonstandard thermal treatments of mechanical deformation at room temperature by the

user.

* The sum of all stresses, including those from service loads (applied), heat treatment, straightening, forming, etc.
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Table 3.1.2.3.1(a).  Resistance to Stress-Corrosion Ratingsa for High Strength Aluminum
Alloy Products—Continued

c Test direction refers to orientation of the stressing direction relative to the directional grain structure typical of wrought materials,

which in the case of extrusions and forgings may not be predictable from the geometrical cross section of the product.

L—Longitudinal:  parallel to the direction of principal metal extension during manufacture of the product.

LT—Long Transverse:  perpendicular to direction of principal metal extension.  In products whose grain structure clearly shows

directionality (width to thickness ratio greater than two) it is that perpendicular direction parallel to the major grain dimension.

ST—Short Transverse:  perpendicular to direction of principal metal extension and parallel to minor dimension of grains in

products with significant grain directionality.

d Sections with width-to-thickness ratio equal to or less than two for which there is no distinction between LT and ST.

e Rating is one class lower for thicker sections:  extrusion, 1 inch and over; plate and forgings, 1.5 inches and over.

f Ratings not established because the product is not offered commercially.

NOTE:  This table is based upon ASTM G 64.

3.1.2.3.2 Resistance to Exfoliation [Reference 3.1.2.3.2] — The high-strength wrought
aluminum  alloys in certain tempers are susceptible to exfoliation corrosion, dependent upon product and
section size.  Generally those alloys and tempers that have the lowest resistance to stress-corrosion cracking
also have the lowest resistance to exfoliation.  The tempers that provide improved resistance to stress-corro-
sion cracking also provide improved resistance or immunity to exfoliation.  For example, the T76 temper of
7075, 7049, 7050, and 7475 provides a very high resistance to exfoliation, i.e., decidedly superior to the T6
temper, and almost the immunity provided by the T73 temper of 7075 alloy (see Reference 3.1.2.3.2).

3.1.3 MANUFACTURING CONSIDERATIONS

3.1.3.1 Avoiding Stress-Corrosion Cracking — In order to avoid stress-corrosion cracking
(see Section 3.1.2.3), practices, such as the use of press or shrink fits; taper pins; clevis joints in which
tightening of the bolt imposes a bending load on female lugs; and straightening or assembly operations;
which result in sustained surface tensile stresses (especially when acting in the short-transverse grain
orientation), should be avoided in these high-strength alloys:  2014-T451, T4, T6, T651, T652; 2024-T3,
T351, T4; 7075-T6, T651, T652; 7150-T6151, T61511; and 7475-T6, T651.

Where straightening or forming is necessary, it should be performed when the material is in the
freshly quenched condition or at an elevated temperature to minimize the residual stress induced.  Where
elevated temperature forming is performed on 2014-T4 T451, or 2024-T3 T351, a subsequent pre-
cipitation heat treatment to produce the T6 or T651, T81 or T851 temper is recommended.

It is good engineering practice to control sustained short-transverse tensile stress at the surface
of structural parts at the lowest practicable level.  Thus, careful attention should be given in all stages
of manufacturing, starting with design of the part configuration, to choose practices in the heat treat-
ment, fabrication, and assembly to avoid unfavorable combinations of end grain microstructure and
sustained tensile stress.  The greatest danger arises when residual, assembly, and service stress
combine to produce high sustained tensile stress at the metal surface.  Sources of residual and assembly
stress have been the most contributory to stress-corrosion-cracking problems because their presence
and magnitude were not recognized.  In most cases, the design stresses (developed by functional loads)
are not continuous and would not be involved in the summation of sustained tensile stress.  It is
imperative that, for materials with low resistance to stress-corrosion cracking in the short-transverse
grain orientation, every effort be taken to keep the level of sustained tensile stress close to zero. 
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Table 3.1.2.3.1(b).  Maximum Specified Tension Stress at Which Test Specimens Will Not
Fail in 3½% NaCl Alternate Immersion Testa for Various Stress Corrosion Resistant
Aluminum Alloy Plate

Alloy and Temper
Test

Direction
Thickness,

inches
Stress,

ksi Referenced Specifications

2024-T851

2090-T81c

2124-T851

2124-T8151c

2219-T851

2219-T87

2519-T87
7010-T7351c

7010-T7451

7010-T7651
7049-T7351
7050-T7451
7050-T7651
7075-T7351

7075-T7651
Clad 7075-T7651
7150-T7751
7475-T7351
7475-T7651

ST

ST
ST

ST

ST

ST

ST
ST

ST

ST
ST
ST
ST
ST

ST
ST
ST
ST
ST

1.001-4.000
4.001-6.000
0.750-1.500
1.500-1.999
2.000-4.000
4.001-6.000
1.500-3.000
3.001-5.000
5.001-6.000
0.750-2.000
2.001-4.000
4.001-5.000
5.001-6.000
0.750-3.000
3.001-4.000
4.001-5.000
0.750-4.000
0.750-3.000
3.001-5.000
5.001-5.500
0.750-3.000
3.001-5.500
0.750-5.500
0.750-5.000
0.750-6.000
0.750-3.000
0.750-2.000
2.001-2.500
2.501-4.000
0.750-1.000
0.750-1.000
0.750-3.000
0.750-4.000
0.750-1.500

28b

27b

20
28b

28b

27b

30b

29b

28b

34d

33d

32d

31d

38d

37d

36d

43d

41d

40d

39d

31b

35
25
45
35
25
42d

39d

36d

25
25
25
40
25

Company specification

AMS 4303
AMS 4101
AMS-QQ-A-0025/29, ASTM B 209, AMS 4101

AMS 4221

AMS-QQ-A-250/30

AMS-QQ-A-250/30

MIL-A-46192
AMS 4203

AMS 4205

AMS 4204
AMS 4200
AMS 4050
AMS 4201
AMS-QQ-A-250/12, AMS 4078, ASTM B 209

AMS-QQ-A-00250/24, ASTM B 209
AMS-QQ-A-00250/25, ASTM B 209
AMS 4252
AMS 4202
AMS 4089

a Most specifications reference ASTM G 47, which requires exposures of 10 days for 2XXX alloys and 20 days for 7XXX alloys in ST

test direction.
b  50% of specified minimum long transverse yield strength.
c  Design values are not included in MIL-HDBK-5.
d  75% of specified minimum long transverse yield strength.

DO NOT USE STRESS VALUES FOR DESIGN
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Table 3.1.2.3.1(c).  Maximum Specified Tension Stress at Which Test Specimens Will Not Fail in 3½% NaCl Alternate
Immersion Testa for Various Stress Corrosion Resistant Aluminum Alloy Rolled Bars, Rods, and Extrusions

Alloy and Temper Product Form
Test

Direction
Thickness,

inches
Stress,

ksi Referenced Specifications

7075-T73-T7351

2219-T8511
7049-T73511

7049-T76511d

7050-T73511
7050-T74511
7050-T76511
7075-T73-T73510-T73511

7075-T76-T76510-T76511
7149-T73511d

7150-T77511
7175-T73511

Rolled Bar
  and Rod
Extrusion
Extrusion

Extrusion
Extrusion
Extrusion
Extrusion
Extrusion

Extrusion
Extrusion

Extrusion
Extrusion

ST

ST
ST

ST
ST
ST
ST
ST

ST
ST

ST
ST

0.750-3.000

0.750-3.000
0.750-2.999
3.000-5.000
0.750-5.000
0.750-5.000
0.750-5.000
0.750-5.000
0.750-1.499
1.500-2.999
3.000-4.999
3.000-4.999
0.750-1.000
0.750-2.999
3.000-5.000
0.750-2.000
0.750-2.000

42b

30
41c

40c

20
45
35
17
45b

44b

42b

41b,e

25
41c

40c

25
44

AMS-QQ-A-225/9, AMS 4124, ASTM B211

AMS 4162, AMS 4163
AMS 4157

AMS 4159
AMS 4341
AMS 4342
AMS 4340
AMS-QQ-A-200/11, AMS 4166, AMS 4167, ASTM B 211

AMS-QQ-A-200/15, ASTM B 221
AMS 4543

AMS 4345
AMS 4344

a  Most specifications reference ASTM G 47, which requires exposures of 10 days for 2XXX alloys and 20 days for 7XXX alloys in ST test direction.
b  75% of specified minimum longitudinal yield strength.
c  65% of specified minimum longitudinal yield strength.
d  Design values are not included in MIL-HDBK-5.
e  Over 20 square inches cross-sectional area.

DO NOT USE STRESS VALUES FOR DESIGN
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Alloy and Temper
Test

Direction
Thickness,

inches
Stress,

ksi Referenced Specifications

7049-T73

7050-T74
7050-T7452
7075-T73

7075-T7352

7075-T7354c

7075-T74c

7149-T73

7175-T74

7175-T7452c

ST

ST
ST
ST

ST

ST
ST

ST

ST

ST

0.750-2.000
2.001-5.000
0.750-6.000
0.750-4.000
0.750-3.000
3.001-4.000
4.001-5.000
5.001-6.000
0.750-4.000

3.001-4.000
0.750-3.000
0.750-3.000
3.001-4.000
4.001-5.000
5.001-6.000
0.750-2.000
2.001-5.000
0.750-3.000
3.001-4.000
4.001-5.000
5.001-6.000
0.750-3.000

46b

45b

35
35
42b

41b

39b

38b

42b

39b

42
35
31d

30d

29d

46b

45b

35
31d

30d

29d

35

AMS-QQ-A-367, AMS 4111, ASTM B 247

AMS 4107
AMS 4333
AMS-A-22771, AMS-QQ-A-367
AMS 4241, ASTM B 247
AMS 4141

AMS-A-22771, AMS-QQ-A-367, AMS 4147,
ASTM B 247

Company Specification
AMS 4131

AMS 4320

AMS 4149, ASTM B 247
AMS 4149

AMS 4179

a  Most specifications Reference ASTM G 47, which requires 20 days of exposure for 7XXX alloys in ST test direction.
b  75% of specified minimum longitudinal yield strength.
c  Design values are not included in MIL-HDBK-5.
d  50% of specified minimum longitudinal yield strength.

DO NOT USE STRESS VALUES FOR DESIGN
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Table 3.1.2.3.1(e).  Maximum Specified Tension Stress at Which Test Specimens Will
Not Fail in 3½% NaCl Alternate Immersion Testa for Various Stress Corrosion Resistant
Aluminum Hand Forgings

Alloy and Temper
Test

Direction
Thickness,

inches
Stress,

ksi Referenced Specifications

7049-T73

7049-T7352c

7050-T7452
7075-T73

7075-T7352

7075-T74c

7075-T7452c

7149-T73

7175-T74

7175-T7452

ST

ST

ST
ST

ST

ST

ST

ST

ST

ST

2.001-3.000
3.001-4.000
4.001-5.000
0.750-3.000
3.001-4.000
4.001-5.000
0.750-8.000
0.750-3.000
3.001-4.000
4.001-4.000
5.001-6.000
0.750-3.000
3.001-4.000
4.001-5.000
5.001-6.000
0.750-3.000
3.001-4.000
4.001-5.000
5.001-6.000
0.750-2.000
2.001-3.000
3.001-4.000
4.001-5.000
5.001-6.000
2.000-3.000
3.001-4.000
4.001-5.000
0.750-3.000
3.001-4.000
4.001-5.000
4.001-6.000
0.750-3.000
3.001-4.000
4.001-5.000
5.001-6.000

45b

44b

42b

44b

43b

40b

35
42b

41b

39b

38b

39d

37d

36d

34d

35
30e

28e

27e

35
29f

28f

26f

24f

44d

43d

42d

35
29f

28f

26f

35
27f

26f

24f

AMS-QQ-A-367, AMS 4111, ASTM B 247

AMS 4247

AMS 4108
AMS-A-22771, AMS-QQ-A-367, 
ASTM B 247

AMS 4147

AMS 4131

AMS 4323

AMS 4320

AMS 4149

AMS 4179

a  Most specifications Reference ASTM G 47, which requires 20 days of exposure for 7XXX alloys in ST test direction.
b  75% of specified minimum longitudinal yield strength.
c  Design values are not included in MIL-HDBK-5.
d  75% of specified minimum long transverse yield strength.
e  50% of specified minimum longitudinal yield strength.
f  50% of specified minimum long transverse yield strength.

DO NOT USE STRESS VALUES FOR DESIGN
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3.1.3.2 Cold-Formed Heat-Treatable Aluminum Alloys — Cold working such as stretch
forming of aluminum alloy prior to solution heat treatment may result in recrystallization or grain growth
during heat treatment.  The resulting strength, particularly yield strength, may be significantly below the
specified minimum values.  For critical applications, the strength should be determined on the part after
forming and heat treating including straightening operations.  To minimize recrystallization during heat
treatment, it is recommended that forming be done after solution heat treatment in the as-quenched condition
whenever possible, but this may result in compressive yield strength in the direction of stretching being lower
than MIL-HDBK-5 design allowables for user heat treat tempers.

3.1.3.3 Dimensional Changes — The dimensional changes that occur in aluminum alloy during
thermal treatment generally are negligible, but in a few instances these changes may have to be considered in
manufacturing.  Because of many variables involved, there are no tabulated values for these dimensional
changes.  In the artificial aging of alloy 2219 from the T42, T351, and T37 tempers to the T62, T851, and T87
tempers, respectively, a net dimensional growth of 0.00010 to 0.0015 in./in. may be anticipated.  Additional
growth of as much as 0.0010 in./in. may occur during subsequent service of a year or more at 300 F or
equivalent shorter exposures at higher temperatures. The dimensional changes that occur during the artificial
aging of other wrought heat-treatable alloys are less than one-half that for alloy 2219 under the same
conditions.

3.1.3.4 Welding — The ease with which aluminum alloys may be welded is dependent principally
upon composition, but the ease is also influenced by the temper of the alloy, the welding process, and the filler
metal used.  Also, the weldability of wrought and cast alloys is generally considered separately.

Several weldability rating systems are established and may be found in publications by the Aluminum
Association, American Welding Society, and the American Society for Metals.  Handbooks from these groups
can be consulted for more detailed information.  Specification AA-R-566 also contains useful information.
This document follows most of these references in adopting a four level rating system.  An “A” level, or
readily weldable, means that the alloy (and temper) is routinely welded by the indicated process using
commercial procedures.  A “B” level means that welding is accomplished for many applications, but special
techniques are required, and the application may require preliminary trials to develop procedures and tests to
demonstrate weld performance.  A “C” level refers to limited weldability because crack sensitivity, loss of
corrosion resistance, and/or loss of mechanical properties may occur.  A “D” level indicates that the alloy is not
commercially weldable.

The weldability of aluminum alloys is rated by alloy, temper, and welding process (arc or resistance).
Tables 3.1.3.4(a) and (b) list the ratings in the alloy section number order in which they appear in Chapter 3.

When heat-treated or work-hardened materials of most systems are welded, a loss of mechanical
properties generally occurs.  The extent of the loss (if not reheat treated) over the table strength allowables will
have to be established for each specific situation.
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Table 3.1.3.4(a).  Fabrication Weldability of Wrought Aluminum Alloys

MIL-HDBK-5
Section No. Alloy Tempers

Weldabilitya,b

Inert Gas Metal or
Tungsten Arc

Resistance
Spotc

3.2.1

3.2.2
3.2.3

3.2.4
3.2.5
3.2.6
3.2.7

3.2.8
3.2.9
3.5.1

3.5.2

3.5.3

3.5.4

3.5.5

3.6.1
3.6.2

3.6.3
3.7.1
3.7.2
3.7.3

3.7.4
3.7.5
3.7.6
3.7.7
3.7.8
3.7.9

3.7.10

2014

2017
2024

2025
2090
2124
2219

2618
2519
5052

5083

5086

5454

5456

6013
6061

6151
7010
7040
7049
7149
7050
7055
7075
7150
7175
7249
7475

O
T6, T62, T651, T652, T6510, T6511

T4, T42, T451
O

T3, T351, T361, T4, T42
T6, T62, T81, T851, T861

T8510, T8511, T3510, T3511
T6
T83

T851
O

T62, T81, T851, T87, T8510, T8511
T61
T87
O

H32, H34, H36, H38
O

H321, H323, H343, H111, H112
O

H32, H34, H36, H38, H111, H112
O

H32, H34, H111, H112
O

H111, H321, H112
T6
O

T4, T42, T451, T4510, T4511, T6
T62, T651, T652, T6510, T6511

T6
All
All
All

All

All
All
All

All

C
B
C
D
C
C
C
C
B
C
A
A
C
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
C
C
C

C

C
C
C

C

D
B
B
D
B
B
B
B
B
B

B-D
A
B
...
B
A
B
A
B
A
B
A
B
A
A
B
A
A
A
B
B
B

B

B
B
B

B

a Ratings A through D are relative ratings defined as follows:

A - Generally weldable by all commercial procedures and methods.

B - Weldable with special techniques or for specific applications which justify preliminary trials or testing to develop

      welding procedures and weld performance.

C - Limited weldability because of crack sensitivity or loss in resistance to corrosion and mechanical properties.

D - No commonly used welding methods have been developed.

b When using filler wire, the wire should contain less than 0.0008 percent beryllium to avoid toxic fumes.

c See AMS-W-6858 for permissible combinations.
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Table 3.1.3.4(b).  Fabrication Weldabilitya of Cast Aluminum Alloys

MIL-HDBK-5
Section No. Alloy

Weldabilityb,c

Inert Gas Metal or
Tungsten Arc Resistance Spot

3.8.1
3.9.1
3.9.2
3.9.3
3.9.4
3.9.5
3.9.6
3.9.7
3.9.8

A201.0
354.0
355.0

C355.0
356.0

A356.0
A357.0
D357.0
359.0

C
B
B
B
A
A
A
A
A

C
B
B
B
A
A
B
A
B

a Weldability related to joining a casting to another part of same composition.  The weldability ratings are not
applicable to minor weld  repairs. Such repairs will be governed by the contractors procedure for in-process
welding of castings, after approval by the procuring agency.

b Ratings A through D are relative ratings defined as follows:
A   - Generally weldable by all commercial procedures and methods.
B   - Weldable with special techniques or for specific applications which justify preliminary trials or testing

to develop welding procedure and weld performance.
C   - Limited weldability because of crack sensitivity or loss in resistance to corrosion and mechanical

properties.
D   - No commonly used welding methods have been developed.

c When using filler wire, the wire should contain less than 0.0008 percent beryllium to avoid toxic fumes.
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Table 3.2.1.0(a).  Material Specifications for 2014
Aluminum Alloy

Specification Form

AMS 4028
AMS 4029
AMS-QQ-A-250/3
AMS-QQ-A-225/4
AMS 4121
AMS-QQ-A-200/2
AMS 4153
AMS-A-22771
AMS - QQ-A-367
AMS 4133

Bare sheet and plate
Bare sheet and plate
Clad sheet and plate
Rolled or drawn bar, rod, and shapes
Bar and rod, rolled or cold finished
Extruded bar, rod, and shapes
Extrusion
Forging
Forging
Forging

3.2 2000 SERIES WROUGHT ALLOYS

Alloys of the 2000 series contain copper as the principal alloying element and are strengthened by
solution heat treatment and aging.  As a group, these alloys are noteworthy for their excellent strengths at
elevated and cryogenic temperatures, and creep resistance at elevated temperatures.

3.2.1 2014 ALLOY

3.2.1.0 Comments and Properties — 2014 is an Al-Cu alloy available in a wide variety of
product forms.  As shown in Table 3.1.2.3.1(a), 2014-T6 rolled plate, rod and bar, extruded shapes, and
forgings have a ‘D’ SCC rating.  This is the lowest rating and means that SCC failures have occurred in
service or would be anticipated if there is any sustained stress.  In-service failures are caused by stresses
produced by any combination of sources including solution heat treatment, straightening, forming, fit-up,
clamping, sustained service loads, or high service compression stresses that produce residual tensile
stresses.  These stresses may be tension or compression as well as the stresses due to the Poisson effect,
because the actual failures are caused by the resulting sustained shear stresses.  Pin-hole flaws in corrosion
protection are sufficient for SCC.  Refer to Section 3.1.2.3 for comments regarding the resistance of the
alloy to stress-corrosion cracking, and to Section 3.1.3.4 for comments regarding the weldability of the
alloy.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 2014 aluminum alloy are presented in Table 3.2.1.0(a).  Room-
temperature mechanical and physical properties are shown in Tables 3.2.1.0(b) through (g).  Stress-strain
parameters in accordance with Section 9.3.2.5 are given in Table 3.2.1.0(h).  Figure 3.2.1.0 shows the effect
of temperature on the physical properties of 2014 alloy.
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The temper index for 2014 is as follows:

Section Temper

3.2.1.1 T6, T62, T651, T652, T6510, and T6511

3.2.1.1 T6, T62, T651, T652, T6510, and T6511 Temper—  Figures 3.2.1.1.1(a) through
3.2.1.1.5(b) present elevated-temperature curves for various mechanical properties.  Figures 3.2.1.1.6(a)
through (r) present tensile and compressive stress-strain and tangent-modulus curves for various tempers,
product forms, and temperatures.  Figures 3.2.1.1.6(s) through (v) are full-range tensile stress-strain curves
for various products and tempers.  Figures 3.2.1.1.8(a) through (e) contain S/N fatigue curves for various
wrought products in the T6 temper.
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Table 3.2.1.0(b1).  Design Mechanical and Physical Properties of 2014 Aluminum Alloy Sheet and Plate

Specification . . . . . . . AMS 4029

Form . . . . . . . . . . . . . Sheet Plate

Temper . . . . . . . . . . . T6 T651a

Thickness, in. . . . . . . 0.020-0.039 0.040-0.249 0.250-0.499 0.500-1.000 1.001-2.000 2.001-2.500 2.501-3.000 3.001-4.000

Basis . . . . . . . . . . . . . A B A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . .
ST . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . .
ST . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . .
ST . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent (S-basis):
LT . . . . . . . . . . .

 65
 64
...

 58
 57
...

 58
 59
...
 39

 97
123

 81
 93

  6

 67
 66
...

 60
 59
...

 60
 61
...
 40

100
127

 84
 96

...

 67
 66
...

 59
 58
...

 59
 60
...
 40

100
127

 83
 94

  7

 68
 67
...

 60
 59
...

 60
 61
...
 41

102
129

 84
 96

...

 66
 67
...

 60
 59
...

 58
 61
...
 40

105
134

 90
106

  7

 68
 69
...

 62
 61
...

 60
 63
...
 41

108
138

 93
110

...

 66
 67
...

 60
 59
...

 58
 61
...
 40

105
134

 90
106

  6

 67
 68
...

 61
 60
...

 59
 62
...
 41

107
136

 92
109

...

 66
 67
...

 60
 59
...

 58
 61
...
 40

105
134

 90
106

  4

 67
 68
...

 62
 61
...

 60
 63
...
 41

107
136

 93
110

...

 64
 65
 59b

 59
 58
 54b

 57
 60
 59
 38

102
130

 88
104

  2

 65
 66
 60b

 61
 60
 56b

 59
 62
 61
 39

104
132

 92
109

...

...
 63
...

...
 57
...

...

...

...

...

...

...

...

...

  2

...
 64
...

...
 59
...

...

...

...

...

...

...

...

...

...

...
 59
...

...
 55
...

...

...

...

...

...

...

...

...

  1

...
 60
...

...
 57
...

...

...

...

...

...

...

...

...

...

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

10.7
10.9
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.101

See Figure 3.2.1.0

a Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1.
b Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as

indicated in Table 3.1.2.3.1(a).
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Table 3.2.1.0(b2).  Design Mechanical and Physical Properties of 2014 Aluminum Alloy
Sheet and Plate —Continued

Specification . . . . . AMS 4028

Form . . . . . . . . . . . Sheet Platea

Temper . . . . . . . . . T62b

Thickness, in. . . . . 0.020-0.039 0.040-0.249 0.250-0.499 0.500-1.000

Basis . . . . . . . . . . . A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . .
LT . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fsu, ksi . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . .
(e/D = 2.0) . . .

Fbry, ksi:
(e/D = 1.5) . . .
(e/D = 2.0) . . .

e, percent (S-basis):
LT . . . . . . . . . .

 65
 64

 58
 57

 58
 59
 39

 97
123

 81
 93

  6

 67
 66

 60
 59

 60
 61
 40

100
127

 84
 96

...

 67
 66

 59
 58

 59
 60
 40

100
127

 83
 95

  7

 68
 67

 60
 59

 60
 61
 41

102
129

 84
 96

...

 65
 67

 57
 59

 59
 60
 37

100
127

 84
 99

  7

 67
 69

 59
 61

 61
 62
 39

103
131

 87
103

...

 65
 67

 57
 59

 59
 60
 37

100
127

 84
 99

  6

 67
 69

 59
 61

 61
 62
 39

103
131

 87
103

...

E, 103 ksi . . . . . .
Ec, 103 ksi . . . . .
G, 103 ksi . . . . . .
µ . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

10.7
10.9
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . .

C, K, and  . . . . .
0.101

See Figure 3.2.1.0

a Bearing values are “dry pin” values per Section 1.4.7.1.
b Design allowables were based upon data obtained from testing samples of material, supplied in the O or F temper, which were heat

treated to demonstrate response to heat treatment by suppliers.  Properties obtained by the user may be lower than those listed if the
material has been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to solution heat treatment.
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Table 3.2.1.0(c1).  Design Mechanical and Physical Properties of Clad 2014 Aluminum Alloy Sheet and Plate
Specification . . . . . . . AMS-QQ-A-250/3

Form . . . . . . . . . . . . . Sheet Plate

Temper . . . . . . . . . . . T6 T651a

Thickness, in. . . . . . . 0.020-0.039 0.040-0.249 0.250-0.499 0.500-1.000b 1.001-2.000b 2.001-2.500b 2.501-3.000b 3.001-4.000b

Basis . . . . . . . . . . . . . A B A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . .
ST . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . .
ST . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . .
ST . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent (S-basis):
LT . . . . . . . . . . .

 62
 61
...

 54
 53
...

 54
 55
...
 37

 93
117

 76
 86

  7

 64
 63
...

 56
 55
...

 56
 57
...
 38

 96
121

 78
 89

...

 65
 64
...

 57
 56
...

 57
 58
...
 39

 97
123

 80
 91

  8

 67
 66
...

 59
 58
...

 59
 60
...
 40

100
127

 83
 94

...

 63
 64
...

 58
 57
...

 56
 59
...
 38

101
128

 87
102

  8

 65
 66
...

 60
 59
...

 58
 61
...
 39

104
132

 90
106

...

 63
 64
...

 57
 56
...

 55
 58
...
 38

101
128

 85
100

  6

 64
 65
...

 58
 57
...

 56
 59
...
 38

102
130

 87
102

...

 63
 64
...

 57
 56
...

 55
 58
...
 38

101
128

 85
100

  4

 64
 65
...

 59
 58
...

 57
 60
...
 38

102
130

 88
104

...

 61
 62
 59c

 56
 55
 54c

 54
 57
 59
 37

 97
124

 84
 98

  2

 62
 63
 60c

 58
 57
 56c

 56
 59
 61
 37

 99
126

 87
102

...

...
 60
...

...
 54
...

...

...

...

...

...

...

...

...

  2

...
 61
...

...
 56
...

...

...

...

...

...

...

...

...

...

...
 56
...

...
 52
...

...

...

...

...

...

...

...

...

  1

...
 57
...

...
 54
...

...

...

...

...

...

...

...

...

...

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

10.7
10.9
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.101

...

a Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1.

b These values, except in the ST direction, have been adjusted to represent the average properties across the whole section, including the 2-½ percent per side nominal cladding

thickness.

c Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as

indicated in Table 3.1.2.3.1(a).
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Table 3.2.1.0(c2).  Design Mechanical and Physical Properties of Clad 2014 Aluminum
Alloy Sheet and Plate—Continued

Specification . . . . . . AMS-QQ-A-250/3

Form . . . . . . . . . . . . . Sheet Platea

Temper . . . . . . . . . . . T62b

Thickness, in. . . . . . .
0.020-
0.039

0.040-
0.249

0.250-
0.499

0.500-
1.000c

1.001-
2.000c

2.001-
2.500c

2.501-
3.000c

3.001-
4.000c

Basis . . . . . . . . . . . . . A B A B S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . .
LT . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . . .

Fsu, ksi . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

Fbry, ksi:
(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

e, percent (S-basis):
LT . . . . . . . . . . .

 62
 61

 54
 53

 54
 55
 37

 93
117

 76
 86

  7

 64
 63

 56
 55

 56
 57
 38

 96
121

 78
 89

...

 65
 64

 57
 56

 57
 58
 39

 97
123

 80
 91

  8

 67
 66

 59
 58

 59
 60
 40

100
127

 83
 94

...

 62
 64

 55
 57

 57
 58
 36

 96
121

 81
 96

  8

 62
 64

 54
 56

 56
 57
 36

 96
121

 79
 94

  6

 62
 64

 54
 56

 56
 56
 36

 96
121

 79
 94

  4

 60
 62

 53
 55

 55
 55
 35

 93
118

 78
 92

  2

...
60

...
54

...

...

...

...

...

...

...

 2

...
56

...
52

...

...

...

...

...

...

...

 1

E, 103 ksi . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . .
µ . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

10.7
10.9
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . .

C, K, and . . . . . .
0.101

...

a Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1.
b Design allowables were based upon data obtained from testing samples of material, supplied in the O or F temper, which were heat

treated to demonstrate response to heat treatment by suppliers.  Properties obtained by the user may be lower than those listed if the
material has been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to solution heat treatment.

c These values have been adjusted to represent the average properties across the whole section, including the 2-½ percent per side
nominal cladding thickness.
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Table 3.2.1.0(d).  Design Mechanical and Physical Properties of 2014 Aluminum
Alloy Bar, Rod, and Shapes; Rolled, Drawn, or Cold-Finished

Specification . . . . . . . AMS 4121 and AMS-QQ-A-225/4 AMS-QQ-
A-225/4

Form . . . . . . . . . . . . . Bar, rod, and shapes, rolled, drawn, or cold-finished

Temper . . . . . . . . . . . T6 and T651 T62a

Thickness, in. . . . . . .
Up to
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000b

5.001-
6.000b

6.001-
8.000b 8.000b

Basis . . . . . . . . . . . . . S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent:
L . . . . . . . . . . . . .

 65
 64c

 55
 53c

 53
...

 38

 98
124

 77
 88

  8

 65
 63c

 55
 52c

 53
...

 38

...

...

...

...

  8

 65
 62c

 55
 51c

 53
...

 38

...

...

...

...

  8

 65
 61c

 55
 50c

 53
...

 38

...

...

...

...

  8

 65
 60c

 55
 49c

 53
...

 38

...

...

...

...

  8

 65
 59c

 55
 48c

 53
...

 38

...

...

...

...

  8

 65
...

 55
...

 53
...

 38

...

...

...

...

  8

 65
...

 55
...

...

...

...

...

...

...

...

  8

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . .

C, K, and  . . . . . . .
0.101

See Figure 3.2.1.0

a Design allowables were based upon data obtained from testing samples of material, supplied in the O or F temper, which were
heat treated to demonstrate response to heat treatment by suppliers.

b For square, rectangular, hexagonal, or octagonal bar, maximum thickness is 4 in., and maximum cross-sectional area is
36 sq. in.

c Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.
It corresponds to an SCC resistance rating of D, as indicated in Table 3.1.2.3.1(a).
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Table 3.2.1.0(e).  Design Mechanical and Physical Properties of 2014 Aluminum Alloy Die Forging
Specification . . . . . AMS 4133, AMS-A-22771, and AMS-QQ-A-367 AMS-A-22771 and AMS-QQ-A-367

Form . . . . . . . . . . . Die forging

Temper . . . . . . . . . T6a T652

Thicknessb, in. . . . .  1.000 1.001-2.000 2.001-3.000 3.001-4.000  1.000 1.001-2.000 2.001-3.000 3.001-4.000

Basis . . . . . . . . . . . A B A B A B S A B A B A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . .
Tc . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . .
Tc . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . .
ST . . . . . . . . . .

Fsu, ksi . . . . . . . .
Fbru

e, ksi:
(e/D = 1.5) . . .
(e/D = 2.0) . . .

Fbry
e, ksi:

(e/D = 1.5) . . .
(e/D = 2.0) . . .

e, percent (S-basis):
L . . . . . . . . . . .
Tc . . . . . . . . . .

 65
 64d

 56
 55d

 59
 56
 40

 91
123

 73
 90

  6
  3

 67
...

 59
...

 62
 59
 41

 94
127

 77
 94

...

...

 65
 64d

 56
 55d

 59
 56
 40

 91
123

 73
 90

  6
  2

 67
...

 59
...

 62
 59
 41

 94
127

 77
 94

...

...

 65
 63d

 55
 54d

 58
 55
 39

 91
123

 71
 88

  6
  2

 67
...

 58
...

 61
 58
 40

 94
127

 75
 93

...

...

 63
 63

 55
 54

 58
 55
 39

 88
120

 71
 88

  6
  2

 65
 64d

 56
 55d

 56
 59
 40

 91
123

 73
 90

  6
  3

 67
...

 59
...

 59
 62
 41

 94
127

 77
 94

...

...

 65
 64d

 56
55d

 56
 59
 40

 91
123

 73
 90

  6
  2

 67
...

 59
...

 59
 62
 41

 94
127

 77
 94

...

...

 65
 63d

 55
 54d

 55
 58
 39

 91
123

 71
 88

  6
  2

 67
...

 58
...

 58
 61
 40

 94
127

 75
 93

...

...

 63
 63

 55
 54

 55
 58
 39

 88
120

 71
 88

  6
  2

E, 103 ksi . . . . . .
Ec, 103 ksi . . . . . .
G, 103 ksi . . . . . .
µ . . . . . . . . . . . . .

10.5
10.8
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . .

C, K, and  . . . . .
0.101

See Figure 3.2.1.0

a When die forgings are machined before heat treatment, the mechanical properties are applicable, provided the as-forged thickness is not greater than twice the thickness
at the time of heat treatment.

b Thickness at time of heat treatment.
c T indicates any grain direction not within ±15  of being parallel to the forging flow lines.  Fcy(T) values are based upon short transverse (ST) test data.
d Specification value.  T tensile properties are presented on S basis only.
e Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.2.1.0(f).  Design Mechanical and Physical Properties of 2014 Aluminum Alloy Hand Forging
Specification . . . . . . . . . AMS 4133, AMS-A-22771, and AMS-QQ-A-367 AMS-A-22771 and AMS-QQ-A-367

Form . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . T6a T652b

Cross-Sectional Area, in.2  256

Thickness, in. . . . . . . . .
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

6.001-
7.000

7.001-
8.000 2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

6.001-
7.000

7.001-
8.000

Basis . . . . . . . . . . . . . . . S S S S S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

 65
 65
...

 56
 56
...

 56
 56
...
 40

 91
117

 78
 90

  8
  3
...

 64
 64
 62c

 56
 55
 55c

 56
 55
...
 39

 90
115

 78
 90

  8
  3
  2

 63
 63
 61c

 55
 55
 54c

 55
 55
...
 39

 88
113

 77
 88

  8
  3
  2

 62
 62
 60c

 54
 54
 53c

 54
 54
...
 38

 87
112

 76
 87

  7
  2
  1

 61
 61
 59c

 53
 53
 53c

 53
 53
...
 38

 85
110

 74
 85

  7
  2
  1

60
60
58c

52
52
52c

...

...

...

...

...

...

...

...

 6
 2
 1

59
59
57c

51
51
51c

...

...

...

...

...

...

...

...

 6
 2
 1

 65
 65
...

 56
 56
...

 56
 57
...
 38

 88
115

 77
 91

  8
  3
...

 64
 64
 62c

 56
 55
 52c

 56
 56
 57
 37

 87
113

 76
 89

  8
  3
  2

 63
 63
 61c

 55
 55
 51c

 55
 56
 56
 37

 85
111

 76
 89

  8
  3
  2

 62
 62
 60c

 54
 54
 50c

 54
 55
 55
 36

 84
110

 74
 87

  7
  2
  1

 61
 61
 59c

 53
 53
 50c

 53
 54
 55
 36

 83
108

 73
 86

  7
  2
  1

60
60
58c

52
52
49c

...

...

...

...

...

...

...

...

  6
  2
  1

59
59
57c

51
51
48c

...

...

...

...

...

...

...

...

  6
  2
  1

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.5
10.8
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, K, and  . . . . . . . . .
0.101

See Figure 3.2.1.0

a When hand forgings are machined before heat treatment, the section thickness at time of heat treatment will determine the minimum mechanical properties as long as the original 
(as-forged) thickness does not exceed the maximum thickness for the alloy as shown in the table.

b Bearing values are “dry pin” values per Section 1.4.7.1.
c Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as

indicated in Table 3.1.2.3.1(a).
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Table 3.2.1.0(g).  Design Mechanical and Physical Properties of 2014 Aluminum Alloy Extrusion
Specification . . . . . . . . AMS 4153 and AMS-QQ-A-200/2 AMS-QQ-A-200/2

Form . . . . . . . . . . . . . . Extruded bar, rod, and shapes

Temper . . . . . . . . . . . . T6, T6510, and T6511 T62a

Cross-Sectional Area, in.2 25 >25- 32 All 25 >25- 32

Thickness or Dia., in.b . 0.125-0.499 0.500-0.749 0.750-1.499 1.500-1.750 1.751-2.999 3.000-4.499 0.750 0.749 0.750 0.750

Basis . . . . . . . . . . . . . . A B A B A B A B S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT (S-basis) . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT (S-basis) . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

 60
 60c

 53
 53c

 52
...

 35

 90
116

 73
 85

  7
  5e

 62
...

 57
...

 56
...
 36

 93
120

 78
 91

...

...

 64
 64c

 58
 55c

 57
...

 37

 96
124

 80
 93

  7
  5

 68
...

 62
...

 61
...
 39

102
132

 85
 99

...

...

 68
 63c

 60
 54c

 59
...

 39

102
132

 82
 96

  7
  2

 70
...

 63
...

 62
...
 41

105
136

 86
101

...

...

 68
 61c

 60
 52c

 59
...

 39

102
132

 82
 96

  7
  2

 71
...

 63
...

 62
...
 41

106
138

 86
101

...

...

68
61

60
52

...

...

...

...

...

...

...

 7
 2

68
58

60
49

...

...

...

...

...

...

...

 7
 1

68
56

58
47

...

...

...

...

...

...

...

 6
 1

60
...

53
...

...

...

...

...

...

...

...

 7
...

60
...

53
...

...

...

...

...

...

...

...

 7
...

60
...

53
...

...

...

...

...

...

...

...

 6
...

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.8
11.0
 4.1 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, K, and  . . . . . . . .
0.101

See Figure 3.2.1.0

a Design allowables were based upon data obtained from testing samples of material, supplied in O or F temper, which were heat treated to demonstrate response to heat treatment
by suppliers.

b The mechanical properties are to be based upon the thickness at the time of quench.
c S-basis.
d Bearing values are “dry pin” values per Section 1.4.7.1.
e For 0.375-0.499 in.
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Table 3.2.1.0(h).  Typical Stress-Strain Parameters for 2014 Aluminum Alloy

Temper/Product Form Condition
Temper-
ature, F

Grain
Direction

Tension, ksi Compression, ksi

n TYS TUS nc CYS

T6 Clad Sheet

0.02-0.039 in.  thickness

RT

L 32 57 17 57

LT 17 57 13 60

0.04-0.249 in. thickness
L 27 62 15 62

LT 20 60 17 65

½ hr. exposure
200 F

LT

9.5 60

100 hr. exposure 8.0 62

½ and 2 hr. exposure
300 F

4.0 54

1000 hr. exposure 6.4 46

½ hr. exposure

400 F

8.2 47

100 hr. exposure 10 20

1000 hr. exposure 6.0 16

½ hr. exposure 500 F 7.0 22

½ hr. exposure

600 F

4.3 9

10 hr. exposure 6.0 8

100 hr. exposure 13 7

T62 Clad Plate 0.250 - 2.000 in. thickness RT
L 29 64 27 69

LT 29 64 27 70

T651 Plate 0.250 - 2.000 in. thickness RT
L 30 66 15 68

LT 19 65 18 66

T6 Bar, Rod and Shapes > 3 in. thickness RT L 31 62 25 60

T6 Forging RT
L 70

LT 68

T652 Hand Forging 2.001 - 3.000 in. thickness RT

L 18 62 67 17 63

LT 18 62 66 18 65

ST 13 60 22 67

T6 Extrusion
0.125 - 0.499 in. thickness

RT L
23 62 15 64

> 0.500 in. thickness 26 68 14 72

T62 Extrusion < 0.499 in. thickness RT
L 29 64 71 17 68

LT 29 64 32 68

T651X Extrusion 0.500 - 0.749 in. thickness RT
L 32 64 74 16 68

LT 18 64 70 18 68
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Figure 3.2.1.0.  Effect of temperature on the physical properties of 2014 aluminum alloy.
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Figure 3.2.1.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
2014-T6, T651, T6510 and T6511 aluminum alloy (bare and clad sheet and plate
0.040-1.500 in. thick; extruded bar, rod and shapes  0.750 in. thick with cross-
sectional area  32 sq. in.).
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Figure 3.2.1.1.1(b).  Effect of temperature on the ultimate strength (Ftu) of 2014-T6,
T651, T6510 and T6511 aluminum alloy (bare and clad sheet 0.020-0.039 in. thick;
bare and clad plate 1.501-4.000 in. thick; rolled bar, rod and shapes; hand and
die forgings; extruded bar, rod and shapes 0.125-0.749 in. thick with cross-
sectional area  25 sq. in.).
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Figure 3.2.1.1.1(c).  Effect of temperature on the tensile yield strength (Fty) of
2014-T6, T651, T6510 and T6511 aluminum alloy (bare and clad plate 3.001-
4.000 in. thick; rolled bar, rod and shapes; hand and die forgings; extruded bar,
rod and shapes 0.125-0.499 in. thick with cross-sectional area  25 sq. in.).
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Figure 3.2.1.1.1(d).  Effect of temperature on the tensile yield strength (Fty) of 2014-
T6, T651, T6510, and T6511 aluminum alloy (bare and clad sheet and plate 0.020-
3.000 in. thick; extruded bar, rod and shapes 0.500-0.749 in. thick with cross-
sectional area  25 sq. in. and  0.750 in. thick with cross-sectional area  32
sq. in.).
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Figure 3.2.1.1.1(e).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 2014-T6, T651, T6510, and T6511
aluminum alloy (all products except thick extrusions).
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Figure 3.2.1.1.1(f).  Effect of exposure at elevated temperature on the room-
temperature tensile yield strength (Fty) of 2014-T6, T651, T6510, and T6511
aluminum alloy (all products except thick extrusions).
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Figure 3.2.1.1.2(a).  Effect of temperature on the compressive yield strength (Fcy) of 2014-
T6,  T651, T6510 and T6511 aluminum alloy (all products except thick extrusions).

Temperature, °F

0 100 200 300 400 500 600 700 800

P
e
rc

e
n

ta
g
e

 o
f 
R

o
o

m
 T

e
m

p
e

ra
tu

re
 F

s
u

0

20

40

60

80

100

Strength at temperature
Exposure up to 1000 hr

1/2 hr
2 hr
10 hr
100 hr
1000 hr

Not applicable to extrusions
with t > 0.75 inch

Figure 3.2.1.1.2(b).  Effect of temperature on the shear ultimate strength (Fsu) of 2014-T6,
T651,  T6510 and T6511 aluminum alloy (all products except thick extrusions).
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Figure 3.2.1.1.3(a).  Effect of temperature on the bearing ultimate strength (Fbru) of 2014-
T6,  T651, T6510 and T6511 aluminum alloy (all products except thick extrusions).
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Figure 3.2.1.1.3(b).  Effect of temperature on the bearing yield strength (Fbry) of 2014-T6,
T651, T6510 and T6511 aluminum alloy (all products except thick extrusions).
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Figure 3.2.1.1.4.  Effect of temperature on the tensile and compressive moduli (E
and Ec) of 2014 aluminum alloy.
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Figure 3.2.1.1.5(a).  Effect of temperature on the elongation of 2014-T6, T651, T6510 and
T6511 aluminum alloy (all products except thick extrusions).
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Figure 3.2.1.1.5(b).  Effect of exposure at elevated temperatures on the room-
temperature elongation of 2014-T6, T651, T6510 and T6511 aluminum alloy (all products
except thick extrusions).
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Figure 3.2.1.1.6(a).  Typical tensile stress-strain curves for clad 2014-T6 aluminum
alloy sheet at room temperature.
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Figure 3.2.1.1.6(b).  Typical tensile stress-strain curves for clad 2014-T6 aluminum
alloy sheet at room temperature.
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Figure 3.2.1.1.6(c).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at room temperature.
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Figure 3.2.1.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at room temperature.
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Figure 3.2.1.1.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at 300 F.
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Figure 3.2.1.1.6(e).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at 200 F.
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Figure 3.2.1.1.6(g).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at 400 F.
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Figure 3.2.1.1.6(h).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at 500 F.
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Figure 3.2.1.1.6(i).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2014-T6 aluminum alloy sheet at 600 F.
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Figure 3.2.1.1.6(j).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for clad 2014-T62 aluminum alloy plate at room
temperature.
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Figure 3.2.1.1.6(k).  Typical tensile stress-strain curves for 2014-T651 aluminum
alloy plate at room temperature.
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Figure 3.2.1.1.6(l).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2014-T651 aluminum alloy plate at room temperature.
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Figure 3.2.1.1.6(m).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2014-T6 aluminum alloy rolled bar, rod, and shapes at
room temperature.
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Figure 3.2.1.1.6(n).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2014-T652 aluminum alloy hand forging at room
temperature.
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Figure 3.2.1.1.6(o).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2014-T6 aluminum alloy extrusion at room
temperature.
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Figure 3.2.1.1.6(p).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2014-T6 aluminum alloy extrusion at room
temperature.
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Figure 3.2.1.1.6(q).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2014-T62 aluminum alloy extrusion at room
temperature.
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Figure 3.2.1.1.6(r).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2014-T651X aluminum alloy extrusion at room
temperature.
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Figure 3.2.1.1.6(s).  Typical tensile stress-strain curves (full range) for 2014-T6
aluminum alloy forging at room temperature.
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Figure 3.2.1.1.6(t).  Typical tensile stress-strain curves (full range) for 2014-T652
aluminum alloy forging at room temperature.
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Figure 3.2.1.1.6(u).  Typical tensile stress-strain curves (full range) for 2014-T62
aluminum alloy extrusion at room temperature.
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Figure 3.2.1.1.6(v).  Typical tensile stress-strain curves (full range) for 2014-T651X
aluminum alloy extrusion at room temperature.
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Figure 3.2.1.1.8(a).  Best-fit S/N curves for unnotched 2014-T6 aluminum alloy,
various wrought products, longitudinal direction.

Correlative Information for Figure 3.2.1.1.8(a)

Product Form: Drawn rod, 0.75 inch diameter
Rolled bar, 1 x 7.5 inch and
  1.125 inch diameter
Rolled rod, 4.5 inch diameter
Extruded rod, 1.25 inch diameter
Extruded bar, 1.25 x 4 inch
Hand forging, 3 x 6 inch
Die forging, 4.5 inch diameter
Forged slab, 0.875 inch

Properties: TUS, ksi    TYS, ksi Temp., F
 67-78         60-72 RT   

Specimen Details: Unnotched

Gross Diameter, inches  Net Diameter, inches
           1.00           0.400
           0.273           0.100
            ---         0.200
            ---          0.160
           1.00           0.500

Surface Condition:
Mechanically polished and as-machined

References: 3.2.1.1.8(a), (b), (d), and (e)

Test Parameters:
Loading - Axial
Frequency - 1100 to 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 21.49-9.44 log (Seq)
Seq = Smax (1-R)0.67

Std. Error of Estimate, Log (Life) = 0.51
Standard Deviation, Log (Life) = 1.25
R2 = 83%

Sample Size = 127

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.1.1.8(b).  Best-fit S/N curves for notched, Kt = 1.6, 2014-T6 aluminum alloy
rolled bar, longitudinal direction.

Correlative Information for Figure 3.2.1.1.8(b)

Product Form: Rolled bar, 1.125 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
     72             64       RT   

Specimen Details: Semicircular circumferential
notch, Kt = 1.6
0.45 inch gross diameter
0.4 inch net diameter
0.01 inch root radius
60  flank angle, 

Surface Condition:  Polished

Reference: 3.2.1.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 10.65-4.02 log (Seq-20.2)
Seq = Smax (1-R)0.55

Std. Error of Estimate, Log (Life) = 0.33
Standard Deviation, Log (Life) = 0.87
R2 = 86%

Sample Size = 33

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-62

Figure 3.2.1.1.8(c).  Best-fit S/N curves for notched, Kt = 2.4, 2014-T6 aluminum alloy
rolled bar, longitudinal direction.

Correlative Information for Figure 3.2.1.1.8(c)

Product Form: Rolled bar, 1.125 inch diameter

Properties: TUS, ksi     TYS, ksi      Temp., F
  72                  64   RT   

Specimen Details: Circumferential V-notch, 
  Kt = 2.4
0.500 inch gross diameter
0.400 inch net diameter
0.032 inch notch radius
60  flank angle, 

Surface Condition:  Polished

Reference: 3.2.1.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 10.59-4.36 log (Seq-11.7)
Seq = Smax (1-R)0.52

Std. Error of Estimate, Log (Life) = 0.38
Standard Deviation, Log (Life) = 1.18
R2 = 90%

Sample Size = 39

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.1.1.8(d).  Best-fit S/N curves for notched, Kt = 3.4, 2014-T6 aluminum alloy
rolled and extruded bar, longitudinal direction.

Correlative Information for Figure 3.2.1.1.8(d)

Product Form: Extruded bar, 1.125 inch diameter

Properties: TUS, ksi     TYS, ksi     Temp., F
    75                  67   RT   

Specimen Details: Circumferential V-notch,
  Kt = 3.4
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch notch radius
60  flank angle, 

Surface Condition:  Smooth machine finish

References: 3.2.1.1.8(b) and (c)

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 8.35-3.10 log (Seq-10.6)
Seq = Smax (1-R)0.52

Std. Error of Estimate, Log (Life) = 0.34
Standard Deviation, Log (Life) = 1.10
R2 = 90%

Sample Size = 45

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-64

Fatigue Life, Cycles

103 104 105 106 107 108

M
a

x
im

u
m

 S
tr

e
s
s
, 

k
s
i

0

20

40

60
.

.

Stress Ratio

        - 1.000

Alum. 2014-T6    K
t
=2.4

        Runout

         on net section.

Note:   Stresses are based

Figure 3.2.1.1.8(e).  Best-fit S/N curves for notched, Kt = 2.4, 2014-T6 aluminum
alloy hand forging, longitudinal and short transverse directions.

Correlative Information for Figure 3.2.1.1.8(e)

Product Form: Hand forging, 3 x 6 inch

Properties: TUS, ksi       TYS, ksi Temp., F
   Not specified             RT   

Specimen Details: Circumferential V-notch,
  Kt = 2.4
0.273 inch gross diameter
0.100 inch net diameter
0.010 inch notch radius
60  flank angle, 

Surface Condition:  Mechanically polished

Reference: 3.2.1.1.8(d)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Maximum Stress Equation:
Log Nf = 12.4-5.95 log (Smax)
Std. Error of Estimate, Log (Life) = 0.53
Standard Deviation, Log (Life) = 0.91
R2 = 66%

Sample Size = 28
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Specification Form

AMS-QQ-A-225/5
AMS 4118

Rolled bar and rod
Bar and rod, rolled or cold-finished

T e m p e r a t u r e ,  F

- 4 0 0 - 2 0 0 0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0
1 1

1 2

1 3

1 4

1 5

 1
0

-6
in

./
in

./
F

 B e t w e e n  7 0 F  a n d  in d i c a t e d  t e m p e r a t u r e

Figure 3.2.2.0.  Effect of temperature on the thermal expansion of 2017
aluminum alloy.

3.2.2 2017 ALLOY

3.2.2.0 Comments and Properties — 2017 is a heat-treatable Al-Cu alloy available in the
form of rolled bar, rod, and wire, and is used principally for fasteners.  Refer to Section 3.1.3.4 for comments
regarding the weldability of the alloy.

A material specification for 2017 aluminum alloy is presented in Table 3.2.2.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.2.2.0(b).  Figure 3.2.2.0 shows the
effect of temperature on thermal expansion.

    Table 3.2.2.0(a).  Material Specifications for 2017 Aluminum Alloy

The temper index for 2017 is as follows:

Section        Temper
3.2.2.1 T4, T451, and T42

3.2.2.1 T4, T451, and T42 Temper — The effect of temperature on modulus elasticity is pre-
sented in Figure 3.2.2.1.4.
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Table 3.2.2.0(b).  Design Mechanical and Physical Properties of 2017 Aluminum Alloy
Bar and Rod; Rolled, Drawn, or Cold-Finished

Specification . . . . . . . . . . . . . AMS 4118 and AMS-QQ-A-225/5

Form . . . . . . . . . . . . . . . . . . . Bar and rod; rolled, drawn, or cold-finished

Temper . . . . . . . . . . . . . . . . . T4, T451, T42a

Cross-Sectional Area, in.2 . . . 50

Thickness or Diameter, in. . . 8.000

Basis . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . .

 55
...

 32
...

 32b

...
 33

 83
105

 45
 51

 12

E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

10.4
10.6
 3.95
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . .

, 10-6 in./in./ F . . . . . . . .

0.101
0.23 (at 212 F)

78 (at 77 F)
See Figure 3.2.2.0

 a Design allowables were based upon data obtained from testing T4 material and from testing samples of bar and rod, supplied in the

O or F temper, which were heat treated to T42 temper to demonstrate response to heat treatment by suppliers.

 b For the stress-relieved temper T451, the Fcy value may be somewhat lower.
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Temperature, °F
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Figure 3.2.2.1.4.  Effect of temperature on the tensile and compression moduli (E and Ec)
of 2017 aluminum alloy.
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Table 3.2.3.0(a).  Material Specifications for 2024 Aluminum
Alloy

Specification Form

AMS 4037
AMS 4035
AMS-QQ-A-250/4
AMS-QQ-A-250/5
AMS 4120
AMS-QQ-A-225/6
AMS 4086
AMS-WW-T-700/3
AMS 4152
AMS 4164
AMS 4165
AMS-QQ-A-200/3

Bare sheet and plate
Bare sheet and plate
Bare sheet and plate
Clad sheet and plate
Bar and rod, rolled or cold-finished
Rolled or drawn bar, rod, and wire
Tubing, hydraulic, seamless, drawn
Tubing
Extrusion
Extrusion
Extrusion
Extruded bar, rod, and shapes

3.2.3 2024 ALLOY

3.2.3.0 Comments and Properties — 2024 is a heat-treatable Al-Cu alloy which is available
in a wide variety of product forms and tempers.  The properties vary markedly with temper; those in T3 and
T4 type tempers are noteworthy for their high toughness, while T6 and T8 type tempers have very high
strength.  This alloy has excellent properties and creep resistance at elevated temperatures.  The T6 and T8
type tempers have very high resistance to corrosion.  However, as shown in Table 3.1.2.3.1(a), 2024-T3, -T4,
and -T42 rolled plate, rod and bar, and extruded shapes and 2024-T6 and -T62 forgings have a ‘D’ SCC
rating.  This is the lowest rating and means that SCC failures have occurred in service or would be anticipated
if there is any sustained stress.  In-service failures are caused by stresses produced by any combination of
sources including solution heat treatment, straightening, forming, fit-up, clamping, sustained service loads
or high service compression stresses that produce residual tensile stresses.  These stresses may be tension or
compression as well as the stresses due to the Poisson effect, because the actual failures are caused by the
resulting sustained shear stresses.  Pin-hole flaws in corrosion protection are sufficient for SCC.  The
weldability of the alloy is discussed in Section 3.1.3.4.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 2024 are presented in Table 3.2.3.0(a).  Room-temperature mechanical
properties are shown in Tables 3.2.3.0(b) through (j2).  The effect of temperature on the physical properties
of this alloy is shown in Figure 3.2.3.0.
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Figure 3.2.3.0.  Effect of temperature on the physical properties of 2024
aluminum alloy.

The following temper designations are more specifically described than in Table 3.1.2.:

T81—The applicable designation for 2024-T3 sheet artificially aged to the required strength level.

T361—Solution heat treated and naturally aged followed by cold rolling and natural aging treatment.

T861—Solution heat treated and naturally aged followed by cold rolling and artificial aging
treatment.

T72—Solution heat treated and aged by user in accordance with AMS 2770 to provide high resis-
tance to stress-corrosion cracking, applicable only to sheet.
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The temper index for 2024 is as follows:

Section Temper
3.2.3.1 T3, T351, T3510, T3511, T4, and T42
3.2.3.2 T361 (supersedes T36)
3.2.3.3 T62 and T72
3.2.3.4 T81, T851, T8510, and T8511
3.2.3.5 T861 (supersedes T86)

3.2.3.1 T3, T351, T3510, T3511, T4, and T42 Temper — Figures 3.2.3.1.1(a) through
3.2.3.1.5(b) present elevated temperature curves for various properties.  Figures 3.2.3.1.6(a) through (q)
present tensile and compressive stress-strain curves and tangent-modulus curves for various product forms
and tempers at various temperatures.  Figures 3.2.3.1.6(r) through (w) are full-range, stress-strain curves at
room temperature for various product forms.  Figures 3.2.3.1.8(a) through (i) provide S/N fatigue curves for
unnotched and notched specimens for T3 and T4 tempers.

3.2.3.2 T361 (supersedes T36) Temper —

3.2.3.3 T62 and T72 Temper — Figures 3.2.3.3.1(a) through (d) and 3.2.3.3.5(a) and (b) show
the effect of temperature on the tensile properties of the T62 temper. Figure 3.2.3.1.4 can be used for the
elevated temperature curve for elastic moduli for this temper.  Tensile and compressive stress-strain and
tangent-modulus curves at room temperature are shown in Figure 3.2.3.3.6.

3.2.3.4 T81, T851, T852, T8510, and T8511 Temper — Figures 3.2.3.4.1(a) through (d),
3.2.3.4.2(a) and (b), 3.2.3.4.3(a) and (b), and 3.2.3.4.5(a) and (b) present elevated temperature curves for
various mechanical properties for the T8XXX temper.  Figures 3.2.3.4.1(e) and (f) contain graphs for
determining tensile properties after complex thermal exposure.  See Section 3.7.4.1 for a detailed discussion
of their use.  Figures 3.2.3.4.6(a) through (g) present tensile and compressive stress-strain and tangent-
modulus curves for various products and tempers.  Figures 3.2.3.4.6(h) through (j) are full-range stress-strain
curves at room temperature for various product forms.

3.2.3.5 T861 (T86) Temper — Figures 3.2.3.5.1(a) through (d), 3.2.3.5.2(a) and (b), 3.2.3.5.3(a)
through (c), and 3.2.3.5.5(a)  and  (b)  present effect-of-temperature curves for various mechanical properties.
Figures 3.2.3.5.6(a) through (d) present compressive stress-strain and tangent-modulus curves for sheet mate-
rial at various temperatures.  Graphical displays of the residual strength behavior of center-cracked tension
panels are presented in Figures 3.2.3.5.10(a) and (b).
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Table 3.2.3.0(b1).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy Sheet and Plate
Specification . . . . . . . . . . AMS 4037 and AMS-QQ-A-250/4 AMS-QQ-A-250/4

Form . . . . . . . . . . . . . . . . Sheet Plate Sheet Plate

Temper . . . . . . . . . . . . . . T3 T351 T361

Thickness, in. . . . . . . . . .
0.008-
0.009

0.010-
0.128

0.129-
0.249

0.250-
0.499

0.500-
1.000

1.001-
1.500

1.501-
2.000

2.001-
3.000

3.001-
4.000

0.020-
0.062

0.063-
0.249

0.250-
0.500

Basis . . . . . . . . . . . . . . . . S A B A B A B A B A B A B A B A B S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . . . .

 64
 63
...

 47
 42
...

 39
 45
...
 39

104
129

 73
 88

 10

 64
 63
...

 47
 42
...

 39
 45
...
 39

104
129

 73
 88

c

 65
 64
...

 48
 43
...

 40
 46
...
 40

106
131

 75
 90

...

 65
 64
...

 47
 42
...

 39
 45
...
 40

106
131

 73
 88

c

 66
 65
...

 48
 43
...

 40
 46
...
 41

107
133

 75
 90

...

 64
 64
...

 48
 42
...

 39
 45
...
 38

 97
119

 72
 86

 12

 66
 66
...

 50
 44
...

 41
 47
...
 39

100
122

 76
 90

...

 63
 63
...

 48
 42
...

 39
 45
...
 37

 95
117

 72
 86

  8

 65
 65
...

 50
 44
...

 41
 47
...
 38

 98
120

 76
 90

...

 62
 62
...

 47
 42
...

 39
 44
...
 37

 94
115

 72
 86

  7

 64
 64
...

 50
 44
...

 40
 46
...
 38

 97
119

 76
 90

...

 62
 62
...

 47
 42
...

 38
 44
...
 37

 94
115

 72
 86

  6

 64
 64
...

 49
 44
...

 40
 46
...
 38

 97
119

 76
 90

...

 60
 60
 52a

 46
 42
 38a

 37
 43
 46
 35

 91
111

 72
 86

  4

 62
 62
 54a

 48
 44
 40a

 39
 45
 48
 37

 94
115

 76
 90

...

 57
 57
 49a

 43
 41
 38a

 35
 41
 44
 34

 86
106

 70
 84

  4

 59
 59
 51a

 46
 43
 39a

 37
 43
 47
 35

 89
109

 74
 88

...

 68
 67
...

 56
 50
...

 47
 53
...
 42

111
137

 82
 97

  8

 69
 68
...

 56
 51
...

 48
 54
...
 42

112
139

 84
 99

  9

 67
 66
...

 54
 49
...

 46
 52
...

 41

109
135

 81
 96

  9d

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

10.7
10.9
 4.0 
 0.33

10.5
10.7
 4.0 
 0.33

10.7
10.9
 4.0 
 0.33

Physical Properties:
, lb/in. . . . . . . . . . . . . .

C, K, and  . . . . . . . . . .
0.100

See Figure 3.2.3.0

a Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating
of D, as indicated in Table 3.1.2.3.1(a).

b Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
c See Table 3.2.3.0(c).
d 10% for 0.500 inch.
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Table 3.2.3.0(b2).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy Sheet and Plate—Continued
Specification . . . . . . . . . . . . . . . . AMS-QQ-A-250/4 AMS 4035 and AMS-QQ-A-250/4 AMS-QQ-A-250/4

Form . . . . . . . . . . . . . . . . . . . . . . Coiled Sheet Flat Sheet and Plate

Temper . . . . . . . . . . . . . . . . . . . . T4 T42a T62a T72a

Thickness, in. . . . . . . . . . . . . . . .
0.010-0.249

0.010-
0.249

0.250-
0.499

0.500-
1.000

1.001-
2.000

2.001-
3.000

0.010-
0.249

0.250-
0.499

0.500-
2.000

2.001-
3.000 0.010-0.249

Basis . . . . . . . . . . . . . . . . . . . . . . A B S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . . . . . . . . . .

 62
 62

 40
 40

 40
 40
 37

 93
118

 56
 64

d

 64
 64

 42
 42

 42
 42
 38

 96
122

 59
 67

...

 62
 62

 38
 38

 42
 41
 37

 99
123

 67
 80

d

 62
 62

 38
 38

 42
 41
 37

 98
123

 67
 80

 12

 61
 61

 38
 38

 40
 41
 36

 94
121

 67
 80

  8

60
60

38
38

37
41
36

85c

119c

67c

80c

d

...
58

...
38

...

...

...

...

...

...

...

 4

 63
 64

 50
 50

 52
 53
 38

103
134

 80
 95

5

 63
 64

 50
 50

 52
 52
 38

103
134

 80
 95

  5

 63
 63

 50
 50

 52
 48
 37

102c

132c

 80c

 95c

  5

...
63

...
50

...

...

...

...

...

...

...

 5

...
60

...
46

...

...

...

...

...

...

...

 5

E, 103 ksi . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . .

See Table 3.2.3.0(d)
See Table 3.2.3.0(d)
See Table 3.2.3.0(d)
See Table 3.2.3.0(d)

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . .

0.100
See Figure 3.2.3.0

71 (at 77 F) for T4X and 87 (at 77 F) for T6X, T7X, See Figure 3.2.3.0
See Figure 3.2.3.0

a Design allowables in some cases were based upon data obtained from testing samples of material, supplied in the O or F temper, which were heat treated to demonstrate response
to heat treatment by suppliers.  Properties obtained by the user may be different than those listed if the material has been formed or otherwise cold or hot worked, particularly in
the annealed temper, prior to solution heat treatment.

b Bearing values are “dry pin” values per Section 1.4.7.1.
c See Table 3.1.2.1.1.
d See Table 3.2.3.0(c).
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Table 3.2.3.0(b3).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy
Sheet and Plate—Continued

Specification . . . . . . . AMS-QQ-A-250/4

Form . . . . . . . . . . . . . Sheet Plate Sheet Plate

Temper . . . . . . . . . . . T81 T851 T861

Thickness, in. . . . . . .
0.010-
0.249

0.250-
0.499

0.500-
1.000

1.001-
1.499

0.020-
0.062

0.063-
0.249

0.250-
0.500

Basis . . . . . . . . . . . . . A B A B S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . .

 67
 67

 59
 58

 59
 58
 40

100
127

 83
 94

  5

 68
 68

 61
 60

 61
 60
 41

102
129

 86
 97

...

 67
 67

 58
 58

 58
 59
 38

102
131

 86
101

  5

 68
 68

 60
 60

 60
 61
 39

103
133

 89
105

...

 66
 66

 58
 58

 58
 58
 37

100
129

 86
101

  5

 66
 66

 57
 57

 56
 57
 37

100b

129b

 85b

 99b

  5

 71
 70

 63
 62

 63
 65
 40

108
140

 90
105

  3

 72
 71

 67
 66

 67
 69
 40

110
142

 96
112

  4

 70
 70

 64
 64

 64
 67
 40

108
140

 93
109

  4

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . .

See Table 3.2.3.0(d)
See Table 3.2.3.0(d)
See Table 3.2.3.0(d)
See Table 3.2.3.0(d)

Physical Properties:
, lb/in.3 . . . . . . . .

C, Btu/(lb)( F) . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . .

0.100
See Figure 3.2.3.0

87 (at 77 F)
See Figure 3.2.3.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
b  See Table 3.1.2.1.1.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-74

Table 3.2.3.0(c).  Minimum Elongation Values for Bare 2024 Aluminum Alloy Sheet and
Plate

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Elongation (LT), percent

T3, T4, and T42

Thickness, in.:
0.010-0.020  . . . . . . . . . . . . . . . . . . . . . . . . . .
0.021-0.249 . . . . . . . . . . . . . . . . . . . . . . . . . .  
0.250-0.499  . . . . . . . . . . . . . . . . . . . . . . . . . .
0.500-1.000 . . . . . . . . . . . . . . . . . . . . . . . . . .
1.001-1.500 . . . . . . . . . . . . . . . . . . . . . . . . . .
1.501-2.000 . . . . . . . . . . . . . . . . . . . . . . . . . .

12
15
12
 8
 7
 6

Table 3.2.3.0(d).  Modulus Values and Poisson's Ratio for Bare 2024 Aluminum Alloy
Sheet and Plate, All Tempers

Property E Ec G µ

Thickness, in.:
0.010-0.249 . . . . . . . . . . . . . . . . . . . . . .

0.250 . . . . . . . . . . . . . . . . . . . . . .
10.5
10.7

10.7
10.9

4.0
4.0

0.33
0.33

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



M
IL

-H
D

B
K

-5
J

3
1

 J
a

n
u

a
ry

 2
0

0
3

3
-7

5

Table 3.2.3.0(e1).  Design Mechanical and Physical Properties of Clad 2024 Aluminum Alloy Sheet and Plate
Specification . . . . . . . AMS-QQ-A-250/5

Form . . . . . . . . . . . . . Flat sheet and plate

Temper . . . . . . . . . . . T3 T351

Thickness, in. . . . . . .
0.008-
0.009

0.010-
0.062

0.063-
0.128

0.129-
0.249

0.250-
0.499

0.500-
1.000a

1.001-
1.500a

1.501-
2.000a

2.001-
3.000a

3.001-
4.000a

Basis . . . . . . . . . . . . . A B A B A B A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . .

 59
 58
...

 44
 39
...

 36
 42
...
 37

 96
119

 68
 82

 10

 60
 59
...

 45
 40
...

 37
 43
...
 37

 97
121

 70
 84

...

 60
 59
...

 44
 39
...

 36
 42
...
 37

 97
121

 68
 82

d

 61
 60
...

 45
 40
...

 37
 43
...
 38

 99
123

 70
 84

...

 62
 61
...

 45
 40
...

 37
 43
...
 38

101
125

 70
 84

 15

 63
 62
...

 47
 42
...

 39
 45
...
 39

102
127

 73
 88

...

 63
 62
...

 45
 40
...

 37
 43
...
 39

102
127

 70
 84

 15

 64
 63
...

 47
 42
...

 39
 45
...
 40

104
129

 73
 88

...

 62
 62
...

 46
 40
...

 37
 43
...
 37

 94
115

 69
 82

 12

 64
 64
...

 48
 42
...

 39
 45
...
 38

 97
119

 72
 86

...

 61
 61
...

 45
 40
...

 37
 42
...
 36

 92
113

 69
 82

  8

 63
 63
...

 48
 42
...

 39
 45
...
 37

 95
117

 72
 86

...

 60
 60
...

 45
 40
...

 37
 42
...
 35

 91
111

 69
 82

  7

 62
 62
...

 48
 42
...

 39
 44
...
 37

 94
115

 72
 86

...

 60
 60
...

 45
 40
...

 36
 42
...
 35

 91
111

 69
 82

  6

 62
 62
...

 47
 42
...

 38
 44
...
 37

 94
115

 72
 86

...

 58
 58
 52b

 44
 40
 38b

 35
 41
 46
 34

 88
107

 69
 82

  4

 60
 60
 54b

 46
 42
 40b

 37
 43
 48
 35

 91
111

 72
 86

...

 55
 55
 49b

 39
 39
 38b

 33
 39
 44
 32

 83
102

 67
 80

  4

 57
 57
 51b

 41
 41
 39b

 35
 41
 47
 34

 86
106

 70
 84

...

E, 103 ksi:
Primary . . . . . . . . 10.5 10.7

Secondary . . . . . . 9.5 10.0 10.2

Ec, 103 ksi:
Primary . . . . . . . . 10.7 10.9

Secondary . . . . . . 9.7 10.2 10.4

G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . .

...
0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.100

...

a   These values, except in the ST direction, have been adjusted to represent the average properties across the whole section, including the 2-½ percent nominal cladding thickness.
b   Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D,

as indicated in Table 3.1.2.3.1(a).
c   Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
d   See Table 3.2.3.0(f).
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Table 3.2.3.0(e2).  Design Mechanical and Physical Properties of Clad 2024 Aluminum
Alloy Sheet and Plate—Continued

Specification . . . . . . . AMS-QQ-A-250/5

Form . . . . . . . . . . . . . Flat sheet and plate Coiled sheet

Temper . . . . . . . . . . . T361 T4

Thickness, in. . . . . . .
0.020-
0.062

0.063-
0.249

0.250-
0.499 0.500a

0.010-
0.062

0.063-
0.128

Basis . . . . . . . . . . . . . S S S S A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . .

 62
 61

 53
 47

 44
 50
 38

101
125

 78
 92

  8

 65
 64

 53
 48

 45
 51
 40

105
131

 79
 94

  9

 65
 64

 53
 48

 45
 51
 40

105
131

 79
 94

  9

 64
 63

 52
 47

 44
 50
 39

104
129

 78
 92

 10

 58
 58

 36
 36

 36
 36
 37

 96
119

 63
 76

c

 59
 59

 38
 38

 38
 38
 37

 97
121

 66
 80

...

 61
 61

 38
 38

 38
 38
 38

101
125

 66
 80

 15

 62
 62

 39
 39

 39
 39
 39

102
127

 68
 82

...

E, 103 ksi:
Primary . . . . . . . .
Secondary . . . . . .

Ec, 103 ksi:
Primary . . . . . . . .
Secondary . . . . . .

10.5
 9.5

10.7
 9.7

10.5
10.0

10.7
10.2

10.7
10.2

10.9
10.4

10.5
 9.5

10.7
 9.7

10.5
10.0

10.7
10.2

G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

...
0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.100

...

a  These values have been adjusted to represent the average properties across the whole section, including the 2-½ percent
    nominal cladding thickness.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
c  See Table 3.2.3.0(f).
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Table 3.2.3.0(e3).  Design Mechanical and Physical Properties of Clad 2024 Aluminum Alloy Sheet and Plate—Continued
Specification . . . . . . . . . AMS-QQ-A-250/5

Form . . . . . . . . . . . . . . . Flat sheet and plate

Temper . . . . . . . . . . . . . T42a T62a T72a

Thickness, in. . . . . . . . .
0.008-0.009 0.010-0.062 0.063-0.249

0.250-

0.499

0.500-

1.000b

1.001-

2.000b

2.001-

3.000b

0.010-

0.062

0.063-

0.249

0.250-

0.499

0.010-

0.062 0.063-0.249

Basis . . . . . . . . . . . . . . . A B A B Ac Bc Sc Sc Sc,d S S Sc Sc S S

Mechanical Properties:

Ftu, ksi:

      L . . . . . . . . . . . . . . .

      LT . . . . . . . . . . . . . .

Fty, ksi:

      L . . . . . . . . . . . . . . .

      LT . . . . . . . . . . . . . .

Fcy, ksi:

      L . . . . . . . . . . . . . . .

      LT . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .

Fbru, ksi:

      (e/D = 1.5) . . . . . . .

      (e/D = 2.0) . . . . . . .

Fbry, ksi:

      (e/D = 1.5) . . . . . . .

      (e/D = 2.0) . . . . . . .

e, percent (S-basis):

      LT . . . . . . . . . . . . . .

55

55

34

34

38

37

33

88

109

60

72

10

57

57

35

35

39

38

34

91

113

61

74

...

57

57

34

34

38

37

34

91

113

60

 72

e

59

59

35

35

39

38

35

94

117

61

74

...

60

60

36

36

40

39

36

96

119

63

76

15

62

62

38

38

42

41

37

99

123

 67

80

...

60

60

36

36

39

39

36

95

119

63

76

12

59

59

36

36

38

39

35

90

117

63

76

8

58

58

36

36

35

39

35

 83

 115

63

76

e

...

56

...

36

...

...

...

...

...

...

...

 4

60

60

47

47

49

49

35

97

126

75

89

5

62

62

49

49

51

52

36

100

130

79

93

5

62

62

49

49

51

51

36

100

130

79

93

5

...

56

...

43

...

...

...

...

...

...

...

5

...

58

...

45

...

...

...

...

...

...

...

5

E, 103 ksi:

      Primary . . . . . . . . . .

      Secondary . . . . . . . .

Ec, 103 ksi:

      Primary . . . . . . . . . .

      Secondary . . . . . . . .

10.5

 9.5

10.7

 9.7

10.5

10.0

10.7

10.2

10.7

10.2

10.9

10.4

10.5

10.0

10.7

10.2

10.7

10.2

10.9

10.4

10.5

 9.5

10.7

 9.7

10.5

10.0

10.7

10.2

G, 103 ksi . . . . . . . . . .

µ . . . . . . . . . . . . . . . .

...

0.33

Physical Properties:

, lb/in.3 . . . . . . . . . .

C, K, and . . . . . . . .

0.100

...

a Design allowables in some cases were based upon data obtained from testing samples of material, supplied in the O or F temper, which were heat treated to demonstrate response to heat treatment by
suppliers.  Properties obtained by the user may be different than those listed if the material has been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to solution heat
treatment.

b These values have been adjusted to represent the average properties across the whole section, including 2½ percent per side nominal cladding thickness.
c Bearing values are “dry pin” values per Section 1.4.7.1.
d See Table 3.1.2.1.1.
e See Table 3.2.3.0(f).
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Table 3.2.3.0(e4).  Design Mechanical and Physical Properties of Clad 2024 Aluminum
Alloy Sheet and Plate—Continued

Specification . . . . . AMS-QQ-A-250/5

Form . . . . . . . . . . . Flat sheet and plate

Temper . . . . . . . . . T81 T851a T861a

Thickness, in. . . . .
0.010-
0.062

0.063-
0.249

0.250-
0.499

0.500-
1.000b

0.020-
0.062

0.063-
0.249

0.250-
0.499 0.500b

Basis . . . . . . . . . . . S S A B S S S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . .

Fsu, ksi . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

Fbry, ksi:
(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

e, percent (S-basis):
LT . . . . . . . . . .

 64
 62

 57
 54

 55
 55
 38

 96
122

 78
 90

  5

 67
 65

 59
 56

 57
 57
 39

100
127

 83
 94

  5

 65
 65

 56
 56

 56
 57
 37

 99
127

 83
 98

  5

 66
 66

 58
 58

 58
 59
 37

100
129

 86
101

...

 63
 63

 56
 56

 56
 56
 36

 96
123

 83
 98

  5

 65
 64

 59
 58

 59
 61
 36

 99
128

 84
 99

  3

 70
 69

 65
 64

 65
 67
 39

107
138

 93
109

  4

 68
 68

 62
 62

 62
 65
 39

105
136

 90
105

  4

 67
 67

 61
 61

 61
 64
 38

104
134

 88
104

  4

E, 103 ksi:
Primary . . . . . .
Secondary . . . .

Ec, 103 ksi:
Primary . . . . . .
Secondary . . . .

10.5
 9.5

10.7
 9.7

10.5
10.0

10.7
10.2

10.7
10.2

10.9
10.4

10.5
 9.5

10.7
 9.7

10.5
10.0

10.7
10.2

10.5
10.2

10.9
10.4

G, 103 ksi . . . . . .
µ . . . . . . . . . . . . .

...
0.33

Physical Properties:
, lb/in.3 . . . . . . .

C, K, and  . . . . .
0.100

...

a  Bearing values are “dry pin” values per Section 1.4.7.1.
b  These values have been adjusted to represent the average properties across the whole section, including the 2-½ percent
    nominal cladding thickness.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-79

Table 3.2.3.0(f).  Minimum Elongation Values for Clad 2024 Aluminum Alloy
Sheet and Plate

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Elongation (LT), percent

T3, T4, T42

Thickness, in.:
0.010-0.020 . . . . . . . . . . . . . . . . . . . . . . . .
0.021-0.062 . . . . . . . . . . . . . . . . . . . . . . . .
1.001-1.500 . . . . . . . . . . . . . . . . . . . . . . . .
1.501-2.000 . . . . . . . . . . . . . . . . . . . . . . . .

12
15
 7
 6
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Table 3.2.3.0(g).  Design Mechanical and Physical Properties of 2024 Alumi-
num Alloy Drawn Tubing

Specification . . . . . . . . . . . . . . . . . . . .
AMS 4086 and WW-T-

700/3 WW-T-700/3

Form . . . . . . . . . . . . . . . . . . . . . . . . . . Drawn tubing

Temper . . . . . . . . . . . . . . . . . . . . . . . . T3 T42a T81

Wall Thickness, in. . . . . . . . . . . . . . . .
0.018-
0.500

0.018-
0.500

0.010-
0.249

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . A B S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .

 64
...

 42
...

 42
...

 39

 96
122

 59
 67

b

 66
...

 45
...

 45
...

 40

 99
126

 63
 72

...

 62
...

 38
...

 38
...

 38

 93
118

 53
 61

b

66
...

58
...

...

...

...

...

...

...

...

b

E, 103 ksi . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . . . .
0.100

See Figure 3.2.3.0

a  Design allowables were based upon data obtained from testing samples of material supplied in the O or F
    temper, which were heat treated to demonstrate response to heat treatment by suppliers.  Properties obtained 

by the user, however, may be lower than those listed if the material has been formed or otherwise cold or hot
    worked, particularly in the annealed temper, prior to solution heat treatment.
b  See Table 3.2.3.0(h).
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Table 3.2.3.0(h).  Minimum Elongation Values for 2024 Aluminum Alloy Drawn
Tubing

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Elongation (L), percenta

T3, T42

Wall Thickness, in.:
0.018-0.024 . . . . . . . . . . . . . . . . . . . . . . . .
0.025-0.049 . . . . . . . . . . . . . . . . . . . . . . . .
0.050-0.259 . . . . . . . . . . . . . . . . . . . . . . . .
0.260-0.500 . . . . . . . . . . . . . . . . . . . . . . . .

10
12
14
16

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T81

0.010-0.024 . . . . . . . . . . . . . . . . . . . . . . . .
0.025-0.049 . . . . . . . . . . . . . . . . . . . . . . . .
0.050-0.249 . . . . . . . . . . . . . . . . . . . . . . . .

...
 5
 6

a  Full section specimen.
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Table 3.2.3.0(i1).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy
Bar and Rod; Rolled, Drawn, or Cold-Finished

Specification . . . . . . .
AMS 4120 and AMS-QQ-A-225/6

AMS-QQ-A-
225/6

Form . . . . . . . . . . . . . Bar and rod; rolled, drawn, or cold-finished

Temper . . . . . . . . . . . T351 T361

Thickness, in. . . . . . .
0.500-
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000a

5.001-
6.000a

6.001-
6.500a 0.375

Basis . . . . . . . . . . . . . S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent:
L . . . . . . . . . . . . .

 62
 61b

 45
 36b

 34
 41
 37

 90
115

 63
 74

 10

 62
 59b

 45
 36b

 34
 41
 37

 90
115

 63
 74

 10

 62
 57b

 45
 36b

 34
 41
 37

 90
115

 63
 74

 10

 62
 55b

 45
 36b

 34
 41
 37

 90
115

 63
 74

 10

 62
 54b

 45
 36b

 34
 41
 37

 90
115

 63
 74

 10

 62
 52b

 45
 36b

 34
 41
 37

 90
115

 63
 74

 10

62
...

45
...

...

...

...

...

...

...

...

10

69
...

52
...

...

...

...

...

...

...

...

10

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.100

See Figure 3.2.3.0

a For square, rectangular, hexagonal, or octagonal bar, minimum thickness is 4 inches, and maximum cross-sectional area is 36 square
inches.

b Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It
corresponds to an SCC resistance rating of D, as indicated in Table 3.1.2.3.1(a).
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Table 3.2.3.0(i2).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy Bar and Rod; Rolled, Drawn,
or Cold-Finished—Continued

Specification . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . .

Thickness, in. . . . . . . . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . .

AMS 4120 and AMS-QQ-A-225/6 AMS-QQ-A-225/6

Bar and rod; rolled, drawn, or cold-finished

T4a T42b

0.125-
0.499

0.500-
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
4.500c

4.501-
5.000d

5.001-
6.000c

6.001-
6.500d

6.501-
8.000d 6.500c

S S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . .

 62
 61e

 45
 45e

 36
...
 37

 93
118

 63
 72

 10

 62
 61e

 42
 42e

 33
...
 37

 93
118

 59
 67

 10

 62
 59e

 42
 41e

 33
...
 37

 93
118

 59
 67

 10

 62
 57e

 42
 40e

 33
...
 37

 93
118

 59
 67

 10

 62
 55e

 42
 39e

 33
...
 37

 93
118

 59
 67

 10

 62
 54e

 42
 39e

 33
...
 37

 93
118

 59
 67

 10

 62
 54e

 40
 37e

 32
...
 37

 93
118

 56
 64

 10

 62
 52e

 40
 36e

 32
...
 37

 93
118

 56
 64

 10

62
...

40
...

...

...
37

...

...

...

...

10

58
...

38
...

...

...

...

...

...

...

...

10

62
...

40
...

...

...

...

...

...

...

...

10

E, 103 ksi . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . .

C and  . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . .

0.100
See Figure 3.2.3.0

71 (at 77 F) for T4X (See Figure 3.2.3.0)

a The T4 temper is obsolete and should not be specified for new designs.
b These properties apply when samples of material supplied in the O or F temper are heat treated to demonstrate response to heat treatment.  Properties obtained by the user, however,

may be lower than those listed if the material has been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to solution heat treatment.
c For square, rectangular, hexagonal, or octagonal bar, maximum thickness is 4 inches, and maximum cross-sectional area is 36 square inches.
d Applies to rod only.
e Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as

indicated in Table 3.1.2.3.1(a).
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Table 3.2.3.0(i3).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy
Bar and Rod; Rolled, Drawn, or Cold-Finished—Continued

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Thickness,c in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

AMS-QQ-A-225/6

Bar and rod; rolled, drawn, or cold finished

T6a T62b T851

6.500 6.500 0.500-6.500

S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

62
...

50
...

...

...

...

...

...

...

...

 5

60
...

46
...

...

...

...

...

...

...

...

 5

66
...

58
...

...

...

...

...

...

...

...

 5

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.5
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C and  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . . . . . . . . . .

0.100
See Figure 3.2.3.0

87 (at 77 F) for T6X and T8XX

a The T6 temper is obsolete and should not be specified for new designs.
b These properties apply when samples of material supplied in the O or F temper are heat treated to demonstrate response to heat

treatment.  Properties obtained by the user, however, may be lower than those listed if the material has been formed or otherwise
cold or hot worked, particularly in the annealed temper, prior to solution heat treatment.

c For square, rectangular, hexagonal, or octagonal bar, maximum thickness is 4 inches, and maximum cross-sectional area is
36 square inches. 
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Table 3.2.3.0(j1).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy Extrusion

Specification . . . . . . AMS 4152, AMS 4164, AMS 4165, and AMS-QQ-A-200/3 AMS-QQ-A-200/3

Form . . . . . . . . . . . . Extruded bar, rod, and shapes

Temper . . . . . . . . . . T3, T3510, and T3511 T81, T8510, and T8511

Thickness,a in. . . . . .
0.249 0.250-0.499 0.500-0.749 0.750-1.499 1.500-2.999 3.000-4.499

1.500-
2.999

3.000-
4.499

0.050-
0.249

0.250-
1.499

1.500-
4.500

Cross-Section Area, in.2 20 25 >25 - 32 20 32

Basis . . . . . . . . . . . . A B A B A B A B A B A B S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . .
LT . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fsu, ksi . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

e, percent (S-basis):
L . . . . . . . . . . . .

 57
 54

 42
 37

 34
 41
 29

 84
108

 61
 71

 12

 61
 58

 47
 41

 38
 45
 31

 90
114

 68
 79

...

60
56

44
38

37
41
31

78
98

55
67

12

 62
 57

 47
 40

 39
 44
 32

 81
101

 59
 71

...

60
54

44
37

38
40
30

78
97

55
67

12

 62
 56

 47
 39

 40
 43
 31

 80
101

 59
 71

...

 65
 56

 46
 37

 41
 40
 33

 84
105

 57
 69

10

 70
 60

 54
 43

 48
 47
 35

 90
113

 67
 81

...

 70
 55

 52
 39

 49
 42
 34

 88
111

 63
 77

10

 74
 58

 54
 41

 50
 44
 36

 93
118

 66
 80

...

 70
 54

 52
 39

 49
 41
 33

 86
109

 62
 75

 10

 74
 57

 54
 41

 51
 43
 35

 91
115

 65
 78

...

 68
 53

 48
 36

 45
 39
 33

 86
108

 59
 71

  8

 68
 52

 48
 36

 45
 38
 32

 84
106

 57
 69

  8

 64
 64

 56
 55

 57
 57
 35

 94
123

 79
 93

  4

 66
 64

 58
 57

 59
 59
 36

 96
123

 82
 96

  5

 66
 61

 58
 57

 59
 59
 36

 92
117

 82
 96

  5

E, 103 ksi . . . . . . .
Ec, 103 ksi . . . . . .
G, 103 ksi . . . . . . .
µ . . . . . . . . . . . . .

10.8 
11.0 
 4.1 
 0.33

Physical Properties:
, lb/in.3 . . . . . . .

C, K, and  . . . . .
0.100

See Figure 3.2.3.0

a  The mechanical properties are to be based upon the thickness at the time of quench.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.2.3.0(j2).  Design Mechanical and Physical Properties of 2024 Aluminum Alloy Extrusion—Concluded
Specification . . . . . . AMS-QQ-A-200/3

Form . . . . . . . . . . . . Extruded bar, rod, and shapes

Temper . . . . . . . . . . T42a

Cross-Sectional Area,
in.2  25

Thickness or Diameter,b

in.  0.249
0.250-
0.499

0.500-
0.749

0.750-
0.999

1.000-
1.249

1.250-
1.499

1.500-
1.749

1.750-
1.999

2.000-
2.249

2.250-
2.499

Basis . . . . . . . . . . . . S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent:
L . . . . . . . . . . . . .

57
55

38
36

38
39
29

81
99

56
69

12

57
54

38
35

38
38
29

80
98

55
67

12

57
52

38
34

38
37
29

79
97

53
65

12

57
51

38
33

38
36
29

77
95

51
63

10

57
49

38
32

38
35
29

75
93

49
61

10

57
47

38
31

38
34
29

74
91

47
59

10

57
45

38
30

38
33
28

71
89

44
56

10

57
43

38
29

38
31
27

69
86

41
53

10

57
41

38
28

38
30
26

67
83

39
50

10

57
39

38
27

38
29
24

64
81

36
47

10

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . .

10.8
11.0
 4.1 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . .

C, K, and  . . . . . .
0.100

See Figure 3.2.3.0

a  Design allowables were based upon data obtained from testing samples of material supplied in the O or F temper, which were heat treated to demonstrate response to heat
    treatment by suppliers.  Properties obtained by the user, however, may be lower than those listed if the material has been formed or otherwise cold or hot worked, particularly
    in the annealed temper, prior to solution heat treatment.
b  The mechanical properties are to be based upon the thickness at the time of quench.
c  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.2.3.1.1(a).  Effect of temperature on the tensile ultimate
strength (Ftu) of 2024-T3, T351, and 2024-T4 aluminum alloy (all
products except extrusions).
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Figure 3.2.3.1.1(b).  Effect of temperature on the tensile yield strength
(Fty) of 2024-T3, T351, and 2024-T4 aluminum alloy (all products
except extrusions).
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Figure 3.2.3.1.1.(d).  Effect of temperature on the tensile yield strength (Fty) of
2024-T3, T3510, T3511, and T42 aluminum alloy extrusion.
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Figure 3.2.3.1.1(c).  Effect of temperature on the tensile ultimate strength (Ftu) of
2024-T3, T3510, T3511, and T42 aluminum alloy extrusion.
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Figure 3.2.3.1.1(f).  Effect of exposure at elevated temperatures on the room-
temperature tensile yield strength (Fty) of 2024-T3, T351, T3510, T3511, T4, and
T42  aluminum alloy (all products except thick extrusions).

Figure 3.2.3.1.1(e).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 2024-T3, T351, T3510, T3511, and T42
aluminum alloy (all products except thick extrusions).
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Figure 3.2.3.1.2(b).  Effect of temperature on the shear ultimate strength (Fsu) of flat clad
2024-T3, coiled clad 2024-T4 aluminum alloy sheet, and clad 2024-T351 aluminum
alloy plate.

Figure 3.2.3.1.2(a).  Effect of temperature on the compressive yield strength (Fcy) of flat clad
2024-T3, coiled clad 2024-T4 aluminum alloy sheet, and clad 2024-T351 aluminum alloy
plate.
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Figure 3.2.3.1.3(a).  Effect of temperature on the bearing ultimate strength (Fbru) of flat
clad 2024-T3, coiled clad 2024-T4 aluminum alloy sheet, and clad 2024-T351 aluminum
alloy plate.
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Figure 3.2.3.1.3(b).  Effect of temperature on the bearing yield strength (Fbry) of flat clad
2024-T3, coiled clad 2024-T4 aluminum alloy sheet, and clad 2024-T351 aluminum
alloy plate.
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Figure 3.2.3.1.5(a).  Effect of temperature on the elongation of 2024-T3, T351, T3510,
T3511, T4, and T42 aluminum alloy (all products except thick extrusions).

Figure 3.2.3.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 2024 aluminum alloy.
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Figure 3.2.3.1.5(b).  Effect of exposure at elevated temperature on the elongation (e) of
2024-T3, T351, T3510, T3511, T4, and T42 aluminum alloy (all products except thick
extrusions).
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Figure 3.2.3.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T3 aluminum alloy sheet at room temperature.
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Figure 3.2.3.1.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for clad 2024-T3 aluminum alloy sheet at room temperature.
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Figure 3.2.3.1.6(c).  Typical compressive stress-strain and compressive tangent-modulus
curves for clad 2024-T3 aluminum alloy sheet at 212 F.
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Figure 3.2.3.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T3 aluminum alloy sheet at 300 F.
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Figure 3.2.3.1.6(e).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T3 aluminum alloy sheet at 400 F.
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Figure 3.2.3.1.6(f).  Typical compressive stress-strain and compressive tangent-modulus
curves for clad 2024-T3 aluminum alloy sheet at 500 F.
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Figure 3.2.3.1.6(g).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T3 aluminum alloy sheet at 600 F.
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Figure 3.2.3.1.6(h).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T3 aluminum alloy sheet at 700 F.
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Figure 3.2.3.1.6(j).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T42 aluminum alloy plate at room temperature.
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Figure 3.2.3.1.6(i).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T351 aluminum alloy plate at room
temperature.
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Figure 3.2.3.1.6(l).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T4 aluminum alloy rolled bar, rod, and shapes at
room temperature.
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Figure 3.2.3.1.6(k)  Typical tension and compression stress-strain and compression
tangent modulus curves for 2024-T42 aluminum alloy plate at room temperature. 
Note, the data to generate these curves may have been from clad product, however,
they are shown here without secondary modulus since it could not be positively
confirmed the product was cladded.
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Figure 3.2.3.1.6(m).  Typical tensile stress-strain curves for 2024-T351X aluminum alloy
extrusion at room temperature.
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Figure 3.2.3.1.6(n).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2024-T351X aluminum alloy extrusion at room temperature.
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Figure 3.2.3.1.6(o).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T3 aluminum alloy extrusion at room temperature.
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Figure 3.2.3.1.6(p).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T3 aluminum alloy extrusion at room temperature.
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Figure 3.2.3.1.6(q).  Typical tensile stress-strain curves for 2024-T42 aluminum alloy
extrusion at room temperature.
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Figure 3.2.3.1.6(r).  Typical compressive stress-strain and compressive tangent-modulus
curves for 2024-T42 aluminum alloy extrusion at room temperature.
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Figure 3.2.3.1.6(s).  Typical tensile stress-strain curves for clad 2024-T42 aluminum
alloy sheet at room temperature.
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Figure 3.2.3.1.6(t).  Typical compressive stress-strain and compressive tangent-modulus
curves for clad 2024-T42 aluminum alloy sheet at room temperature.
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Figure 3.2.3.1.6(u).  Typical tensile stress-strain curves (full range) for clad 2024-T3
aluminum alloy sheet at room temperature.
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Figure 3.2.3.1.6(v).  Typical tensile stress-strain curve (full range) for 2024-T351
aluminum alloy rolled rod at room temperature.
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Figure 3.2.3.1.6(w).  Typical tensile stress-strain curve (full range) for 2024-T351X
aluminum alloy extrusion at room temperature.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-108

Strain, in./in.

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

S
tr

e
s
s
, 
k
s
i

0

10

20

30

40

50

60

70

80

90

X

Thickness: 0.250 in. dia.

TYPICAL

Longitudinal

Figure 3.2.3.1.6(x).  Typical stress-strain curve (full range) for 2024-T3 aluminum alloy
extrusion at room temperature.
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Figure 3.2.3.1.6(y).  Typical tensile stress-strain curves (full range) for 2024-T3
aluminum alloy extrusion at room temperature.
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Figure 3.2.3.1.6(z).  Typical tensile stress-strain curves (full range) for 2024-T42
aluminum alloy extrusion at room temperature.
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Figure 3.2.3.1.6(aa).  Typical stress-strain curves (full range) for clad 2024-T42
aluminum alloy sheet at room temperature.
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Figure 3.2.3.1.8(a).  Best-fit S/N curves for unnotched 2024-T4 aluminum alloy,
various wrought products, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(a)

Product Form: Rolled bar, 0.75 to 0.125 inch 
  diameter
Drawn rod, 0.75 inch diameter
Extruded rod, 1.25 inch diameter
Extruded bar, 1.25 x 4-inch

Properties: TUS, ksi    TYS, ksi Temp., F
    69    45  RT    

(rolled)
    71    44 RT    

(drawn)
    85    65 RT    

(extruded)

Specimen Details: Unnotched
0.160 to 0.400 inch diameter

Surface Condition:  Longitudinally polished

References: 3.2.1.1.8(a) through (c) and
3.2.3.1.8(i)

Test Parameters:
Loading - Axial
Frequency - 1800 to 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 20.83-9.09 log (Seq)
Seq = Smax (1-R)0.52

Std. Error of Estimate, Log (Life) = 0.566
Standard Deviation, Log (Life) = 1.324
R2 = 82%

Sample Size = 134

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(b).  Best-fit S/N curves for notched, Kt = 1.6, 2024-T4 aluminum alloy
bar, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(b)

Product Form: Rolled bar, 1.125 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
    73               49 RT    

Specimen Details: Semicircular
V-Groove, Kt = 1.6
0.450 inch gross diameter
0.400 inch net diameter
0.100 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

Reference: 3.2.1.1.8(a)

Test Parameters:
Loading - Axial
Frequency - 1800 to 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 12.25-5.16 log (Seq-18.7)
Seq = Smax (1-R)0.57

Std. Error of Estimate, Log (Life) = 0.414
Standard Deviation, Log (Life) = 0.989
R2 = 82%

Sample Size = 38

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(c).  Best-fit S/N curves for notched, Kt = 2.4, 2024-T4 aluminum alloy
bar, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(c)

Product Form: Rolled bar, 1.125 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
    73              49  RT   

Specimen Details: Circumferential
V-Groove, Kt = 2.4
0.500 inch gross diameter
0.400 inch net diameter
0.032 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

Reference: 3.2.1.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 1800 to 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 14.33-6.35 log (Seq-3.2)
Seq = Smax (1-R)0.48

Std. Error of Estimate, Log (Life) = 0.310
Standard Deviation, Log (Life) = 1.084
R2 = 92%

Sample Size = 33

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(d).  Best-fit S/N curves for notched, Kt = 3.4, 2024-T4 aluminum
alloy, various wrought products, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(d)

Product Form: Rolled bar, 1.125 inch diameter
Extruded bar, 1.25 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
   74.2            —  RT   

(rolled)
   84.1            — RT   

(extruded)

Specimen Details: Circumferential
V-Groove, Kt = 3.4
0.450 inch gross diameter
0.400 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

References: 3.2.1.1.8(b) and (c)

Test Parameters:
Loading - Axial
Frequency - 1800 to 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 8.18-2.76 log (Seq-11.6)
Seq = Smax (1-R)0.52

Std. Error of Estimate, Log (Life) = 0.292
Standard Deviation, Log (Life) = 1.011
R2 = 92%

Sample Size = 51

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(e).  Best-fit S/N curves for unnotched, 2024-T3 aluminum alloy sheet,
longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(e)

Product Form: Bare sheet, 0.090 inch

Properties: TUS, ksi    TYS, ksi Temp., F
  72 - 73       52 - 54   RT   

Specimen Details: Unnotched
0.8 to 1.0 inch width

Surface Condition:  Electropolished

References: 3.2.3.1.8(a) and (f)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1800 cpm

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 11.1-3.97 log (Seq-15.8)
Seq = Smax (1-R)0.56

Std. Error of Estimate, Log (Life) = 0.38
Standard Deviation, Log (Life) = 0.90
R2 = 82%

Sample Size = 107

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(f).  Best-fit S/N curves for notched, Kt = 1.5, 2024-T3 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(f)

Product Form: Bare sheet, 0.090 inch

Properties: TUS, ksi    TYS, ksi Temp., F
    73    54  RT    

(unnotched)
    76    — RT    

   (notched 
                                                               Kt = 1.5)

Specimen Details: Edge notched, Kt = 1.5
3.00 inches gross width
1.500 inches net width
0.760 inch notch radius
0  flank angle

Surface Condition:  Electropolished

Reference: 3.2.3.1.8(d)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 7.5-2.13 log (Seq-23.7)
Seq = Smax (1-R)0.66

Std. Error of Estimate, Log (Life) = 0.30
Standard Deviation, Log (Life) = 0.95
R2 = 90%

Sample Size = 26

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(g).  Best-fit S/N curves for notched, Kt = 2.0, 2024-T3 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(g)

Product Form: Bare sheet, 0.090 inch

Properties: TUS, ksi    TYS, ksi Temp., F
    73    54  RT      

(unnotched)
    73    — RT      

(notched
Kt= 2.0)

Specimen Details: Notched, Kt = 2.0

Notch       Gross         Net             Notch
Type        Width        Width         Radius
Center        4.50          1.50           1.50
Edge         2.25          1.50           0.3175
Fillet       2.25          1.50           0.1736

Surface Condition: Electropolished, machined
and burrs removed with fine
crocus cloth

References: 3.2.3.1.8(b) and (f)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 9.2-3.33 log (Seq-12.3)
Seq = Smax (1-R)0.68

Std. Error of Estimate, Log (Life) = 0.27
Standard Deviation, Log (Life) = 0.89
R2 = 91%

Sample Size = 113

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(h).  Best-fit S/N curves for notched, Kt = 4.0 of 2024-T3 aluminum
alloy sheet, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(h)

Product Form: Bare sheet, 0.090-inch

Properties: TUS, ksi    TYS, ksi Temp., F
    73    54  RT     

(unnotched)
    67    — RT     

(notched
Kt = 2.0) 

Specimen Details: Notched, Kt = 2.0

Notch       Gross         Net             Notch
Type        Width        Width         Radius
Center        2.25          1.50           0.057
Edge         4.10          1.50           0.070
Fillet       2.25          1.50           0.0195

Surface Condition: Electropolished, machined,
and burrs removed with fine
crocus cloth

References: 3.2.3.1.8(b), (e), (f), (g), and (h)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 8.3-3.30 log (Seq-8.5)
Seq = Smax (1-R)0.66

Std. Error of Estimate, Log (Life) = 0.39
Standard Deviation, Log (Life) = 1.24
R2 = 90%

Sample Size = 126

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.1.8(i).  Best-fit S/N curves for notched, Kt = 5.0, 2024-T3 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.2.3.1.8(i)

Product Form: Bare sheet, 0.090 inch

Properties: TUS, ksi    TYS, ksi Temp., F
    73    54  RT     

(unnotched)
    62     — RT     

(notched
Kt = 5.0) 

Specimen Details: Edge notched, Kt = 5.0
2.25 inch gross width
1.500 inch net width
0.03125 inch notch radius
0  flank angle

Surface Condition:  Electropolished

Reference: 3.2.3.1.8(c)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 8.9-3.73 log (Seq-3.9)
Seq = Smax (1-R)0.56

Std. Error of Estimate, Log (Life) = 0.39
Standard Deviation, Log (Life) = 1.24
R2 = 90%

Sample Size = 35

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.3.3.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2024-T62
aluminum alloy (all products).

�����������	 
�

� ��� ��� ��� ��� ��� ��� ��� 	��

�
�
��
�
�
��
�
�
	


�
	
	
�


�
�
�
�
��
��
��

�
��

�

��

��

��

	�

���

������� �� �����������
�������� �� �� ��	��� ��

��� ��
�� ��
��� ��
���� ��
��	��� ��

Figure 3.2.3.3.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of 2024-
T62 aluminum alloy (all products).
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Figure 3.2.3.3.1(d).  Effect of exposure at elevated temperatures on the room-
temperature tensile yield strength (Fty) of 2024-T62 aluminum alloy (all products).
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Figure 3.2.3.3.1(c).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 2024-T62 aluminum alloy (all products).
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Figure 3.2.3.3.5(b).  Effect of exposure at elevated temperatures on the elongation of
2024-T62 aluminum alloy (all products).
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Figure 3.2.3.3.5(a).  Effect of temperature on the elongation of 2024-T62 aluminum
alloy (all products).
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Figure 3.2.3.3.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T62 aluminum alloy plate at room temperature.
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Figure 3.2.3.3.6(b)  Typical tension and compression stress-strain and compression
tangent modulus curves for 2024-T62 aluminum alloy plate at room temperature.  Note,
the data to generate these curves may have been from clad product, however, they are
shown here without secondary modulus since it could not be positively confirmed the
product was clad.
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Figure 3.2.3.3.6(c).  Typical tensile stress-strain curves for clad 2024-T62 aluminum
alloy sheet at room temperature.
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Figure 3.2.3.3.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T62 aluminum alloy sheet at room temperature.
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Figure 3.2.3.3.6(e).  Typical stress-strain curves (full range) for clad 2024-T62
aluminum alloy sheet at room temperature.
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  Figure 3.2.3.4.1(b).  Effect of temperature on the tensile yield strength (Fty)
  of 2024-T81, T851, T8510, and T8511 aluminum alloy (all products).
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Figure 3.2.3.4.1(a).  Effect of temperature on the tensile ultimate
strength (Ftu) of 2024-T81, T851, T8510, and T8511 aluminum alloy
(all products).
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Figure 3.2.3.4.1(c).  Effect of exposure at elevated temperatures on room-
temperature tensile ultimate strength (Ftu) of 2024-T81 aluminum alloy sheet.
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Figure 3.2.3.4.1(d).  Effect of exposure at elevated temperatures on the room
temperature tensile yield strength (Fty) of 2024-T81 aluminum alloy sheet.
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Figure 3.2.3.4.1(e).  Effect of temperature on the tensile ultimate strength (Ftu) of 2024-
T81 aluminum alloy clad sheet.  Note: Instructions for use of these curves are presented
in Section 3.7.4.1.

Figure 3.2.3.4.1(f).  Effect of temperature on the tensile yield strength (Fty) of 2024-T81
aluminum alloy clad sheet.  Note: Instructions for use of these curves are presented in
Section 3.7.4.1.
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Figure 3.2.3.4.2(a).  Effect of temperature on the compressive yield strength (Fcy) of
2024-T81, T851, T8510, and T8511 aluminum alloy (all products).
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Figure 3.2.3.4.2(b).  Effect of temperature on the shear ultimate strength (Fsu) of 2024-
T81, T851, T8510, and T8511 aluminum alloy (all products).
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Figure 3.2.3.4.3(a).  Effect of temperature on the bearing ultimate strength (Fbru) of
2024-T81, T851, T8510, and T8511 aluminum alloy (all products).
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Figure 3.2.3.4.3(b).  Effect of temperature on the bearing yield strength (Fbry) of 2024-
T81, T851, T8510, and T8511 aluminum alloy (all products).
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Figure 3.2.3.4.5(a).  Effect of temperature on the elongation of 2024-T81, T851, T8510,
and T8511 aluminum alloy (all products).
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Figure 3.2.3.4.5(b).  Effect of exposure at elevated temperatures on the room
temperature elongation of 2024-T81, T851, T8510, and T8511 aluminum alloy (all
products).
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Figure 3.2.3.4.6(a).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T81 aluminum alloy sheet at room temperature.
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Figure 3.2.3.4.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T81 aluminum alloy sheet at 200 F.
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Figure 3.2.3.4.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T81 aluminum alloy sheet at 400 F.
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Figure 3.2.3.4.6(c).  Typical compressive stress-strain and compressive tangent-modulus
curves for clad 2024-T81 aluminum alloy sheet at 300 F.
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Figure 3.2.3.4.6(e).  Typical tensile stress-strain curves for 2024-T851 aluminum alloy
plate at room temperature.
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Figure 3.2.3.4.6(f).  Typical compressive stress-strain and compressive tangent-modulus
curves for 2024-T851 aluminum alloy plate at room temperature.
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Figure 3.2.3.4.6(g).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2024-T851X aluminum alloy extrusion at room
temperature.
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Figure 3.2.3.4.6(h).  Typical tensile stress-strain curves (full range) for 2024-T81
aluminum alloy sheet at room temperature.
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Figure 3.2.3.4.6(i).  Typical tensile stress-strain curves (full range) for clad 2024-T81
aluminum alloy sheet at room temperature.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-140

������� ���	���

���� ���� ���� ���� ���� ���� ���� ����

�
��
�
�
�
�
�
�
�

�

��

��

��

��

	�

��


�

��

��

�

�

���������	 
��
������ ���

�������

���� ����������

����������� 

Figure 3.2.3.4.6(j).  Typical tensile stress-strain curves (full range) for 2024-T851
aluminum alloy sheet at room temperature.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-141

�����������	 
�

� ��� ��� ��� ��� ��� ��� ��� 	��

�
�
��
�
�
��
�
�
	
�

�
�
�
�
�


�
�

�
�
��
�

��

�

��

��

��

	�

���

������� �� �����������
�������� �� �� ��	��� ��

��� ��
�� ��
��� ��
���� ��
��	��� ��

Figure 3.2.3.5.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of 2024-
T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2024-T861
(T86) aluminum alloy sheet.
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Figure 3.2.3.5.1(c).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 2024-T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.1(d).  Effect of exposure at elevated temperatures on the room-
temperature tensile yield strength (Fty) of 2024-T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.2(a).  Effect of temperature on the compressive yield strength (Fcy) of
2024-T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.2(b).  Effect of temperature on the shear ultimate strength (Fsu) of 2024-
T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.3(a).  Effect of temperature on the bearing ultimate strength (Fbru , e/D =
1.5) of 2024-T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.3(b).  Effect of temperature on the bearing yield strength (Fbry , e/D = 1.5)
of 2024-T861 (T86) aluminum alloy sheet.
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Figure 3.2.3.5.3(c).  Effect of temperature on the bearing ultimate strength (Fbru , e/D =
2.0) and the bearing yield strength (Fbry , e/D = 2.0) of 2024-T861 (T86) aluminum alloy
sheet.
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Figure 3.2.3.5.5(b).  Effect of exposure at elevated temperatures on the room
temperature elongation (e) of 2024-T861 (T86) aluminum alloy sheet.

Figure 3.2.3.5.5(a).  Effect of temperature on the elongation (e) of 2024-T861 (T86)
aluminum alloy sheet.
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Figure 3.2.3.5.6(a).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T861 aluminum alloy sheet at room temperature.
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Figure 3.2.3.5.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T861 aluminum alloy sheet at 200 F.
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Figure 3.2.3.5.6(c).  Typical compressive stress-strain and compressive tangent-modulus
curves for clad 2024-T861 aluminum alloy sheet at 300 F.
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Figure 3.2.3.5.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 2024-T861 aluminum alloy sheet at 400 F.
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Figure 3.2.3.5.10(b).  Residual strength behavior of 0.063-inch-thick 2024-T861
aluminum alloy sheet at room temperature.  Crack orientation is L-T [Reference
3.1.2.1.6(d)].

Figure 3.2.3.5.10(a).  Residual strength behavior of 0.063-inch-thick 2024-T861
aluminum alloy sheet at room temperature.  Crack orientation is T-L [Reference
3.1.2.1.6(d)].
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Table 3.2.4.0(a).  Material Specification for
2025 Aluminum Alloy

Specification Form

AMS 4130 Die forging

Temperature, F
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Figure 3.2.4.0.  Effect of temperature on the thermal expansion of
2025 aluminum alloy.

3.2.4 2025 ALLOY

3.2.4.0 Comments and Properties — 2025 is a heat-treatable Al-Cu forging alloy for which
applications have been limited primarily to propellers.  Refer to Section 3.1.2.3 for comments regarding the
resistance of the alloy to stress-corrosion cracking, and to Section 3.1.2.4 for comments regarding the
weldability of the alloy.

A material specification for 2025 aluminum alloy is presented in Table 3.2.4.0(a).  Room-temperature
mechanical and physical properties are shown in Table 3.2.4.0(b).  The effect of temperature on thermal
expansion is shown in Figure 3.2.4.0.
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Table 3.2.4.0(b).  Design Mechanical and Physical
Properties of 2025 Aluminum Alloy Die Forging

Specification . . . . . . . . . . . . AMS 4130

Form . . . . . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . . . . . T6

Thickness, in. . . . . . . . . . . .  4.000

Basis . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . . .

55
52

33
32

...

...

...

...

...

...

...

11
 8

E, 103 ksi . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.3
10.5
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . .

, 10-6 in./in./ F . . . . . . .

0.101
0.23 (at 212 F)

90 (at 77 F)
See Figure 3.2.4.0

a  T indicates any grain direction within ±15  of being perpendicular to
    the forging flow lines.
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  Table 3.2.5.0(a).  Material Specifications for 2026-T3511
Specification Form

AMS 4338 Extruded bars, rods, and profiles

3.2.5 2026 ALLOY

3.2.5.0 COMMENTS AND PROPERTIES —2026 is a 4.0Cu-1.3Mg-0.60Mn aluminum alloy used for
extrusion of bars, rods, and profiles.  These extrusions have been used typically for parts subject to cracking
during forming operations and excessive warpage during machining processes, and for parts requiring high
strength and damage tolerance, where fabrication does not normally involve welding.

Certain processing procedures may cause these extrusions to become susceptible to stress-corrosion
cracking; ARP823 (Reference 3.2.1.0) recommends practices to minimize such conditions. 

Extruded, solution heat treated and stress-relieved by stretching to produce a nominal permanent set
of 1.5%, but not less than 1% nor more than 3%, to the T3511 temper.  Solution heat treatment will be
performed in accordance with AMS 2772.  

Material specifications are shown in Table 3.2.5.0(a). Room temperature mechanical and physical
properties are shown in Table 3.2.5.0 (b).
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Table 3.2.5.0(b).  Design Mechanical and Physical Properties of 2026 Aluminum Alloy
Bars, Rods, and Profiles

Specification . . . . . . . . . . AMS 4338

Form . . . . . . . . . . . . . . . . Extrusions

Temper . . . . . . . . . . . . . . T3511

Thickness, in. . . . . . . . . . 0.249 0.250-0.499 0.500-1.499 1.500-2.249 2.250-3.250

Basis . . . . . . . . . . . . . . . . A B A B A B A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fsu, ksi  . . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5)  . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

66
58

48
41

43
42
37

90
112

62
76

11
...

69
61

51
44

45
45
39

94
117

66
81

...

...

70
62

52
45

46
46
37

92
113

66
81

12
...

72
64

53
46

47
46
38

95
117

67
83

...

...

72
66

53
46

47
46
32

87
109

61
76

11
8

75
67

56
48

47
49
33

90
114

64
81

...

...

73
64

54
44

49
45
32

85
108

61
76

11
8

76
67

57
49

52
47
33

89
112

64
80

...

...

73
61

54
42

50
43
32

85
105

61
76

10
8

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.7
10.9
4.0
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . .

0.100
...
...
...

a  See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.2.6.0(a).  Material Specification for
2090 Aluminum Alloy

Specification Form

AMS 4251 Sheet

3.2.6 2090 ALLOY

3.2.6.0 Comments and Properties — 2090 is an Al-Cu-Li alloy developed for applications
requiring the high strength of 7075-T6 but with 8 percent lower density and 10 percent higher elastic modulus
than 7075-T6.  Sheet is available in the T83 temper.  2090 sheet has strength properties nearly equivalent to
7075-T6 sheet with improved exfoliation resistance.  Refer to Section 3.1.3.4 for information on weldability
of the alloy.

A material specification for 2090 aluminum alloy is shown in Table 3.2.6.0(a). Room-temperature
mechanical and physical properties are shown in Table 3.2.6.0(b).

The temper index is as follows:

     Section Temper

     3.2.6.1    T83

3.2.6.1 T83 Temper — Stress-strain and tangent-modulus curves are represented in Figures
3.2.6.1.6(a) and (b).
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Table 3.2.6.0(b).  Design Mechanical and Physical Properties of 2090-T83 Aluminum
Alloy Sheet

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 4251

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T83

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.040-0.125 0.126-0.249

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
45  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
45  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
45  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 77
 64
 73

 70
 56
 66

 67
 58
 71
 37

100
126

 84
 98

  3
  5

 75
 65
 73

 70
 57
 66

 63
 60
 71
 37

100
126

 88
104

  4
  5

E, 103 ksi:
L & LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
45  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Ec, 103 ksi:
L & LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
45  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11.5
11.0

11.8
11.4
 4.3

 0.34

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.094
. . . 

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.2.6.1.6(b).  Typical compressive stress-strain and compressive 
tangent-modulus curves for 2090-T83 aluminum alloy sheet at room 
temperature.
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Figure 3.2.6.1.6(a).  Typical tensile stress-strain curves for 2090-T83 aluminum
alloy sheet at room temperature.
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Table 3.2.7.0(a).  Material Specification for 2124
Aluminum Alloy

Specification Form

AMS 4101
AMS-QQ-A-250/29

Plate
Plate

3.2.7 2124 ALLOY

3.2.7.0 Comments and Properties — 2124 is an Al-Cu alloy available in the form of plate
in thicknesses of 1 through 6 inches.  This alloy is a high purity version of alloy 2024.  The higher purity in
conjunction with special production processing provides higher elongation in the short-transverse direction
and improved fracture toughness over that exhibited by conventionally produced 2024 alloy.  The alloy is
currently only produced in the T851 temper.  The alloy, like 2024 has excellent properties and creep
resistance at elevated temperatures.  The alloy in the T851 temper has good resistance to stress corrosion.
Refer to Section 3.1.2.3.1 for information regarding resistance of the alloy to stress-corrosion cracking.  Refer
to Section 3.1.3.4 for comments regarding the weldability of the alloy.  The physical properties are essentially
the same as those for 2024-T851 plate.

Applicable material specification for 2124-T851 plate is presented in Table 3.2.7.0(a).  Room-temper-
ature mechanical properties are shown in Table 3.2.7.0(b).

The temper index for 2124 is as follows:

Section Temper
3.2.7.1   T851

3.2.7.1 T851 Temper — Elevated temperature data are presented in Figures 3.2.7.1.1(a) and (b).
Typical tensile stress-strain, compressive stress-strain, and compressive tangent-modulus curves are presented
in Figures 3.2.7.1.6(a) and (b).  Fatigue crack-propagation data for plate are presented in Figures 3.2.7.1.9(a)
through (e).
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Table 3.2.7.0(b).  Design Mechanical and Physical Properties of 2124 Aluminum Alloy
Plate

Specification . . . . . . . . AMS 4101 and AMS-QQ-A-250/29

Form . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . T851

Thickness, in. . . . . . . .
1.000-
1.500

1.501-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

Basis . . . . . . . . . . . . . . S A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fsu, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

66
66
64a

57
57
55a

57
57
...

...

...

...

...

...

...

...

6
5

1.5a

 66
 66
 64

 57
 57
 55

 57
 57
 57

 38
 38
 36

 97
126

 79
 91

6
5

1.5

 68
 68
 66

 61
 61
 59

 61
 61
 61

 39
 39
 37

100
130

 84
 98

...

...

...

 65
 65
 63

 57
 57
 55

 56
 57
 58

 38
 38
 36

 96
125

 80
 92

6
4

1.5

 68
 68
 64

 61
 61
 59

 60
 61
 62

 39
 39
 37

100
130

 85
 99

...

...

...

 65
 65
 62

 56
 56
 54

 55
 56
 57

 38
 38
 36

 96
125

 80
 92

5
4

1.5

 67
 67
 63

 60
 60
 57

 59
 60
 61

 39
 39
 37

 99
128

 85
 99

...

...

...

 64
 64
 61

 55
 55
 53

 53
 55
 57

 37
 37
 35

 94
123

 79
 92

5
4

1.5

 66
 66
 62

 58
 58
 55

 56
 58
 60

 38
 38
 36

 97
126

 84
 97

...

...

...

 63
 63
 58

 54
 54
 51

 52
 54
 56

 37
 37
 35

 93
121

 79
 91

5
4

1.5

 65
 65
 59

 56
 56
 53

 54
 56
 58

 38
 38
 36

 96
125

 82
 95

...

...

...

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.4
10.9
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, Btu/(lb)( F) . . . . .
K, Btu/[(hr)(ft3)( F)/ft]

, 10-6 in./in./ F . . . .

0.100
0.21 (at 212 F)

87 (at 77 F)
12.6 (68 F to 212 F)

a  Applicable to 1.500-inch thickness only.
b  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Figure 3.2.7.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2124-T851
aluminum alloy plate.
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Figure 3.2.7.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of 2124-
T851 aluminum alloy plate.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-160

Figure 3.2.7.1.6(a).  Typical tensile stress-strain curves for 2124-T851 aluminum
alloy plate at room temperature.

Figure 3.2.7.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2124-T851 aluminum alloy plate at room temperature.
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Figure 3.2.7.1.9(a).  Fatigue-crack-propagation data for 2.0 to 5.5 inch
thick, 2124-T851 aluminum alloy plate.  [References 3.2.7.1.9(a),
3.2.7.1.9(c), and 3.2.7.1.9(d)].

Specimen Thickness:

Specimen Width:

Specimen Type:

0.25-0.45 and 0.15 inch

11.75 and 3.0 inches

M(T) and C(T)

Environment:

Temperature:

Orientation:

95% R.H.

RT

L-T
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Figure 3.2.7.1.9(b).  Fatigue-crack-propagation data for 2.0-inch thick, 2124-
T851 aluminum alloy plate.  [Reference 3.2.7.1.9(a)].

Specimen Thickness:

Specimen Width:

Specimen Type:

0.25-0.45 inch

11.75 inches

M(T) 

Environment:

Temperature:

Orientation:

Lab air

300-400 F

L-T
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Figure 3.2.7.1.9(c).  Fatigue-crack-propagation data for 2.5-inch thick,
2124-T851 aluminum alloy plate.  [Reference 3.2.7.1.9(b)].

Specimen Thickness:

Specimen Width:

Specimen Type:

0.75 inch

1.75 inches

C(T)

Environment:

Temperature:

Orientation:

Lab air

-100 through 400 F

L-T
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Figure 3.2.7.1.9(d).  Fatigue-crack-propagation data for 2.0 to 5.5 inch
thick, 2124-T851 aluminum alloy plate.  [References 3.2.7.1.9(a),
3.2.7.1.9(d), and 3.7.4.2.9(c)].

Specimen Thickness:

Specimen Width:

Specimen Type:

0.25-0.75 inch

4.0-11.75 inches

M(T)

Environment:

Temperature:

Orientation:

90-95% R.H.

RT

T-L
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Figure 3.2.7.1.9(e).  Fatigue-crack-propagation data for 2.0-inch thick,
2124-T851 aluminum alloy plate.  [Reference 3.2.7.1.9(a)].

Specimen Thickness:

Width:

Type:

0.25-0.45 inch

11.75 inches

M(T)

Environment:

Temperature:

Orientation:

Lab air

300-400 F

T-L
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Table 3.2.8.0(a).  Material Specifications
for 2219 Aluminum Alloy

Specification Form

AMS 4031
AMS-QQ-A-250/30
AMS 4162
AMS 4163
AMS 4144

Sheet and plate
Sheet and plate
Extrusion
Extrusion
Hand forging

3.2.8 2219 ALLOY

3.2.8.0 Comments and Properties — 2219 is an Al-Cu alloy available in a wide variety of
product forms.  As shown in Table 3.1.2.3.1(a), 2219-T351X and -T37 rolled plate and extruded shapes have
a ‘D’ SCC rating.  This is the lowest rating and means that SCC failures have occurred in service or would
be anticipated if there is any sustained stress.  In-service failures are caused by stressed produced by any
combination of sources including solution heat treatment, straightening, forming, fit-up, clamping, sustained
service loads or high service compression stresses that produce residual tensile stresses.  These stresses may
be tension or compression as well as the stresses due to the Poisson effect, because the actual failures are
caused by the resulting sustained shear stresses.  Pin-hole flaws in corrosion protection are sufficient for SCC.
Refer to Section 3.1.2.3 for comments regarding the resistance of the alloy to stress-corrosion cracking, and
to Section 3.1.3.4 for comments regarding the weldability of the alloy.  It has been used in critical cryogenic
applications as well as those applications in which high strength and creep resistance at relatively high
temperatures (400 to 600 F) are required.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 2219 are presented in Table 3.2.8.0(a).  Room-temperature mechanical
and physical properties are shown in Tables 3.2.8.0(b1) through (d).  The effect of temperature on the physical
properties is shown in Figure 3.2.8.0.

The temper index for 2219 is as follows:

Section Temper
3.2.8.1 T62
3.2.8.2 T81, T851, T8510, and T8511
3.2.8.3 T852
3.2.8.4 T87

3.2.8.1 T62 Temper — Elevated temperature data for this temper are presented in Figures
3.2.8.1.1(a) and (b).  Typical room-temperature tensile and compressive stress-strain, compressive tangent-
modulus, and full-range tensile stress-strain curves for 2219 aluminum alloy sheet and plate for this temper
are shown in Figures 3.2.8.1.6(a) and (b).

3.2.8.2 T81 and T851X Tempers — Elevated temperature data for these tempers are presented
in Figures 3.2.8.2.1(a) and (b).  Typical room-temperature tensile and compressive stress-strain, compressive
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tangent-modulus, and full-range tensile stress-strain curves for 2219 aluminum alloy for this condition are
shown in Figures 3.2.8.2.6(a) and (b).  Notched fatigue data for plate are presented in Figures 3.2.8.2.8(a)
through (d).

3.2.8.3 T852 Temper — Typical room-temperature tensile and compressive stress-strain, com-
pressive tangent-modulus, and full-range tensile stress-strain curves for 2219 aluminum alloy for this temper
are shown in Figures 3.2.8.3.6(a) through (e).

3.2.8.4 T87 Temper — Elevated temperature data for this temper are presented in Figures
3.2.8.4.1(a) and (b).  Typical room-temperature tensile and compressive stress-strain, compressive tangent-
modulus, and full-range tensile stress-strain curves for 2219 aluminum alloy sheet and plate for this temper
are shown in Figures 3.2.8.4.6(a) through (e).
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Table 3.2.8.0(b1).  Design Mechanical and Physical Properties of 2219 Aluminum Alloy Sheet and Plate

Specification . . . . .
AMS 4031 &
AMS-QQ-A-

250/30 AMS-QQ-A-250/30

Form . . . . . . . . . . . Sheet and plate

Temper . . . . . . . . . T62a T81 T851

Thickness, in. . . . . 0.020-2.000 0.020-0.249 0.250-1.000 1.001-2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000

Basis . . . . . . . . . . . A B A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fsu, ksi . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

e, percent (S-basis):
LT . . . . . . . . . .

 54
 54

 36
 36

 37
 37
 31

 84
107

 62
 79

c

 55
 55

 37
 37

 39
 38
 32

 85
109

 64
 81

...

 61
 62

 47
 46

 47
 48
 35

 95
121

 76
 92

c

 62
 63

 48
 47

 48
 49
 35

 96
123

 78
 94

...

 61
 62

 47
 46

 47
 48
 36

 95
121

 76
 94

  8

 62
 63

 48
 47

 48
 49
 36

 96
123

 78
 94

...

 61
 62

 47
 46

 47
 48
 36

 95
121

 76
 92

  7

 62
 63

 48
 47

 48
 49
 36

 96
123

 78
 94

...

...
62

...
45

...

...

...

...

...

...

...

 6

...
63

...
46

...

...

...

...

...

...

...

...

...
60

...
44

...

...

...

...

...

...

...

 5

...
61

...
45

...

...

...

...

...

...

...

...

...
59

...
43

...

...

...

...

...

...

...

 5

...
60

...
44

...

...

...

...

...

...

...

...

...
57

...
42

...

...

...

...

...

...

...

 4

...
58

...
43

...

...

...

...

...

...

...

...

E, 103 ksi . . . . . .
Ec, 103 ksi . . . . .
G, 103 ksi . . . . . .
µ . . . . . . . . . . . .

10.5
10.8
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . .

C, K, and  . . . .
0.103

See Figure 3.2.8.0

a  Design allowables were based upon data obtained from testing samples of material, supplied in O and F temper, which were heat treated to demonstrate response to heat treatment 
by suppliers.  Properties obtained by user may be lower than those listed if the material has been formed or otherwise cold or hot worked, particularly in the annealed temper, 
prior to solution heat treatment.

b  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
c  T62 and T81:  0.020-0.039 in., 6 percent, 0.040-0.249 in., 7 percent; T62:  0.250-1.000 in., 8 percent, 1.001-2.000 in., 7 percent.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://w

w
w

.e
v
e
ry

s
p
e
c
.c

o
m

 o
n
 2

0
1
2
-0

1
-3

0
T

5
:3

3
:1

2
.



MIL-HDBK-5J

31 January 2003

3-169

Specification . . . . . . . . . . AMS-QQ-A-250\30

Form . . . . . . . . . . . . . . . . . Sheet

Condition . . . . . . . . . . . . . T87

Thickness, in. . . . . . . . . . . 0.020-0.039 0.040-0.249

Basis . . . . . . . . . . . . . . . . . A B A B

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . 63 64 63 64

     LT . . . . . . . . . . . . . . . . 64 65 64 65

Fty, ksi:

     L . . . . . . . . . . . . . . . . . 51 52 51 52

     LT . . . . . . . . . . . . . . . . 52 53 52 53

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . 52 53 52 53

     LT . . . . . . . . . . . . . . . . 55 56 55 56

Fsu, ksi . . . . . . . . . . . . . . 36 37 36 37

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . 99 100 99 100

     (e/D = 2.0) . . . . . . . . . . 126 128 126 128

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . 83 85 83 85

     (e/D = 2.0) . . . . . . . . . . 96 98 96 98

e, percent (S-basis): . . . .

     LT . . . . . . . . . . . . . . . . 5 ... 6 ...

E, 103 ksi . . . . . . . . . . . . 10.5

Ec, 103 ksi . . . . . . . . . . . 10.8

G, 103 ksi . . . . . . . . . . . . 4.0

µ . . . . . . . . . . . . . . . . . .  0.33

Physical Properties:

, lb/in.3 . . . . . . . . . . . . 0.103

C, K, and . . . . . . . . . . See Figure 3.2.8.0

a  See Table 3.1.2.1.1. Bearing values are “dry pin” values per Section 1.4.7.1.

Table 3.2.8.0(b2).  Design Mechanical and Physical Properties of 2219 Aluminum Alloy
Sheet — Continued 
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Specification . . . . . . . . . . . . . AMS-QQ-A-250\30

Form . . . . . . . . . . . . . . . . . . . Plate

Condition . . . . . . . . . . . . . . . T87

Thickness, in. . . . . . . . . . . . .
0.250-
1.000

1.001-
1.500

1.501-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

Basis . . . . . . . . . . . . . . . . . . . A B A B A B A B A B A B

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . 63 64 63 64 63 64 63 64 61 62 ... ...

     LT . . . . . . . . . . . . . . . . . . 64 65 64 65 64 65 64 65 62 63 61 62

     ST . . . . . . . . . . . . . . . . . . ... ... ... ... 59 60 56 57 52 53 ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . 50 51 50 51 50 51 50 51 49 50 ... ...

     LT . . . . . . . . . . . . . . . . . . 51 52 51 52 51 52 51 52 51 51 49 50

     ST . . . . . . . . . . . . . . . . . . ... ... ... ... 51 52 50 51 48 49 ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . 51 52 51 52 51 52 ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . . . 53 54 52 53 52 53 ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . 37 38 37 38 37 38 ... ... ... ... ... ...

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . 99 100 99 100 99 100 ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . 126 128 126 128 126 128 ... ... ... ... ... ...

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . 82 83 82 83 82 83 ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . 94 96 94 96 94 96 ... ... ... ... ... ...

e, percent (S-basis): . . . . . .

     LT . . . . . . . . . . . . . . . . . . 7 ... 6 ... 6 ... 6 ... 4 ... 3 ...

E, 103 ksi . . . . . . . . . . . . . . 10.5

Ec, 103 ksi . . . . . . . . . . . . . 10.8

G, 103 ksi . . . . . . . . . . . . . . 4.0

µ . . . . . . . . . . . . . . . . . . . .  0.33

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . 0.103

C, K, and . . . . . . . . . . . . See Figure 3.2.8.0

a  See Table 3.1.2.1.1. Bearing values are “dry pin” values per Section 1.4.7.1.

Table 3.2.8.0(b3).  Design Mechanical and Physical Properties of 2219 Aluminum Alloy
Plate — Continued 
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Table 3.2.8.0(c).  Design Mechanical and Physical Properties of 2219 Aluminum Alloy Hand
Forging

Specification ...............

Form ............................

Temper ........................

Thickness, in. ..............

Basis ............................

AMS 4144

Hand Forging

T852

<2.000
2.000-
4.000

4.001-
6.000

6.001-
8.000

8.001-
10.000

10.001-
12.000

12.001-
14.000

14.001-
17.000

S S S S S S S S

Mechanical Properties:
Ftu, ksi:

    L .............................
    LT ..........................
    ST ...........................

62
62
...

62
62
60

58
56
56

57
55
55

56
54
54

54
53
53

53
52
52

51
50
50

  Fty, ksi:

    L .............................
    LT ..........................
    ST ...........................

50
49
...

50
  49
  46

44
42
41

43
41
40

42
41
39

41
40
39

40
40
38

39
39
37

Fcy, ksi:

    L..............................
    LT ..........................
    ST ...........................

...

...

...

46
47
47

40
40
41

39
39
40

...

...

...

...

...

...

...

...

...

...

...

...

  Fsu, ksi:

    L..............................
    LT ..........................
    ST ..........................

...

...

...

37
36
32

35
34
32

35
35
33

...

...

...

...

...

...

...

...

...

...

...

...

Fbru
a, ksi:

    (e/D = 1.5) .............
    (e/D = 2.0) .............

...

...
  ...

 104 
...

100
80

102
...
...

...

...
...
...

...

...

Fbry
a, ksi:

    (e/D = 1.5) .............
    (e/D = 2.0) .............

...

...
76
89

65
76

64
75

...

...
...
...

...

...
...
...

e, percent:

    L..............................
    LT ..........................
    ST ...........................

  6
  4
...

  6
  4
  3

 6
 4
 3

 6
 4
 3

 6
 3
 3

6
3
2

 6
 3
 2

6
3
2

E, 103 ksi ..................
Ec, 103 ksi .................
G, 103 ksi ..................
µ ................................

10.2
10.4
3.9

0.33

  Physical Properties:

, lb/in.3 ...................
C, K, and  ..............

0.103
See Figure 3.2.8.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.2.8.0(d).  Design Mechanical and Physical Properties of 2219 Aluminum Alloy
Extruded Shapes
Specification . . . . . . . . . . . . . . . . AMS 4162 and AMS 4163a

Form . . . . . . . . . . . . . . . . . . . . . . Extruded shapes

Temper . . . . . . . . . . . . . . . . . . . . T8511

Cross-Sectional Area, in.2 . . . . . . 25

Thickness or Diameter,b in. . . . . . 0.499 0.500-2.999

Basis . . . . . . . . . . . . . . . . . . . . . . S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . . . . . . . . .

 58
 56

 42
 39

 43
 43
 33

 87
113

 69
 84

  6
  4

 58
 56

 42
 39

 42
 41
 33

 81
107

 67
 82

  6
  4

E, 103 ksi . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . .

10.5
10.8
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . .
0.103

See Figure 3.2.8.0

a Design allowables for extrusions procured to AMS 4163 were based upon data obtained from testing samples of material,
   supplied in T3511 temper, which were precipitation heat treated by suppliers to demonstrate response to aging treatment.

b The mechanical properties are to be based upon the thickness at the time of quench.
c Applicable providing LT dimension is 2.500 inches.
d Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.2.8.0.  Effect of temperature on the physical properties of 2219 aluminum alloy.
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Figure 3.2.8.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
2219-T62 aluminum alloy sheet, 0.040-0.249, and plate, 0.250-1.000 in. thick.
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Figure 3.2.8.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2219-
T62 aluminum alloy sheet, 0.040-0.249 and plate, 0.250-1.000 in. thick.
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Figure 3.2.8.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2219-T62 aluminum alloy sheet and plate at room
temperature.
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Figure 3.2.8.1.6(b).  Typical tensile stress-strain (full range) curve for 2219-T62
aluminum alloy sheet and plate at room temperature.
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Figure 3.2.8.2.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
2219-T81 aluminum alloy sheet and 2219-T851 aluminum alloy plate.
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Figure 3.2.8.2.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2219-
T81 aluminum alloy sheet and 2219-T851 aluminum alloy plate.
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Figure 3.2.8.2.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 2219-T81 aluminum alloy sheet and 2219-T851
aluminum alloy plate at room temperature.
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Figure 3.2.8.2.6(b).  Typical tensile stress-strain curves (full range) for 2219-T81
aluminum alloy sheet and 2219-T851 aluminum alloy plate at room temperature.
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Figure 3.2.8.2.8(a).  Best-fit S/N curves for notched, Kt = 2.0, 2219-T851 aluminum
alloy plate, longitudinal direction.

Correlative Information for Figure 3.2.8.2.8(a)

Product Form: Plate, 2.00 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
     68 52 RT     

(unnotched)
     94 — RT     

(notched)

Specimen Details: Notched, V-Groove, Kt = 2.0
0.195 inch gross diameter
0.136 inch net diameter
0.020 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

Reference: 3.2.8.2.8

Test Parameters:
Loading - Axial
Frequency - 7000 to 8000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1 

Equivalent Stress Equation:
Log Nf = 7.92-2.69 log (Seq-16.0)
Seq = Smax (1-R)0.64 ksi
Std. Error of Estimate, Log (Life) = 0.313
Standard Deviation, Log (Life) = 0.739
R2 = 82%

Sample Size = 34

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.8.2.8(b).  Best-fit S/N curves for notched, Kt = 3.2, 2219-T851 aluminum
alloy plate,  longitudinal direction.

Correlative Information for Figure 3.2.8.2.8(b)

Product Form: Plate, 2.00 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   68         52 RT    

(unnotched)
   92         — RT    

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.2
0.195 inch gross diameter
0.136 inch net diameter
0.006 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

Reference: 3.2.8.2.8

Test Parameters:
Loading - Axial
Frequency - 7000 to 8000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1 

Equivalent Stress Equation:
Log Nf = 8.46-2.83 log (Seq-3.93)
Seq = Smax (1-R)0.76

Std. Error of Estimate, Log (Life) = 0.292
Standard Deviation, Log (Life) = 0.64
R2 = 79%

Sample Size = 39

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.8.2.8(c).  Best-fit S/N curves for notched, Kt = 3.2, 2219-T851 aluminum
alloy plate, long transverse direction.

Correlative Information for Figure 3.2.8.2.8(c)

Product Form: Plate, 2.00 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   68               51 RT    

(unnotched)
   89               — RT    

(notched)

Specimen Details: Notched, V-Groove, Kt = 3.2
0.195 inch gross diameter
0.136 inch net diameter
0.006 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

Reference: 3.2.8.2.8

Test Parameters:
Loading - Axial
Frequency - 7000 to 8000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1 

Equivalent Stress Equation:
Log Nf = 10.85-4.34 log (Seq)
Seq = Smax (1-R)0.686 ksi
Std. Error of Estimate, Log (Life) = 0.153
Standard Deviation, Log (Life) = 0.610
R2 = 94%

Sample Size = 25

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.8.2.8(d).  Best-fit S/N curves for notched, Kt = 5.0, 2219-T851 aluminum
alloy plate, longitudinal direction.

Correlative Information for Figure 3.2.8.2.8(d)

Product Form: Plate, 2.00 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
 68 (L)        52 (L) RT    

(unnotched)
 91 (L)          — RT    

(notched)

Specimen Details: Notched, V-Groove, Kt = 5.0
0.300 inch gross diameter
0.210 inch net diameter
0.0035 inch root radius, r
60  flank angle, 

Surface Condition:  As machined

Reference: 3.2.8.2.8

Test Parameters:
Loading - Axial
Frequency - 7000 to 8000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1 

Equivalent Stress Equation:
Log Nf = 8.76-3.05 log (Seq)
Seq = Smax (1-R)0.722 ksi
Std. Error of Estimate, Log (Life) = 0.194
Standard Deviation, Log (Life) = 0.660
R2 = 91%

Sample Size = 38

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.2.8.3.6(a).  Typical tensile stress-strain curves for 2219-T852 aluminum
alloy hand forging at room temperature.
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Figure 3.2.8.3.6(b).  Typical tensile stress-strain curves for 2219-T852 aluminum
alloy hand forging at room temperature.
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Figure 3.2.8.3.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2219-T852 aluminum alloy hand forging at room temperature.
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Figure 3.2.8.3.6(e).  Typical tensile stress-strain curves (full range) for 2219-T852
aluminum alloy hand forging at room temperature.
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Figure 3.2.8.4.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
2219-T87 aluminum alloy sheet and plate.
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Figure 3.2.8.4.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2219-
T87 aluminum alloy sheet and plate.
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Figure 3.2.8.4.6(b).  Typical tensile stress-strain curves (full range) for 2219-T87
aluminum alloy sheet and plate at room temperature.
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Figure 3.2.8.4.6(e).  Typical tensile stress-strain curve (full range) for 2219-T87
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Table 3.2.9.0(a).  Material Specifications for
2297-T87 Aluminum Alloy

Specification Form

AMS 4330 Plate

3.2.9 2297 ALLOY

3.2.9.0 COMMENTS AND PROPERTIES — 2297 is an Al-Cu-Li-Mn-Zr plate alloy with
moderately high strength and both high fatigue resistance and fracture toughness for durability and
damage tolerant applications.   The alloy shows excellent short-transverse mechanical properties and
stress-corrosion cracking resistance in plate thicknesses to 6-inches.  Tensile properties show good
isotropy with only slightly lower strength in the in-plane 45° orientation, similar to the differences in in-
plane properties usually found in Li-free high strength aluminum alloys. 

The –T87 condition is obtained after solution heat treating, quenching, stress-relief by stretching,
and artificial aging to peak strength.  Little, or no, reduction in fracture toughness is found after elevated
temperature exposure.

This alloy is not designed to be welded. Use of mechanical fasteners only is recommended.

This alloy has shown a sensitivity to cold-hole expansion for improved fatigue resistance when
fastener holes, whose axes were perpendicular to the short transverse direction, were processed.  Care
should be taken to ensure that all of the processing parameters have been evaluated prior to the
application of cold expansion to prevent cracking in the material.

Material specifications for 2297 are shown in Table 3.2.9.0(a).  Room temperature mechanical
and physical properties are shown in Table 3.2.9.0(b).  Fracture toughness properties are shown in Table
3.1.2.1.6.  Cyclic stress-strain and strain-life curves are shown in Figure 3.2.9.0.6.  Fatigue crack
propagation is shown in Figure 3.2.9.0.9.
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Table 3.2.9.0(b).  Design Mechanical and Physical Properties of 2297-T87
Aluminum Alloy Plate
Specification . . . . . . . . . . . AMS 4330
Form . . . . . . . . . . . . . . . . Plate
Temper . . . . . . . . . . . . . . . T87
Thickness, in. . . . . . . . . . . 3.001-4.000 4.001-5.000 5.001-6.000
Basis . . . . . . . . . . . . . . . . S A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .
45 . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .
45 . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fsu, ksi 
S-L c . . . . . . . . . . . . . . .
T-S c . . . . . . . . . . . . . . .

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

62
62
59
60

57
57
54
54

...

...

...

30
38

98
128

85
99

5
4

1.5

61
61b

58b

59

56b

56
52
54

...

...

...

31
37

97
126

84
98

5
4

1.5

62
64
61
63

58
57
54
55

...

...

...

33
39

102
132

85
99

...

...

...

60a

60a

57a

59

55a

55a

52
53

...

...

...

32
36

95
123

82
96

5
4

1.5

62
64
61
63

58
57
54
56

...

...

...

34
39

102
132

85
99

...

...

...
E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

11.3
...
...
...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . .

, 10-6 in./in./ F . . . . . . . .

0.096
...
...
...

a  S-basis.  The rounded T99 values are as follows; Ftu(L) = 61, Ftu(LT) = 62, Ftu(ST) = 59, Fty(L) = 57, Fty(LT) = 56.

b  S-basis.  The rounded T99 values are as follows; Ftu(LT) = 62 ksi, Ftu(ST) = 59 ksi, Fty(L) = 57 ksi.
c  Standard letter designations for shear properties per ASTM B769: 1st letter refers to grain direction, 2nd letter refers to 

loading direction.
d  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.2.9.0.6.  Strain-life and cyclic stress-strain curves for 2297-T87,
4 inch plate.
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Correlative Information for Figure 3.2.9.0.6

Product Form: Plate, 4.00 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
ST  63.5       56.0       RT
L  64.6       59.8       RT

Specimen Details:
Uniform gage test section
0.250-inch diameter

Surface Condition:  Machined and polished along
the length of the specimen using a
commercial metal polishing paste called
POL Metal Polish.  The specimens had a
mirror-like finish, estimated as an RMS of
4.

Reference: 3.2.9.0

Test Parameters:
Frequency - 0.5 - 5 Hz.  (Higher frequencies

typically used for the longer tests at the
lower strains.)

Temperature - RT
Environment - Lab Air (approx. 50% relative

humidity)

No. of Heats/Lots: 1 

Strain Ratio = -1

Stress-Strain Equations:
ST Direction

( )/2 = /E + p where
E = 11.3 x103 ksi (reported),

p = 6.243 x 10-10 3.187 for  < 50.86 ksi, and 

p = 1.606 x 10-34 17.598 for  > 50.86 ksi.

L Direction
( )/2 = /E + p where
E = 11.3 x103 ksi (reported),

p = 1.219 x 10-10 3.566 for  < 50.03 ksi, and 

p = 1.074 x 10-37 19.478 for  > 50.03 ksi. 

Equivalent Strain Equations:
ST Direction

Log Nf = -6.66-4.96 log ( t - 0.001)
Standard Error of Estimate = 0.249
Standard Deviation in Life = 0.864
R2 = 96 %
Sample Size = 21

L Direction
Log Nf = -1.88-2.54 log ( t - 0.0037)
Standard Error of Estimate = 0.141
Standard Deviation in Life = 0.722
R2 = 98 %
Sample Size = 21
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3.2.10 2424 ALLOY

3.2.10.0 Comments and Properties — 2424 is a heat-treatable Al-Cu alloy which provides
better ductility than 2024.  2424 is available in the form of bare and clad sheet.

Material specifications for 2424 are presented in Table 3.2.10.0(a).  Room-temperature mechanical
properties are presented in Tables 3.2.10.0(b1) and 3.2.10.0(b2).

    Table 3.2.10.0(a).  Material Specifications for 
    2424 Aluminum Alloy

Specification Form

AMS 4270 (Clad) Sheet
AMS  4273 (Bare) Sheet

The temper index for 2424 is as follows:

Section         Temper
3.2.10.1 T3
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Table 3.2.10.0(b1).  Design Mechanical and Physical Properties of Bare 2424-
T3 Aluminum Alloy Sheet

Specification . . . . . . . . . . . . . . . . . . AMS 4273

Form . . . . . . . . . . . . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . . . . . . . . . . . . . T3

Thickness, in. . . . . . . . . . . . . . . . . . . 0.020 - 0.128

Basis . . . . . . . . . . . . . . . . . . . . . . . . A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu,
b ksi . . . . . . . . . . . . . . . . . . . . .

Fbru,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

65
63

49
 42a

42
46
41

97
129

62
78

. . .
15

66
65

51
45

45
49
43

100
133

66
83

. . .

. . .

E, 103 ksi
       L . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .
    Ec, 103 ksi 
       L . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

9.8
10.3

10.0
10.5
. . .

0.34

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . . . . . . . . . . .

0.100
. . .
. . .
. . .

a  S-basis. The T99 value is 44 ksi.

b  Determined in accordance with ASTM B769.
c  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.2.10.0(b2).  Design Mechanical and Physical Properties of Clad 2424-
T3 Aluminum Alloy Sheet

Specification . . . . . . . . . . . . . . . . . . AMS 4270

Form . . . . . . . . . . . . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . . . . . . . . . . . . . T3

Thickness, in. . . . . . . . . . . . . . . . . . . 0.063 - 0.128

Basis . . . . . . . . . . . . . . . . . . . . . . . . A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu,
b ksi . . . . . . . . . . . . . . . . . . . . .

Fbru,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

64
61

46
 40a

40
43
41

94
121

60
70

. . .
15

65
64

49
44

44
47
43

98
126

66
77

. . .

. . .

E, 103 ksi 
       L . . . . . . . . . . . . . . . . . . . . . . . .
       LT . . . . . . . . . . . . . . . . . . . . . . .

Ec, 103 ksi 
       L . . . . . . . . . . . . . . . . . . . . . . . .
       LT . . . . . . . . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

9.8
10.3

10
10.5
. . .

0.34

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . .

0.100
. . .
. . .
. . .

a S-basis. The T99 value is 43 ksi.
b Determined in accordance with ASTM B769.
c Bearing values are “dry pin” values per Section 1.4.7.1.
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3.2.11 2519 ALLOY

3.2.11.0 Comments and Properties — 2519 is an Al-Cu weldable alloy available in plate.
This armor plate has equivalent ballistic protection characteristics compared to 7039 and superior stress-
corrosion cracking resistance compared to 5083.  See Section 3.1.2.3 for comments regarding resistance of
the alloy to stress-corrosion cracking.  The general corrosion characteristics of 2519 are similar to 2219. 2519
in the T87 temper has approximately 20 percent higher yield strength than 2219-T87 plate.  2519-T87 is
easily welded with filler alloy 2319.  Yield strengths of welded butt joints are higher than other commercially
available alloys. 2519 can be post weld aged or post weld heat treated and aged to obtain improved
mechanical properties compared to “as welded” condition.  See Section 3.1.3.4 for further information
regarding the weldability of the alloy.

A material specification of 2519 is presented in Table 3.2.11.0(a).  Room-temperature mechanical
and physical properties are shown in Table 3.2.11.0(b).

Table 3.2.11.0(a).  Material Specification for 
2519 Aluminum Alloy

Specification Form

MIL-DTL-46192 Plate

The temper index for 2519 is as follows:

Section Temper

3.2.11.1   T87

3.2.11.1 T87 Temper — Typical room-temperature tensile  and compressive stress-strain and
compressive tangent-modulus curves are presented in Figures 3.2.11.1.6(a) and (b).
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Table 3.2.11.0(b).  Design Mechanical and Physical Properties of 2519 Aluminum
Alloy Plate

Specification . . . . . . . . . . . . . . . . . . . . . MIL-DTL-46192

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . T87

Thickness or Diameter, in . . . . . . . . . . . .
0.250-
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L
LT . . . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . .

Fbry
a, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . .  
LT . . . . . . . . . . . . . . . . . . . . . . . . .

66
68
. . .

59
58
. . .

57
60
. . .
42

105
135

85
99

10
 7

 66
 68
. . .

 59
 58
. . .

 57
 60
. . .
 41

105
134

 85
 99

  9
  7

 67
 68
 63

 60
  59 
 55

 58
 61
 58
 41

104
133

 87
100

  8
  6

 68
 68
 62

 61
 59
 55

 58
 61
 58
 40

103
131

 87
100

  7
  5

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.5
10.8
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . . . . .
0.102

. . .

a  See Table 3.1.2.1.1.  Bearing values are “dry pin” per Section 1.4.7.1.
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Figure 3.2.11.1.6(a).  Typical tensile stress-strain curves for 2519-T87 aluminum
alloy plate at room temperature.

Strain, 0.001 in./in.

Compressive Tangent Modulus, 10
3

 ksi

0 2 4 6 8 10 12

S
tr

e
s

s
, 
k
s

i

0

20

40

60

80

100

Ramberg-Osgood

n (L-comp.) = 14

n (LT-comp.) = 14

TYPICAL

Thickness: 1.000 - 2.000 in.

LT-compression

L-compression

Figure 3.2.11.1.6(b).  Typical compressive stress-strain and tangent-modulus curves
for 2519-T87 plate at room temperature.
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3.2.12 2524 ALLOY

3.2.12.0 Comments and Properties — 2524 is a heat-treatable Al-Cu alloy offering high
toughness and improved resistance to fatigue crack growth relative to other available 2XXX sheet and plate
materials.  Sheet and plate is available in the T3 temper.  Fatigue crack growth improvements are guaranteed
through the material specification for Alclad 2524-T3 sheet and plate products.  The static mechanical
properties and general corrosion performance of Alclad 2524-T3 are similar to those of Alclad 2024-T3.  This
product has typically been used for formed structural aircraft parts requiring  improved resistance to fatigue
crack growth and high toughness with strength similar to Alclad 2024-T3, but usage is not limited to such
applications.

A material specification for Alclad 2524-T3 sheet and plate is presented in Table 3.2.12.0(a).  Room-
temperature mechanical properties are shown in Table 3.2.12.0(b).

Table 3.2.12.0(a).  Material Specifications for Alclad 2524-T3

Specification Form

AMS 4296 Clad sheet and plate

The temper index for 2524 is as follows:

Section Temper
3.2.12.1    T3
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Table 3.2.12.0(b).  Design Mechanical and Physical Properties of Alclad 2524-T3
Aluminum Alloy Sheet and Plate

Specification . . . . . . . . AMS 4296

Form . . . . . . . . . . . . . . Sheet and Plate

Condition . . . . . . . . . . T3

Thickness, in. . . . . . . . 0.032- 0.063-0.128 0.129-0.249 0.250-0.310

Basis . . . . . . . . . . . . . . S A B A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
Fsu,

c
 ksi: . . . . . . . . . . . . .

Fbru,
d
 ksi:

      (e/D = 1.5) . . . . . . . . .
      (e/D = 2.0) . . . . . . . . .

Fbry,
d
 ksi:

      (e/D = 1.5) . . . . . . . . .
      (e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
      LT . . . . . . . . . . . . . . . .

59
59

44
39

38
42
40

93
117

65
76

15

61
61

a

45
40

b

39
43
41

97
121

67
78

15

62
62

47
42

41
45
42

98
123

70
82

...

62
62

45
40

39
43
42

98
123

67
78

15

62
62

46
41

40
44
42

98
123

69
80

...

62
62

45
40

39
43
42

98
123

67
78

15

63
63

46
41

40
44
43

100
125

69
80

...

E, 10
3
 ksi:

      Primary . . . . . . . . . . . .
      Secondary . . . . . . . . . .

Ec, 10
3
 ksi:

      Primary . . . . . . . . . . . .
      Secondary . . . . . . . . . .

G, 10
3
 ksi . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . .

10.3
9.8

10.5
10.0

...
0.35

Physical Properties:

, lb/in.
3

. . . . . . . . . . . . .
C, K, and . . . . . . . . . . .

0.100
not available

a  S-basis value.  The T99 value is 62 ksi.
b  S-basis value.  The T99 value is 41 ksi.
c  Determined in accordance with ASTM B 831-93.
d  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Figure 3.2.12.1.6(a).  Typical tensile stress-strain curves for 2524-T3 clad
aluminum alloy sheet and plate at room temperature.
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Figure 3.2.12.1.6(b).  Typical compressive stress-strain and tangent modulus
curves for 2524-T3 clad aluminum alloy sheet and plate at room temperature.
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Figure 3.2.12.1.6(c).  Typical tensile stress-strain curves (full range) for 2524-T3
clad aluminum alloy sheet and plate at room temperature.
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Figure 3.2.13.0.  Effect of temperature on the thermal expansion of 2618 aluminum
alloy.

3.2.13 2618 ALLOY

3.2.13.0  Comments and Properties — 2618 is an Al-Cu alloy which is available as hand and
die forgings.  It has excellent properties over a range of temperatures from -452 to 600 F and is usually used
in applications where high strength and creep resistance are important considerations.  Refer to Section
3.1.3.4 for comments regarding the weldability of the alloy.  Refer to Section 3.1.2.3.1 for information regard-
ing resistance of the alloy to stress-corrosion cracking.

Material specifications for 2618 aluminum alloy are presented in Table 3.2.13.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.2.13.0(b) and (c).  The effect of
temperature on the thermal expansion is shown in Figure 3.2.13.0.

Table 3.2.13.0(a).  Material Specifications for 
2618 Aluminum Alloy

Specification Form

AMS 4132
AMS-QQ-A-367
AMS-A-22771

Die and hand forgings
Forgings
Die forging

The temper index for 2618 is as follows:

Section Temper
3.2.13.1     T61

3.2.13.1 T61 Temper — Figures 3.2.13.1.1(a) through 3.2.13.1.5 present effect-of-temperature
curves for various mechanical properties.  Figure 3.2.13.1.6(a) presents tensile and compressive stress-strain
and tangent-modulus curves at room temperature.  Figure 3.2.13.1.6(b) is a full-range, tensile stress-strain
curve at room temperature.
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Table 3.2.13.0(b).  Design Mechanical and Physical Properties of 2618 Aluminum

Alloy Die Forging

Specification . . . . . . . . . . . . . . . . . AMS-A-22771 and AMS-QQ-A-367

Form . . . . . . . . . . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . . . . . . . . . . . T61

Thickness, in. . . . . . . . . . . . . . . . . .  4.000a

Basis . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . .

Fsu, . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . .

58
55

45
42

. . .

. . .

. . .

. . .

. . .

. . .

. . .

4
4

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

10.7
10.9
 4.1 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft3)( F)/ft] . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . .

0.100
0.23 (at 212 F)

90 (at 77 F)
See Figure 3.2.13.0

a Thickness at the time of heat treatment.  When die forgings are machined before heat treatment, the mechanical properties
are applicable provided the as-forged thickness is not greater than twice the thickness at the time of heat treatment.

b T indicates any grain direction not within ±15  of being parallel to the forging flow lines.
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Table 3.2.13.0(c).  Design Mechanical and Physical Properties of 2618
Aluminum Alloy Hand Forging

Specification . . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . .

Cross-Sectional Area, in.2 . . . . . .

Thickness,a in . . . . . . . . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . .

AMS 4132, AMS-A-22771, and AMS-QQ-A-367

Hand forging

T61

 144

< 2.000 2.000-3.000 3.001-4.000

S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . .
LT  . . . . . . . . . . . . . . . . . . . .
ST  . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L  . . . . . . . . . . . . . . . . . . . . .
LT  . . . . . . . . . . . . . . . . . . . .
ST  . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L  . . . . . . . . . . . . . . . . . . . . .
LT  . . . . . . . . . . . . . . . . . . . .
ST  . . . . . . . . . . . . . . . . . . . .

Fsu, ksi  . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D =1.5)  . . . . . . . . . . . . . .
(e/D =2.0)  . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . .  
(e/D = 2.0)  . . . . . . . . . . . . . .

e, percent:
L  . . . . . . . . . . . . . . . . . . . . .
LT  . . . . . . . . . . . . . . . . . . . .
ST  . . . . . . . . . . . . . . . . . . . .

 58
 55
...

 47
 42
...

...

...

...

...

...

...

...

...

  7
  5
...

57
55
52

46
42
42

...

...

...

...

...

...

...

...

  7
  5
  4

 56
 53
 51

 45
 40
 39

 44
 42
 40
 33

...
106

...
 71

  7
  5
  4

E, 103 ksi . . . . . . . . . . . . . . . . . .
Ec, 103 ksi  . . . . . . . . . . . . . . . . .
G, 103 ksi  . . . . . . . . . . . . . . . . .
µ  . . . . . . . . . . . . . . . . . . . . . . .

10.7
10.9
 4.1
0.33

Physical Properties:
, lb/in.3  . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F)  . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]  . . . . . . .

, 10-6 in./in./ F  . . . . . . . . . . . .

0.100
0.23 (at 212 F)

90 (at 77 F)
See Figure 3.2.13.0

a When hand forgings are machined before heat treatment, the section thickness at time of heat treatment will
    determine the minimum mechanical properties as long as the original (as-forged) thickness does not exceed
    the maximum thickness for the alloy as shown in the table.
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Figure 3.2.13.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of 2618-
T61 aluminum alloy hand forging.
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Figure 3.2.13.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of 2618-T61 
aluminum alloy hand forging.
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Figure 3.2.13.1.1(d).  Effect of exposure at elevated temperatures on room-
temperature tensile ultimate strength (Ftu) of 2618-T61 hand forging.
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Figure 3.2.13.1.1(c).  Effect of exposure at elevated temperatures on room-
temperature tensile yield strength (Fty) of 2618-T61 hand forging.
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Figure 3.2.13.1.2.  Effect of temperature on the compressive yield strength (Fcy) and
ultimate shear strength (Fsu) of 2618-T61 aluminum alloy hand forging.
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Figure 3.2.13.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and
bearing yield strength (Fbry) of 2618-T61 aluminum alloy hand forging.
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Figure 3.2.13.1.4.  Effect of temperature on the tensile and compressive moduli (E and
Ec) of 2618-T61 aluminum alloy hand forging.
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Figure 3.2.13.1.5.  Effect of temperature on the elongation (e) of 2618-T61 aluminum
alloy hand forging.
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Figure 3.2.13.1.6(a).  Typical tensile and compressive stress-strain and
compressive tangent-modulus curves for 2618-T61 aluminum alloy forged
bar at room temperature.
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Figure 3.2.13.1.6(b).  Typical tensile stress-strain curve (full range) at room
temperature for 2618-T61 aluminum alloy forged bar.
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Table 3.5.1.0(a).  Material Specifications
for 5052 Aluminum Alloy

Specification Form

AMS 4015
AMS 4016
AMS 4017
AMS-QQ-A-250/8

Sheet and plate
Sheet and plate
Sheet and plate
Sheet and plate

3.3 3000 SERIES WROUGHT ALLOYS

3.4 4000 SERIES WROUGHT ALLOYS

3.5 5000 SERIES WROUGHT ALLOYS

Alloys of the 5000 series contain magnesium as the principal alloying element and are strengthened
by cold work.  Because of their high toughness at temperatures down to -452 F, they are widely used in
cryogenic applications.  

Magnesium in excess of that in solid solution forms a constituent that is anodic to the aluminum-
magnesium matrix.  This constituent may form a network of precipitates at grain boundaries or along slip
planes.  The formation of this continuous grain boundary precipitates, which is accelerated by prior cold work
and by exposure to elevated temperatures, causes stress-corrosion cracking susceptibility.  Therefore, it is
recommended that the strain-hardened tempers of 5000 series alloys containing more than 3 percent
magnesium not be used at temperatures above 150 F because susceptibility to SCC may result.

3.5.1 5052 ALLOY

3.5.1.0 Comments and Properties — 5052 is a low-strength Al-Mg alloy but extremely tough
at low temperatures as well as at room temperature.  It is highly resistant to corrosion; refer to Section 3.1.2.3
for comments regarding the resistance of the alloy to stress-corrosion cracking.  Refer to Section 3.1.3.4 for
comments regarding the weldability of the alloy.

Material specifications for 5052 aluminum alloy are presented in Table 3.5.1.0(a).  Room-temperature
mechanical and physical properties are shown in Tables 3.5.1.0(b1) and (b2).  The effect of temperature on
physical properties is shown in Figure 3.5.1.0.

The temper index for 5052 is as follows:

Section Temper
3.5.1.1   O
3.5.1.2   H32
3.5.1.3   H34
3.5.1.4   H35
3.5.1.5   H38
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3.5.1.1 O-Temper — Elevated temperature curves for this temper for various mechanical proper-
ties are presented in Figures 3.5.1.1.1, 3.5.1.1.4, and 3.5.1.1.5.

3.5.1.2 H32 Temper — Figure 3.5.1.1.4 may be used for the elevated temperature curve for mod-
ulus of elasticity.

3.5.1.3 H34 Temper — Elevated temperature curves for various mechanical properties are pre-
sented in Figures 3.5.1.3.1(a) through (d), and 3.5.1.3.5(a) and (b).  Use Figure 3.5.1.1.4 for modulus values.

3.5.1.4 H36 Temper — Figure 3.5.1.1.4 may be used for the elevated temperature curve for mod-
ulus of elasticity.

3.5.1.5 H38 Temper — Elevated temperature curves for this temper for various mechanical prop-
erties are presented in Figures 3.5.1.5.1(a) through (d), and 3.5.1.5.5(a) and (b).  Use Figure 3.5.1.1.4 for
modulus values.
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Table 3.5.1.0(b1).  Design Mechanical and Physical Properties of 5052 Aluminum
Alloy Sheet and Plate

Specification . . . . . AMS 4015 AMS 4016 AMS 4017 AMS-QQ-A-250/8

Form . . . . . . . . . . . Sheet and plate Sheet

Condition . . . . . . . . O H32 H34 H36 H38

Thickness, in. . . . . .
0.006-
3.000 0.017-2.000 0.009-1.000 0.006-0.162

0.006-
0.128

Basis . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent:
L . . . . . . . . . . . . .

25
...

 9.5
...

...

...
16

...

...

...

...

b

31
31

23
22

22
23
19

50
65

32
37

b

34
34

26
25

25
26
20

54
71

37
41

b

37
37

29a

29

...

...
22

59
78

41
46

b

39
39

32a

32

...

...
23

62
82

44
51

b

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . .
µ . . . . . . . . . . . . . .

10.1
10.2
 3.85
 0.33

Physical Properties:
, lb/in.3 . . . . . . . .

C, Btu/(lb)( F) . . .
K and  . . . . . . . . .

0.097
0.23 (at 212 F)

See Figure 3.5.1.0

a  From “Aluminum Standards and Data” dated 1982.
b  See Table 3.5.1.0(b2).
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Table 3.5.1.0(b2).  Minimum Elongation Values for 5052 Aluminum Alloy Sheet and Plate

Temper Thickness Range, inch Elongation (L), percent

 O . . . . . . . . . . . . . . . . . . . . . . 0.006-0.007
0.008-0.012
0.013-0.019
0.020-0.031
0.032-0.050
0.051-0.113
0.114-0.249
0.250-3.000

...
14
15
16
18
19
20
18

H32 . . . . . . . . . . . . . . . . . . . . 0.017-0.019
0.020-0.050
0.051-0.113
0.114-0.249
0.250-0.499
0.500-2.000

4
5
7
9

11
12

H34 . . . . . . . . . . . . . . . . . . . . 0.009-0.019
0.020-0.050
0.051-0.113
0.114-0.249
0.250-1.000

3
4
6
7

10

H36 . . . . . . . . . . . . . . . . . . . . 0.006-0.007
0.008-0.031
0.032-0.162

2
3
4

H38 . . . . . . . . . . . . . . . . . . . . 0.006-0.007
0.008-0.031
0.032-0.128

2
3
4
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Figure 3.5.1.0.  Effect of temperature on the physical properties of 5052 aluminum alloy.
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Figure 3.5.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 5052-0 aluminum alloy (all products).
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Figure 3.5.1.1.5.  Effect of temperature on the elongation of 5052-0 aluminum alloy (all
products).
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Figure 3.5.1.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 5052-0 aluminum alloy (all products).
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Figure 3.5.1.3.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of 5052-
H34 aluminum alloy sheet and plate.
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Figure 3.5.1.3.1(b).  Effect of temperature on the tensile yield strength (Fty) of 5052-H34
aluminum alloy sheet and plate.
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Figure 3.5.1.3.1(c).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 5052-H34 aluminum alloy sheet and
plate.
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Figure 3.5.1.3.1(d).  Effect of exposure at elevated temperatures on the room-
temperature tensile yield strength (Fty) of 5052-H34 aluminum alloy sheet and
plate.
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Figure 3.5.1.3.5(b).  Effect of exposure at elevated temperatures on the room
temperature elongation (e) of 5052-H34 aluminum alloy sheet and plate.
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Figure 3.5.1.3.5(a).  Effect of temperature on the elongation (e) of 5052-H34 aluminum
alloy sheet and plate.
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Figure 3.5.1.5.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of 5052-
H38 aluminum alloy (all products).
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Figure 3.5.1.5.1(b).  Effect of temperature on the tensile yield strength (Fty) of 5052-H38 
aluminum alloy (all products).
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Figure 3.5.1.5.1(c).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 5052-H38 aluminum alloy (all products).
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Figure 3.5.1.5.1(d).  Effect of exposure at elevated temperatures on the room-
temperature tensile yield strength (Fty) of 5052-H38 aluminum alloy (all products).
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Figure 3.5.1.5.5(a).  Effect of temperature on the elongation of 5052-H38 aluminum
alloy (all products).
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Figure 3.5.1.5.5(b).  Effect of exposure at elevated temperatures on the room
temperature elongation of 5052-H38 aluminum alloy (all products).
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3.5.2 5083 ALLOY

3.5.2.0 Comments and Properties — 5083 is a high-strength Al-Mg alloy which has been
widely used in cryogenic applications, because of its excellent combination of strength and toughness.  It has
high resistance to corrosion, but strain-hardened tempers should not be used at temperatures above 150 F
because of possible sensitization to stress-corrosion cracking.  Refer to Section 3.1.2.3 for comments
regarding the resistance of the alloy to stress-corrosion cracking, and to Section 3.1.3.4 for comments
regarding the weldability of the alloy.

Material specifications for 5083 aluminum alloy are presented in Table 3.5.2.0(a).  Room-temperature
mechanical and physical properties are shown in Tables 3.5.2.0(b) and (c).  The effect of temperature on
thermal expansion is shown in Figure 3.5.2.0.

Table 3.5.2.0(a).  Material Specifications for 
5083 Aluminum Alloy

Specification Form

AMS 4056
AMS-QQ-A-250/6
AMS-QQ-A-200/4

Bare sheet and plate
Bare sheet and plate
Extruded bar, rod, and shapes

The temper index for 5083 is as follows:

Section Temper

3.5.2.1 O
3.5.2.2 H111
3.5.2.3 H112
3.5.2.4 H321
3.5.2.5 H323
3.5.2.6 H343

3.5.2.1  O Temper — Tensile and compressive stress-strain and tangent-modulus curves at room
temperature are presented in Figures 3.5.2.1.6(a) and (b).  A full-range tensile stress-strain curve is shown
in Figure 3.5.2.1.6(c) at room temperature.
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Table 3.5.2.0(b).  Design Mechanical and Physical Properties of 5083 Aluminum Alloy Sheet and Plate
Specification . . . . . . . . . . AMS 4056 and AMS-QQ-A-250/6 AMS-QQ-A-250/6
Form . . . . . . . . . . . . . . . . . Sheet and plate
Temper . . . . . . . . . . . . . . . O H112 H321 H323 H343

Thickness, in. . . . . . . . . . .
0.051-

1.500

1.501-

3.000

3.001-

4.000

4.001-

5.000

5.001-

7.000

7.001-

8.000

0.250-

1.500

1.501-

3.000

0.188-

1.500

1.501-

3.000

0.051-

0.125

0.126-

0.249

0.051-

0.125

0.126-

0.249

Basis . . . . . . . . . . . . . . . . . A B S S S S S S S A B S A B S S S
Mechanical Properties:

Ftu, ksi:
     L . . . . . . . . . . . . . . . . . 40 41 39 38 38 37 36 40 39 44 46 41 45 47 45 50 50
     LT . . . . . . . . . . . . . . . . 40 41 ... ... ... ... ... ... ... 44 46 ... ... ... ... ... ...

Fty, ksi:
     L . . . . . . . . . . . . . . . . . 18 19 17 16 16 15 14 18 17 31 32 29 34 36 34 39 39
     LT . . . . . . . . . . . . . . . . 18 19 ... ... ... ... ... ... ... 28 28 ... ... ... ... ... ...

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . 18 19 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...
     LT . . . . . . . . . . . . . . . . 18 19 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . 25 26 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . 60 62 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...
     (e/D = 2.0) . . . . . . . . . . 76 78 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . . 32 34 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...
     (e/D = 2.0) . . . . . . . . . . 38 40 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ...

e, percent (S basis):
     L . . . . . . . . . . . . . . . . . 16 ... 16 16 14 14 12 12 12 12 ... 12  8 ... 10  6  8

E, 103 ksi . . . . . . . . . . . . 10.2 
Ec, 103 ksi . . . . . . . . . . . 10.4 
G, 103 ksi . . . . . . . . . . . .  3.85
µ . . . . . . . . . . . . . . . . . .  0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . 0.096

C, Btu/(lb)( F) . . . . . . . 0.23 (at 212 F)
K, Btu/[(hr)(ft2)( F)/ft] 68 (at 77 F)

, 10-6 in./in./ F . . . . . . . See Figure 3.5.2.0
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Table 3.5.2.0(c).  Design Mechanical and Physical Properties of 5083 Aluminum Alloy
Extrusion

Specification . . . . . . . . . . . . . . . . . . . . AMS-QQ-A-200/4

Form . . . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . . . . . . . . . . . . O H111 H112

Thickness, in. . . . . . . . . . . . . . . . . . . .
5.000a <0.500a

0.501-
5.000a 5.000a

Basis . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

 39
 . . .

 16
 . . .

 . . .
. . .
. . .

. . .

. . .

. . .

. . .

 14

 40
 40

 24
 24

. . .

. . .

. . .

. . .

. . .

. . .

. . .

 12

 40
 32

 24
 19

. . .

. . .

. . .

. . .

. . .

. . .

. . .

 12

 39
. . .

 16
. . .

. . .

. . .

. . .

 . . .
. . .

. . .

. . .

 12

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.2
10.4
 3.35
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . .

0.096
0.23 (at 212 F)

68 (at 77 F)
See Figure 3.5.2.0

a  Cross-sectional area 32 in2.
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Figure 3.5.2.0.  Effect of temperature on the thermal expansion of 5083 aluminum
alloy.
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Figure 3.5.2.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5083-0 aluminum alloy sheet at room temperature.

0

5

10

15

20

25

0 2 4 6 8 10 12

Strain, 0.001 in./in. 

Compressive Tangent Modulus, 10
3
 ksi

S
tr

e
s
s
, 
k
s
i

Ramberg - Osgood

  n (L and LT - tension) = 21

  n (L and LT - comp.) = 21

Tension and Compression

Longitudinal

and

Long Transverse

TYPICAL

Figure 3.5.2.1.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5083-0 aluminum alloy plate at room temperature.
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Figure 3.5.2.1.6(c).  Typical tensile stress-strain curve (full range) for 5083-0
aluminum alloy plate at room temperature.
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3.5.3 5086 ALLOY

3.5.3.0 Comments and Properties — 5086 is a tough, medium-strength Al-Mg alloy suitable
for application over the range of temperatures from -452 to 150 F.  Refer to Section 3.1.2.3 for comments
regarding resistance of the alloy to stress-corrosion cracking, and to Section 3.1.3.4 for comments regarding
the weldability of the alloy.

Material specifications for 5086 aluminum alloy are presented in Table 3.5.3.0(a).  Room-temperature
mechanical and physical properties are shown in Tables 3.5.3.0(b) and (c).

Table 3.5.3.0(a).  Material Specifications for 
5086 Aluminum Alloy

Specification Form

AMS-QQ-A-250/7
AMS-QQ-A-200/5

Sheet and plate
Extruded bar, rod, and   shapes

The temper index for 5086 is as follows:

Section Temper
3.5.3.1    O
3.5.3.2    H32
3.5.3.3    H34
3.5.3.4    H36
3.5.3.5    H38
3.5.3.6    H111
3.5.3.7    H112

3.5.3.1 O Temper — Tensile, compressive stress-strain and tangent-modulus curves at room
temperature are shown in Figures 3.5.3.1.6(a) and (b) for products with this temper.  Figure 3.5.3.1.6(c) is
a full-range tensile stress-strain curve.

3.5.3.2 H32 Temper — Figures 3.5.3.2.6(a) and (b) show tensile and compressive stress-strain
and tangent-modulus curves at room temperature.

3.5.3.3 H34 Temper — Figures 3.5.3.3.6(a) and (b) show tensile, compressive stress-strain, and
tangent-modulus curves for this temper.  A full-range tensile stress-strain curve is shown in Figure
3.5.3.3.6(c).

3.5.3.4 H36 Temper — Figure 3.5.3.4.6 shows tensile, compressive stress-strain and tangent-
modulus curves at room temperature.

3.5.3.5 H38 Temper — 

3.5.3.6 H111 Temper — 

3.5.3.7 H112 Temper — Figure 3.5.3.7.6 shows tensile, compressive stress-strain and tangent-
modulus curves at room temperature.
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Table 3.5.3.0(b).  Design Mechanical and Physical Properties of 5086 Aluminum Alloy Sheet, Plate and Extrusion

Specification . . . . . . . . . AMS-QQ-A-250/7 AMS-QQ-A-200/5

Form . . . . . . . . . . . . . . Sheet and plate Extrusion

Condition . . . . . . . . . . . O H32 H34 H36 H38 H112 O H111 H112

Thickness, in . . . . . . . . 0.020-
2.000

0.020-
2.000

0.009-
1.000

0.006-
0.162

0.006-
0.020

0.188-
0.499

0.500-
1.00

1.001-
2.000

2.001-
3.000 5.000a 5.000a 5.000a

Basis . . . . . . . . . . . . . . A B A B S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru, ksi:

(e/D=1.5) . . . . . . . .
(e/D=2.0) . . . . . . . .

Fbry, ksi:
(e/D=1.5) . . . . . . . .
(e/D=2.0) . . . . . . . .

e, percent (S basis):
L . . . . . . . . . . . . . . .

35
35

14
14

14
14
21

52
70

24
28

b

36
36

15
15

15
15
22

53
72

26
30

...

40
40

28
26

26
28
24

58
80

39
48

b

41
41

30
28

28
30
25

61
82

42
51

...

44
44

34
33

32
34
26

64
88

48
58

b

47
47

38
37

35
38
27

68
94

53
65

b

50
...

41
...

...

...

...

...

...

...

...

3

36
36

18
17

17
18
22

54
72

25
31

8

35
35

16
16

15
16
21

52
70

24
28

10

35
35

14
14

14
14
21

52
70

24
28

14

34
34

14
14

14
14
20

51
68

24
28

14

35
...

14
...

...

...

...

...

...

...

...

14

36
...

21
...

...

...

...

...

...

...

...

12

35
...

14
...

...

...

...

...

...

...

...

12

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .

 . . . . . . . . . . . . . . . .

10.2
10.4
3.85
0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C,Btu/(lb)( F) . . . . .
K, Btu/[(hr)(ft2)( F)ft]

, 10-6in/in/ F . . . . .

0.096
0.23 (at 212 F)

72 (at 77 F)
13.2 (68 to 212 F)

  a  Cross-sectional area 32.
  b  See Table 3.5.3.0(c).
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  Table 3.5.3.0(c).  Minimum Elongation Values for 
  5086 Aluminum Alloy Sheet and Plate

Temper
Thickness

Range, inch
Elongation (L),

percent

O..............................

H32..........................

H34..........................

H36..........................

0.020-0.050
0.051-0.249
0.250-2.000

0.020-0.050
0.051-0.249
0.250-2.000

0.009-0.019
0.020-0.050
0.051-0.249
0.250-1.000

0.006-0.019
0.020-0.050
0.051-0.162

15
18
16

6
8

12

4
5
6

10

3
4
6
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Figure 3.5.3.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5086-0 aluminum alloy sheet at room temperature.
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Figure 3.5.3.1.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5086-0 aluminum alloy plate and extrusion at room
temperature.
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Figure 3.5.3.1.6(c).  Typical tensile stress-strain curve (full range) for 
5086-0 aluminum alloy sheet at room temperature.
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Figure 3.5.3.2.6(a).  Typical tensile stress-strain curves for 5086-H32 aluminum
alloy sheet at room temperature.
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Figure 3.5.3.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 5086-H32 aluminum alloy sheet at room temperature.
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Figure 3.5.3.2.6(c).  Typical tensile stress-strain curves (full range) 
for 5086-H32 aluminum alloy sheet at room temperature.
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Figure 3.5.3.3.6(a).  Typical tensile stress-strain curves for 5086-H34 aluminum
alloy sheet at room temperature.
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Figure 3.5.3.3.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 5086-H34 aluminum alloy sheet at room temperature.
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Figure 3.5.3.3.6(c).  Typical tensile stress-strain curve (full range) for 
5086-H34 aluminum alloy sheet at room temperature.
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Figure 3.5.3.4.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5086-H36 aluminum alloy sheet at room temperature.
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Figure 3.5.3.7.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5086-H112 aluminum alloy plate at room temperature.
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3.5.4 5454 ALLOY

3.5.4.0 Comments and Properties — 5454 is a tough medium-strength Al-Mg alloy.  It is the
highest strength alloy of the 5000 series which may be used at elevated temperatures without concern about
resensitization to stress-corrosion cracking.  Refer to Section 3.1.2.3 for comments regarding the resistance
of the alloy to stress-corrosion cracking, and to Section 3.1.3.4 for comments regarding the weldability of the
alloy.

Materials specifications for 5454 aluminum alloy are presented in Table 3.5.4.0(a).  Room-
temperature physical properties are shown in Table 3.5.4.0(b) and (c).

Table 3.5.4.0(a).  Material Specifications for 5454 Aluminum
Alloy

Specification Form

AMS-QQ-A-250/10
AMS-QQ-A-200/6

Sheet and plate
Extruded bar, rod, and shapes

The temper index for 5454 is as follows:

Section Temper
3.5.4.1    O
3.5.4.2    H32
3.5.4.3    H34

3.5.4.1 O Temper — Figure 3.5.4.1.6 presents tensile and compressive stress-strain curves and
this temper.

3.5.4.2 H32 Temper — Figure 3.5.4.2.6 presents room-temperature tensile stress-strain curves
for this temper.

3.5.4.3 H34 Temper — Figures 3.5.4.3.6(a) and (b) present room-temperature tensile and com-
pressive stress-strain and tangent-modulus curves for this temper.
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Table 3.5.4.0(b).  Design Mechanical and Physical Properties of 5454 Aluminum Alloy
Sheet, Plate, and Extrusion

Specification . . . . . . . . AMS-QQ-A-250/10 AMS-QQ-A-200/6

Form . . . . . . . . . . . . . . Sheet and plate Extrusion

Temper . . . . . . . . . . . . O H32 H34 H112 O H111 H112

Thickness, in. . . . . . . .
0.020-
3.000

0.020-
2.000

0.020-
1.000

0.250-
0.499

0.500-
3.000 5.000a 5.000a 5.000a

Basis . . . . . . . . . . . . . . A B A B S S S S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . .

 31
 31

 12
 12

 12
 12
 19

 46
 62

 20
 24

b

 32
 32

 13
 13

 13
 13
 20

 48
 64

 22
 26

...

 36
 36

 26
 24

 24
 26
 21

 52
 72

 36
 44

b

 37
 37

 27
 25

 25
 27
 22

 54
 74

 38
 46

...

 39
 39

 29
 28

 27
 29
 23

 57
 78

 41
 49

b

 32
 32

 18
 18

 17
 18
 20

 48
 64

 25
 31

 8

 31
 31

 12
 12

 12
 12
 19

 46
 62

 20
 24

b

 31
...

 12
...

  12
...
...

...

...

...

...

 14

 33
...

 19
...

...

...

...

...

...

...

...

 12

 31
 31

 12
 12

 12
 12
 19

 43
 56

 20
 24

 12

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . .

10.2
10.4
 3.85
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, Btu/(lb)( F) . . . . .
K, Btu/[(hr)(ft3)( F)/ft]

, 10-6 in./in./ F . . . .

0.097
0.23 (at 212 F)

78 (at 77 F)
13.1 (68 to 212 F)

a  Cross-sectional area 32 in2.
b  See Table 3.5.4.0(c).

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-249

Table 3.5.4.0(c).  Minimum Elongation Values for 5454 Aluminum Alloy Sheet and Plate

Temper Thickness Range, inch Elongation (L), percent

O . . . . . . . . . . . . . . . . . . . . . . . 0.020-0.031
0.030-0.050
0.051-0.113
0.114-3.000

12
14
16
18

H32 . . . . . . . . . . . . . . . . . . . . . 0.020-0.050
0.051-0.249
0.250-2.000

5
8

12

H34 . . . . . . . . . . . . . . . . . . . . . 0.020-0.050
0.051-0.161
0.162-0.249
0.250-1.000

4
6
7

10

H112 . . . . . . . . . . . . . . . . . . . . 0.500-2.000
2.001-3.000

11
15
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Figure 3.5.4.1.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5454-0 aluminum alloy sheet, plate, extrusion at room
temperature.
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Figure 3.5.4.2.6.  Typical tensile stress-strain curves for 5454-H32 aluminum alloy
plate at room temperature.
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Figure 3.5.4.3.6(b).  Typical tensile stress-strain curve for 5454-H34 aluminum alloy
plate at room temperature.
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Figure 3.5.4.3.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5454-H34 aluminum alloy sheet at room temperature.
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3.5.5 5456 ALLOY

3.5.5.0 Comments and Properties  — 5456 is the highest strength alloy of the Al-Mg group.
It has high resistance to corrosion, but should not be used in strain-hardened tempers at temperatures above
150 F because of possible sensitization to stress-corrosion cracking.  Refer to Section 3.1.2.3 for comments
regarding the resistance of the alloy to stress-corrosion cracking, and to Section 3.1.3.4 for comments
regarding the weldability of the alloy.

Some material specifications for 5456 aluminum alloy are presented in Table 3.5.5.0(a).  Room-
temperature mechanical and physical properties are shown in Tables 3.5.5.0(b) and (c).  The effect of
temperature on physical properties is shown in Figure 3.5.5.0.

Table 3.5.5.0(a).  Material Specifications for 5456 Aluminum
Alloy

Specification Form

AMS-QQ-A-250/9
AMS-QQ-A-200/7

Sheet and plate
Extruded bar, rod, and shapes

The temper index for 5456 is as follows:

Section Temper
3.5.5.1 O
3.5.5.2 H111
3.5.5.3 H112
3.5.5.4 H321

3.5.5.1 O Temper — Room-temperature tensile and compressive stress-strain and tangent-
modulus curves for this temper are presented in Figures 3.5.5.1.6(a) and (b).

3.5.5.2 H111 Temper — Room-temperature tensile and compressive stress-strain and tangent-
modulus curves for this temper are presented in Figure 3.5.5.2.6.

3.5.5.3 H112 Temper — 

3.5.5.4 H321 Temper — Room-temperature tensile and compressive stress-strain and tangent-
modulus curves for this temper are presented in Figure 3.5.5.4.6.
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Table 3.5.5.0(b).  Design Mechanical and Physical Properties of 5456 Aluminum Alloy Sheet and Plate

Specification ...................

Form ...............................

Temper ............................

Thickness, in. ..................

Basis ...............................

AMS-QQ-A-250/9

Sheet and plate

O H112 H321

0.051-
1.500

1.501-
3.000

3.001-
5.000

5.001-
7.000

7.001-
8.000

0.250-
1.500

1.501-
3.000

0.188-
0.624

0.625-
1.250

1.251-
1.500

1.501-
3.000

S S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L ...............................
LT .............................

Fty, ksi:
L ...............................
LT .............................

Fcy, ksi:
L ...............................
LT .............................

Fsu, ksi .........................
Fbru, ksi:

(e/D = 1.5) ...............
(e/D = 2.0) ...............

Fbry, ksi:
(e/D = 1.5) ...............
(e/D = 2.0) ...............

e, percent:
L ...............................

42
42

19
19

19
19
26

63
84

32
38

16

41
...

18
...

...

...

...

...

...

...

...

16

40
...

17
...

...

...

...

...

...

...

...

14

39
...

16
...

...

...

...

...

...

...

...

14

38
...

15
...

...

...

...

...

...

...

...

12

42
...

19
...

...

...

...

...

...

...

...

12

41
...

18
...

...

...

...

...

...

...

...

12

46
46

33
30

27
33
27

67
84

46
53

12

46
45

33
29

26
31
27

67
84

46
53

12

44
43

31
28

24
29
25

64
80

43
50

12

41
...

29
...

...

...

...

...

...

...

...

12

E, 103 ksi .....................
Ec, 103 ksi ...................
G, 103 ksi ....................
µ ...................................

10.2
10.4
 3.85
 0.33

Physical Properties:
, lb/in.3 ......................

C, Btu/(lb)( F) ..............
K, Btu/[(hr)(ft2)( F)/ft] ..

, 10-6 in./in./ F ............

0.096
0.23 (at 212 F)

...
See Figure 3.5.5.0
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Table 3.5.5.0(c).  Design Mechanical and Physical Properties of 5456 Aluminum
Alloy Extrusion

Specification . . . . . . . . . . . . . . . . . . . . . . . . AMS-QQ-A-200/7

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Extruded bar, rod, and shapes

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . O H111 H112

Cross-Sectional Area, in.2 . . . . . . . . . . . . . . 32

Thickness or Diameter, in. . . . . . . . . . . . . . 5.000 5.000 5.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi: 

(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

41
...

19
...

19
...
...

...

...

...

...

14

42
...

26
...

...

...

...

...

...

...

...

12

41
41

19
19

19
19
23

57
74

34
38

12

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.2
10.4

  3.85
  0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . . . . . .

0.096
0.23 (at 212 F)

...
See Figure 3.5.5.0
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Figure 3.5.5.0.  Effect of temperature on the physical properties of 5456 aluminum alloy.
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Figure 3.5.5.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5456-0 aluminum alloy sheet and plate at room
temperature.
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Figure 3.5.5.1.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5456-0 aluminum alloy extrusion at room temperature.
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Figure 3.5.5.2.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5456-H111 aluminum alloy extrusion at room
temperature.
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Figure 3.5.5.4.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 5456-H321 aluminum alloy plate at room temperature.
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3.6 6000 SERIES WROUGHT ALLOYS

Alloys of the 6000 series contain magnesium and silicon as their principal alloying elements.

3.6.1 6013 ALLOY

3.6.1.0 Comments and Properties  — 6013 is a Mg-Si-Cu-Mn alloy which is weldable.  This
alloy has 25 percent higher strength in the T6 temper than 6061-T6.  It has improved toughness, fatigue
strength, and stretch forming characteristics compared to 6061 with equivalent stress corrosion characteristics.
Refer to 3.1.3.4 for comments regarding weldability of the alloy.  Material specifications for 6013 are shown
in Table 3.6.1.0(a).  Room-temperature mechanical and physical properties are presented in Table 3.6.1.0(b).

Table 3.6.1.0(a).  Material Specifications for 6013
Aluminum Alloy

Specification Form

AMS 4347
AMS 4216

Sheet (T4)
Sheet (T6)

The temper index is as follows:

Section Temper
3.6.1.1   T6

3.6.1.1 T6 Temper — Stress-strain and tangent-modulus curves are presented in Figures
3.6.1.1.6(a) and (b).
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  Table 3.6.1.0(b).  Design Mechanical and Physical Properties of 6013 Aluminum 
  Alloy Sheet

Specification . . . . . . . . . . . . . . . . . . . . AMS 4216 and AMS 4347

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . . . . . . . . . . . . . . . T6

Thickness, in. . . . . . . . . . . . . . . . . . . . . 0.010-0.062 0.063-0.125 0.126-0.249

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:
Ftu, ksi:

    L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
    L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
    L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . .
Fbru

a, ksi:
    (e/D=1.5) . . . . . . . . . . . . . . . . . . . . .
    (e/D=2.0) . . . . . . . . . . . . . . . . . . . . .

Fbry
a, ksi:

    (e/D=1.5) . . . . . . . . . . . . . . . . . . . . .
    (e/D=2.0) . . . . . . . . . . . . . . . . . . . . .

e, percent:
    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

52
52

47
46

48
48
32

85
111

66
76

8

52
52

47
46

48
48
32

85
111

69
80

8

52
52

48
46

48
49
32

85
111

71
82

8

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . .

9.9
10.1
3.8

 0.33

Physical Properties:
, lb/in3 . . . . . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . . . . .
0.098

...

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.6.1.1.6(a).  Typical tensile stress-strain curves for 6013-T6 aluminum alloy
sheet at room temperature.
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Figure 3.6.1.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 6013-T6 aluminum alloy sheet at room temperature.
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3.6.2 6061 ALLOY

3.6.2.0 Comments and Properties  — 6061 has been used in a wide range of applications,
including cryogenic applications requiring high toughness.  Refer to Section 3.1.3.4 for comments regarding
the weldability of the alloy.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 6061 are presented in Table 3.6.2.0(a).  Room-temperature mechanical
and physical properties are shown in Tables 3.6.2.0(b) through (g).  The effect of temperature on the physical
properties is shown in Figure 3.6.2.0.

The temper index for 6061 is as follows:

Section Temper
3.6.2.1 T4, T42, T451, T4510, and T4511
3.6.2.2 T6, T62, T651, T652, T6510, and T6511

3.6.2.1 T4, T42, T451, T4510, and T4511 Tempers — For effect of temperature on
modulus values, use Figure 3.6.2.2.4.

3.6.2.2  T6, T62, T651, T652, T6510, and T6511 Tempers — Figures 3.6.2.2.1(a) through
(d), 3.6.2.2.4, and 3.6.2.2.5(a) and (b) present elevated temperature curves for various mechanical properties.
Figures 3.6.2.2.6(a) through (k) contain tensile and compression stress-strain curves at room temperature and
elevated temperatures, and tangent-modulus curves at room temperature for various products and tempers.
Figures 3.6.2.2.6(l) through (o) present full-range tensile stress-strain curves at room temperature for various
products and tempers.  Figure 3.6.2.2.8 contains unnotched fatigue data for various wrought products at room
temperature.
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Table 3.6.2.0(a).   Material Specifications for 6061
Aluminum Alloy

Specification Form

AMS 4025
AMS 4026
AMS 4027
AMS-QQ-A-250/11
AMS 4115
AMS 4116
AMS 4117
AMS-QQ-A-225/8
AMS 4150
AMS 4160
AMS 4161
AMS 4172
AMS 4173
AMS-QQ-A-200/8
AMS-A-22771
AMS 4080
AMS 4082
AMS-WW-T-700/6
AMS 4127
AMS 4248
AMS-QQ-A-367

Sheet and plate
Sheet and plate
Sheet and plate
Sheet and plate
Bar and rod, rolled or cold-finished
Bar and rod, cold-finished
Bar and rod, rolled or cold-finished
Rolled bar, rod, and shapes
Extruded rod, bar, and shapes
Extrusion
Extrusion
Extrusion
Extruded rod, bar, and shapes
Extruded rod, bar, shapes, and tubing
Forging
Tubing, seamless, drawn
Tubing, seamless, drawn
Seamless drawn tubing
Forging
Hand forging
Forging
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Table 3.6.2.0(b1).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy
Sheet

Specification . . . . . . .
AMS 4026 and

AMS-QQ-A-250/11
AMS-QQ-A-

250/11
AMS 4025, AMS 4027
and AMS-QQ-A-250/11

Form . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . T4 T42a T6 and T62b

Thickness, in. . . . . . . 0.010-0.249 0.010-0.249 0.010-0.249

Basis . . . . . . . . . . . . . A B S A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . .

...
30

...
16

...
16
20

48
63

22
26

c

...
32

...
18

...
18
21

51
67

25
29

...

...
30

...
14

...

...

...

...

...

...

...

c

42
42

36
35

35
36
27

67
88

50
58

c

43
43

38
37

37
38
28

69
90

53
61

...

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

 9.9 
10.1
 3.8 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.098

See Figure 3.6.2.0

a Design allowables were based upon data obtained from testing samples of material, supplied in the O or F temper, which
were heat treated to demonstrate response to heat treatment by suppliers.  Properties obtained by the user may be lower than
those listed if the material has been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to
solution heat treatment.

b Design allowables were based upon data obtained from testing T6 sheet and from testing samples of sheet, supplied in the
O or F temper, which were heat treated to T62 temper to demonstrate response to heat treatment by suppliers.  Properties
obtained may be lower than those listed if the material has been formed or otherwise cold worked, particularly in the
annealed temper, prior to solution heat treatment.

c See Table 3.6.2.0(b3).
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Table 3.6.2.0(b2).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy Plate
Specification ...................

Form ...............................

Temper ............................

Thickness, in. ..................

Basis ...............................

AMS 4026 and 
AMS-QQ-A-250/11

AMS-QQ-A-
250/11

AMS 4025, AMS 4027 and 
AMS-QQ-A-250/11

Plate

T451 T42a T651 and T62b

0.250-2.000 2.001-3.000
0.250-
1.000

1.001-
3.000 0.250-2.000 2.001-3.000

3.001-
4.000

4.001-
6.000c

A B A B S S A B A B S S

Mechanical Properties:
Ftu, ksi:

L ...............................
LT .............................

Fty, ksi:
L ...............................
LT .............................

Fcy, ksi:
L ...............................
LT .............................

Fsu, ksi .........................
Fbru, ksi:

(e/D = 1.5) ...............
(e/D = 2.0) ...............

Fbry, ksi:
(e/D = 1.5) ...............
(e/D = 2.0) ...............

e, percent:
L ...............................

...
30

...
16

...
16
20

48
63

22
26

d

...
32

...
18

...
18
21

52
67

25
29

...

...
30

...
16

...

...

...

...

...

...

...

16

...
32

...
18

...

...

...

...

...

...

...

...

...
30

...
14

...

...

...

...

...

...

...

18

...
30

...
14

...

...

...

...

...

...

...

16

42
42

36
35

35
36
27

67
88

50
58

d

43
43

38
37

37
38
28

69
90

53
61

...

...
42

...
35

...

...

...

...

...

...

...

6

...
43

...
37

...

...

...

...

...

...

...

...

...
42

...
35

...

...

...

...

...

...

...

6

...
40

...
35

...

...

...

...

...

...

...

6

E, 103 ksi .....................
Ec, 103 ksi ...................
G, 103 ksi ....................
µ ...................................

9.9
10.1
3.8

0.33

Physical Properties:
, lb/in.3 ......................

C, K, and ,............
0.098

See Figure 3.6.2.0
a Design allowables were based upon data obtained from testing samples of material, supplied in the O temper, which were heat treated to demonstrate response to

heat treatment by suppliers.  Properties obtained by the user may be lower than those listed if the material has been formed or otherwise cold or hot worked,

particularly in the annealed temper, prior to solution heat treatment.

b Design allowables were based upon data obtained from testing T651 plate and from testing samples of plate, supplied in the O temper, which were heat treated to

demonstrate response to heat treatment by suppliers.  Properties obtained may be lower than those listed if the material has been formed or otherwise cold worked,

particularly in the annealed temper, prior to solution heat treatment.

c Properties for this thickness apply only to T651 temper.

d See Table 3.6.2.0(b3).
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Table 3.6.2.0(b3).  Minimum Elongation Values for 6061 Aluminum Alloy Sheet and
Plate

Temper and Product Thickness, inch Elongation (LT), percent

T4 or T42 sheet . . . . . . . . . . . . .

T451 plate . . . . . . . . . . . . . . . . .

T6 or T62 sheet . . . . . . . . . . . . .

T651 or T62 plate . . . . . . . . . . . .

0.010-0.020
0.021-0.249

0.250-1.000
1.001-2.000

0.010-0.020
0.021-0.249

0.250-0.499
0.500-1.000
1.001-2.000

14
16

18
16

 8
10

10
 9
 8
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Table 3.6.2.0(c1).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy
Tube and Pipe

Specification . . . . . . .
AMS-WW-T-700/6

AMS 4080, AMS 4082, and
AMS-WW-T-700/6

Form . . . . . . . . . . . . . Drawn tube

Temper . . . . . . . . . . . T4 T42a T6b and T62

Wall Thickness, in. . .
0.025-
0.500 0.025-0.500

0.025-
0.500

Outside Diameter, in. ...

Basis . . . . . . . . . . . . . S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent:
L . . . . . . . . . . . . . .

30

16

14
20

48
63

22
26

c

30

14

...

...

...

...

...

...

c

42

35

34
27

67
88

49
56

c

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

 9.9 
10.1
 3.8 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.098

See Figure 3.6.2.0

a Design allowables were based upon data obtained from testing samples of material, supplied in the O temper, which were
heat treated to demonstrate response to heat treatment by suppliers.  Properties obtained by the user may be lower than those
listed if the material has been formed or otherwise cold or hot worked, particularly in the annealed temper, prior to solution
heat treatment.

b Design allowables were based upon data obtained from testing T6 temper tube and from testing samples of tube, supplied in
the O temper, which were heat treated to demonstrate response to heat treatment by suppliers.  Properties obtained by the
user may be lower than those listed if the material has been formed or otherwise cold worked, particularly in the annealed
temper, prior to solution heat treatment.

c See Table 3.6.2.0(c2).
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Table 3.6.2.0(c2).  Minimum Elongation Values for 6061 Aluminum
Alloy Tubing

Temper Wall Thickness, inch

Elongation (L), percent

Full-Section
Specimen

Cut-Out
Specimen

T4 or T42 . . . . . . . .

T6 or T62 . . . . . . . .

0.025-0.049
0.050-0.259
0.260-0.500

0.025-0.049
0.050-0.259
0.260-0.500

16
18
20

10
12
14

14
16
18

 8
10
12

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



M
IL

-H
D

B
K

-5
J

3
1

 J
a

n
u

a
ry

 2
0

0
3

3
-2

6
9

Table 3.6.2.0(d).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy Rolled, Drawn, or Cold-
Finished Bar, Rod, and Shapes
Specification ...................

Form ...............................

Temper ...........................

Cross-Sectional Area, in2

Thickness, in. ..................

Basis ...............................

AMS 4116 &
AMS-QQ-A-

225/8

AMS 4128 &
AMS-QQ-A-

225/8
AMS-QQ-A-

225/8
AMS 4117 &

AMS-QQ-A-225/8
AMS 4128 &

AMS-QQ-A-225/8

AMS 4115,
AMS 4116, &
AMS-QQ-A-

225/8

Rolled, drawn, or cold-finished rod and special shapes

T4 T451 T42a T6 T651 T62a

50

8.000 0.500-8.000 8.000 8.000 0.500-8.000 8.000

S S S S S S

Mechanical Properties:
Ftu, ksi:

L ..............................
Fty, ksi:

L ..............................
Fcy, ksi:

L ..............................
Fsu, ksi .........................
Fbru, ksi:

(e/D = 1.5) ...............
(e/D = 2.0) ...............

Fbry, ksi:
(e/D = 1.5) ...............
(e/D = 2.0) ...............

e, percent:
L ..............................

30

16

14
20

48
63

22
26

18

30

16

14
20

48
63

22
26

18

30

14

...

...

...

...

...

...

18

42

35

34
27

67
88

49
56

10

42

35

34
27

67
88

49
56

10

42

35

...

...

...

...

...

...

10

E, 103 ksi .....................
Ec, 103 ksi ...................
G, 103 ksi ....................
µ ..................................

9.9
10.1
3.8

0.33

Physical Properties:
, lb/in.3 ......................

C, K, and ,............
0.098

See Figure 3.6.2.0
a  Design allowables were based upon data obtained from testing samples of material, supplied in the O or F temper, which were heat treated to demonstrate 

    response to heat treatment by suppliers.
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Table 3.6.2.0(e).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy
Die Forging

Specification . . . . . . . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . . . . . . .

Thickness, in. . . . . . . . . . . . . . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . .

AMS 4127, MIL-A-22771, and QQ-A-367

Die forging

T6 and T652

 4.000a

S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . .

38
38

35
35

36
36
25

61
76

54
61

 7
 5

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 9.9 
10.1
 3.8 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . . . . .
0.098

See Figure 3.6.2.0

a Thickness at the time of heat treatment.  When die forgings are machined before heat treatment, the mechanical properties
are applicable provided the as-forged thickness is not greater than twice the thickness at the time of heat treatment.

b T indicates any grain direction not within ± 15  of being parallel to the forging flow lines.  Fcy(T) values are based upon
short transverse (ST) test data. 
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Table 3.6.2.0(f).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy
Hand Forging

Specification . . . . . . . . . . . AMS 4127, AMS 4248, AMS-A-22771, and AMS-QQ-A-367

Form . . . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . . . T6a and T652

Cross-Sectional Area, in.2 . 256

Thickness, in. . . . . . . . . . . 2.000 2.001-4.000 4.001-8.000

Basis . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

38
38
...

35
35
...

36
36
...
25

61
76

54
61

10
 8
...

38
38
37

35
35
33

36
36
34
25

61
76

54
61

10
 8
 5

37
37
35

34
34
32

35
35
33
24

59
74

53
59

 8
 6
 4

E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

 9.9 
10.1
 3.8 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . .
0.098

See Figure 3.6.2.0

a When hand forgings are machined before heat treatment, the section thickness at time of heat treatment will determine the
minimum mechanical properties as long as the original (as-forged) thickness does not exceed the maximum thickness for
the alloy as shown in the table.
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Table 3.6.2.0(g).  Design Mechanical and Physical Properties of 6061 Aluminum Alloy
Extruded Rod, Bar, and Shapes

Specification . . . . . . . .
AMS 4161, 

AMS 4172, & 
AMS-QQ-A-200/8

AMS-QQ-A-
200/8

AMS 4160 &
AMS-QQ-A-

200/8
AMS 4150, AMS 4173
& AMS-QQ-A-200/8

Form . . . . . . . . . . . . . . Extruded rod, bar, and shapes

Temper . . . . . . . . . . . .
T4, T4510, 
and T4511 T42a T62a T6, T6510, and T6511

Cross-sectional area, in.2

... ... ... 32

Thickness,b in. . . . . . . .
3.000 All All 1.000

1.001-
6.500

Basis . . . . . . . . . . . . . . S S S A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . .

26
...

16
...

14
...
16

42
55

22
26

16

26
...

12
...

...

...

...

...

...

...

...

16

38
...

35
...

...

...

...

...

...

...

...

10d

38
37

35
33

34
35
26

64
82

54
60

10d

41
40

38
36

37
38
28

69
88

58
65

...

38
33

35
28

34
30
19

52
69

42
50

10

41
35

38
31

37
33
21

57
74

46
55

...

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

 9.9 
10.1
 3.8 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, K, and  . . . . . . . .
0.098

See Figure 3.6.2.0

a Design allowables were based upon data obtained from testing samples of material, supplied in the O to F temper which
were heat treated to demonstrate response to heat treatment by suppliers.  Properties obtained by the user, however, may be
lower than those listed if the material has been formed or otherwise cold or hot worked, particularly in the annealed temper,
prior to solution heat treatment.

b The mechanical properties are to be based upon the thickness at the time of quench.
c Bearing values are “dry pin” values per Section 1.4.7.1.
d For thicknesses 0.249 inch, e = 8%.
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Figure 3.6.2.0.  Effect of temperature on the physical properties of 6061 aluminum alloy.
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Figure 3.6.2.2.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
6061-T6 aluminum alloy (all products).
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Figure 3.6.2.2.1(b).  Effect of temperature on the tensile yield strength (Fty) of 6061-
T6 aluminum alloy (all products).
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Figure 3.6.2.2.1(c).  Effect of exposure at elevated temperatures on the room-
temperature tensile ultimate strength (Ftu) of 6061-T6 aluminum alloy (all products).

�����������	 
�

� �� ��� ��� ��� ��� ��� ��� ���

�
�
��
�
�
�
�

��
�
�
	




�

�
�
�

�
��
��
��

�

��

��

��

��

��

� ��
� ��

�� ��
��� ��

�	��� ��

�������� �� ���� �����������
�������� �� �� �	��� ��

Figure 3.6.2.2.1(d).  Effect of exposure at elevated temperatures on the room-
temperature tensile yield strength (Fty) of 6061-T6 aluminum alloy (all products).
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Figure 3.6.2.2.4.  Effect of temperature on the tensile and compressive moduli (E and
Ec) of 6061 aluminum alloy.
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Figure 3.6.2.2.5(a).  Effect of temperature on the elongation of 6061-T6 aluminum alloy
(all products).
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Figure 3.6.2.2.5(b).  Effect of exposure at elevated temperatures on the room
temperature elongation of 6061-T6 aluminum alloy (all products).
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Figure 3.6.2.2.6(a).  Typical tensile stress-strain curves for 6061-T6 aluminum alloy
sheet at room temperature.

0

10

20

30

40

50

0 2 4 6 8 10 12

Strain, 0.001 in./in. 

S
tr

e
s
s
, 
k
s
i

 Ramberg - Osgood

  n (2 - 100 hr exp.) = 32

Thickness: ≤ 0.125 in.

Longitudinal

2 - 100 hr exposure

TYPICAL

Figure 3.6.2.2.6(b).  Typical tensile stress-strain curve for 6061-T6 aluminum alloy
sheet at 200 F.
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Figure 3.6.2.2.6(c).  Typical tensile stress-strain curves for 6061-T6 aluminum alloy
sheet at 300 F.
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Figure 3.6.2.2.6(d).  Typical tensile stress-strain curves for 6061-T6 aluminum alloy
sheet at 400 F.
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Figure 3.6.2.2.6(e).  Typical tensile stress-strain curves for 6061-T6 aluminum alloy
sheet at 500 F.
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Figure 3.6.2.2.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 6061-T6 aluminum alloy sheet at room temperature.
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Figure 3.6.2.2.6(g).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 6061-T6 aluminum alloy sheet at room temperature.
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Figure 3.6.2.2.6(h).  Typical tensile stress-strain curves for 6061-T6 aluminum alloy
extrusion at room temperature.
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Figure 3.6.2.2.6(i).  Typical compressive stress-strain and compressive tangent-
modulus curves for 6061-T6 aluminum alloy extrusion at room temperature.
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Figure 3.6.2.2.6(j).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 6061-T651X aluminum alloy extrusion at room
temperature.
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Figure 3.6.2.2.6(k).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 6061-T651X aluminum alloy extrusion at room
temperature.
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Figure 3.6.2.2.6(l).  Typical tensile stress-strain (full range) for 6061-T6 aluminum
alloy sheet at room temperature.
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Figure 3.6.2.2.6(m).  Typical tensile stress-strain curves (full range) for 6061-T62
aluminum alloy extrusion at room temperature.
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Figure 3.6.2.2.6(n).  Typical tensile stress-strain curves (full range) for 6061-T651X
aluminum alloy extrusion at room temperature.
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Figure 3.6.2.2.6(o).  Typical tensile stress-strain curves (full range) for 6061-T651X
aluminum alloy extrusion at room temperature.
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Figure 3.6.2.2.8.  Best-fit S/N curves for unnotched 6061-T6 aluminum alloy, various
wrought products, longitudinal direction.

Correlative Information for Figure 3.6.2.2.8

Product Form: Drawn rod, 0.75 inch diameter
Rolled bar, 1 x 7.5 inch

Properties: TUS, ksi    TYS, ksi Temp., F
  45  40 RT     

Specimen Details: Unnotched
0.200 inch net diameter

Surface Condition:  Not specified

Reference: 3.2.1.1.8(a)

Test Parameters:
Loading - Axial
Frequency - 2000 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 20.68-9.84 log (Seq)
Seq = Smax (1-R)0.63

Std. Error of Estimate, Log (Life) = 0.48
Standard Deviation, Log (Life) = 1.18
R2 = 83%

Sample Size = 55

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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3.6.3 6151 ALLOY

3.6.3.0 Comments and Properties — 6151 is an Al-Mg-Si alloy whose use has been restricted
primarily to die forgings.  It provides higher strengths than attainable with 6061, and has high resistance to
corrosion.  Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

Material specifications for 6151 aluminum alloy are presented in Table 3.6.3.0(a).  Room-temperature
mechanical and physical properties are shown in Table 3.6.3.0(b).  The effect of temperature on thermal
expansion is shown in Figure 3.6.3.0.

Table 3.6.3.0(a).  Material Specifications for 6151
Aluminum Alloy

Specification Form

AMS 4125
AMS-A-22771

Die forging
Forging

The temper index for 6151 is as follows:

Section Temper
3.6.3.1    T6

3.6.3.1 T6 Temper — Elevated temperature modulus data from Figure 3.6.2.2.4 may be used for
this alloy.
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Table 3.6.3.0(b).  Design Mechanical and Physical Properties of 6151 Aluminum Alloy
Die Forging

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
AMS 4125 and
AMS-A-22771

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T6

Thicknessa, in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 44
 44

 37
 37

 39
 35
 28

...

...

...

...

 10
   6

10.1
10.3
 3.85
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.098
0.23 (at 212 F)
100 (at 77 F)

See Figure 3.6.3.0

a Thickness at the time of heat treatment.  When die forgings are machined before heat treatment, the mechanical properties
are applicable provided the as-forged thickness is not greater than twice the thickness at the time of heat treatment.

b T indicates any grain direction not within ±15  of being parallel to the forging flow lines.
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Figure 3.6.3.0.  Effect of temperature on the thermal expansion of 6151 aluminum
alloy.
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Table 3.7.1.0(a).  Material Specifications for 7010
Aluminum Alloy

Specification Form

AMS 4205
AMS 4204

Plate
Plate

3.7 7000 SERIES WROUGHT ALLOYS

The 7000 series of wrought alloys contain zinc as the principal alloying element and magnesium and
copper as other major elements.  They are available in a wide variety of product forms.  They are strengthened
principally by solution heat treatment and precipitation hardening and are among the highest- strength alumi-
num alloys.

The T6-type tempers of these alloys are susceptible to stress-corrosion cracking under certain
conditions while the T7-type tempers are more resistant; these alloys should be considered in light of the
corrosion resistance discussed in Sections 3.1.2.3 and 3.1.3.

3.7.1 7010 ALLOY

3.7.1.0 Comments and Properties — 7010 is an Al-Zn-Mg-Cu-Zr alloy developed to have
a combination of high strength, high resistance to stress-corrosion cracking, and good fracture toughness,
particularly in thick sections.  The use of zirconium in lieu of chromium provides a low sensitivity to quench,
which results in high strength in thick sections.  The alloy is available only in plate.  Plate, greater than
2 inches in thickness in the T7451 temper, has static strength equal to or greater than 7075-T651 plate with
greater toughness.

Plate in the T7451 temper has a stress-corrosion resistance higher than 7075-T7651.  The T73-type
temper provides the highest resistance to stress-corrosion for this alloy.  The T76-type temper provides for
good exfoliation resistance and higher stress-corrosion resistance than T6-type tempers of 7075 and 7178.
The T74-type temper provides stress-corrosion and strength characteristics intermediate to those of T76 and
T73.  Refer to Section 3.1.2.3 for information regarding the resistance of the alloy to stress-corrosion
cracking.

Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

Material specifications for 7010 are shown in Table 3.7.1.0(a). Room-temperature mechanical
properties are shown in Tables 3.7.1.0(b1) and (b2).

The temper index for 7010 is as follows:

Section Temper
3.7.1.1   T7451
3.7.1.2   T7651
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3.7.1.1 T7451 Temper — Elevated temperature curves for plate are presented in Figure
3.7.1.1.1. Figures 3.7.1.1.6(a) through (d) present stress-strain and tangent-modulus curves for plate.

3.7.1.2  T7651 Temper — Figures 3.7.1.2.6(a) through (d) present stress-strain and tangent-
modulus curves for plate.
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Table 3.7.1.0(b1).  Design Mechanical and Physical Properties of 7010 Aluminum Alloy
Plate

Specification . . . . . . . . . . . . .    AMS 4205

Form . . . . . . . . . . . . . . . . . . .    Plate

Temper . . . . . . . . . . . . . . . . .    T7451

Thickness, in. . . . . . . . . . . . .    
0.250-
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

Basis . . . . . . . . . . . . . . . . . . .    S S A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . .    

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . .    

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . .    

Fsu, ksi . . . . . . . . . . . . . . . . .    
Fbru

b, ksi:
(e/D = 1.5) . . . . . . . . . . . .    
(e/D = 2.0) . . . . . . . . . . . .    

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . .    
(e/D = 2.0) . . . . . . . . . . . .    

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . .    

 71
 72
...

 62
 62
...

 61
 63
...

 41

100
127

 81
 94

  9
  6
...

 71
 72
...

62
62
...

61
63
...
41

101
129

 82
 97

  9
  6
...

 70
 71
 66

 60
 60
 55

 59
 62
 61
 42

101
130

 81
 97

  9
  6
2.5

 72
 72
 68

 62
 62
 57

 61
 64
 63
 42

102
132

 84
100

...

...

...

 70
 70
 66

 60
 59
 54

 58
 61
 60
 42

100
130

 81
 98

  9
  6
  2

 71
 72
 68

 62
 61
 56

 60
 63
 62
 43

103
134

 84
101

...

...

...

 68a

 69a

 65a

 59
 58
 53

 57
 60
 59
 42

100
129

 81
 98

  9
  5
  2

 71
 71
 67

 61
 60
 55

 59
 62
 61
 43

103
133

 84
101

...

...

...

 68
 67a

 63a

 57a

 57a

 52

 56
 59
 58
 41

 97
126

 80
 97

  8
  5
  2

 70
 71
 67

 61
 60
 54

 59
 63
 61
 43

103
133

 84
102

...

...

...

E, 103 ksi . . . . . . . . . . . . . .    
Ec, 103 ksi . . . . . . . . . . . . . .    
G, 103 ksi . . . . . . . . . . . . . .    
µ . . . . . . . . . . . . . . . . . . . . .    

10.2
10.6
 3.9

 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .    

C, Btu/(lb)( F) . . . . . . . . . .    
K, Btu/[(hr)(ft2)( F)/ft] . . . .    

, 10-6 in./in./ F . . . . . . . . .    

0.102
0.21 (at 214 F)

95 (at 99 F)
13.0 (68-212 F)

a S-basis values.  The rounded T99 values are as follows: for 4.001-5.000-inch thickness, Ftu(L) = 69, Ftu(LT) = 70, and
Ftu(ST) = 66; for 5.001-6.000-inch thickness, Ftu(LT) = 69, Ftu(ST) = 65, Fty(L) = 59, and Fty(LT) = 58.

b See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.1.0(b2).  Design Mechanical Properties of 7010 Aluminum Alloy Plate—
Continued

Specification . . . . . . . . . . . . . . . . . . .    AMS 4204

Form . . . . . . . . . . . . . . . . . . . . . . . . .    Plate

Temper . . . . . . . . . . . . . . . . . . . . . . .    T7651

Thickness, in. . . . . . . . . . . . . . . . . . .    
0.250-
1.000

1.001-
2.000

2.001-
2.500

2.501-
3.000

3.001-
4.000

4.001-
5.000

5.001-
5.500

Basis . . . . . . . . . . . . . . . . . . . . . . . . .    S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . . . . . . . .    

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . . . . . . . .    

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . . . . . . . .    

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . .    
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . .    
(e/D = 2.0) . . . . . . . . . . . . . . . . . .    

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . .    
(e/D = 2.0) . . . . . . . . . . . . . . . . . .    

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . .    
LT . . . . . . . . . . . . . . . . . . . . . . . .    
ST . . . . . . . . . . . . . . . . . . . . . . . .    

 76
 76
...

 66
 66
...

 65
 67
...

 42

105
135

 85
103

  8
  6
...

  76
 76
 ...

 66
 66
...

 65
 68
...

 44

106
137

 86
104

  8
  6
...

 75
 75
 71

 65
 65
 59

 64
 67
 68
 44

106
137

 87
103

  8
  6
2.5

 73
 74
 70

 64
 64
 58

 63
 67
 67
 44

105
136

 87
102

  7
  5
2.5

 72
 73
69

 64
 63
 56

 62
 66
 65
 44

105
135

 86
101

  7
  5
  2

 72
 72
 68

 63
 62
 55

 61
 65
 64
 45

105
134

 86
100

  7
  5
  2

 71
 72
 66

 62
 61
 53

 60
 64
 62
 46

105
134

 86
 99

  6
  4
  2

E, 103 ksi . . . . . . . . . . . . . . . . . . . .    
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . .    
G, 103 ksi . . . . . . . . . . . . . . . . . . . .    
µ . . . . . . . . . . . . . . . . . . . . . . . . . . .    

10.2
10.6
 3.9

 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .    

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .    
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . .    

, 10-6 in./in./ F . . . . . . . . . . . . . . .    

0.102
0.21 (at 214 F)
95 (at 104 F)

12.9 (68 to 212 F)

a See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 7010-T7451 aluminum alloy plate.
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Figure 3.7.1.1.6(a).  Typical tensile stress-strain curves for 7010-T7451 plate at
room temperature.
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Figure 3.7.1.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7010-T7451 plate at room temperature.
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Figure 3.7.1.1.6(c).  Typical tensile stress-strain curves for 7010-T7451 aluminum
alloy plate at room temperature.
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Figure 3.7.1.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7010-T7451 aluminum alloy plate at room temperature.
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Figure 3.7.1.2.6(a).  Typical tensile stress-strain curves for 7010-T7651 plate at
room temperature.

0

20

40

60

80

100

0 2 4 6 8 10 12

Strain, 0.001 in./in. 

Compressive Tangent Modulus, 10
3
 ksi

S
tr

e
s
s
, 
k
s
i

Ramberg - Osgood

  n(L-comp.) = 13

n(LT-comp.) = 13

n(ST-comp.) = 12

Thickness = 2.001 - 5.500 in.

Long Transverse

Longitudinal

Short Transverse

TYPICAL

Figure 3.7.1.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7010-T7651 plate at room temperature.
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Figure 3.7.1.2.6(c).  Typical tensile stress-strain curves for 7010-T7651 aluminum
alloy plate at room temperature.
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Figure 3.7.1.2.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7010-T7651 aluminum alloy plate at room temperature.
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   Table 3.7.2.0(a).  Material Specifications for 
   7040-T7451 Alloy Plate

Specification Form

AMS 4211 Plate

3.7.2 7040 ALLOY

3.7.2.0 Comments and Properties — 7040 alloy is an Al-Mg-Zn-Cu-Zr alloy
developed to provide a higher strength and toughness compromise than the currently available 7010 and
7050 alloys, particularly in heavy gauge plates up to 8.5 inch thickness.  The use of a desaturated
chemical composition in Mg and Cu together with a very close control of the Zr content and  impurities,
provide 7040 with a much lower quench sensitivity than that of 7050, resulting in high strength and
toughness properties in very thick sections.

7040-T7451 plates are particularly suited for structures in which high strength, high toughness,
and good corrosion resistance are the major requirements.  Parts such as integrally machined spars, ribs,
and main fuselage frames can benefit from this outstanding property combination.

7040 is available in the form of plates, range in thickness from 3.0 to 8.5 inches.

Manufacturing Considerations — Due to tight control of residual stress level, the 7040 plates
exhibit a superior dimensional stability, thus offering a cost-efficient alternative to rolled or forged parts,
which require distortion corrections after machining.

Refer to Section 3.1.3.4 for comments regarding the weldability of this alloy.

Specifications and Properties — Material specifications are shown in Table 3.7.2.0(a).  Room-
temperature properties are shown in Table 3.7.2.0(b1).  Figure 3.7.2.0 shows the effect of temperature
on tensile properties.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-303

Table 3.7.2.0(b1).  Design Mechanical and Physical Properties of 7040-T7451 Aluminum
Alloy Plate

Specification . . . . . . . . . . AMS 4211

Form . . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . . T7451

Thickness, in. . . . . . . . . . 3.001-4.000 4.001-5.000 5.001-6.000 6.001 - 7.000 7.001 - 8.000 8.001 - 8.500

Basis . . . . . . . . . . . . . . . . A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru

f, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
f, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

72
72d

69

62d

62d

59d

60
64
63
45

114
145

93
114

9
6
3

72
74
70

65
65
61

63
67
66
47

117
150

97
119

...

...

...

71
71e

68e

62e

62e

58e

60
64
63
44

112
143

93
114

9
5
3

72
73
70

64
65
61

62
67
66
46

115
147

97
119

...

...

...

70a

70a

68

62a

61a

58a

59
63
62
44

110
140

92
112

8
4
3

71
72
69

64
63
61

61
66
65
45

114
145

96
117

...

...

...

69
69
66

62
60
57

58
62
61
43

108
137

90
110

7
4
3

70
70
67

62
62
58

60
64
63
44

110
140

93
113

...

...

...

68b

68b

66

61
60
57

59
62
61
43

105
134

90
110

6
4
3

70
69
67

62
61
58

60
64
63
44

108
136

92
113

...

...

...

68c

68
66

61
59
56

59
61
60
43

105
133

88
108

6
4
3

70
69
67

63
61
58

61
63
63
44

106
134

91
112

...

...

...

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.4
10.6
3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . .

0.102
0.23
91

12.8

a S-basis values.  Rounded T99 values are as follows: Ftu(L) = 71 ksi; Ftu(LT) = 71 ksi; Fty(L) = 63 ksi; Fty(LT) = 62 ksi; and
Fty(ST) = 59 ksi.

b S-basis values.  Rounded T99 values are as follows: Ftu(L) = 69 ksi; Ftu(LT) = 69 ksi.
c S-basis values.  Rounded T99 values are as follows: Ftu(L) = 69 ksi.
d S-basis values.  Rounded T99 values are as follows: Ftu(LT) = 73 ksi; Fty(L) = 64 ksi; Fty(LT) = 64 ksi;  and Fty(ST) = 60 ksi.
e S-basis values.  Rounded T99 values are as follows: Ftu(LT) = 72 ksi; Ftu(ST) = 69 ksi; Fty(L) = 63 ksi; and Fty(LT) = 63 ksi, 

Fty(ST) = 59 ksi.
f See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.2.0 Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 7040-T7451aluminum alloy plate, T/4 location.
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Table 3.7.3.0(a).  Material Specifications for
7049/7149 Aluminum Alloy

Specification Form

AMS-QQ-A-367 (7049)
AMS 4111 (7049)
AMS 4320 (7149)
AMS 4157 (7049)
AMS-A-22771
AMS 4200 (7049)
AMS 4343 (7149)

Forging
Forging
Forging
Extrusion
Forging
Plate
Extrusion

3.7.3 7049/7149 ALLOY

3.7.3.0 Comments and Properties — Alloy 7049/7149 is available in the form of die forging,
hand forging, plate, and extrusion.  Alloy 7149 contains lower residual iron and silicon content than 7049.
The T73XX temper provides good static strength with high resistance to stress-corrosion cracking.  The fatigue
strength of the T73XX temper is about equal to that of 7075-T6, while the toughness is somewhat higher.
Refer to Section 3.1.2.3 for comments regarding the resistance of the alloys to stress-corrosion cracking and
to Section 3.1.3.4 for comments regarding the weldability of the alloys.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 7049/7149 aluminum alloy are presented in Table 3.7.3.0(a).  Room-
temperature mechanical and physical properties are shown in Tables 3.7.3.0(b) through (e).

The temper index for 7049/7149 is as follows:

Section       Temper
3.7.3.1 T73 and T73511

3.7.3.1 T73 and T73511 Tempers — Figure 3.7.3.1.1 presents elevated temperature curves for
various products.  Figures 3.7.3.1.6(a) through (g) present tensile and compressive stress-strain and tangent-
modulus curves.  Fatigue data for 7049-T73 die and hand forgings are shown in Figures 3.7.3.1.8(a) through
(g).

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-306

Table 3.7.3.0(b).  Design Mechanical and Physical Properties of 7049 Aluminum Alloy
Plate

Specification . . . . . . . AMS 4200

Form . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . T7351

Thickness, in. . . . . . .
0.750-
1.000

1.001-
1.500

1.501-
2.000

2.001-
2.500

2.501-
3.000

3.001-
4.000

4.001-
4.500

4.501-
5.000

Basis . . . . . . . . . . . . . S S S S S S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

...
74
...

...
65
...

...

...

...

...

...

...

...

...

...
 8
...

...
73
...

...
64
...

...

...

...

...

...

...

...

...

...
 8
...

72
73
69

64
64
59

64
69
69
41

...

...

...

...

...
 7
...

 72
 73
 69

 63
 63
 58

 63
 68
 68
 41

114
146

 91
106

...
  6
...

 71
 72
 68

 62
 62
 57

 62
 67
 67
 41

112
144

 89
104

...
  6
...

 70
 70
 65

 60
 60
 56

 60
 64
 64
 39

109
140

 86
101

  6
  5
  2

 68
 68
 63

 58
 58
 54

 58
 62
 62
 38

106
136

 83
 97

  6
  5
  2

68
68
63

58
58
54

...

...

...

...

...

...

...

...

 5
 5
 2

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . .

10.1
10.4
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . .

C, Btu/(lb)( F) . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . .

0.103
0.23 (at 212 F)

89 (at 77 F)
13.0 (RT to 212 F)

a Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Table 3.7.3.0(c).  Design Mechanical and Physical Properties of 7049/7149 Aluminum
Alloy Die Forging

Specification . . . . . . . AMS-QQ-A-367, AMS 4111, AMS 4320, and AMS-A-22771

Form . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . T73a

Thicknessb, in. . . . . . . 1.000 1.001-2.000 2.001-3.000 3.001-4.000 4.001-5.000

Basis . . . . . . . . . . . . . A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . .
Tc (S-basis) . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
Tc (S-basis) . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru

e, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
e, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . .

 71
 71d

 60
 61d

 62
 56
 40

100
132

 76
 93

  7
  3

 74
...

 64
...

 66
 60
 41

105
138

 82
 99

...

...

 70
 70d

 59
 60d

 61
 55
 39

 99
130

 75
 91

  7
  3

 73
...

 63
...

 65
 59
 41

103
136

 80
 97

...

...

 69
 70d

 58
 60d

 60
 54
 39

 98
128

 74
 90

  7
  3

 72
...

 61
...

 63
 57
 40

102
134

 78
 94

...

...

 68
 70d

 57
 60d

 59
 53
 38

 96
126

 73
 88

  7
  2

 71
...

 60
...

 62
 56
 40

100
132

 76
 93

...

...

 67
 68d

 55
 58d

 57
 51
 37

 95
125

 70
 85

  7
  2

 70
...

 59
...

 61
 55
 39

 99
130

 75
 91

...

...

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . .

10.2
10.7
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . .

C, Btu/(lb)( F) . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . .

0.103
0.25 (at 212 F)

89 (at 77 F)
13.0 (RT to 212 F)

a Design values were based upon data obtained from testing T73 die forgings, heat treated by suppliers and supplied in T73
temper.

b Thickness at the time of heat treatment.  When die forgings are machined before heat treatment, the mechanical properties 
are applicable provided the as-forged thickness is not greater than twice the thickness at the time of heat treatment.

c T indicates any grain direction not within ±15  of being parallel to the forging flow lines.  Fcy(T) values are based upon 
short transverse (ST) test data.

d Specification value.  T tensile properties are presented on an S-basis only.
e Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.3.0(d). Design Mechanical and Physical Properties of 7049/7149 Aluminum
Alloy Hand Forging

Specification . . . . . . . . . . . . . . . . . . AMS-QQ-A-367, AMS 4111, AMS 4320, and AMS-A-22771

Form . . . . . . . . . . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . . . . . . . . . . T73

Thicknessa, in. . . . . . . . . . . . . . . . . . 2.001-3.000 3.001-4.000 4.001-5.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

 71
 71
 69

 61
 59
 58

 60
 61
 61

 42
 41
 41

102
134

 81
 96

  9
  4
  3

 69
 69
 67

 59
 57
 56

 58
 59
 59

 41
 39
 40

100
130

 79
 92

  8
  3
  2

 67
 67
 66

 56
 56
 55

 57
 57
 58

 39
 38
 39

 97
126

 77
 91

  7
  3
  2

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

10.2
10.6
 3.9 
 0.33

Physical Properties:
, lb./in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . .

0.103
0.23 (at 212 F)

89 (at 77 F)
13.0 (RT to 212 F)

a When hand forgings are machined before heat treatment, section thickness at time of heat treatment will determine
minimum mechanical properties as long as original (as-forged) thickness does not exceed maximum thickness for the alloy
as shown in the table.  The maximum cross-section area of hand forgings is 256 sq. in.

b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.3.0(e).  Design Mechanical and Physical Properties of 7049/7149 Aluminum
Alloy Extrusion

Specification .................. AMS 4157 and AMS 4343

Form ............................... Extrusion

Temper ........................... T73511

Thickness,a in. ................  2.499 2.500-2.999 3.000-5.000

Basis ............................... S S S

Mechanical Properties:
Ftu, ksi:
L .................................
LT ..............................
ST ...............................

Fty, ksi:
L .................................
LT ..............................
ST ...............................

Fcy, ksi:
L .................................
LT ..............................
ST ...............................

Fsu, ksi .........................
Fbru

b, ksi:
(e/D = 1.5) .................
(e/D = 2.0) .................

Fbry
b, ksi:

(e/D = 1.5) .................
(e/D = 2.0) .................

e, percent:
L .................................
LT ..............................
ST ...............................

 74
 70
...

 64
 60
...

 65
...
...

 40

110
144

 85
105

  7
  5
...

 74
 70
 70

 64
 60
 60

 65
...
...

 40

110
144

 85
105

  7
  5
  5

 72
 68
 68

 62
 58
 58

 63
...
...

 39

107
140

 83
101

  7
  5
  5

E, 103 ksi .....................
Ec, 103 ksi ....................
G, 103 ksi .....................
µ ...................................

10.5
11.0
 4.0 
 0.33

Physical Properties:
, lb/in.3 .......................

C, Btu/(lb)( F) ...............
K, Btu/[(hr)(ft2)( F)/ft] ..

, 10-6 in./in./ F ............

0.103
0.23 (at 212 F)

89 (at 77 F)
13.0 (RT to 212 F)

a The mechanical properties are to be based upon the thickness at the time of quench.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.3.1.1.  Effect of temperature on the tensile ultimate strength (Ftu), the tensile
yield strength (Fty), and the compressive yield strength (Fcy) of 7049-T7351 plate,
7049/7149-T73 hand forging, and 7049/7149-T7351 extrusion.
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Figure 3.7.3.1.6(a).  Typical tensile stress-strain curves for 7049/7149-T73 aluminum
alloy die forging at room temperature.
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Figure 3.7.3.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves  for 7049/7149-T73 aluminum alloy die forging at room
temperature.
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Figure 3.7.3.1.6(c).  Typical tensile stress-strain curves for 7049/7149-T73 aluminum
alloy hand forging at room temperature.
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Figure 3.7.3.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7049/7149-T73 aluminum alloy hand forging at room
temperature.
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Figure 3.7.3.1.6(e).  Typical tensile stress-strain curves for 7049-T7351 aluminum
alloy plate at room temperature.
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Figure 3.7.3.1.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7049-T7351 aluminum alloy plate at room temperature.
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Figure 3.7.3.1.6(g).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 7049/7149-T73511 extrusion at room temperature.
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Figure 3.7.3.1.8(a).  Best-fit S/N curves for unnotched 7049-T73 die and hand forgings,
at room temperature, longitudinal and long-transverse directions.

Correlative Information for Figure 3.7.3.1.8(a)

Product Form: Die forging, 3 and 4.5 inches
 thick.  Hand forging, 2, 3, 4, and 5

inches thick

Properties: TUS, ksi    TYS, ksi     Temp., F
(L)     78 70              RT    
(LT)     74 65              RT    

Specimen Details:   Unnotched
       Uniform Gage, 

   0.200 inch net diameter 
       Hourglass, 

   0.225 inch net diameter 
   3.00 inch test section radius

       Hourglass, 
   0.300 inch net diameter 
   9.875 inch test section radius

Surface Condition:  Longitudinally polished to 4
        RMS finish or better

       Unspecified

References:  3.7.3.1.8(a), (b), and 3.2.6.1.9(d)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Lab air

No. of Heats/Lots: 6 

Stress Life Equation:
Log Nf = 9.95-3.62 log (Seq-24.2)
Seq = Smax (1-R)0.57

Std. Error of Estimate, Log (Life) = 0.346
Standard Deviation, Log (Life) = 0.736
R2 = 78%

Sample Size = 50

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.3.1.8(b).  Best-fit curves for unnotched 7049-T73 die forging, at room
temperature, short transverse direction.

Correlative Information for Figure 3.7.3.1.8(b)

Product Form: Die forging, 3 inches thick

Properties: TUS, ksi    TYS, ksi     Temp., F
    73               64                RT

Specimen Details: Unnotched
0.200 inch net diameter 

Surface Condition: Longitudinally polished to 4µ in.
    finish with no circumferential
    marks

Reference:  3.7.3.1.8(a)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1 

Maximum Stress Equation:
Log Nf = 16.55-6.92 log (Smax)
Std. Error of Estimate, Log (Life) = 0.371
Standard Deviation, Log (Life) = 0.917
R2 = 84%

Sample Size = 23
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Figure 3.7.3.1.8(c).  Best-fit S/N curves for notched, Kt = 2.4, 7049-T73 die forging,
at room temperature, longitudinal, long-transverse and short-transverse
directions.

Correlative Information for Figure 3.7.3.1.8(c)

Product Form: Die forging, 3 and 4.5 inches
 thick 

Properties: TUS, ksi    TYS, ksi Temp., F
(L)    77              68 RT Unnotched

   95              — RT Notched    
(LT)    73              64 RT Unnotched

   77              — RT Notched    
(ST)    75              66 RT Unnotched

   87              — RT Notched    

Specimen Details: Circumferentially notched,
Kt = 2.4
0.150 or 2.00 inch 
     net diameter
0.350 inch net diameter

 0.500 inch gross diameter
0.032 inch notch 
    root radius, r
60  flank angle, 

Surface Condition:  Machined notch

References:  3.7.3.1.8(a) and (c)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Lab air

No. of Heats/Lots: 2 

Stress Life Equation:
Log Nf = 10.6-4.18 log (Seq)
Seq = Smax (1-R)0.80

Std. Error of Estimate, Log (Life) = 0.320
Standard Deviation, Log (Life) = 0.500
R2 = 59%

Sample Size = 69

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-318

Figure 3.7.3.1.8(d).  Best-fit S/N curves for unnotched 7049-T73 hand forging,
longitudinal direction.

Correlative Information for Figure 3.7.3.1.8(d)

Product Form:  Hand forging, 2.0 to 5.0 inches
               thick

Properties:    TUS, ksi    TYS, ksi Temp., F
      70-80         60-73             RT

Specimen Details: Unnotched
0.125 and 0.300 inch diameter

Surface Condition:  Polished with increasingly
 finer grits of emery paper to

surface roughness of 10 rms
with polishing marks
longitudinal, or not specified.

References:  3.2.6.1.9(d) and 3.7.3.1.8(e)

Test Parameters:
Loading - Axial
Frequency - 800, 1500, or 1725 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 6 

Equivalent Stress Equation:
Log Nf = 10.6-4.31 log (Seq-30)
Seq = Smax (1-R)0.31

Std. Error of Estimate, Log (Life) = 0.348
Standard Deviation, Log (Life) = 0.944
R2 = 86%

Sample Size = 28

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.3.1.8(e).  Best-fit S/N curves for unnotched 7149-T73 hand forging, long-
transverse direction.

Correlative Information for Figure 3.7.3.1.8(e)

Product Form:   Hand forging, 4.00 to 4.75 inches
               thick

Properties:    TUS, ksi    TYS, ksi Temp., F
       73              64 RT    

Specimen Details: Unnotched
0.250 inch diameter

Surface Condition:  Not specified.

Reference:  3.7.3.1.8(e)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - RT
Environment - Air

No. of Heats/Lots: 3 

Equivalent Stress Equation:
Log Nf = 9.9-3.46 log (Seq-25)
Seq = Smax (1-R)0.39

Std. Error of Estimate, Log (Life) = 0.689
Standard Deviation, Log (Life) = 0.845
R2 = 34%

Sample Size = 20

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.3.1.8(f).  Best-fit S/N curves for notched, Kt = 3.0, 7049-T73 hand
forging, longitudinal, long-transverse, and short-transverse directions.

Correlative Information for Figure 3.7.3.1.8(f)

Product Form:  Hand forging, 2.0 to 5.0 inches thick

Properties:   TUS, ksi    TYS, ksi Temp., F
     71-80         62-73 RT    

Specimen Details: Circumferentially notched,Kt=3.0
      0.200, 0.300, and 0.306 inch

          gross diameter 
      0.175, 0.200, and 0.253 inch 

                                net diameter 
      0.006, 0.010, and 0.013 inch
         root radius, r
      60  flank angle, 

Surface Condition:    Polished with oil and alumdum
 grit applied to a rotating wire,

or not specified.

References:  3.2.6.1.9(d), 3.7.3.1.8(d) and (e)

Test Parameters:
Loading - Axial
Frequency - 800, 1500, or 1725 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 8 

Equivalent Stress Equation:
Log Nf = 9.57-3.63 log (Seq)
Seq = Smax (1-R)0.49

Std. Error of Estimate, Log (Life) = 0.344
Standard Deviation, Log (Life) = 0.562
R2 = 63%

Sample Size = 151

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.3.1.8(g).  Best-fit S/N curves for notched, Kt = 3.0, 7149-T73 hand
forging, long transverse direction.

Correlative Information for Figure 3.7.3.1.8(g)

Product Form:   Hand forging, 4.00 to 4.75 inches
               thick

Properties:   TUS, ksi    TYS, ksi Temp., F
       73              64 RT    

Specimen Details: Circumferentially notched,
   Kt = 3.0
0.375 inch gross diameter
0.253 inch net diameter
0.013 inch root radius, r
60  flank angle, 

Surface Condition:  Not specified

Reference:  3.7.3.1.8(e)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - RT
Environment - Air

No. of Heats/Lots: 3 

Equivalent Stress Equation:
Log Nf = 10.1-4.10 log (Seq-5)
Seq = Smax (1-R)0.42

Std. Error of Estimate, Log (Life) = 0.450
Standard Deviation, Log (Life) = 0.797
R2 = 68%

Sample Size = 25

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Table 3.7.4.0(a).  Material Specifications for 7050 Aluminum Alloy

Specification Form

AMS 4050
AMS 4108
AMS 4107
AMS 4333
AMS 4340
AMS 4341
AMS 4342
AMS 4201
AMS-A-22771

Bare plate
Hand forging
Die forging
Die forging
Extruded shape
Extruded shape
Extruded shape
Bare plate
Forging

3.7.4 7050 ALLOY

3.7.4.0 Comments and Properties — 7050 is an Al-Zn-Mg-Cu-Zr alloy developed to have a
combination of high strength, high resistance to stress-corrosion cracking, and good fracture toughness,
particularly in thick sections.  The use of zirconium in lieu of chromium provides a low sensitivity to quench,
which results in high strengths in thick sections.  Plate, hand, and die forgings in the T74 temper have static
strengths about equivalent to those of corresponding products of 7079 in the T6 tempers and toughness levels
equal to or higher than other conventional high-strength alloys.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Plate in the T7451 temper has stress-corrosion resistance higher than 7075-T7651, and hand and die
forgings in the T7452 and T74 tempers, respectively, have stress-corrosion resistance similar to 7175-T74
forgings.  The T73 temper provides the highest resistance to stress corrosion for this alloy.  The T76 temper
provides for good exfoliation resistance and higher stress-corrosion resistance than T6 tempers of 7075 and
7178.  The T74 temper provides stress-corrosion and strength characteristics intermediate to those of T76 and
T73.  Refer to Section 3.1.2.3 for further comments regarding the resistance of the alloy to stress-corrosion
cracking.

Refer to Section 3.1.3.4 for comments regarding the weldability of this alloy.

Material specifications for 7050 are shown in Table 3.7.4.0(a).  Room-temperature properties are
shown in Table 3.7.4.0(b1) through (e3).

The temper index for 7050 is as follows:

Section Temper
3.7.4.1 T73510 and T73511
3.7.4.2 T74, T7451, and T7452

(formerly T736, T73651, T73652)
3.7.4.3 T76510 and T76511
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3.7.4.1 T73510 and T73511 Tempers — Figures 3.7.4.1.6(a) through (d) present stress-strain
and tangent-modulus curves for extrusions.  Fatigue data are presented in Figures 3.7.4.1.8(a) and (b).

3.7.4.2 T74, T7451, and T7452 Tempers — Elevated temperature curves for T7451 plate are
presented in Figure 3.7.4.2.1.  Figures 3.7.4.2.6(a) through (j) present stress-strain and tangent-modulus curves
for various products and tempers.  Fatigue data are presented in Figures 3.7.4.2.8(a) through (l).  Fatigue-
crack-propagation data for T7451 plate are presented in Figures 3.7.4.2.9(a) through (c).

3.7.4.3 T76510 and T76511 Tempers — Figures 3.7.4.3.6(a) through (f) present stress-strain
and tangent-modulus curves for extruded shapes.  Fatigue data are presented in Figure 3.7.4.3.8(a) and (b).
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Table 3.7.4.0(b1).  Design Mechanical and Physical Properties of 7050 Aluminum Alloy Plate
Specification . . . . . . . . . AMS 4050

Form . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . T7451

Thickness, in. . . . . . . . . 0.250-1.500 1.501-2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000 6.001 -7.000 7.001 - 8.000

Basis . . . . . . . . . . . . . . . A B A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

 74a

 74
...

 64b

 64
...

 63
 66
...

 42

107
140

 86
101

 10
  9
...

 76
 76
...

 67
 66
...

 64
 68
...
 43

110
144

 89
104

...

...

...

 74
 74a

...

 64b

 64
...

 62
 67
...

 43

109
142

 89
104

 10
  9
...

 76
 76
...

 66
 66
...

 64
 69
...
 44

112
146

 92
107

...

...

...

73a

73a

68

63b

63b

59

61
66
63
43

108
141

89
104

9
8
3

 75
 75
 72

 66
 66
 61

 64
 69
 66
 44

111
144

 93
109

...

...

...

 72
 72
 68a

 62b

 62
 57

 60
 65
 63
 43

107
140

 90
104

  9
  6
  3

 74
 75
 71

 65
 65
 60

 63
 68
 66
 45

111
144

 94
109

...

...

...

 71a

 71a

 67

 61b

 61
 57b

 58
 64
 63
 43

107
138

 90
105

  9
  5
  3

 73
 74
 70

 65
 64
 60

 61
 67
 66
 45

111
144

 95
110

...

...

...

70a

70
66

60
60
57

57
63
62
43

105
137

91
105

8
4
3

 72
 73
 69

 63
 62
 59

 59
 66
 64
 45

110
142

 94
108

...

...

...

69
69
66

59
59
56

56
60
60
44

107
136

84
99

7
4
3

72
72
68

62
62
58

59
63
63
46

112
143

89
105

...

...

...

68
68
65

58b

58
55b

55
59
59
44

103
132

83
98

6
4
3

71
71
67

63
61
58

57
62
62
46

108
138

87
102

...

...

...

E, 103 ksi. . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . . 
µ . . . . . . . . . . . . . . . . .

10.3
10.6
3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . .

0.102
0.23 (at 212 F)

91 (at 77 F)
12.8 (68 to 212 F)

a  S-basis values. Rounded T99 values for Ftu are as follows: for 0.250-1.500 (L) = 75 ksi, for 1.502-2.000 (LT) = 75 ksi, for 2.001-3.000 (L) and (LT) = 74 ksi, 
   for 3.001-4.000 (ST) = 69 ksi, for 4.001-5.000 (L) and (LT) = 72 ksi,  for 5.001-6.000 (L) = 71ksi.
b S-basis values.  Rounded T99 values for Fty are as follows: for 0.250-1.500 (L) = 65 ksi, for 1.502-2.000 (L) = 65 ksi, for 2.001-3.000 (L) = 65 ksi, (LT) = 64 ksi, 
   for 3.001-4.000 (L) = 63 ksi, for 4.001-5.000 (L) = 62 ksi, (ST) = 58 ksi, for 7.001-8.000 (L) = 59 ksi, (ST) = 56 ksi.
c See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.4.0(b2).  Design Mechanical and Physical Properties of 7050 Aluminum Alloy
Plate
Specification . . . . . . . . AMS 4201

Form . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . T7651

Thickness, in. . . . . . . .
0.250-
1.000

1.001-
1.500

1.501-
2.000

2.001-
2.500

2.501-
3.000

Basis . . . . . . . . . . . . . . S A B A B A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

 76
 76
...

 77
 76
...

 79
 79
...

 76
 75
 72

 78
 78
 75

 75
 75
 70

78
78
73

 76
 76
 70

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

 66
 66
...

 66
 66
...

 71
 70
...

 66
 65
 59

 70
 69
 63

 66
 65
 60

70
69
62

 66
 66
 60

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .

 64
 68
...

 43

 64
 68
...

 44

 68
 73
...

 46

 64
 68
 67
 44

 67
 72
 71
 46

 64
 68
 67
 45

67
72
71
47

 64
 69
 68
 46

Fbru
a, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

110
142

112
144

117
150

112
144

117
150

114
146

118
151

116
149

Fbry
a, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

 87
102

 90
105

 96
111

 91
105

 96
112

 93
107

98
114

 96
110

e, percent (S-basis):
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

  9
  8
...

  9
  8
...

...

...

...

  9
  8
...

...

...

...

  8
  7

   1.5

...

...

...

  8
  7

    1.5

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.3
10.8
4.0

0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, Btu/(lb)( F) . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . .

0.102
0.23 (at 212 F)

89 (at 77 F)
12.8 (68 to 212 F)

a  See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.4.0(c1).  Design Mechanical and Physical Properties of 7050 Aluminum Alloy
Die Forging

Specification . . . . . . . . AMS 4107 and AMS-A-22771

Form . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . T74a

Thicknessb, in. . . . . . . . 2.000 2.001-4.000 4.001-5.000 5.001-6.000

Basis . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent:
L . . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . . .

 72
 68

 62
 56

 63
 60
 42

 99
131

 82
 96

  7
  5

 71
 67

 61
 55

 63
 59
 42

 98
129

 81
 95

  7
  4

 70
 66

 60
 54

 63
 58
 41

 97
127

 78
 92

  7
  3

 70
 66

 59
 54

 62
 57
 41

 97
127

 78
 92

  7
  3

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.2
10.7
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, Btu/(lb)( F) . . . . .
K, Btu/[(hr)(ft2)( F)/ft] 

, 10-6 in./in./ F . . . .

0.102
0.23 (at 212 F)

91 (at 77 F)
12.8 (68 to 212 F)

a Design values were based upon data obtained from testing T74 die forgings, heat treated by suppliers and supplied in T74
temper.

b Thickness at the time of heat treatment.  When die forgings are machined before heat treatment, the mechanical properties
are applicable provided the as-forged thickness is not greater than twice the thickness at the time of heat treatment.

c T indicates any grain direction not within ±15  of being parallel to the forging flow lines.  Fcy(T) values are based upon
short transverse (ST) test data.

d Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.4.0(c2).  Design Mechanical and Physical Properties of 7050-T7452
Aluminum Alloy Die Forging

Specification . . . . . . . . . AMS 4333

Form . . . . . . . . . . . . . . . Die forgings

Temper . . . . . . . . . . . . . T7452

Thicknessb, in. . . . . . . . . 2.000 2.001-4.000

Basis . . . . . . . . . . . . . . . A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
Ta . . . . . . . . . . . . . . .

 71
 68b

 60
 55b

 63
 63
 43

 101
135

 87
 105

  9
  5

 73
 73

 63
 61

 66
 66
 44

 104
139

 92
 110

 71
 67c

 59
 53c

 62
 62
 43

 101
135

 86
 103

  8
  4

 72
 71

 61
 61

 64
 64
 43

 103
137

 89
 106

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.2
10.5
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . .

0.102
0.23 (at 212 F)

91 (at 77 F)
12.8 (68 to 212 F)

a T indicates any grain direction not within ±15  of being perpendicular to the forging flow lines.  Fcy(T) values are based on
short transverse (ST) test data.

b S-basis.  The T99 values are higher than the specification minimum values as follows: Ftu(T)=70.10 ksi, Fty(t)=57.50 ksi.
c S-basis.  The T99 values are higher than the specification minimum values as follows: Ftu(T)=69.36 ksi, Fty(t)=57.38 ksi.
d Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.4.0(d).  Design Mechanical and Physical Properties of 7050 Aluminum Alloy
Hand Forging
Specification . . . . . . . . . AMS 4108 and AMS-A-22771

Form . . . . . . . . . . . . . . . Hand Forging

Temper . . . . . . . . . . . . . T7452

Thickness, in. . . . . . . . .
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

6.001-
7.000

7.001-
8.000

Basis . . . . . . . . . . . . . . . S S S S S A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

 72
 71
...

 72
 70
 67

 71
 70
 67

 70
 69
 66

 69
 68
 66

 68
 67
 65

 71
 70
 69

 67
 66
 64

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

 63
 61
...

 62
 60
 55

  61
 59
 55

 60
 58
 54

 59
 56
 53

 56
 54a

 51a

 61
 59
 56

 57
 52
 50

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .

 63
 64
...

 42

 62
 63
 63
 41

 61
 62
 61
 41

 60
 61
 60
 41

 58
 59
 58
 40

 56
 57
 56
 40

 61
 62
 61
 41

 54
 55
 54
 39

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

 98
131

 97
129

 97
129

 96
127

 94
125

 93
123

 97
129

 91
121

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

 86
101

 84
100

83
 98

 82
 96

 79
 93

 76
 90

 83
 98

 73
 86

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

  9
  5
...

  9
  5
  4

  9
  5
  4

  9
  4
  3

   9
  4
  3

  9
  4
  3

...

...

...

  9
  4
  3

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.2
10.6
 3.9

 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . .

0.102
0.23 (at 212 F)

91 (at 77 F)
12.8 (68 to 212 F)

a S-basis values.  The rounded T99 values for Fty(LT) = 56 ksi and Fty(ST) = 52 ksi.
b Bearing values are “dry pin” values per Section 1.4.7.1.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-329

Table 3.7.4.0(e1).  Design Mechanical and Physical Properties of 7050 Aluminum Alloy
Extrusion

Specification . . . . . . . . . . . . . . . . . AMS 4341

Form . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . . . . . . . . . T73511

Cross-Sectional Area, in2 . . . . . . . . 32

Thickness or Diameter,a in. . . . . . .
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

Basis . . . . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

 70
 68

 70
 66

 70
 65

 70
 63

70
62

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

 60
 57

 60
 56

 60
 55

 60
 53

60
52

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . .

 60
 60
 39

 60
 59
 39

 60
 58
 38

 61
 56
 37

61
55
36

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

103
133

100
129

 96
124

 91
120

87
115

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

 82
 97

 80
 95

 78
 93

 76
 91

74
88

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .   8   8   8   8  8

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

10.3
10.7
3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . .

0.102
0.23 (at 212 F)

93 (at 77 F)
12.8 (68 to 212 F)

a The mechanical properties are to be based upon the thickness at the time of quench.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.4.0(e2).  Design Mechanical and Physical Properties of 7050 Aluminum Alloy
Extrusion

Specification . . . . . . . . . . . . . . . . . AMS 4342

Form . . . . . . . . . . . . . . . . . . . . . . . Extrusiona

Temper . . . . . . . . . . . . . . . . . . . . . T74511

Cross-Sectional Area, in2 . . . . . . . . 32

Thickness or Diameter,b in. . . . . . .
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

Basis . . . . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

 73
 71

 73
 69

 73
 68

 73
 64

 73
 64

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

 63
 60

 63
 59

 63
 58

 63
 56

 63
 54

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . .

 63
 63
 41

 63
 62
 40

 63
 61
 40

 64
 59
 39

 64
 57
 38

Fbru
c, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

107
139

104
135

100
130

 95
125

 91
121

Fbry
c, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

 86
106

 84
100

 82
 98

 80
 95

 78
 92

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .   7   7   7   7   7

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

10.3
10.7
3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . .

0.102
0.23 (at 212 F)

93 (at 77 F)
12.8 (68 to 212 F)

a Excluding tubing.
b The mechanical properties are to be based upon the thickness at the time of quench.
c Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.4.0(e3).  Design Mechanical and Physical Properties of 7050 Aluminum
Alloy Extrusion

Specification . . . . . . . . . . . . . AMS 4340

Form . . . . . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . . . . . T76511

Thickness,a in. . . . . . . . . . . . .
0.499

0.500-
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

Basis . . . . . . . . . . . . . . . . . . . A B S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .

 77
 76

 79
 78

 79
 77

 79
 75

 79
 73

 79
 71

 79
 68

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .

 68
 67

 71
 69

 69
 67

 69
 65

 69
 63

 69
 61

 69
 59

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . .

 68
 70
 42

 71
 73
 44

 69
 70
 43

 69
 69
 43

 69
 67
 42

 69
 66
 41

 69
 64
 40

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

113
147

116
151

115
150

114
148

110
144

107
140

103
136

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

 94
109

 98
114

 94
110

 92
108

 89
104

 86
 98

 82
 93

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . .   7 ...   7   7   7   7   7

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . .

10.3
10.7

3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . .

, 10-6 in./in./ F . . . . . . . . .

0.102
0.23 (at 212 F)

89 (at 77 F)
12.8 (68 to 212 F)

a The mechanical properties are to be based upon the thickness at the time of quench.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.4.1.6(a).  Typical tensile stress-strain curves for 7050-T7351X aluminum
alloy extrusion at room temperature.
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Figure 3.7.4.1.6(b).  Typical tensile stress-strain curves for 7050-T7351X aluminum
alloy extrusion at room temperature.
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Figure 3.7.4.1.6(c).  Typical compressive stress-strain and tangent-modulus curves
for 7050-T7351X aluminum alloy extrusion at room temperature.
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Figure 3.7.4.1.6(d).  Typical compressive stress-strain and tangent-modulus curves
for 7050-T7351X aluminum alloy extrusion at room temperature.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-334

Figure 3.7.4.1.8(a).  Best-fit S/N curves for unnotched 7050-T7351X extruded shape,
longitudinal and long transverse directions.

Correlative Information for Figure 3.7.4.1.8(a)

Product Form: Extruded shape, 0.5 to 5.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  72-79          62-69 RT    

Specimen Details:  Unnotched
0.300 inch diameter

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 10.5-3.79 log (Seq-16)
Seq = Smax (1-R)0.55

Std. Error of Estimate, Log (Life) = 0.516
Standard Deviation, Log (Life) = 1.10
R2 = 78%

Sample Size = 128

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0, 7050-T7351X extruded
shape, longitudinal and long transverse directions.

Correlative Information for Figure 3.7.4.1.8(b)

Product Form: Extruded shape, 0.5 to 5.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  72-79        62-69 RT     

Specimen Details: Circumferentially notched,
  Kt = 3.0
0.359 inch gross diameter
0.253 inch net diameter
0.013 inch root radius, r
60  flank angle, 

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 7.73-2.58 log (Seq-5.0)
Seq = Smax (1-R)0.56

Std. Error of Estimate, Log (Life) = 0.268
Standard Deviation, Log (Life) = 0.733
R2 = 87%

Sample Size = 103

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of 7050-T7451 aluminum alloy plate.
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Figure 3.7.4.2.6(a).  Typical tensile stress-strain curves for 7050-T7451 aluminum
alloy plate at room temperature.
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Figure 3.7.4.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7050-T7451 aluminum alloy plate at room temperature.
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Figure 3.7.4.2.6(c).  Typical tensile stress-strain curves for 7050-T7452 aluminum
alloy hand forging at room temperature.
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Figure 3.7.4.2.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7050-T7452 aluminum alloy hand forging at room temperature.
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Figure 3.7.4.2.6(e).  Typical tensile stress-strain curves for 7050-T74 aluminum
alloy die forging at room temperature.
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Figure 3.7.4.2.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7050-T74 aluminum alloy die forging at room temperature.
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Figure 3.7.4.2.6(g).  Typical tensile stress-strain curves for 7050-T74511 aluminum
alloy extrusion at room temperature.
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Figure 3.7.4.2.6(h).  Typical compressive stress-strain and tangent-modulus curves
for 7050-T74511 aluminum alloy extrusion at room temperature.
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Figure 3.7.4.2.6(i).  Typical tensile stress-strain curves for 7050-T7452 aluminum
alloy die forging at room temperature.
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Figure 3.7.4.2.6(j).  Typical compressive stress-strain and tangent-modulus curves
for 7050-T7452 aluminum alloy die forging at room temperature.
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Figure 3.7.4.2.8(a).  Best-fit S/N curves for unnotched 7050-T7451 plate,
longitudinal direction and T/2 specimen location.

Correlative Information for Figure 3.7.4.2.8(a)

Product Form: Plate, 1.0 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
     79              72 RT     

Specimen Details:  Unnotched
0.30 inch diameter

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.8.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 10

Equivalent Stress Equation:
Log Nf = 9.73-3.24 log (Seq-15.5)
Seq = Smax (1-R)0.63

Std. Error of Estimate, Log (Life) = 0.490
Standard Deviation, Log (Life) = 0.942
R2 = 73%

Sample Size = 35

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(b).  Best-fit S/N curves for unnotched 7050-T7451 plate, long
transverse direction, t/4 specimen location.

Correlative Information for Figure 3.7.4.2.8(b)

Product Form:  Plate, 4.25 to 8.50 inches
                   thick

Properties:       TUS, ksi   TYS, ksi   Temp., F
          N/A    62-67    RT

Specimen Details: Unnotched
0.250 inch diameter

Surface Condition: Polished, final surface
finish unspecified

References:  3.7.4.2.8(d) and (e)

Test Parameters:

Loading – Axial
Frequency – 20 Hz
Temperature – RT
Environment – Air

Equivalent Stress Equation:
Log ( Nf ) = 16.410 – 6.624 log ( Seq – 5.0 )
Seq = Smax (1 – R)0.65

Std. Error of Estimate, Log (Life) = 0.183
Standard Deviation, Log (Life) = 0.814
R2 = 95.0%

Sample Size = 57

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 3.7.4.2.8(c).  Best-fit S/N curves for unnotched 7050-T7451 plate, long
transverse direction, t/2 specimen location.

Correlative Information for Figure 3.7.4.2.8(c)

Product Form: Plate, 4.25 to 8.50 inches thick

Properties:       TUS, ksi   TYS, ksi   Temp., F
     N/A   62-67 RT

Specimen Details: Unnotched
0.250 inch diameter

Surface Condition: Polished, final surface finish
unspecified

References:  3.7.3.2.8(d) and (e)

Test Parameters:
Loading – Axial
Frequency – 20 Hz
Temperature – RT
Environment – Air

Equivalent Stress Equation:
Log ( Nf ) = 12.484 – 4.878 log ( Seq – 60 / t )
Seq = Smax (1 – R)0.42

t = plate thickness in inches.
Std. Error of Estimate, Log (Life) = 0.204
Standard Deviation, Log (Life) = 0.594
R2 = 88.2%

Sample Size = 36

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios and plate thicknesses beyond those
represented above.]
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Fatigue Life, Cycles
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Figure 3.7.4.2.8(d).  Best-fit strain-life curves, cyclic stress-strain curve, and mean stress
relaxation curve for 7050-T7451 plate, long transverse direction, t/4 specimen location.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-346

Correlative Information for Figure 3.7.4.2.8(d)

Product Form: Plate, 4.25 to 8.50 inches thick

Properties:       TUS, ksi   TYS, ksi   Temp., F
     N/A    62-67 RT

Stress-Strain Equations:
Cyclic Stress Strain Curve

( /2) = 88.185 ( p/2)0.0578

Mean Stress Relaxation Curve
Minimal relaxation

for ( /2) < 0.00261

m = 46.0 – 7500 ( /2)
for ( /2) < 0.00613

Nearly complete relaxation
for ( /2) 0.00613

Specimen Details: Unnotched
0.250 inch diameter

Surface Condition: Polished, final surface
finish unspecified

References:  3.7.3.2.8(d) and (e)

Test Parameters:
Loading – Axial, Triangular Waveform
Frequency – 0.50 Hz
Temperature – RT
Environment – Air

Equivalent Strain Equation:
log (Nf ) = - 7.734 – 5.119 log ( eq – 0.0018)

eq = ( )0.61  (Smax /E)0.39

Std. Error of Estimate, Log (Life) = 0.301
Standard Deviation, Log (Life) = 1.573
R2 = 96.3%

Sample Size = 53

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain
ratios beyond those represented above.]
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Figure 3.7.4.2.8(e).  Best-fit S/N curves for unnotched 7050-T7451 plate, long
transverse direction, t/4 specimen location.

Correlative Information for Figure 3.7.4.2.8(e)

Product Form: Plate, 1.0 to 6.0 inches thick

Properties: TUS, ksi    TYS, ksi Temp., F
  73-81         62-72 RT     

Specimen Details:  Unnotched
0.250 and 0.300 inch 
diameter

Surface Condition:  Not specified

References:  3.7.4.2.9(b), 3.7.8.2.8(b) and (e)

Test Parameters:
Loading - Axial
Frequency - 800 cpm and unspecified
Temperature - RT
Environment - Air

No. of Heats/Lots: 15

Equivalent Stress Equation:
Log Nf = 10.7-3.81 log (Seq-10)
Seq = Smax (1-R)0.59

Std. Error of Estimate, Log (Life) = 0.507
Standard Deviation, Log (Life) = 0.794
R2 = 59%

Sample Size = 85

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(f).  Best-fit S/N curves for notched, Kt = 3.0, 7050-T7451 plate,
longitudinal and long transverse directions, t/4 specimen location.

Correlative Information for Figure 3.7.4.2.8(f)

Product Form: Plate, 1.0 to 6.0 inches thick

Properties: TUS, ksi    TYS, ksi    Temp., F
  75-81         65-72           RT

Specimen Details: Circumferentially notched, 
Kt = 3.0

    0.306 and 0.373 inch gross
 diameter

    0.253 inch net diameter
    0.013 inch notch-tip radius, r
    60  flank angle, 

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.8.2.8(b) and (c)

Test Parameters:
Loading - Axial
Frequency - 800 cpm and unspecified
Temperature - RT
Environment - Air

No. of Heats/Lots: 11 

Equivalent Stress Equation:
Log Nf = 10.0-3.96 log (Seq)
Seq = Smax (1-R)0.64

Std. Error of Estimate, Log (Life) = 0.248
Standard Deviation, Log (Life) = 0.728
R2 = 88%

Sample Size = 79

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(g).  Best-fit S/N curves for notched, Kt = 2.6, 7050-T7451X extruded
shape, longitudinal direction.

Correlative Information for Figure 3.7.4.2.8(g)

Product Form: Extruded shape, 0.5 to 5.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  76-77        67-68 RT    

Specimen Details:  Notched, center hole, 
Kt = 2.6

     0.150 inch diameter
     0.250 inch thick
     1.00 inch wide

Surface Condition:  Not specified

Reference:  3.7.4.2.8(a)

Test Parameters:
Loading - Axial
Frequency - Not specified 
Temperature - RT
Environment - Air

No. of Heats/Lots: 6

Equivalent Stress Equation:
Log Nf = 8.23-2.82 log (Seq-10)
Seq = Smax (1-R)0.30

Std. Error of Estimate, Log (Life) = 0.243
Standard Deviation, Log (Life) = 0.724
R2 = 89%

Sample Size = 34

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(h).  Best-fit S/N curves for unnotched 7050-T7452 hand forgings,
longitudinal direction.

Correlative Information for Figure 3.7.4.2.8(h)

Product Form: Hand forgings, 2.0 to 8.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  76-81         66-72 RT    

Specimen Details:  Unnotched
      0.300 inch diameter

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 10 

Equivalent Stress Equation:
Log Nf = 7.06-1.89 log (Seq-30)
Seq = Smax (1-R)0.60

Std. Error of Estimate, Log (Life) = 0.400
Standard Deviation, Log (Life) = 0.982
R2 = 83%

Sample Size = 25

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(i).  Best-fit S/N curves for unnotched 7050-T7452 hand forgings, long
transverse and short transverse directions.

Correlative Information for Figure 3.7.4.2.8(i)

Product Form: Hand forgings, 2.0 to 8.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  73-80         59-70 RT    

Specimen Details:  Unnotched
      0.300 inch diameter

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.8.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm and unspecified
Temperature - RT
Environment - Air

No. of Heats/Lots: 10

Equivalent Stress Equation:
Log Nf = 7.58-2.14 log (Seq-21)
Seq = Smax (1-R)0.57

Std. Error of Estimate, Log (Life) = 0.400
Standard Deviation, Log (Life) = 0.803
R2 = 75%

Sample Size = 55

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(j).  Best-fit S/N curves for notched, Kt = 3.0, 7050-T7452 hand forgings,
longitudinal, long transverse, and short transverse directions.

Correlative Information for Figure 3.7.4.2.8(j)

Product Form: Hand forgings, 2.0 to 8.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  73-81         59-72 RT    

Specimen Details:  Circumferentially notched,
 Kt = 3.0

      0.306 inch gross diameter
      0.253 inch net diameter
      0.013 inch root radius, r
      60  flank angle, 

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.8.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 10

Equivalent Stress Equation:
Log Nf = 8.21-2.96 log (Seq-5)
Seq = Smax (1-R)0.68

Std. Error of Estimate, Log (Life) = 0.307
Standard Deviation, Log (Life) = 0.735
R2 = 83%

Sample Size = 80

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(k).  Best-fit S/N curves for unnotched 7050-T74 die forging,
longitudinal directions.

Correlative Information for Figure 3.7.4.2.8(k)

Product Form: Die forging

Properties: TUS, ksi    TYS, ksi Temp., F
  74-81         68-71 RT    

Specimen Details:  Unnotched
0.300 inch diameter

Surface Condition:  Not specified

References:  3.7.4.2.9(b) and 3.7.8.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 4

Equivalent Stress Equation:
Log Nf = 16.8-6.97 log (Smax)
Std. Error of Estimate, Log (Life) = 0.381
Standard Deviation, Log (Life) = 0.820
R2 = 78%

Sample Size = 20

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.8(l).  Best-fit S/N curves for notched, Kt = 3.0, 7050-T74 die forging,
longitudinal direction.

Correlative Information for Figure 3.7.4.2.8(l)

Product Form: Die forging

Properties: TUS, ksi    TYS, ksi Temp., F
  77-81         68-71 RT    

Specimen Details: Circumferentially notched,
 Kt = 3.0

0.306 and 0.305 inch 
gross diameter

0.253 or 0.222 inch net
 diameter

0.013 or 0.012 inch 
root radius, r

60  flank angle, 

Surface Condition:  Not specified

References:  3.7.4.2.8(b), 3.7.4.2.9(b), and
3.7.8.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800, 1800 cpm 
Temperature - RT
Environment - Air

No. of Heats/Lots: 6 

Equivalent Stress Equation:
Log Nf = 10.5-4.14 log (Seq)
Seq = Smax (1-R)0.629

Std. Error of Estimate, Log (Life) = 0.506
Standard Deviation, Log (Life) = 0.896
R2 = 68%

Sample Size = 73

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.2.9(a).  Fatigue-crack-propagation data for 3.15-inch-thick 7050-
T7451 aluminum plate [Reference 3.7.4.2.9(a)].

Specimen Thickness: 0.499-0.500 inch Environment: Lab air (~50% humidity) and

Specimen Width: 2.989-3.000 inches humid air (100% humidity)

Specimen Type: C(T) Temperature: RT

Stress Ratio, R: 0.1 Frequency, f: 10-20 Hz
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Figure 3.7.4.2.9(b).  Fatigue-crack-propagation data for 1- and 6-inch-thick 7050-
T7451 aluminum plate [Reference 3.7.4.2.9(b)].

Specimen Thickness: 0.999-1.000 inch Environment: Dry air (< 10% humidity)

Specimen Width: 3.805 inches Temperature: RT

Specimen Type: C(T) Frequency, f: 18.3 Hz

Stress Ratio, R: 0.33
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Figure 3.7.4.2.9(c).  Fatigue-crack-propagation data for 1- and 6-inch-thick 7050-T7451
aluminum plate [Reference 3.7.4.2.9(b)].

Specimen Thickness: 0.998-1.000 inch Environment: Humid air (>90% humidity)

Specimen Width: 3.805 inches Temperature: RT

Specimen Type: C(T) Frequency, f: 18.3 Hz

Stress Ratio, R: 0.33
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Figure 3.7.4.3.6(a).  Typical tensile stress-strain curves for 7050-T7651X aluminum
alloy extrusion at room temperature.
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Figure 3.7.4.3.6(b).  Typical tensile stress-strain curves for 7050-T7651X aluminum
alloy extrusion at room temperature.
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Figure 3.7.4.3.6(c).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7050-T7651X aluminum alloy extrusion at room temperature.
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Figure 3.7.4.3.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7050-T7651X aluminum alloy extrusion at room temperature.
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Figure 3.7.4.3.6(e).  Typical tensile stress-strain curves for 7050-T7651 aluminum
alloy plate at room temperature.
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Figure 3.7.4.3.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7050-T7651 aluminum alloy plate at room temperature.
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Figure 3.7.4.3.8(a).  Best-fit S/N curves for unnotched 7050-T7651X extruded shape,
longitudinal and long transverse directions.

Correlative Information for Figure 3.7.4.3.8(a)

Product Form: Extruded shape, 0.5 to 5.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
  84-90         75-81 RT    

Specimen Details:  Unnotched
0.300 inch diameter

Surface Condition:  Not specified

References:  3.7.4.3.8(b), 3.7.4.2.9(b), and
3.7.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm 
Temperature - RT
Environment - Air

No. of Heats/Lots: 10

Equivalent Stress Equation:
Log Nf = 11.8-4.38 log (Seq-12)
Seq = Smax (1-R)0.61

Std. Error of Estimate, Log (Life) = 0.493
Standard Deviation, Log (Life) = 1.01
R2 = 76%

Sample Size = 161

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.4.3.8(b).  Best-fit S/N curves for notched, Kt = 3.0, 7050-T7651X extruded
shape, longitudinal and long transverse directions.

Correlative Information for Figure 3.7.4.3.8(b)

Product Form: Extruded shape, 0.5 to 5.0 inch
thick

Properties: TUS, ksi    TYS, ksi Temp., F
                 78-90       68-81 RT    

Specimen Details:
Circumferentially notched, Kt = 3.0
0.359 inch gross diameter
0.253 inch net diameter
0.013 inch root radius, r
60  flank angle, 

Surface Condition:  Not specified

References:  3.7.4.2.9(b), 3.7.4.3.8(a), and
3.7.7.2.8(b)

Test Parameters:
Loading - Axial
Frequency - 800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 10

Equivalent Stress Equation:
Log Nf = 10.38-4.26 log (Seq)
Seq = Smax (1-R)0.563

Std. Error of Estimate, Log (Life) = 0.398
Standard Deviation, Log (Life) = 0.778
R2 = 74%

Sample Size = 179

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Table 3.7.5.0(a).  Material Specifications for 7055 Aluminum Alloy

Specification Form

AMS 4206 (T7751)
AMS 4324 (T74511)
AMS 4336 (T76511)
AMS 4337 (T77511)

Plate
Extrusion
Extrusion
Extrusion

3.7.5 7055 ALLOY

3.7.5.0 Comments and Properties — 7055 is an Al-Zn-Mg-Cu-Zr alloy and provides higher
strength properties than 7150.  7055 is available in the form of plate and extrusions.  The T77-type temper
provides high tensile and compressive strength with guaranteed toughness (plate only) and exfoliation
corrosion resistance.  The T77-type temper has exfoliation corrosion resistance comparable to the T76-type
temper of other 7XXX series aluminum alloys.

The properties of extrusions should be based upon the thickness at the time of extrusion, solution heat
treatment and quenching prior to machining.  Selection of the mechanical properties based upon its final
machined thickness may be overstated; therefore, the thickness at the time of extrusion, solution heat
treatment and quenching to achieve properties is an important factor in the selection of the proper thickness
column.  For extrusions having sections with various thicknesses, consideration should be given to the
properties as a function of thickness.

Materials specifications for 7055 are shown in Table 3.7.5.0(a).  Room-temperature mechanical
properties are presented in Tables 3.7.5.0(b) through (e).

The temper index for 7055 is as follows:

Section Temper
3.7.5.1 T74511
3.7.5.2 T76511
3.7.5.3 T7751 and T77511
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Table 3.7.5.0(b)  Design Mechanical and Physical Properties of 7055-T74511
Aluminum Alloy Extrusions

Specification . . . . . . . . . . AMS 4324

Form . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . T74511

Thickness, in. . . . . . . . .  0.249 0.250-0.499 0.500-3.000

Basis . . . . . . . . . . . . . . . A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fsu,
b ksi . . . . . . . . . . .

Fbru,
c ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry,
c ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

83
78

76
72

76
77
43

115
151

96
114

8
...

84
79

78
74

78
79
44

116
152

99
117

...

...

84
79

77
73

77
78
46

116
152

97
116

8
...

85
80

79
75

79
80
45

117
154

100
119

...

...

85a

80

78a

74

78
79
45

117
154

99
117

8
...

87
82

80
76

80
81
46

120
158

101
120

...

...

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.3
10.7
3.9

0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, Btu/(lb)( F) . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . .

0.103
...
...
...

a Rounded T99 values for Ftu =86 ksi, for Fty = 79 ksi.

b Determined in accordance with ASTM B769.
c  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.5.0(c)  Design Mechanical and Physical Properties of 7055-T76511
Aluminum Alloy Extrusions

Specification . . . . . . . . . . . . . . . . . . . AMS 4336

Form . . . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . . . . . . . . . . . T76511

Thickness, in. . . . . . . . . . . . . . . . . . .  0.249 0.250-0.499

Basis . . . . . . . . . . . . . . . . . . . . . . . . . A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu,
b ksi . . . . . . . . . . . . . . . . . . . . .

Fbru,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

89a

83

85
79

84
86
46

122
160

105
124

7
...

91
85

87
81

86
88
47

125
163

107
127

90
84

85
79

85
86
47

124
161

105
124

9
...

94
87

91
85

91
92
49

129
169

112
132

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.8
3.9

0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . . . . . . . . . . .

0.103
...
...
...

a Rounded T99 values for Ftu =90 ksi

b Determined in accordance with ASTM B769.
c Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.5.0(d)  Design Mechanical and Physical Properties of 7055-T7751
Aluminum Alloy Plate

Specification . . . . . . . . . . . . . . . . . . . AMS 4206

Form . . . . . . . . . . . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . . . . . . . . . . . T7751

Thickness, in. . . . . . . . . . . . . . . . . . . 0.500 - 1.500

Basis . . . . . . . . . . . . . . . . . . . . . . . . . A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu,
a ksi . . . . . . . . . . . . . . . . . . . . .

Fbru,
b ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry,
b ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

89
89

86
85

86
89
48

128
167

112
130

7
8

91
91

88
87

88
91
49

131
170

115
133

...

...

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.7
3.9

0.32

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . . . . . . . . . . .

0.103
...
...
...

a  Determined in accordance with ASTM B769.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.5.0(e)  Design Mechanical and Physical Properties of 7055-T77511
Aluminum Alloy Extrusion

Specification . . . . . . . . . . . . . . . . . . . AMS 4337

Form . . . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Cross-sectional area, in2 . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . . . . . T77511

Thickness, in. . . . . . . . . . . . . . . . . . . 0.500 - 1.500

Basis . . . . . . . . . . . . . . . . . . . . . . . . . A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu,
b ksi . . . . . . . . . . . . . . . . . . . . .

Fbru,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

94
88

90
84a

92
89
48

128
167

109
131

9
5

95
90

93
88

94
92
49

131
169

113
135

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
11.0

...
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . . . . . . . . . . .

0.103
...
...
...

a  S-basis. The T99 value is 85.86 ksi.
b  Determined in accordance with ASTM B769.
c  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(a).  Material Specifications for 7075 Aluminum Alloy

Specification Form

AMS 4044
AMS 4045
AMS 4078
AMS-QQ-A-250/12, 24
AMS-QQ-A-250/13, 25
AMS 4049
AMS 4122
AMS 4123
AMS 4124
AMS 4186
AMS 4187
AMS-QQ-A-225/9
AMS-QQ-A-200/11, 15
AMS 4126

Bare sheet and plate
Bare sheet and plate
Bare plate
Bare sheet and plate
Clad sheet and plate
Clad sheet and plate
Bar and rod, rolled or cold finished
Bar and rod, rolled or cold finished
Bar and rod, rolled or cold finished
Bar and rod, rolled or cold finished
Bar and rod, rolled or cold finished
Rolled or drawn bar and rod
Extruded bar, rod, and shapes
Forging

3.7.6 7075 ALLOY

3.7.6.0 Comments and Properties — 7075 is a high-strength Al-Zn-Mg-Cu alloy and is avail-
able in a wide variety of product forms.  It is also available in several types of tempers, the T6, T73, and T76
type.  The T6 temper has the highest strength but lowest toughness and resistance to stress-corrosion cracking.
Since toughness decreases with a decrease in temperature, the T6 temper is not generally recommended for
cryogenic applications.  As shown in Table 3.1.2.3.1(a), 7075-T6 rolled plate, rod and bar, extruded shapes,
and forgings have a ‘D’ SCC rating.  This is the lowest rating and means that SCC failures have occurred in
service or would be anticipated if there is any sustained stress.  In-service failures are caused by stressed
produced by any combination of sources including solution heat treatment, straightening, forming, fit-up,
clamping, sustained service loads or high service compression stresses that produce residual tensile stresses.
These stresses may be tension or compression as well as the stresses due to the Poisson effect, because the
actual failures are caused by the resulting sustained shear stresses.  Pin-hole flaws in corrosion protection are
sufficient for SCC.  The T73 temper provides for much improved stress-corrosion resistance over T6 temper
with a decrease in strength.  The T76 temper provides for improved exfoliation resistance and limited stress-
corrosion resistance over T6 temper with some decrease in strength.  Refer to Section 3.1.2.3 for comments
regarding the resistance of the alloy to stress-corrosion cracking and to Section 3.1.3.4 for comments
regarding the weldability of this alloy.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 7075 aluminum alloy are presented in Table 3.7.6.0(a).  Room-temperature
mechanical and physical properties are shown in Tables 3.7.6.0(b1) through (g4).  The effect of temperature
on the physical properties of this alloy is presented in Figure 3.7.6.0.
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Table 3.7.6.0(a).  Material Specifications for 7075 Aluminum Alloy
Continued

Specification Form

AMS 4141
AMS 4147
AMS-A-22771
AMS-QQ-A-367

Die forging
Forging
Forging
Forging

_______________________

* Choice of reference temperature is optional as long as it permits computation within the bounds of the figures.

The temper index for 7075 is as follows:

Section    Temper
3.7.6.1 T6, T651, T652, T6510, T6511
3.7.6.2 T73, T7351, T7352, T73510,  T73511

3.7.6.1 T6, T651, T652, T6510, T6511 Temper — Figures 3.7.6.1.1(a) and (b) permit cal-
culation of residual tensile strengths for complex thermal exposure conditions.  They are based upon the rate
parameter T(C + log t), in which T is exposure temperature in degrees Rankine, t is exposure time in hours
and C is a constant evaluated for each material.  These curves have been verified for use only within the
ranges of temperatures and exposure times covered in the figures.  The following example illustrates their
use.

Sample problem:  Find Ftu at 250 F following a complex exposure of 300 F, 8 hours plus 350 F, 1
hour.

1. Reduce given complex exposure by converting 350 F exposure to equivalent exposure time at
300 F.*

a. On the 350 F single exposure temperature line find 350 F, 1 hour.
b. From this point move vertically to the 300 F exposure temperature line and then read

right, 12 hours exposure.
c. Total equivalent exposure time at 300 F is therefore 8 hours + 12 hours or 20 hours.

2. Find Ftu at 250 F following 300 F, 20 hours exposure:
a. On the 300 F exposure temperature line find 300 F, 20 hours.
b. From this point move vertically to the 250 F test temperature curve and then read left,

76 percent Ftu.

Solution:  Ftu is 76 percent of the original room temperature Ftu. Fty is determined in like manner.
Fcy can be closely estimated by using the percent reduction factor determined for Fty.  For specific data, see
Reference 3.7.6.1.

Stressed Thermal Exposure — Stress applied during sample and complex thermal exposure of 7075-
T6 can have additional effect in reducing material strength.  However, the effect becomes significant only
when exposure strains exceed 0.2 percent.  For specific data, see Reference 3.7.6.1.
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Figures 3.7.6.1.1(c) through 3.7.6.1.5(b) present elevated temperature curves  for  various mechanical
properties.  Figures 3.7.6.1.6(a) through (m) present tensile and compressive stress-strain and tangent-
modulus curves at several temperatures.  Figures 3.7.6.1.6(n) through (q) are full-range stress-strain curves
for various products.  Figures 3.7.6.1.8(a) through (h) provide room-temperature fatigue curves for T6 temper
products.  Fatigue-crack propagation data for sheet are presented in Figure 3.7.6.1.9.  Graphical displays of
the residual strength behavior of middle tension panels are presented in Figure 3.7.6.1.10(a) through (h).

3.7.6.2 T73, T7351, T7352, T73510, T73511 Tempers — Figures 3.7.6.2.6(a) through (d)
present stress-strain and tangent-modulus curves for various products and tempers.  Figures 3.7.6.2.6(e) and
(f) are full-range stress-strain curves at room temperature for extrusion.   Fatigue-crack-propagation data
for plate are presented in Figures 3.7.6.2.9(a) through (c).  Graphical displays of the residual strength be-
havior of middle tension panels are presented in Figures 3.7.6.2.10(a) and (b).
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Table 3.7.6.0(b1).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Sheet and Plate
Specification . . . . . . . AMS 4045 and AMS-QQ-A-250/12

Form . . . . . . . . . . . . . Sheet Plate

Temper . . . . . . . . . . . T6 and T62a T651

Thickness, in. . . . . . .
0.008-
0.011

0.012-
0.039

0.040-
0.125

0.126-
0.249

0.250-
0.499

0.500-
1.000

1.001-
2.000

2.001-
2.500

2.501-
3.000

3.001-
3.500

3.501-
4.000

Basis . . . . . . . . . . . . . S A B A B A B A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . .  

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .
ST . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . .

...
74
...

...
63
...

...

...

...

...

...

...

...

...

 5

 76
 76
...

 69
 67
...

 68
 71
...
 46

118
152

100
117

  7

 78
 78
...

 72
 70
...

 71
 74
...
 47

121
156

105
122

...

 78
 78
...

 70
 68
...

 69
 72
...
 47

121
156

102
119

  8

 80
 80
...

 72
 70
...

 71
 74
...
 48

124
160

105
122

...

 78
 78
...

 71
 69
...

 70
 73
...
 47

121
156

103
121

  8

 80
 80
...

 73
 71
...

 72
 75
...
 48

124
160

106
124

...

 77
 78
...

 69
 67
...

 67
 71
...
 43

117
145

 97
114

  9

 79
 80
...

 71
 69
...

 69
 73
...
 44

120
148

100
118

...

 77
 78
...

 70
 68
...

 68
 72
...
 44

117
145

100
117

  7

 79
 80
...

 72
 70
...

 70
 74
...
 45

120
148

103
120

...

 76
 77
...

 69
 67
...

 66
 71
...
 44

116
143

100
117

  6

 78
 79
...

 71
 69
...

 68
 73
...
 45

119
147

103
120

...

 75
 76
 70b

 66
 64
 59b

 62
 68
 67
 44

114
141

 98
113

  5

 77
 78
 71b

 68
 66
 61b

 64
 70
 70
 45

117
145

101
117

...

 71
 72
 66b

 63
 61
 56b

 58
 65
 64
 42

108
134

 94
109

  5

 73
 74
 68b

 65
 63
 58b

 60
 67
 66
 43

111
137

 97
112

...

 70
 71
 65b

 60
 58
 54b

 55
 61
 61
 42

107
132

 89
104

  5

 72
 73
 67b

 62
 60
 55b

 57
 64
 63
 43

110
135

 93
108

...

 66
 67
 61b

 56
 54
 50b

 51
 57
 57
 39

101
124

 84
 98

  3

 68
 69
 63b

 58
 56
 52b

 52
 59
 59
 41

104
128

 87
103

...

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

10.3
10.5
 3.9 
 0.33

10.3
10.6
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.101

See Figure 3.7.6.0

a Design allowables were based upon data obtained from testing T6 temper sheet and from testing samples of sheet, supplied in the O or F temper, which were heat treated to
demonstrate response to heat treatment by suppliers.  Properties obtained by the user may be lower than those listed if the material has been formed or otherwise cold worked,
particularly in the annealed temper, prior to solution heat treatment.

b Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as
indicated in Table 3.1.2.3.1(a).

c Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1.
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Table 3.7.6.0(b2).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Plate—Continued
Specification . . . . . . . . AMS 4044 and AMS-QQ-A-250/12 AMS-QQ-A-250/12

Form . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . T62a

Thickness, in. . . . . . . . 0.250-0.499 0.500-1.000 1.001-2.000 2.001-2.500 2.501-3.000 3.001-3.500 3.501-4.000

Basis . . . . . . . . . . . . . . A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . .

 74
 78
...

 65
 67
...

 70
 70
...
 43

117
145

 97
114

  9

 76
 80
...

 67
 69
...

 72
 72
...
 44

120
148

100
118

...

 74
 78
...

 66
 68
...

 70
 71
...
 44

117
145

100
117

  7

 76
 80
...

 68
 70
...

 72
 73
...
 45

120
148

103
120

...

 73
 77
...

 64
 67
...

 68
 68
...
 44

116
143

100
117

  6

 75
 79
...

 65
 69
...

 70
 71
...
 45

119
147

103
120

...

 72
 76
 70b

 60
 64
 59b

 63
 65
 63
 44

114
141

 98
113

  5

 74
 78
 71b

 62
 66
 61b

 65
 67
 65
 45

117
145

101
117

...

 69
 72
 66b

 56
 61
 56b

 59
 61
 60
 42

108
134

 94
109

  5

 71
 74
 68b

 58
 63
 58b

 61
 63
 62
 43

111
137

 97
112

...

 68
 71
 65b

 52
 58
 54b

 55
 57
 57
 42

107
132

 89
104

  5

 70
 73
 67b

 54
 60
 55b

 57
 59
 59
 43

110
135

 93
108

...

 64
 67
 61b

 48
 54
 50b

 50
 52
 53
 39

101
124

 84
 98

  3

 66
 69
 63b

 49
 56
 52b

 52
 54
 55
 41

104
128

 87
103

...

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.3
10.6
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, K, and  . . . . . . . .
0.101

See Figure 3.7.6.0

a Design allowables were based upon data obtained from testing samples of plate, supplied in O or F temper, which were heat treated to demonstrate response to heat treatment by suppliers. 
Properties obtained by the user may be lower than those listed if the material has been formed or otherwise cold worked, particularly in the annealed temper, prior to solution heat treatment.

b Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as indicated in
Table 3.1.2.3.1(a).

c Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1.
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Table 3.7.6.0(b3).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Sheet and Plate—Continued
Specification ....................... AMS-QQ-A-250/12 AMS 4078 and AMS-QQ-A-250/12

Form ................................... Sheet Plate

Temper ................................ T73 T7351

Thickness, in. ......................
0.040-
0.249

0.250-
0.499

0.500-
1.000

1.001-
1.500

1.501-
2.000

2.001-
2.500

2.501-
3.000

3.001-
3.500 3.501-4.000

Basis ................................... S S A B A B A B A B A B S S

Mechanical Properties:
Ftu, ksi:

L ....................................
LT ..................................
ST ..................................

Fty, ksi:
L ....................................
LT ..................................
ST ..................................

Fcy, ksi:
L ....................................
LT ..................................
ST ..................................

Fsu, ksi .............................
Fbru

c, ksi:
(e/D = 1.5) .....................
(e/D = 2.0) .....................

Fbry
c, ksi:

(e/D = 1.5) .....................
(e/D = 2.0) .....................

e, percent (S-basis):
LT ..................................

 67
 67
...

 56
 56
...

 55
 58
...

 38

105
134

 84
102

  8

 68
 69
...

 57
 57
...

 56
 59
...

 38

102
131

 79
 95

  7

 68
 69
...

 57
 57
...

 56
 59
...

 38

103
132

 81
 97

  7

 70
 71
...

 59
 59
...

 58
 61
...

 39

106
136

 83
100

...

 67
 68
...

 57
 57
...

 56
 59
...

 38

103
132

 83
 99

  6

 69
 70
...

 59
 59
...

 58
 61
...

 40

106
136

 86
102

...

 66
 67
 63

 55
 55
 52

 53
 57
 59
 39

102
132

 82
 97

  6

 68
 69
 65

 57
 57
 54

 55
 59
 61
 40

106
136

 85
101

...

 65
 66
 62

 52
 52b

 49

 50
 54
 55
 39

102
131

 79
 93

  6

 67
 68
 64

 55
 55
 52

 53
 57
 58
 40

105
135

 83
 99

...

 63
 64a

 60

 49
 49a

 47

 47
 51
 51
 38

100
128

 76
 89

  6

 65
 66
 62

 53
 53
 50

 51
 55
 55
 39

103
132

 81
 96

...

 62
 63
 59

 49
 49
 47

 47
 51
 50
 38

 99
127

 76
 89

  6

 60
 61
 57

 48
 48
 46

 45
 50
 48
 37

 96
124

 76
 88

  6

E, 103 ksi .........................
Ec, 103 ksi ........................
G, 103 ksi .........................
µ .......................................

10.3
10.5
 3.9 
 0.33

10.3
10.6
 3.9 
 0.33

Physical Properties:
, lb/in.3 ...........................

C, K, and  ......................
0.101

See Figure 3.7.6.0

a  S-basis.  The rounded T99 values are as follows: Ftu(LT) = 65 ksi and Fty(LT) = 52 ksi.

b  S-basis.  The rounded T99 value is as follows:  Fty(LT) = 53 ksi.

c  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Table 3.7.6.0(b4).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy
Sheet and Plate—Concluded

Specification ............... AMS-QQ-A-250/24

Form ........................... Sheet and plate

Temper ....................... T76 T7651

Thickness, in. ............. 0.063-0.249 0.250-0.499 0.500-1.000 1.001-1.500 1.501-2.000

Basis ........................... S S S S S

Mechanical Properties:
Ftu, ksi:

L ...........................
LT ........................
ST .........................

Fty, ksi:
L ...........................
LT ........................
ST .........................

Fcy, ksi:
L ...........................
LT ........................
ST .........................

Fsu, ksi .....................
Fbru

a, ksi:
(e/D = 1.5) ...........
(e/D = 2.0) ...........

Fbry
a, ksi:

(e/D = 1.5) ...........
(e/D = 2.0) ...........

e, percent:
LT ........................

 72
 73
...

 62
 62
...

 61
 65
...

 42

112
145

 88
102

  8

 71
 72
...

 60
 61
...

 60
 64
...

 40

109
141

 86
 99

  8

 70
 71
...

 59
 60
...

 59
 63
...

 41

108
140

 86
 99

  6

 70
 71
...

 59
 60
...

 59
 63
...

 42

108
140

 86
 99

  5

 70
 71
 65

 59
 60
 56

 59
 63
 63
 43

108
140

 87
100

  5

E, 103 ksi .................
Ec, 103 ksi ...............
G, 103 ksi ................
µ ...............................

10.3
10.5
 3.9 
 0.33

10.3
10.6
 3.9 
 0.33

Physical Properties:
, lb/in.3 ..................

C, K, and  .............
0.101

See Figure 3.7.6.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Table 3.7.6.0(c1).  Design Mechanical and Physical Properties of Clad 7075 Aluminum
Alloy Sheet

Specification . . . . . . . . . AMS 4049

Form . . . . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . . . . T6

Thickness, in. . . . . . . . .
0.008-
0.011

0.012-
0.039

0.040-
0.062

0.063-
0.187

0.188-
0.249

Basis . . . . . . . . . . . . . . . . S A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . . . .

...
68

...
58

...

...

...

...

...

...

...

 5

 71
 71

 62
 60

 61
 64
 42

110
142

 90
105

  8

 74
 74

 65
 63

 64
 67
 44

115
148

 94
110

...

 71
 71

 63
 61

 62
 65
 42

110
142

 91
106

  9

 75
 75

 66
 64

 65
 68
 45

116
150

 96
112

...

 74
 74a

 66
 64

 65
 68
 44

115
148

 96
112

  9

 77
 77

 69
 67

 68
 71
 46

119
154

100
117

...

 75
 75

 66
 64

 65
 68
 45

116
150

 96
112

  9

 77
 77

 68
 66

 67
 70
 46

119
154

 99
115

...

E, 103 ksi:
Primary . . . . . . . . . . .
Secondary . . . . . . . . .

Ec, 103 ksi:
Primary . . . . . . . . . . .
Secondary . . . . . . . . .

G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.3
 9.5 

10.5
 9.7
...

 0.33

10.3
 9.8 

10.5
10.0

...
 0.33

10.3
10.0

10.5
10.2

...
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, K, and . . . . . . . . . .
0.101

...

a  S-Basis.  The rounded T99 value is 75 ksi.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(c2).  Design Mechanical and Physical Properties of Clad 7075 Aluminum
Alloy Sheet—Continued

Specification . . . . . . . . . . . . . . . .
Form . . . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . . .

Thickness, in. . . . . . . . . . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . . .

AMS-QQ-A-250/13

Sheet

T6 and T62a

0.008-
0.011 0.012-0.039

0.040-
0.062

0.063-
0.187 0.188-0.249

S A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . .
Fbru

e, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry
e, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . . . . . . . . . .

...
68

...
58

...

...

...

...

...

...

...

 5

 70
 70b

 62
 60

 61
 64
 42

108
140

 90
105

  7

 74
 74

 65
 63

 64
 67
 44

115
148

 94
110

...

 71
 71

 63
 61

 62
 65
 42

110
142

 91
106

  8

 75
 75

 66
 64

 65
 68
 45

116
150

 96
112

...

 73
 73c

 65
 63d

 64
 67
 44

113
146

 94
110

  8

 77
 77

 69
 67

 68
 71
 46

119
154

100
117

...

 75
 75

 66
 64

 65
 68
 45

116
150

 96
112

  8

 77
 77

 68
 66

 67
 70
 46

119
154

 99
115

...

E, 103 ksi:
Primary . . . . . . . . . . . . . . . . . .
Secondary . . . . . . . . . . . . . . .

Ec, 103 ksi:
Primary . . . . . . . . . . . . . . . . .
Secondary . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . .

10.3
 9.5 

10.5
 9.7 

...
 0.33

10.3
 9.8

10.5
10.0

...
 0.33

10.3
10.0

10.5
10.2

...
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . .
0.101

...

a Design allowables were based upon data obtained from testing T6 temper sheet and from testing samples of sheet, supplied
in the O or F temper, which were heat treated to demonstrate response to heat treatment by suppliers.  Properties obtained
may be lower than those listed if the material has been formed or otherwise cold worked, particularly in the annealed
temper, prior to solution heat treatment.

b  S-Basis.  The rounded T99 value is 71 ksi.
c  S-Basis.  The rounded T99 value is 75 ksi.
d  S-Basis.  The rounded T99 value is 64 ksi.
e  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(c3).  Design Mechanical and Physical Properties of Clad 7075 Aluminum Alloy Plate—Continued
Specification . . . . . . . . . . . AMS 4049 and AMS-QQ-A-250/13

Form . . . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . . . T651

Thickness, in. . . . . . . . . . . 0.250-0.499 0.500-1.000a 1.001-2.000a 2.001-2.500a 2.501-3.000a 3.001-3.500a 3.501-4.000a

Basis . . . . . . . . . . . . . . . . . A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . . . .

 74
 75
...

 67
 65
...

 65
 69
...

 42

113
139

 94
111

  9

 76
 77
...

 69
 67
...

 67
 71
...

 43

116
143

 97
114

...

 75
 76
...

 68
 66
...

 66
 70
...

 42

114
141

 97
113

  7

 77
 78
...

 70
 68
...

 68
 72
...

 44

117
145

100
116

...

 74
 75
...

 67
 65
...

 64
 69
...

 42

113
139

 97
113

  6

 76
 77
...

 69
 67
...

 66
 71
...

 44

116
143

100
117

...

 73
 74
 70b

 64
 62
 59b

 60
 65
 67
 43

111
137

 95
110

  5

 75
 76
 71b

 66
 64
 61b

 62
 68
 70
 44

114
141

 98
113

...

 69
 70
 66b

 61
 59
 56b

 57
 62
 64
 41

105
130

 90
105

  5

 71
 72
 68b

 63
 61
 58b

 58
 64
 66
 42

108
134

 94
109

...

 68
 69
 65b

 58
 56
 54b

 53
 59
 61
 40

104
128

 86
100

  5

 70
 71
 67b

 60
 58
 55b

 55
 61
 63
 42

107
132

 89
104

...

 64
 65
 61b

 54
 52
 50b

 49
 55
 57
 38

 98
121

 80
 93

  3

 66
 67
 63b

 56
 54
 52b

 51
 57
 59
 39

101
124

 84
 97

...

E, 103 ksi:
Primary . . . . . . . . . . .
Secondary . . . . . . . . .

Ec, 103 ksi:
Primary . . . . . . . . . . .
Secondary . . . . . . . . .

G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.3
10.0

10.6
10.3
 ... 

 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, K, and  . . . . . . . . . .
0.101

...

a These values, except in the ST direction, have been adjusted to represent the average properties across the whole section, including the 1-1/2 percent per side nominal cladding thickness.

b Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It  corresponds to an SCC resistance rating of D, as indicated in

Table 3.1.2.3.1(a).

c Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1
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Table 3.7.6.0(c4).  Design Mechanical and Physical Properties of Clad 7075 Aluminum Alloy Plate—Continued
Specification . . . . . . . . . . . AMS-QQ-A-250/13

Form . . . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . . . T62a

Thickness, in. . . . . . . . . . . 0.250-0.499 0.500-1.000b 1.001-2.000b 2.001-2.500b 2.501-3.000b 3.001-3.500b 3.501-4.000b

Basis . . . . . . . . . . . . . . . . . A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
LT . . . . . . . . . . . . . . .

 72
 75
...

 63
 65
...

 68
 68
...

 42

113
139

 94
111

  9

 73
 77
...

 65
 67
...

 70
 70
...

 43

116
143

 97
114

...

 72
 76
...

 64
 66
...

 68
 69
...

 42

114
141

 97
113

  7

 74
 78
...

 66
 68
...

 70
 71
...

 44

117
145

100
116

...

 72
 75
...

 62
 65
...

 66
 66
...

 42

113
139

 97
113

  6

 73
 77
...

 64
 67
...

 68
 68
...

 44

116
143

100
117

...

 71
 74
 70c

 58
 62
 59c

 62
 62
 63
 43

111
137

 95
110

  5

 72
 76
 71c

 60
 64
 61c

 63
 65
 65
 44

114
141

 98
113

...

 67
 70
 66c

 54
 59
 56c

 57
 59
 60
 41

105
130

 90
105

  5

 69
 72
 68c

 56
 61
 58c

 59
 61
 62
 42

108
134

 94
109

...

 66
 69
 65c

 50
 56
 54c

 53
 55
 57
 40

104
128

 86
100

  5

 68
 71
 67c

 52
 58
 55c

 55
 57
 59
 42

107
132

 89
104

...

 62
 65
 61c

 46
 52
 50c

 48
 50
 53
 38

 98
121

 80
 93

  3

 64
 67
 63c

 48
 54
 52c

 50
 52
 55
 39

101
124

 84
 97

...

E, 103 ksi:
Primary . . . . . . . . . . .
Secondary . . . . . . . . .

Ec, 103 ksi:
Primary . . . . . . . . . . .
Secondary . . . . . . . . .

G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.3
10.0

10.6
10.3
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, K, and  . . . . . . . . . .
0.101

...

a Design allowables were based upon data obtained from testing samples of plate, supplied in the O or F temper, which were heat treated to demonstrate response to heat treatment by 

suppliers.  Properties obtained may be lower than those listed if the material has been formed or otherwise cold worked, particularly in the annealed temper, prior to solution heat treatment.

b These values, except in the ST direction, have been adjusted to represent the average properties across the whole section.

c Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It  corresponds to an SCC resistance rating of D, as indicated in

Table 3.1.2.3.1(a).

d Bearing values are “dry pin” values per Section 1.4.7.1. See Table 3.1.2.1.1.
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Table 3.7.6.0(c5).  Design Mechanical and Physical Properties of Clad 7075 Alu-
minum Alloy Sheet and Plate—Continued

Specification . . . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . . . . .

Thickness, in,. . . . . . . . . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . . . . .

AMS-QQ-A-250/25

Sheet Plate

T76 T7651

0.040-
0.062

0.063-
0.187

0.188-
0.249

0.250-
0.499

0.500-
1.000a

S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent:
LT . . . . . . . . . . . . . . . . . . . . . . . .

 66
 67

 56
 56

 55
 59
 41

103
133

 80
 92

  8

 67
 68

 57
 57

 56
 60
 40

104
135

 81
 94

  8

 69
 70

 59
 59

 58
 62
 40

107
139

 84
 97

  8

 68
 69

 58
 58

 57
 60
 40

105
133

 87
104

  8

 68
 68

 57
 57

 56
 59
 40

103
131

 87
103

  6

E, 103 ksi:
Primary . . . . . . . . . . . . . . . . . .

Secondary . . . . . . . . . . . . . . . .

Ec, 103 ksi:
Primary . . . . . . . . . . . . . . . . . .

Secondary . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.3
 9.8 

10.5
10.0

...
 0.33

10.3
10.0

10.5
10.2

...
 0.33

10.3
10.0

10.6
10.3

...
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . .

0.101
...

a  These values have been adjusted to represent the average properties across the whole section, including the 
    1-1/2 percent per side nominal cladding thickness.
b  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Table 3.7.6.0(d).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy
Bar, Rod, and Shapes:  Rolled, Drawn, or Cold-Finished

Specification . . . . . . . .
AMS 4122, AMS 4123, AMS 4186, AMS 4187, and AMS-QQ-A-225/9

AMS 4124 and
AMS-QQ-A-

225/9

Form . . . . . . . . . . . . . . Bar, rod, and shapes:  rolled, drawn, or cold-finished

Temper . . . . . . . . . . . . T6, T651, and T62a T73b or T7351

Thicknessc, in. . . . . . .
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

0.375-
2.000

2.001-
3.000

Basis . . . . . . . . . . . . . . A B A B A B A B S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru

f, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry
f, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . .

 77
 77d

 66
 66d

 64
...
 46

100
123

 86
 92

  7

 79
 79d

 68
 68d

 66
...
 47

103
126

 88
 95

...

 77
 75d

 66
 66d

 64
...
 46

100
123

 86
 92

  7

 79
 77d

 68
 68d

 66
...
 47

103
126

 88
 95

...

 77
 72d

 66
 63d

 64
...
 46

100
123

 86
 92

  7

 79
 74d

 68
 65d

 66
...
 47

103
126

 88
 95

...

 77
 69d

 66
 60d

 64
...
 46

100
123

 86
 92

  7

 79
 71d

 68
 62d

 66
...
 47

103
126

 88
 95

...

 68
...

 56
...

 54
...
 42

101
131

 81
100

 10

 68
 65e

 56
 52e

 54
 55e

 40

101
131

 81
100

 10

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . .

10.3
10.5
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and . . . . . . . .
0.101

See Figure 3.7.6.0

a Design allowables were based upon data obtained from testing of T6 and T651 material and from samples of material, supplied in the
O or F temper, which were heat treated to T62 temper to demonstrate response to heat treatment by suppliers.

b Design allowables were based upon data obtained from testing T73 and T7351 temper material and from testing samples of material,
supplied in the O or F temper, which were heat treated to T73 temper to demonstrate response to heat treatment by suppliers.

c For rounds (rod) maximum diameter is 4 inches; for square bar, maximum size is 3½ inches; for rectangular bar, maximum thickness
is 3 inches with corresponding width of 6 inches; for rectangular bar less than 3 inches in thickness, maximum width is 10 inches.

d Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It 
corresponds to an SCC resistance rating of D, as indicated in Table 3.1.2.3.1(a).
ST grain direction.

e ST grain direction.
f Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(e1).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Die Forging
Specification . . . . . . . . . . . . . AMS 4126, MIL-A-22771, and QQ-A-367 MIL-A-22771 and QQ-A-367

Form . . . . . . . . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . . . . . . . T6a T652

Thicknessb, in. . . . . . . . . . . .
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000 1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

Basis . . . . . . . . . . . . . . . . . . . . . A B A B A B S A B A B A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . .

Tc
. . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . .

Tc
. . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . .

ST . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . .

Fbru
e, ksi:

(e/D = 1.5) . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . .

Fbry
e, ksi:

(e/D = 1.5) . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . .

Tc
. . . . . . . . . . . . . . . . . . . . .

 75
 71d

 64
 61d

 67
 64
 43

105
135

 83
 96

  7
  3

 78
...

 67
...

 70
 68
 45

109
140

 87
100

...

...

 74
 71d

 63
 61d

 66
 64
 43

104
133

 82
 94

  7
  3

 77
...

 66
...

 69
 67
 44

108
138

 86
 99

...

...

 74
 70d

 63
 60d

 66
 63
 42

104
133

 82
 94

  7
  3

 76
...

 65
...

 68
 66
 43

106
136

 84
 97

...

...

 73
 70

 62
 60

 65
 63
 42

102
131

 81
 93

  7
  2

 75
 71d

 64
 60d

 64
 65
 43

105
135

 83
 96

  7
  3

 78
...

 67
...

 67
 69
 45

109
140

 87
100

...

...

 74
 71d

 63
 60d

 63
 65
 43

104
133

 82
 94

  7
  3

 77
...

 66
...

 66
 68
 44

108
138

 86
 99

...

...

 74
 70d

 63
 59d

 63
 64
 42

104
133

 82
 94

  7
  3

 76
...

 65
...

 65
 67
 43

106
136

 84
 97

...

...

 73
 70

 62
 59

 62
 64
 42

102
131

 81
 93

  7
  2

E, 103 ksi . . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . .

10.0
10.4
 3.8 
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . .

0.101
See Figure 3.7.6.0

a  When die forgings are machined before heat treatment, the mechanical properties are applicable provided the as-forged thickness is not greater than twice the thickness at time of heat
    treatment. 
b  Thickness at the time of heat treatment.
c  T indicates any grain direction not within ±15  of being parallel to the forging flow lines.  Fcy(T) values are based upon short transverse (ST) test data.
d  Specification value.  T tensile properties are presented on an S basis only.
e  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(e2).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Die
Forging—Continued

Specification . . . . . . . . . . .

AMS 4141, AMS-A-22771, and AMS-QQ-A-367 AMS 4141

AMS 4147,
AMS-A-22771, and

AMS-QQ-A-367

Form . . . . . . . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . . . . . . T73a,b T7352

Thicknessc, in. . . . . . . . . . .
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000 3.000

3.001-
4.000

Basis . . . . . . . . . . . . . . . . . . . A B A B A B A B S S A B S

Mechanical Propertiesd:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .

Tf
. . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .

Tf
. . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .

Tf
. . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . .

Fbru
h, ksi:

(e/D = 1.5) . . . . . . . . .

(e/D = 2.0) . . . . . . . . .

Fbry
h, ksi:

(e/D = 1.5) . . . . . . . . .

(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . .

Tf
. . . . . . . . . . . . . . . . . . .

 66d

 62g

 56d

 53g

 58
 55
 39

 96
125

 78
 90

  7
  3

 71
...

 61
...

 63
 60
 42

103
135

 85
 98

...

...

 66 d

 62g

 56
 53g

 58
 55
 39

 96
125

 78
 90

  7
  3

 71
...

 59
...

 61
 59
 42

103
135

 83
 94

...

...

 66
 62g

 56
 53g

 58
 55
 39

 96
125

 78
 90

  7
  3

 69
...

 59
...

 61
 59
 41

100
131

 83
 94

...

...

 64d

 61g

 55 d

 52g

 57
 54
 38

 93
122

 77
 88

  7
  2

 69
...

 59
...

 61
 58
 41

100
131

 83
 94

...

...

62
59

53
51

...

...

...

...

...

...

...

 7
 2

61
58

51
50

...

...

...

...

...

...

...

 6
 2

 66e

 62g

 56
 51g

 56
 55
 39

 96
125

 78
 90

  7
  3

 69
...

 59
...

 59
 60
 41

100
131

 83
 94

...

...

 64
 61

 53
 49

 53
 53
 38

 93
122

 74
 85

  7
  2

E, 103 ksi . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . .

10.0
10.4
 3.8 
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . .

C, K, and . . . . . . . . . . .

0.101
See Figure 3.7.6.0

a When die forgings are machined before heat treatment, the mechanical properties are applicable, provided the as-forged
thickness is not greater than twice the thickness at the time of heat treatment.

b Design allowables were based upon data obtained from testing die forgings, heat treated by suppliers, and supplied in T73 temper.
c Thickness at the time of heat treatment.
d Rounded T99 values for T73 temper 1.000 in., Ftu = 68 ksi, for Fty = 57 ksi; 1.001-2.000 in., Ftu = 68 ksi; 3.001-4.000 in., 

Ftu = 66 ksi, for Fty = 56 ksi.
e Rounded T99 values for T7352 temper, Ftu 1.000 inch = 67 ksi.
f When AMS-A-22771 or AMS-QQ-A-367 apply, T indicates any grain direction not within ±15  of being parallel to the forging 
 flow lines.  Fcy (T) values are based upon short transverse (ST) test data.  When AMS 4141 applies, T indicates any grain
  direction within ±15  of being perpendicular to the forging flow lines.
g Specification value.  T tensile properties are presented on an S basis only.
h Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(f1).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Hand Forging

Specification . . . . . . . . . . AMS 4126, AMS-A-22771, and AMS-QQ-A-367 AMS-A-22771 and AMS-QQ-A-367

Form . . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . . T6a T652

Thickness, in. . . . . . . . . . 2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000 2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000

Basis . . . . . . . . . . . . . . . . S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . .

74
73
...

63
61
...

63
61
44

...

...

...

...

 9
 4
...

73
71
69b

61
59
58b

61
59
44

...

...

...

...

 9
 4
 3

71
70
68b

60
58
57b

...

...
43

...

...

...

...

 8
 3
 2

69
68
66b

58
56
56b

...

...
41

...

...

...

...

 7
 3
 2

68
66
65b

56
55
55b

...

...
41

...

...

...

...

 6
 3
 2

74
73
...

63
61
...

63
61
44

...

...

...

...

 9
 4
...

73
71
69b

61
59
57b

61
59
44

...

...

...

...

 9
 4
 2

71
70
68b

60
58
56b

...

...
43

...

...

...

...

 8
 3
 1

69
68
66b

58
56
55b

...

...
41

...

...

...

...

 7
 3
 1

68
66
65b

56
55
54b

...

...
41

...

...

...

...

 6
 3
 1

E, 103 ksi . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.0
10.4
 3.8 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, K, and  . . . . . . . . . .
0.101

See Figure 3.7.6.0

a When hand forgings are machined before heat treatment, the section thickness at time of heat treatment will determine the minimum mechanical properties as long as the original 

 (as-forged) thickness does not exceed the maximum thickness of the alloy as shown in the table.  The maximum cross-sectional area of hand forgings is 256 sq in.

b  Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It  corresponds to an SCC resistance rating of D, as indicated   in

Table 3.1.2.3.1(a).
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Table 3.7.6.0(f2).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Hand Forging—Continued
Specification . . . . . . . . . . . . . . AMS-A-22771 and AMS-QQ-A-367 AMS 4147, AMS-A-22771, and AMS-QQ-A-367

Form . . . . . . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . . . . . . T73a T7352

Thickness, in. . . . . . . . . . . . 2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000 2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000

Basis . . . . . . . . . . . . . . . . . . . . S S S S S S S A B S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . .

ST . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . .

ST . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . .

ST . . . . . . . . . . . . . . . . . . . .

Fsu, ksi:
L . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . .

ST . . . . . . . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . .

ST . . . . . . . . . . . . . . . . . . . .

66
64
...

56
54
...

56
52
...

39
...
...

...

...

...

...

 7
 4
...

66
64
61

56
54
52

56
52
...

39
...
...

...

...

...

...

 7
 4
 3

64
63
60

55
53
51

...

...

...

...

...

...

...

...

...

...

 7
 3
 2

62
61
58

53
51
50

...

...

...

...

...

...

...

...

...

...

 7
 3
 2

61
59
57

51
50
49

...

...

...

...

...

...

...

...

...

...

 6
 3
 2

 66
 64
...

 54
 52
...

 55
 55
 55

 39
 36
 38

 86
120

 71
 90

  7
  4
...

 66
 64
 61

 54
 52
 50

 55
 55
 55

 39
 36
 38

 88
120

 73
 90

  7
  4
  3

 64
 63
 60

 53
 50
 48

 52
 52
 53

 38
 37
 37

 89
118

 73
 87

  7
  3
  2

 67
 66
 63

 55
 53
 51

 55
 55
 56

 40
 38
 39

 93
123

 77
 92

...

...

...

 62
 61
 58

 51
 48
 46

 49
 49
 51

 37
 36
 36

 86
114

 71
 83

  7
  3
  2

 61
 59
 57

 49
 46
 44

 46
 46
 49

 36
 35
 35

 84
110

 68
 80

  6
  3
  2

E, 103 ksi . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . .

10.2
10.4
 3.8 
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . .

0.101
See Figure 3.7.6.0

a  When hand forgings are machined before heat treatment, the section thickness at time of heat treatment will determine the minimum mechanical properties as long as the original 
    (as-forged) thickness does not exceed the maximum thickness for the alloy as shown in the table.  The maximum cross-sectional area of hand forgings is 256 sq. in.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(g1).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Extrusion
Specification . . . . . . . . . . . AMS-QQ-A-200/11

Form . . . . . . . . . . . . . . . . . Extrusion (rod, bar, and shapes)

Temper . . . . . . . . . . . . . . . T6, T6510, T6511, and T62a

Cross-Sectional Area, in.2 . . 20 >20, 32 32

Thickness, in.b . . . . . . . . . . 0.249 0.250-0.499 0.500-0.749 0.750-1.499 1.500-2.999 3.000-4.499 4.500-5.000

Basis . . . . . . . . . . . . . . . . . A B A B A B A B A B A B S A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . .

 78
 75
...

 70
 66
...

 70
 72
...
 41

111
140

 92
108

  7

 82
 79
...

 74
 70
...

 74
 76
...
 44

117
148

 97
114

...

 81
 78
...

 73
 69
...

 73
 74
...
 43

115
146

 96
113

  7

 85
 82
...

 77
 72
...

 77
 78
...
 45

121
153

101
119

...

 81
 77
...

 72
 67
...

 72
 73
...
 43

115
145

 94
111

  7

 85
 81
...

 76
 71
...

 76
 77
...
 45

120
152

 99
117

...

 81
 75
...

 72
 65
...

 72
 71
...
 43

113
144

 93
110

  7

 85
 79
...

 76
 69
...

 76
 75
...
 45

119
151

 98
116

...

 81
 71
 67c

 72
 61
 56c

 72
 67
 62
 42

110
141

 89
106

  7

 85
 75
 71c

 76
 65
 59c

 76
 71
 66
 44

115
148

 94
112

...

 81
 67
 67c

 71
 56
 55c

 71
 62
 62
 40

106
137

 84
101

  7

 84
 69
 69c

 74
 59
 58c

 74
 64
 64
 42

110
142

 88
105

...

 78
 64
 64c

 70
 55
 55c

 70
 61
 61
 39

102
132

 83
100

  6

 78
 63
 63c

 68
 52
 52c

 68
 57
 57
 38

101
131

 79
 95

  6

 81
 65
 65c

 71
 55
 55c

 71
 60
 60
 40

105
136

 83
100

...

E, 103 ksi . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

10.4
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . .
0.101

See Figure 3.7.6.0

a Design allowables were based upon data obtained from testing T6, T6510, and T6511 temper extrusions and from testing samples of extrusion supplied in the O or F temper, which
were heat treated to T62 temper to demonstrate response to heat treatment by suppliers.  Properties obtained by the user may be lower than those listed if the material has been
formed or otherwise cold worked, particularly in the annealed temper, prior to solution heat treatment.

b The mechanical properties are to be based upon the thickness at the time of quench.
c Caution: This specific alloy, temper, and product form exhibits poor stress-corrosion cracking resistance in this grain direction.  It corresponds to an SCC resistance rating of D, as

indicated in Table 3.1.2.3.1(a).
d Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(g2).  Design Mechanical and Physical Properties of 7075 Aluminum Alloy Extrusion—Continued
Specification . . . . . . . . . . . . . . . AMS-QQ-A-200/11

Form . . . . . . . . . . . . . . . . . . . . . . Extrusion (rod, bars, and shapes)

Temper . . . . . . . . . . . . . . . . . . . . T73a, T73510, T73511

Cross-Sectional Area, in.2 20 25 20 >20, 32

Thickness, in.b
. . . . . . . . . . . . 0.062-0.249 0.250-0.499 0.500-0.749 0.750-1.499 1.500-2.999 3.000-4.499 3.000-4.499

Basis . . . . . . . . . . . . . . . . . . . . . . A B A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . .

Fbru
f, ksi:

(e/D = 1.5) . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . .

Fbry
f, ksi:

(e/D = 1.5) . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . .

 68c

 66

 58
 56

 58
 59
 37

101
129

 82
 97

  7

 72
 70

 61
 59

 61
 62
 39

107
137

 86
102

...

 70d

 68

 60
 57

 60
 60
 38

104
133

 84
100

  8

 74
 72

 63
 60

 63
 63
 40

110
141

 89
105

...

 70d

 67

 60
 57

 60
 60
 38

103
133

 84
100

  8

 73
 70

 63
 60

 63
 63
 39

108
139

 88
105

...

 70d

 66

 60
 56

 60
 58
 38

103
132

 83
 98

  8

 73
 69

 63
 58

 63
 61
 39

107
138

 87
103

...

 69d

 62

 59d

 51

 59
 54
 37

 99
128

 79
 93

  8

 74
 67

 65
 56

 65
 59
 40

106
138

 87
103

...

 68c

 58

 57c

 46

 57
 49
 37

 95
124

 72
 86

  7

 71
 61

 62
 50

 62
 53
 38

 99
130

 79
 94

...

 65e

 56

 55e

 44

 55
 47
 35

 91
119

 70
 83

  7

 70
 60

 60
 48

 60
 51
 38

 98
128

 76
 91

...

E, 103 ksi . . . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . .

0.101
See Figure 3.7.6.0

a Design allowables were based upon data obtained from testing T7351X temper extrusions and from testing samples of extrusions supplied in the O or F temper, which were heat

treated to T73 temper to demonstrate response to treatment by suppliers.  Properties obtained by the user may be lower than those listed if the material has been formed or otherwise

cold worked, particularly in the annealed temper.

b The mechanical properties are to be based upon the thickness at the time of quench.

c S-basis.  Rounded T99 values for cross sectional area 20 are as follows: for 0.062-0.249 Ftu(L) = 69 ksi, 3.000-4.499 Ftu(L) = 69 ksi, Fty(L) = 59 ksi.

d S-basis.  Rounded T99 values for cross sectional area 25 are as follows:  0.250-1.499 Ftu(L)= 71, 1.500-2.999 Ftu(L)= 72 ksi and Fty(L) = 62 ksi.

e S-basis.  Rounded T99 values for cross sectional area >20 and 32 are as follows: Ftu(L) = 68 ksi and Fty(L) = 57 ksi.

f Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.6.0(g3).  Design Mechanical and Physical Properties of 7075 Aluminum
Alloy Extrusion—Continued

Specification . . . . . . . . . . . . . . . . AMS-QQ-A-200/15

Form . . . . . . . . . . . . . . . . . . . . . . . . Extrusion (rod, bar, and shapes)

Temper . . . . . . . . . . . . . . . . . . . . . . T76, T76510, T76511

Cross-Sectional Area, in.2 . . 20

Thickness, in.a . . . . . . . . . . . . . . 0.062-0.249 0.250-0.499 0.500-0.749 0.750-1.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . A B S A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . . .

 71
 68

 61
 57

 61
 62
 38

103
131

 82
 98

  7

 74
 71

 65
 61

 65
 66
 40

107
137

 88
104

...

 75
 72

 65
 61

 65
 66
 41

109
139

 88
104

  7

 75
 71

 65
 60

 65
 65
 41

109
139

 88
104

  7

 76
 73

 67
 62

 67
 67
 42

110
141

 90
107

...

 75
 70

 65
 59

 65
 64
 40

109
139

 88
104

  7

 76
 71

 67
 61

 67
 66
 41

110
141

 90
107

...

E, 103 ksi . . . . . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.7
 4.0 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . .

0.101
See Figure 3.7.6.0

a  The mechanical properties are to be based upon the thickness at the time of quench.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.6.0.  Effect of temperature on the physical properties of 7075 aluminum
alloy.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-389

Figure 3.7.6.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
7075-T6, T651, T6510, and T6511 aluminum alloy (all products).  Note: Instructions
for use of these curves are presented in Section 3.7.6.1.

Figure 3.7.6.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of 7075-
T6, T651, T6510, and T6511 aluminum alloy (all products).  Note: Instructions for
use of these curves are presented in Section 3.7.6.1.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-390

�����������	 
�

��� ���� � ��� �� ��� ��� ����

�
�
��
�
�
��
�
�
	


�
	
	
�


�
�
�
�
��
��
��

�
��

�

��

�

��

��

���

���

��

���

���

���

�������� �� �����������
�������� �� �� ��	��� ��

� ��
�� ��
��� ��
���� ��
��	��� ��

Figure 3.7.6.1.1(c).  Effect of temperature on the tensile ultimate strength (Ftu) of 7075-
T6, T651, T6510, and T6511 aluminum alloy (all products).
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Figure 3.7.6.1.1(d).  Effect of temperature on the tensile yield strength (Fty) of 7075-T6,
T651, T6510, and T6511 aluminum alloy (all products).
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Figure 3.7.6.1.2(a).  Effect of temperature on the compressive yield
strength (Fcy) of 7075-T6, T651, T6510, and T6511 aluminum alloy (all
products).
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Figure 3.7.6.1.2(b).  Effect of temperature on the shear ultimate strength
(Fsu) of 7075-T6, T651, T6510, and T6511 aluminum alloy (all products).
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Figure 3.7.6.1.3(a).  Effect of temperature on the bearing ultimate
strength (Fbru) of 7075-T6, T651, T6510, and T6511 aluminum alloy (all
products).
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Figure 3.7.6.1.3(b).  Effect of temperature on the bearing yield strength
(Fbry) of 7075-T6, T651, T6510, and T6511 aluminum alloy (all products).
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Figure 3.7.6.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of 7075 aluminum alloy.
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Figure 3.7.6.1.5(a).  Effect of temperature on the elongation of 7075-T6, T651, T6510,
and T6511 aluminum alloy (all products except thick extrusions).
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Figure 3.7.6.1.5(b).  Effect of exposure at elevated temperatures on the elongation
of 7075-T6, T651, T6510, and T6511 aluminum alloy (all products except thick
extrusions).
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Figure 3.7.6.1.6(a).  Typical tensile and compressive stress-strain and
compressive tangent-modulus curves for clad 7075-T6 aluminum alloy sheet at
room temperature.
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Figure 3.7.6.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7075-T6 aluminum alloy sheet at 200 F.
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Figure 3.7.6.1.6(c).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7075-T6 aluminum alloy sheet at 300 F.
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Figure 3.7.6.1.6(e).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7075-T6 aluminum alloy sheet at 500 F.
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Figure 3.7.6.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7075-T6 aluminum alloy sheet at 400 F.
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Figure 3.7.6.1.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7075-T6 aluminum alloy sheet at 600 F.
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Figure 3.7.6.1.6(g).  Typical tensile stress-strain curves for 7075-T651 aluminum
alloy plate at room temperature.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-399

0

20

40

60

80

100

0 2 4 6 8 10 12

Strain, 0.001 in./in.

Compressive Tangent Modulus, 10
3
 ksi

S
tr

e
s
s
, 
k
s
i

Ramberg - Osgood

  n (L-comp.) = 16

  n (LT-comp.) = 19

Thickness = 0.250 - 2.000 in.

TYPICAL

  L - compression

  LT - compression

Figure 3.7.6.1.6(h).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7075-T651 aluminum alloy plate at room temperature.
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Figure 3.7.6.1.6(i).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 7075-T62 aluminum alloy plate at room temperature.
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Figure 3.7.6.1.6(j).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 7075-T6 and T651 aluminum alloy rolled-bar, rod, and
shape at room temperature.
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Figure 3.7.6.1.6(k).  Typical tensile stress-strain curves for 7075-T651X aluminum
alloy extrusion at room temperature.
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Figure 3.7.6.1.6(l).  Typical compressive stress-strain and compressive tangent-
modulus curve for 7075-T651X aluminum alloy extrusion at room temperature.
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Figure 3.7.6.1.6(m).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 7075-T62 aluminum alloy extrusion at room
temperature.
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Figure 3.7.6.1.6(n).  Typical tensile stress-strain curve (full range) for clad 7075-T6
aluminum alloy sheet at room temperature.
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Figure 3.7.6.1.6(o).  Typical tensile stress-strain curve (full range) for 7075-T6 and
T651 aluminum alloy rolled or cold-finished bar at room temperature.
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Figure 3.7.6.1.6(p).  Typical tensile stress-strain curves (full range) for 7075-T651X
aluminum alloy extrusion at room temperature.
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Figure 3.7.6.1.6(q).  Typical tensile stress-strain curves (full range) for 7075-T62
aluminum alloy extrusion at room temperature.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-406

Figure 3.7.6.1.8(a).  Best-fit S/N curves for unnotched 7075-T6 aluminum alloy, various
product forms, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(a)

Product Form: 0.75 inch diam. drawn rod, 1.25
inch diam. rolled rod, and 1 x 7.5
inch bar, extruded 1.25 inch bar
and 1.25 inch rod

Properties:      TUS, ksi    TYS, ksi     Temp., F
     82              72         RT     

Specimen Details: Unnotched
Minimum diameter 0.200 inch

Surface Condition:  Unspecified

Reference:  3.7.6.1.8

Test Parameters:
Loading - Axial
Frequency - 30 Hz
Temperature - RT
Environment - Air

No. of Heats/Lots: 8

Equivalent Stress Equation:
Log Nf = 18.22-7.77 log (Seq-10.15)
Seq = Smax (1-R)0.62

Std. Error of Estimate, Log (Life) = 0.626
Standard Deviation, Log (Life) = 1.435
R2 = 81%

Sample Size = 130

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.8(b).  Best-fit S/N curve for notched, Kt = 1.6, 7075-T6 aluminum
alloy rolled bar, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(b)

Product Form: 1.125 inch diam. rolled bar

Properties:   TUS, ksi    TYS, ksi    Temp., F
    99.2              —         RT   

Specimen Details:  Notched, Kt = 1.6
Notch-root-radius = 0.100
Test section diameter (Net) =
  0.400 inches
Gross diameter = 0.450 inch
60  groove

Surface Condition:  Polished to 10 micro-inches

Reference:  3.2.1.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 60 Hz
Temperature - RT
Atmosphere - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 8.26-2.62 log (Seq-15.3)
Seq = Smax (1-R)0.525

Std. Error of Estimate, Log (Life) = 0.418
Standard Deviation, Log (Life) = 0.985
R2 = 82%

Sample Size = 34

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.8(c).  Best-fit S/N curves for notched, Kt = 3.4, 7075-T6 aluminum alloy
rolled bar, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(c)

Product Form: 1.125 inch diam. rolled bar

Properties:      TUS, ksi    TYS, ksi    Temp., F
    96.5            — RT     

Specimen Details:  Notched, Kt = 3.4
Notch-root-radius = 0.010
Test section diameter (Net)
 =  0.400 inch

Gross diameter = 0.450 inch
60  groove

Surface Condition:  Polished to 10 micro-inches

Reference:  3.2.1.1.8(b)

Test Parameters:
Loading - Axial
Frequency - 60 Hz
Temperature - RT
Atmosphere - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.19-3.646 log (Seq-5.36)
Seq = Smax (1-R)0.386

Std. Error of Estimate, Log (Life) = 0.282
Standard Deviation, Log (Life) = 0.782
R2 = 87%

Sample Size = 48

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Fatigue Life, Cycles
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Figure 3.7.6.1.8(d).  Best-fit S/N curves for unnotched 7075-T6 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(d)

Product Form: Bare sheet, 0.090 inch

Properties:      TUS, ksi    TYS, ksi Temp., F
     82              76 RT     

Specimen Details:   Unnotched
 0.5 to 1.0 inch width

Surface Condition:  Electropolished
150 grit emery paper

References:  3.2.3.1.8(a) and (f)

Test Parameters:
Loading - Axial
Frequency - 300 to 1800 cpm
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 14.86-5.80 log (Seq)
Seq = Smax (1-R)0.49

Std. Error of Estimate, Log (Life) = 0.41
Standard Deviation, Log (Life) = 0.92
R2 = 80%

Sample Size = 176

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.8(e).  Best-fit S/N curves for notched, Kt = 1.5, 7075-T6 aluminum
alloy sheet, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(e)

Product Form: Bare sheet, 0.090 inch

Properties:   TUS, ksi    TYS, ksi Temp., F
    82               76 RT     

(unnotched)
    87               — RT     

               (notched) 

Specimen Details:  Edge Notched
3.000 inches gross width
1.500 inches net width
0.760 inch notch radius
60  flank angle

Surface Condition:  Electropolished 

Reference:  3.2.3.1.8(d)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 9.54-3.52 log (Seq-18.7)
Seq = Smax (1-R)0.49

Std. Error of Estimate, Log (Life) = 0.41
Standard Deviation, Log (Life) = 1.00
R2 = 83%

Sample Size = 30

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.8(f).  Best-fit S/N curves for notched, Kt = 2.0, 7075-T6 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(f)

Product Form: Bare sheet, 0.090 inch

Properties:      TUS, ksi    TYS, ksi Temp., F
     82               76 RT     

(unnotched)
     88               — RT     

                                                            (notched) 

Specimen Details:  Notched

Notch       Gross       Net         Notch
Type        Width      Width      Radius
Center       4.50        1.50        1.50
Edge       2.25        1.50        0.3175
Fillet     2.25        1.50        0.1736

Surface Condition:  Electropolished 

References:  3.2.3.1.8(b) and (f)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 7.50-2.46 log (Seq-18.6)
Seq = Smax (1-R)0.54

Std. Error of Estimate, Log (Life) = 0.31
Standard Deviation, Log (Life) = 0.85
R2 = 87%

Sample Size = 112

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.8(g).  Best-fit S/N curves for notched, Kt = 4.0, 7075-T6 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(g)

Product Form: Bare sheet, 0.090 inch

Properties:      TUS, ksi    TYS, ksi Temp., F
   82                 76  RT     

(unnotched)
   82                 —              RT

(notched)

Specimen Details:  Notched

Notch       Gross       Net         Notch
Type        Width      Width      Radius
Edge          2.25        1.500       0.057
Edge          4.10        1.500       0.070
Fillet      2.25        1.500       0.0195

Surface Condition:  Electropolished 

References:  3.2.3.1.8(b), (f), (g), and (h)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 10.2-4.63 log (Seq-5.3)
Seq = Smax (1-R)0.51

Std. Error of Estimate, Log (Life) = 0.51
Standard Deviation, Log (Life) = 1.08
R2 = 78%

Sample Size = 126

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.8(h).  Best-fit S/N curves for notched, Kt = 5.0, 7075-T6 aluminum alloy
sheet, longitudinal direction.

Correlative Information for Figure 3.7.6.1.8(h)

Product Form: Bare sheet, 0.090 inch

Properties:      TUS, ksi    TYS, ksi Temp., F
     82              76         RT     

(unnotched)
     77              —               RT

(notched)

Specimen Details:  Edge Notched
2.25 inch gross width
1.500 inch net width
0.03125 inch notch radius

Surface Condition:  Electropolished 

Reference:  3.2.3.1.8(c)

Test Parameters:
Loading - Axial
Frequency - 1100 to 1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 7.51-2.92 log (Seq-6.7)
Seq = Smax (1-R)0.58

Std. Error of Estimate, Log (Life) = 0.23
Standard Deviation, Log (Life) = 1.08
R2 = 95%

Sample Size = 37

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.6.1.9.  Fatigue-crack-propagation data for 0.090-inch-thick 7075-T6
aluminum alloy sheet with buckling restraint [References 3.7.6.1.9(a) through (e)].

Specimen Thickness: 0.090 inch Environment: Lab air

Specimen Width: 1-1/2 - 12 inches Temperature: RT

Specimen Type: M(T) Orientation: L-T
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Figure 3.7.6.1.10(a).  Residual strength behavior of 0.063-inch-thick 7075-T6
aluminum alloy sheet at room temperature. Crack orientation is T-L [Reference
3.1.2.1.6(f)].

Figure 3.7.6.1.10(b).  Residual strength behavior of 0.063-inch-thick 7075-T6
aluminum alloy sheet at room temperature. Crack orientation is T-L [References
3.1.2.1.6(d) and (f)].
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Figure 3.7.6.1.10(c).  Residual strength behavior of 0.090- and 0.100-inch-thick 7075-
T6 aluminum alloy sheet at room temperature. Crack orientation is L-T [References
3.1.2.1.6(e), (g), and 3.7.6.1.9(e)].

Figure 3.7.6.1.10(d).  Residual strength behavior of 0.100-inch-thick 7075-T6
aluminum alloy sheet at room temperature. Crack orientation is L-T [Reference
3.1.2.1.6(g)].

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-417

Figure 3.7.6.1.10(f).  Residual strength behavior of 0.040-inch-thick 7075-T6 clad
aluminum alloy sheet at room temperature. Crack orientation is L-T [References
3.1.2.1.6(f) and 3.7.6.1.10(f)].

Figure 3.7.6.1.10(e).  Residual strength behavior of 0.313-inch-thick 7075-T6
aluminum alloy  plate at room temperature. Crack orientation is L-T [Reference
3.1.2.1.6(g)].
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Figure 3.7.6.1.10(g).  Residual strength behavior of 0.080-inch-thick 7075-T6 clad
aluminum alloy sheet at room temperature. Crack orientation is L-T [References
3.1.2.1.6(h) and (i)].

Figure 3.7.6.1.10(h).  Residual strength behavior of 0.090-inch-thick 7075-T6 clad
aluminum alloy sheet at room temperature. Crack orientation is L-T [Reference
3.7.6.1.10(f)].
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Figure 3.7.6.2.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 7075-T73 aluminum alloy extrusion at room
temperature.

0

20

40

60

80

100

0 2 4 6 8 10 12

Strain, 0.001 in./in.

Compressive Tangent Modulus, 10
3
 ksi

S
tr

e
s
s
, 
k
s
i

Ramberg - Osgood

  n(L-tension) = 34

n(LT-tension) = 25

n (L-comp.) = 28

  n (LT-comp.) = 28

Thickness = 0.500 - 0.749 in.

  L and LT - compression

  LT - tension
  L - tension

TYPICAL

 L and LT - compression

Figure 3.7.6.2.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for 7075-T7351X aluminum alloy extrusion at room
temperature.
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Figure 3.7.6.2.6(c).  Typical tensile stress-strain curves for 7075-T7352 aluminum
alloy hand forging at room temperature.
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Figure 3.7.6.2.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7075-T7352 aluminum alloy hand forging at room temperature.
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Figure 3.7.6.2.6(e).  Typical tensile stress-strain curves (full range) for 7075-T7351X
aluminum alloy extrusion at room temperature.
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Figure 3.7.6.2.6(f).  Typical tensile stress-strain curves (full range) for 7075-T73
aluminum alloy extrusion at room temperature.
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Figure 3.7.6.2.9(a).  Fatigue-crack-propagation data for 0.250-inch-thick, 7075-
T7351 aluminum alloy plate with buckling restraint [References 3.2.5.1.9(d) and
3.7.6.2.9(a)].

Specimen Thickness: 0.250-inch Environment: 50% R.H.

Specimen Width: 8, 16, 36-inches Temperature: RT

Specimen Type: M(T) Orientation: L-T

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-424

Figure 3.7.6.2.9(b).  Fatigue-crack-propagation data for 0.500-inch-thick, 7075-
T7351 aluminum alloy plate with buckling restraint [References 3.1.2.1.6(j) and
3.7.6.2.9(a) through (c)].

Specimen Thickness: 0.475 to 0.500-inch Environment: 50-95% R.H.

Specimen Width: 6, 8, 16, 36-inches Temperature: RT

Specimen Type: M(T) Orientation: L-T
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Figure 3.7.6.2.9(c).  Fatigue-crack-propagation data for 1.00-inch-thick, 7075-
T7351 aluminum alloy plate without buckling restraint [References 3.2.5.1.9(d) and
3.7.6.2.9(a) and (b)].

Specimen Thickness: 1.00-inch Environment: 50% R.H.

Specimen Width: 6, 8, 16, 36-inches Temperature: RT

Specimen Type: M(T), C(T) Orientation: L-T
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Figure 3.7.6.2.10(a).  Residual strength behavior of 0.600-inch-thick 7075-T7351
aluminum alloy plate at room temperature. Crack orientation is L-T [Reference
3.1.2.1.6(g)].

Figure 3.7.6.2.10(b).  Residual strength behavior of 1.00-inch-thick 7075-T7351
aluminum alloy plate at room temperature. Crack orientation is L-T [Reference
3.1.2.1.6(j)].

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-427

Table 3.7.7.0(a).  Material Specifications for 7150 Aluminum
Alloy

Specification Form

AMS 4306 
AMS 4252 
AMS 4307 
AMS 4345 

Bare plate
Bare plate
Extrusion
Extrusion

3.7.7 7150 ALLOY

3.7.7.0 Comments and Properties — 7150, a second-generation version of 7050, is an Al-Zn-
Mg-Cu-Zr alloy developed to provide higher strength properties than 7050 in thicknesses through 3 inches.
7150 is available in the form of plate and extrusion.  The T61-type temper provides high strength with
guaranteed levels of fracture toughness for plate.  The T77-type temper provides high strength with
guaranteed toughness and corrosion resistance.  The T77-type temper has exfoliation and stress-corrosion
resistance comparable to the T76-type temper of the other 7000 series aluminum alloys.  Refer to
Section 3.1.2.3 for further comments regarding resistance of the alloy to stress-corrosion cracking.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

Material specifications for 7150 are shown in Table 3.7.7.0(a).  Room-temperature mechanical
properties are presented in Tables 3.7.7.0(b1) through (c2).

The temper index for 7150 is as follows:

Section Temper
3.7.7.1           T6151 and T61511 
3.7.7.2           T7751 and T77511

3.7.7.1 T6151 and T61511 Tempers — Figures 3.7.7.1.6(a) and (b) present stress-strain and
tangent-modulus curves for bare plate.  Figures 3.7.7.1.6(c) and (d) depict stress-strain and tangent-modulus
curves for extrusion.

3.7.7.2 T7751 and T77511 Tempers — Figures 3.7.7.2.6(a) and (b) present stress-strain and
tangent-modulus curves for bare plate.  Figures 3.7.7.2.6(c) and (d) depict stress-strain and tangent-modulus
curves for extrusion.
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Table 3.7.7.0(b1).  Design Mechanical and Physical Properties of 7150 Plate

Specification . . . . . . . . AMS 4306

Form . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . T6151

Thickness, in. . . . . . . . 0.750-1.000 1.001-1.500

Basis . . . . . . . . . . . . . . A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

85
84

87
87

86
85

87
86

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

79
77

81
79

80
76

81
78

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .

77
81
45

80
83
47

75
80
46

77
82
46

Fbru
a, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

121
155

125
160

123
156

124
158

Fbry
a, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

102
119

105
122

101
118

104
121

e, percent (S-basis):
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

9
9

...

...
9
9

...

...

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

10.2
10.6
3.9

0.33

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, Btu/(lb)( F) . . . . .
0.102

...

a  Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Table 3.7.7.0(b2).  Design Mechanical and Physical Properties of 7150 Plate

Specification . . . . . . . . . . AMS 4252

Form . . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . . T7751

Thickness, in. . . . . . . . . . 0.250-0.499 0.500-0.749 0.750-1.500 1.501-3.000

Basis . . . . . . . . . . . . . . . . S S S A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent: (S-basis)
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . .

 80
 80
...

 74
 74
...

 74
 77
 46

119
154

102
117

  8
  8
...

 83
 83
...

 77
 76
...

 76
 79
 47

124
160

105
120

  8
  8
...

 84
 84
...

 78
 77
...

 77
 81
 48

125
162

106
121

  8
  8
...

 82
 82a

 77a

 76
 75a

 67a

 75
 79
 47

122
158

104
118

  7
  6
  1

84
84
81

78
77
71

77
82
48

125
162

108
123

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.3
10.7
 3.9 
 0.33

Physical Properties:
, lb./in.3 . . . . . . . . . . .

C, K, and . . . . . . . . .
0.102

...

a S-basis values.  The rounded T99 values are as follows: Ftu(LT)=83 ksi, Ftu(ST)=78 ksi, Fty(LT)=76 ksi, Fty(ST)=68 ksi. 
b Bearing values are “dry pin” values per Section 1.4.7.1.  See Table 3.1.2.1.1.
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Table 3.7.7.0(c1).  Design Mechanical and Physical Properties of 7150 Aluminum Alloy
Extrusion

Specification . . . . . . . . . . . . . . . . . . . AMS 4307

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . . . . . . . . . . . . . T61511

Thickness or Diameter,a in . . . .
0.250-
0.499

0.500-
0.749

0.750-
0.999

1.000-
1.499

1.500-
2.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . S S S A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . . . .

 87
 80

 82
 73

 80
 80
 44

119
152

100
118

  8

 88
 79

 83
 73

 81
 80
 45

120
153

100
120

  9

 89
 79

 84
 73

 82
 80
 45

120
154

100
120

  8

 89
 85

 83
 77

 82
 77
 44

118
152

 96
117

  8

 94
 86

 88
 78

 87
 81
 46

125
161

102
124

...

 89
 74

 84
 68

 84
 75
 42

116
150

 94
117

  8

E, 103 ksi . . . . . . . . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
11.0
 4.0 
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . . .

0.102
...

a  The mechanical properties are to be based upon the thickness at the time of quench.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.7.0(c2).  Design Mechanical and Physical Properties of 7150 Aluminum Alloy
Extrusion

Specification . . . . . . . . . . . . . . . . . . AMS 4345

Form . . . . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Temper . . . . . . . . . . . . . . . . . . . . . . . . T77511

Cross-Sectional Area, in2
. . . . . 20

Thickness or Diameter,a in. . . . 0.249 0.250-0.499 0.500-0.749 0.750-2.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . A B A B S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .

LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . .

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .

(e/D = 2.0) . . . . . . . . . . . . . . . .

e, percent (S-Basis):
L . . . . . . . . . . . . . . . . . . . . . . . . . .

 85b

 81

 78b

 74

 78b

 76
 44

122
158

100
118

  7

88
84

83
79

82
81
46

126
163

106
125

...

 87c

 82c

 82c

 76c

 82c

 80
 45

124
161

105
124

  8

89
86

84
79

85
82
46

127
165

108
127

...

 88
 83

 83
 79

 83
 81
 46

125
162

106
125

  9

 89
 83

 84
 78

 84
 82
 46

123
159

108
127

  8

E, 103 ksi . . . . . . . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.9
 4.0 
 0.33

Physical Properties:
, lb/in.3

. . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . .

0.102
...

a  The mechanical properties are to be based upon the thickness at the time of quench.

b  S basis. The rounded T99 values for Ftu,(L )= 87 ksi, for Fty(L) = 81 ksi, and for Fcy(L) = 79ksi.

c  S basis. The rounded T99 values for Ftu(L) = 88 ksi, for Ftu(LT) = 84 ksi, for Fty (L) =  82 ksi, for Fty (LT) = 77 ksi, and

    for Fcy (L) =  82 ksi.
d  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.7.1.6(a).  Typical tensile stress-strain curves for 7150-T6151 aluminum
alloy plate at room temperature.
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Figure 3.7.7.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7150-T6151 aluminum alloy plate at room temperature.
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Figure 3.7.7.1.6(c).  Typical tensile stress-strain curves for 7150-T61511 aluminum
alloy extrusion at room temperature.
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Figure 3.7.7.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7150-T61511 aluminum alloy extrusion at room temperature.
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Figure 3.7.7.2.6(a).  Typical tensile stress-strain curves for 7150-T7751 aluminum
alloy plate at room temperature.
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Figure 3.7.7.2.6(b).  Typical compressive stress-strain and tangent-modulus curves
for 7150-T7751 aluminum alloy plate at room temperature.
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Figure 3.7.7.2.6(c).  Typical tensile stress-strain curves for 7150-T77511 aluminum
alloy extrusion at room temperature.
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Figure 3.7.7.2.6(d).  Typical compressive stress-strain and tangent-modulus curves
for 7150-T77511 aluminum alloy extrusion.
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Fatigue Life, Cycles
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Figure 3.7.7.2.8(a).  Best-fit S/N curves for unnotched 7150-T77511 aluminum alloy
extrusion, longitudinal orientation.

Correlative Information for Figure 3.7.7.2.8(a).

Product Forms: Extruded shape, 1.125 inch,
1.45 inch

Properties: TUS, ksi    TYS, ksi   Temp., F
     89             84  RT

Specimen Details: Unnotched
Round, 0.3 inch diameter,
removed from center of
section

Surface Condition: Polished to 10 micro-inch or
better

Reference: 3.7.7.2.8

Test Parameters:
Loading - Axial 
Frequency - 25 Hz
Temperature - RT
Environment - Air

No. of Heats/Lots:  2

Fatigue Life Equation:
Log Nf = 21.89 - 9.32 log (Smax)
Std. Error of Estimate, Log (Life) = 0.321
Standard Deviation, Log (Life) = 0.753
R2 = 81.8%

Sample Size:  16
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Fatigue Life, Cycles
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Figure 3.7.7.2.8(b).  Best-fit S/N curves for unnotched 7150-T77511 aluminum alloy
extrusion, long transverse orientation.

Correlative Information for Figure 3.7.7.2.8(b).

Product Forms: Extruded shape, 1.125 inch,
1.45 inch

Properties: TUS, ksi   TYS, ksi   Temp., F
     83            78    RT

Specimen Details: Unnotched
Round, 0.3 inch diameter,
removed from center of
section

Surface Condition: Polished to 10 micro-inch
      or better

Reference: 3.7.7.2.8

Test Parameters:
Loading - Axial
Frequency - 25 Hz
Temperature - RT 
Environment - Air

No. of Heats/Lots:  2

Fatigue Life Equation:
Log Nf = 17.98 - 7.57 log (Smax)
Std. Error of Estimate, Log (Life) = 22.53(1/S max)
Standard Deviation, Log (Life) = 0.977
R2 = 74.4 %

Sample Size:  10
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Fatigue Life, Cycles
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Figure 3.7.7.2.8(c).  Best-fit S/N curves for notched, Kt = 3.0, 7150-T77511 aluminum
alloy extrusion, longitudinal and long transverse orientations.

Correlative Information for Figure 3.7.7.2.8(c).

Product Forms: Extruded shape, 1.125 inch,
1.45 inch

Properties: TUS, ksi  TYS, ksi  Temp., F
Longitudinal 89           84 RT
Long Transverse 83           78 RT

Specimen Details: Circumferentially notched,
     Kt = 3.0 round, 
0.253 inch net diameter,

 0.013 inch root radius,
     removed from center of
     section

Surface Condition: Notch

Reference: 3.7.7.2.8

Test Parameters:
Loading - Axial
Frequency - 25 Hz
Temperature - RT
Environment - Air

No. of Heats/Lots:  2

Fatigue Life Equation:
Log Nf = 5.71 - 1.31 log (Smax  - 16.92)
Std. Error of Estimate, Log (Life) = 4.51 (1/S max)
Standard Deviation, Log (Life) = 0.750
R2 =  92.4%

Sample Size:  25
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Table 3.7.8.0(a).  Material Specifications for 7175 Aluminum
Alloy

Specification Form

AMS 4148 
AMS 4149 
AMS 4179 
AMS-A-22771
AMS 4344 

Die forging
Die and hand forging
Hand forging
Forging
Extrusion

3.7.8 7175 ALLOY

3.7.8.0  Comments and Properties — 7175 is a high-purity, high-strength Al-Zn-Mg-Cu alloy.
In the form of die forgings the alloy is available in the T66, T74, and T7452 tempers.  Die forgings of 7175-
T66 develop higher static strength than 7075-T6 forgings with fatigue, fracture, and stress-corrosion
properties about equivalent to those of 7075-T6 forgings.  7175-T74-type die and hand forgings develop static
strengths about equivalent to those of 7075-T6 forgings, with toughness and fatigue properties equal or
superior to those of 7075-T73 forgings.  The T74-type temper provides stress-corrosion resistance and
strength characteristics intermediate to those of T76 and T73 in 7075.  Refer to Section 3.1.2.3 for comments
regarding the resistance of the alloy to stress-corrosion cracking, and to Section 3.1.3.4 for comments
regarding the weldability of the alloy.

The properties of extrusions should be based upon the thickness at the time of quenching prior to
machining.  Selection of the mechanical properties based upon its final machined thickness may be
unconservative; therefore, the thickness at the time of quenching to achieve properties is an important factor
in the selection of the proper thickness column.  For extrusions having sections with various thicknesses,
consideration should be given to the properties as a function of thickness.

Material specifications for 7175 are presented in Table 3.7.8.0(a).  Room-temperature mechanical
and physical properties are shown in Tables 3.7.8.0(b) through (d).

The temper index for 7175 is as follows:

Section Temper
3.7.8.1 T73511
3.7.8.2 T74 and T7452 (formerly T736 and T73652)

3.7.8.1 T73511 Temper — Figures 3.7.8.1.6(a) and (b) show tensile and compressive stress-
strain and tangent-modulus curves for extrusion.  Figures 3.7.8.1.8(a) through (d) present fatigue curves for
extrusion.

3.7.8.2 T74 and T7452 Tempers — Figures 3.7.8.2.6(a) through (f) present tensile and com-
pressive stress-strain and tangent-modulus curves for die and hand forging.  Figures 3.7.8.2.8(a) and (b)
present fatigue curves for die and hand forging.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-440

Table 3.7.8.0(b).  Design Mechanical and Physical Properties of 7175 Aluminum Alloy
Die Forging

Specification . . . . . . . . . AMS 4148 AMS 4149

Form . . . . . . . . . . . . . . . Die forging

Temper . . . . . . . . . . . . . T66 T74a,b

Thickness, in. . . . . . . . .
3.000 <1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

Basis . . . . . . . . . . . . . . . S S A B S S S S

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru

e, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
e, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
Tc . . . . . . . . . . . . . . . .

86
77

76
66

...

...

...

...

...

...

...

 7
 4

 76
 71

 66
 62

 67
 63
 43

106
140

 86
102

  7
  4

 74
 71d

 64
 62d

 65
 61
 42

105
137

 84
 99

  7
  4

 77
...

 67
...

 68
 64
 44

109
142

 88
103

...

...

 76
 71

 66
 62

 67
 63
 43

106
140

 86
102

  7
  4

73
70

63
60

...

...

...

...

...

...

...

 7
 4

70
68

61
58

...

...

...

...

...

...

...

 7
 4

68
65

58
55

...

...

...

...

...

...

...

 7
 4

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.2
10.7
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] 

, 10-6 in./in./ F . . . . . .

0.101
0.23 (at 212 F)

76 (at 77 F for T66); 90 (at 77 F for T736)
12.9 (68 to 212 F)

a When die forgings are machined before heat treatment, section thickness at time of heat treatment will determine minimum
    mechanical properties as long as original (as-forged) thickness does not exceed maximum thickness for the alloy as shown in
    the table.
b  Design allowables were based upon data obtained from testing die forgings, heat treated by suppliers, and supplied in T74
    temper.
c  T indicates any grain direction not within ±15  of being parallel to the forging flow lines.  Fcy(T) values are based upon short
    transverse (ST) test data.
d  Specification value.  T tensile properties are presented on an S basis only.
e  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.8.0(c1).  Design Mechanical and Physical Properties of 7175 Aluminum Alloy
Hand Forging

Specification . . . . . . . . . . . . . . AMS 4149 and AMS-A-22771

Form . . . . . . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . . . . . . T74

Thickness or Diametera,b, in. . .
1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

Basis . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . .

Fsu, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . .

Fbru
c, ksi:

(e/D = 1.5) . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . .

73
71
...

63
60
...

63
62
61

43
42
42

106
138

73
89

9
5
...

73
71
69

63
60
60

63
63
62

43
42
42

106
138

78
94

9
5
4

71
70
68

61
58
57

61
61
60

43
41
41

104
136

80
95

9
5
4

68
67
66

57
56
55

59
60
59

41
39
39

100
131

81
95

8
5
4

65
64
63

54
52
52

55
56
55

39
38
38

95
125

76
90

8
5
4

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . .

10.2
10.6
 3.9

 0.33 

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . .

 10-6 in./in./ F . . . . . . . . . . .

0.101
0.23 (at 212 F)

90 (at 77 F)
12.9 (68 to 212 F)

a When hand forgings are machined before heat treatment, the section thickness at time of heat treatment will determine the
    minimum mechanical properties as long as the original (as-forged) thickness does not exceed the maximum thickness for
    the alloy as shown in the table.
b  The maximum cross-sectional area of hand forgings in 256 sq. in.
c  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.8.0(c2).  Design Mechanical and Physical Properties of 7175 Aluminum Alloy
Hand Forging

Specification . . . . . . . . . . . . . AMS 4149 and AMS-A-22771

Form . . . . . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . . . . . T7452

Thickness or Diametera, in. . .
1.001-
2.000

2.001-
3.000

3.001-
4.000

4.001-
5.000

5.001-
6.000

Basis . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fsu, ksi: 
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

71
69
...

61
58
...

58
61
60

38
38
40

102
133

80
95

9
5
...

71
69
67

61
58
54

58
61
60

39
39
41

102
133

82
98

9
5
4

68
67
65

57
55
51

55
57
57

39
38
40

99
130

80
95

9
5
4

65
64
63

54
52
49

52
54
54

38
38
39

95
124

76
92

8
5
4

63
61
60

51
49
46

49
50
51

37
36
38

90
118

72
87

8
5
4

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . .

10.2
10.5
 3.9

 0.33 

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . .

, 10-6 in./in./ F . . . . . . . . .

0.101
0.23 (at 212 F)
90 (AT 77 F)

12.9 (68 to 212 F)

a  The maximum cross-sectional area of hand forgings is 256 sq.in.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.8.0(d).  Design Mechanical and Physical Properties of 7175 Aluminum
Alloy Extrusion

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 4344

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Extrusion

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T73511

Cross-Sectional Area, in2 . . . . . . . . . . . . . . . . . . . 32-65

Thickness or Diameter,a in. . . . . . . . . . . . . . . . . . . 0.250-0.999 1.000-2.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

69
63

69
63

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

59
52

59
52

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

...

...

...

59
59
40

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . .

...

...
97

125

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . .

...

...
79
95

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

...

...
8
4

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

10.1
10.5
3.9

 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . . . . . . . . . . .

0.101
0.23 (at 212 F)

...
12.9 (68 to 212 F)

a The mechanical properties are to be based upon the thickness at the time of quench.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.8.1.6(a).  Typical tensile stress-strain curves for aluminum alloy 7175-
T73511 extrusion at room temperature.
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Figure 3.7.8.1.6(b).  Typical compressive stress-strain and tangent-modulus curves
for aluminum alloy 7175-T73511 extrusion at room temperature.
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Figure 3.7.8.1.8(a).  Best-fit S/N curves for unnotched 7175-T73511 alloy extrusion,
longitudinal direction.

Correlative Information for Figure 3.7.8.1.8(a)

Product Form: Extrusion 1.8 inch thick,
extruded round, 3.75 inch
diameter, extruded rectangle, 2.5
x 5 inch thick, extrusion,
unspecified size

Properties:    TUS, ksi     TYS, ksi Temp., F
  76                67 70     

Specimen Details: 0.25 inch minimum diame-
ter hourglass gage section
30 inch diameter

Surface Condition: 32 RMS gage section
specified

References:  3.7.8.1.8(a), (b), and (c)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - 70 F
Environment - Air

No. of Heats/Lots: 11

Equivalent Stress Equation:
Log Nf = 12.01-5.26 log (Seq)
Seq = Sa + 0.32Sm - 15.04
Std. Error of Estimate, Log (Life) = 18.44(1/Seq)
Standard Deviation, Log (Life) = 1.35 
R2 = 58%

Sample Size = 96

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Fatigue Life, Cycles
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        - 1.00+
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t
=3.0

        Runout

         on net section.

Note:   Stresses are based

Figure 3.7.8.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0, 7175-T73511 alloy
extrusion, longitudinal direction.

Correlative Information for Figure 3.7.8.1.8(b)

Product Form: Extrusion 1.8 inch thick, extruded
round, 3.75 inch diameter,
extruded rectangle, 2.5 x 5 inch
thick, extrusion, unspecified size

Properties:  TUS, ksi    TYS, ksi Temp., F
   76             67 70     

Specimen Details: Circumferential notch, Kt = 3
0.50 inch gross diameter
0.36 inch net diameter
0.0005 inch notch radius
Circumferential 60  V
notch

References:  3.7.8.1.8(a), (b), and (c)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - 70 F
Environment - Air

No. of Heats/Lots: 11

Equivalent Stress Equation:
Log Nf = 6.50-2.25 log (Seq)
Seq = Sa + 0.20Sm - 7.21
Std. Error of Estimate, Log (Life) = 3.92(1/Seq)
Standard Deviation, Log (Life) = 1.51
R2 = 91%

Sample Size = 86

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Fatigue Life, Cycles
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Figure 3.7.8.1.8(c).  Best-fit S/N curves for notched, Kt = 5.0, 7175-T73511 alloy
extrusion, longitudinal direction.

Correlative Information for Figure 3.7.8.1.8(c)

Product Form: Extrusion 1.8 inch thick

Properties:  TUS, ksi    TYS, ksi Temp., F
   76              67 70     

Specimen Details: Circumferential notch, Kt = 5
0.50 inch gross diameter
0.36 inch net diameter
0.0005 inch notch radius

References:  3.7.8.1.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - 70 F
Environment - Air

No. of Heats/Lots: 10

Equivalent Stress Equation:
Log Nf = 7.63-2.78 log (Seq-7.3)
Seq = Smax(1-R)0.56

Std. Error of Estimate, Log (Life) = 3.71(1/Seq)
Standard Deviation, Log (Life) = 1.45
R2 = 90%

Sample Size = 136

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Fatigue Life, Cycles
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Figure 3.7.8.1.8(d).  Best-fit S/N curves for notched, Kt = 7.0, 7175-T73511 alloy
extrusion, longitudinal direction.

Correlative Information for Figure 3.7.8.1.8(d)

Product Form: Extrusion 1.8 inch thick

Properties:      TUS, ksi     TYS, ksi Temp., F
   76               67 70      

Specimen Details: Circumferential notch, Kt = 7
0.50 inch gross diameter
0.36 inch net diameter
0.0005 inch notch radius

References:  3.7.8.1.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - Not specified
Temperature - 70 F
Environment - Air

No. of Heats/Lots: 9

Equivalent Stress Equation:
Log Nf = 7.15-2.78 log (Seq)
Seq = Sa + 0.27Sm - 2.88
Std. Error of Estimate, Log (Life) = 
    0.11 + 1.60 (1/Seq)
Standard Deviation, Log (Life) = 1.55
R2 = 92%

Sample Size = 63

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-449

Compressive Tangent Modulus, 103 ksi.
Strain, 0.001 in./in.
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Figure 3.7.8.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7175-T74 aluminum alloy die forging at room temperature.
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Figure 3.7.8.2.6(a).  Typical tensile stress-strain curves for 7175-T74 aluminum alloy
die forging at room temperature.
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Figure 3.7.8.2.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7175-T74 aluminum alloy hand forging at room temperature.
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Figure 3.7.8.2.6(c).  Typical tensile stress-strain curves for 7175-T74 aluminum alloy
hand forging at room temperature.
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Figure 3.7.8.2.6(e).  Typical tensile stress-strain curves for aluminum alloy 7175-T7452
hand forging at room temperature.
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Figure 3.7.8.2.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for aluminum alloy 7175-T7452 hand forging at room temperature.
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Figure 3.7.8.2.8(a).  Best-fit S/N curves for notched, Kt=3.0, 7175-T74 alloy die
forging, longitudinal direction.

Correlative Information for Figure 3.7.8.2.8(a)

Product Form: Die forging, 2.0 to 3.0 inch thick,
unspecified thickness

Properties:      TUS, ksi     TYS, ksi
  77-82          69-75

Specimen Details: Circumferential notch, Kt = 3
0.30 inch gross diameter
0.25 inch net diameter
Rectangular notched 0.10 x
0.20 inch

Surface Condition: Not specified

References: 3.2.5.1.9(d), 3.7.2.1.8(c), (d),
3.7.8.2.8(a), (b), and (c)

Test Parameters:
Loading - Axial
Frequency - 1200 cpm unspecified
Temperature - 70 F
Environment - Air

No. of Heats/Lots: 13

Equivalent Stress Equation:
Log Nf = 7.88-3.09 log (Seq-7.15)
Seq = Sa + 0.37Sm

Std. Error of Estimate, Log (Life) = 7.38 (1/Seq)
Standard Deviation, Log (Life) = 1.95
R2 = 83%

Sample Size = 137

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 3.7.8.2.8(b).  Best-fit S/N curves for unnotched 7175-T74 alloy hand forging,
longitudinal and transverse directions.

Correlative Information for Figure 3.7.8.2.8(b)

Product Form: Hand forging, 2.0 to 6.25 inch
thick

Properties:      TUS, ksi     TYS, ksi Temp., F
  71-77          60-68 70      

Specimen Details: Uniform gage length
3.0 inch diameter
Hourglass gage section
0.25 inch minimum 
diameter

References:  3.2.5.1.9(d) 3.7.2.1.8(c) and (d)

Test Parameters:
Loading - Axial
Frequency - 1200 cpm
Temperature - 20 F
Environment - Air

No. of Heats/Lots: Not Specified

Equivalent Stress Equation:
Log Nf = 21.15-9.49 log (Seq)
Seq = Smax (1-R)
Std. Error of Estimate, Log (Life) = 23.33(1/Seq)
Standard Deviation, Log (Life) = 1.55
R2 = 76%

Sample Size: 50

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Table 3.7.9.0(a).  Material Specification for 7249
Alloy

Specification Form

AMS 4334 Hand forging

3.7.9 7249 ALLOY

3.7.9.0 Comments and Properties — 7249 is an Al-Zn-Mg-Cu-Cr alloy developed as a
derivative from alloy 7149.  Alloy 7249  has tighter compositional tolerances on its major constituents and
lowered maximums on the interstitials such as Si, Fe, Mn, and Ti than alloy 7149.

7249-T7452 was developed as a replacement material for 7075-T6 forgings, which are susceptible
to stress-corrosion cracking and exfoliation. 7249 also has higher strength at the higher thickness ranges and
higher ductility than 7075-T6.

Material specifications for 7249 are shown in Table 3.7.9.0(a).  Room temperature mechanical
properties are shown in Table 3.7.9.0(b).

The temper index for 7249 is as follows:

Section Temper
3.7.9.1 T7452

3.7.9.1 T7452 Temper — Figures 3.7.9.1.6(a) and (b) presents the typical tensile and compressive
stress-strain curves and compressive tangent-modulus curves at room temperature.  Figure 3.7.9.1.6(c)
presents the full range stress-strain curves for hand forged material at room temperature.
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Table 3.7.9.0(b).  Design Mechanical and Physical Properties of 7249 Aluminum Alloy
Hand Forging
Specification . . . . . . . . . AMS 4334

Form . . . . . . . . . . . . . . . Hand forging

Temper . . . . . . . . . . . . . T7452

Thickness, in. . . . . . . . . 1.500
1.501-
2.000

2.001-
2.500

2.501-
3.000

3.001-
3.500

3.501-
3.900

3.901-
4.500

4.501-
5.000

5.001-
5.500

5.501-
6.000

Basis . . . . . . . . . . . . . . . S S S S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . 76 75 74 73 72 71 69 68 67 66

     LT . . . . . . . . . . . . . . 76 75 74 73 72 71 69 68 67 66

     ST . . . . . . . . . . . . . . ... ... ... ... 72 71 69 68 67 66

Fty, ksi:

     L . . . . . . . . . . . . . . . 68 67 66 64 63 61 59 58 56 55

     LT . . . . . . . . . . . . . . 68 67 66 64 63 61 59 58 56 55

     ST . . . . . . . . . . . . . . ... ... ... ... 59 58 57 56 54 53

Fcy, ksi:

     L . . . . . . . . . . . . . . . 66 65 64 62 61 59 57 56 54 53

     LT . . . . . . . . . . . . . . 70 69 68 66 65 63 61 60 58 57

     ST . . . . . . . . . . . . . . 73 72 71 68 67 65 63 62 60 59

Fsu, ksi:

     La . . . . . . . . . . . . . . . 49 48 47 47 46 46 44 44 43 42

     LTa . . . . . . . . . . . . . . 47 46 46 45 45 44 43 42 41 41

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . . 107 106 104 103 101 100 97 96 94 93

     (e/D = 2.0) . . . . . . . . 137 135 134 132 130 128 125 123 121 119

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . . 94 93 91 88 87 84 82 80 77 76

     (e/D = 2.0) . . . . . . . . 109 107 106 102 101 98 94 93 90 88

e, percent:

     L . . . . . . . . . . . . . . . 12 12

     LT . . . . . . . . . . . . . . 10 10

     ST . . . . . . . . . . . . . . ...  5

E, 103 ksi . . . . . . . . . . 10.1

Ec, 103 ksi . . . . . . . . . 10.4

G, 103 ksi . . . . . . . . . .  3.8

µ . . . . . . . . . . . . . . . .    0.33

Physical Properties:

, lb/in.3 . . . . . . . . . . ...

C, K, and . . . . . . . . ...

a  Determined in accordance with ASTM B769. 
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.9.1.6(a).  Typical tensile stress-strain curves for 7249-T7452 aluminum
alloy hand  forging at room temperature.
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Figure 3.7.9.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7249-T7452 aluminum alloy hand forging at room temperature.
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Figure 3.7.9.1.6(c).  Typical tensile stress-strain curves (full range) for 7249-T7452
aluminum alloy hand forging at room temperature.
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Table 3.7.10.0(a).  Material Specifications for 7475 Alumi-
num Alloy

Specification Form

AMS 4084 Bare sheet

AMS 4085 Bare sheet

AMS 4090 Bare plate

AMS 4089 Bare plate

AMS 4202 Bare plate

AMS 4207 Clad sheet

AMS 4100 Clad sheet

3.7.10 7475 ALLOY

3.7.10.0 Comments and Properties — 7475 is an Al-Zn-Mg-Cu alloy developed for
applications requiring the high strength of 7075 but having fracture toughness superior to that of 7075.  Sheet
is available in the T61 and T761 tempers and plate in the T651 and T7651 tempers.  Sheet has strength
approximately the same as that of 7075 combined with toughness about the same as 2024-T3 at room tem-
perature.  Plate has strengths similar to those of corresponding tempers of 7075; the toughness of 7475-T651
equals or exceeds that of 7075-T7351.

Resistance to stress-corrosion cracking and exfoliation are comparable to that of 7075.  The T73-type
temper provides for much improved stress-corrosion resistance over T6-type temper with a decrease in
strength.  The T76-type temper provides for improved exfoliation resistance and stress-corrosion resistance
over T6-type temper with some decrease in strength.  Refer to Section 3.1.2.3.1 for information regarding
resistance to stress-corrosion cracking.

Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

Material specifications are shown in Table 3.7.10.0(a).  Room-temperature mechanical and physical
properties are shown in Tables 3.7.10.0(b) through (d).

The temper index for 7475 is as follows:

Section     Temper
3.7.10.1 T61 and T651
3.7.10.2 T7351
3.7.10.3 T761 and T7651

3.7.10.1 T61 and T651 Tempers — Figures 3.7.10.1.6(a) through (f) present tensile and com-
pressive stress-strain and tangent-modulus curves for T61 sheet and T651 plate.  Figure 3.7.10.1.6(g) contains
full-range tensile curves for T61 sheet.  Fatigue data for sheet are shown in Figures 3.7.10.1.8(a) through (c).
Graphical displays of the residual behavior strength of middle-tension panels are presented in Figures
3.7.10.1.10(a) through (d).

3.7.10.2 T7351 Temper — Figures 3.7.10.2.6(a) and (b) present tensile and compressive stress-
strain and tangent-modulus curves for T7351 plate.  Fatigue data for 7475-T7351 plate are presented in
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Figures 3.7.10.2.8(a) and (b).  Figures 3.7.10.2.9(a) and (b) present fatigue-crack-propagation data for T7351
plate.

3.7.10.3 T761 and T7651 Tempers — Figures 3.7.10.3.6(a) through (j) present tensile and
compressive stress-strain and tangent-modulus curves for T761 bare and clad sheet and T7651 plate.  Figures
3.7.10.3.6(k) and (1) contain full-range tensile stress-strain curves for T761 bare and clad sheet, respectively.
Fatigue data for 7475-T761 sheet are presented in Figures 3.7.10.1.8(a) through (c).  Fatigue data for 7475-
T7651 plate are shown in Figure 3.7.10.2.8(b).  Graphical displays of the residual strength behavior of
middle-tension panels are presented in Figures 3.7.10.3.10(a) and (b).                                           
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Table 3.7.10.0(b).  Design Mechanical and Physical Properties of 7475 Aluminum Alloy Sheet and Plate

Specification . . . . . . . . . AMS 4084 AMS 4090 AMS 4085 AMS 4089

Form . . . . . . . . . . . . . . . Sheet Plate Sheet Plate

Temper . . . . . . . . . . . . . T61 T651 T761 T7651

Thickness, in. . . . . . . . . 0.040-0.249 0.250-0.499 0.500-1.000 1.001-1.500 0.040-0.062 0.063-0.187 0.188-0.249 0.250-0.499 0.500-1.000 1.001-1.500

Basis . . . . . . . . . . . . . . . S S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

 75
 75

 66
 64

 64
 68
 45

120
154

 97
110

  9
  9

 77
 78

 69
 67

 67
 70
 44

113
144

 91
106

 10
 10

 77
 78

 70
 68

 68
 71
 43

113
144

 93
107

  9
  9

 77
 78

 70
 68

 67
 71
 41

113
144

 93
107

 9
  9 

 71
 71

 61
 60

 60
 61
 43

112
143

 90
104

  9
  9

 71
 71

 61
 60

 59
 63
 42

112
143

 90
104

  9
  9

 71
 71

 61
 60

 58
 63
 41

111
142

 90
104

  9
  9

 70
 71

 60
 60

 60
 63
 41

104
136

 82
 97

  9
  9

 69
 70

 59
 59

 59
 62
 39

103
134

 81
 95

  8
  8

 69
 70

 59
 59

 59
 59
 37

103
134

 81
 95

  6
  6

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.0
10.5
 3.8 
 0.33

10.2
10.6
 3.9 
 0.33

10.0
10.5
 3.8 
 0.33

10.2
10.6
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, K, and  . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . .

0.101
0.23 (at 212 F)

80 (at 77 F) for T61 and T651; 90 (at 77 F) for T761 and T7651
12.9 (68 to 212 F)

a  See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.10.0(c).  Design Mechanical and Physical Properties of 7475 Aluminum Alloy
Plate

Specification . . . . . . . . . AMS 4202

Form . . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . . T7351

Thickness, in. . . . . . . . .
0.250-
1.500

1.501-
2.000

2.001-
2.500

2.501-
3.000

3.001-
3.500

3.501-
4.000

Basis . . . . . . . . . . . . . . . A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

 70
 71
66a

72
73
70a

 70
 70
 65

 71
 72
 69

 68
 68
 65

 70
 70
 69

 68
 68
 65

 69
 69
 68

 64
 64
 63

 67
 68
 67

 64
 64
 63

 66
 67
 66

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

 59
 60
54a

62
62
57a

 58
 58b

 53

 60
 61
 56

 56
 56
 53

 59
 59
 56

 56
 56
 53

 58
 58
 55

 52
 52
 50

 56
 56
 53

 52
 52
 50

 54
 54
 52

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .

 58
 61
 62a

 41

60
63
64a

42

 56
 60
 60
 42

 59
 63
 63
 43

 54
 58
 58
 41

 57
 61
 61
 42

 53
 58
 58
 41

 55
 60
 60
 42

 49
 54
 54
 39

 53
 58
 58
 42

 49
 54
 54
 39

 51
 56
 56
 41

Fbru
c, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

102
132

105
136

103
134

106
138

101
131

104
135

101
131

103
134

 97
125

102
133

 97
125

101
131

Fbry
c, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

 81
 97

 84
101

 82
 97

 86
102

 81
 95

 84
100

 81
 95

 84
 99

 77
 89

 82
 96

 77
 89

 80
 93

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . .

 10
  9
  4b

...

...

...

 10
  8
  4

...

...

...

 10
  8
  4

...

...

...

 10
  8
  3

...

...

...

 10
  8
  3

...

...

...

  9
  7
  3

...

...

...

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . .
G, 103 ksi . . . . . . . . . .
µ . . . . . . . . . . . . . . . . .

10.3
10.6

3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . .

0.101
0.21 (at 212 F)

94 (at 77 F)
13.0 (68 to 212 F)

a  Values applicable to 1.500-inch thickness only.
b  S-basis.  The rounded T99 value for Fty(LT) = 59 ksi.
c  See Table 3.1.2.1.1.  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.7.10.0(d).  Design Mechanical and Physical Properties of Clad 7475 Aluminum
Alloy Sheet

Specification . . . . . . . . . AMS 4207 AMS 4100

Form . . . . . . . . . . . . . . . Sheet

Temper . . . . . . . . . . . . . T61 T761

Thickness, in. . . . . . . . .
0.040-
0.062

0.063-
0.187

0.188-
0.249

0.040-
0.062

0.063-
0.187

0.188-
0.249

Basis . . . . . . . . . . . . . . . S A B S S A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

 69
 69

 69
 70

 73
 73

 72
 72

 66
 66

 67
 68

 70
 70

 68
 70

 71
 72

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

 61
 59

 64
60a

 67
 64

 63
 61

 56
 55

 58
 57

 61
 60

 59
 60

 63
 62

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .

 60
 63
 42

 61
 64
 40

 65
 68
 41

 62
 65
 39

 55
 58
 41

 56
 59
 40

 59
 62
 41

 58
 61
 40

 60
 63
 41

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

110
140

111
142

116
148

115
146

104
133

107
136

110
140

108
138

111
142

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

 89
102

 90
 104

 96
111

 92
106

 83
 97

 86
101

 90
106

 90
106

 93
110

e, percent (S-basis):
LT . . . . . . . . . . . . . . 9   9 ...   9   9   9 ...   9 ...

E, 103 ksi: 
Primary . . . . . . . . . . . .
Secondary . . . . . . . . . .

Ec, 103 ksi: 
Primary . . . . . . . . . . . .
Secondary . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

10.0
9.2

10.5
9.4
3.8
0.33

10.0
9.4

10.5
9.7
3.8
0.33

10.0
9.7

10.5
10.0

3.8
0.33

10.0
9.2

10.5
9.4
3.8
0.33

10.0
9.4

10.5
9.7
3.8
0.33

10.0
9.7

10.5
10.0

3.8
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . .

C, K,  . . . . . . . . . . . . .
0.101

...

a  S-basis.  The rounded T99 value is 61 ksi.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.7.10.1.6(a).  Typical tensile stress-strain curves for 7475-T61 aluminum
alloy sheet at room temperature.

0

20

40

60

80

100

0 2 4 6 8 10 12

Strain, 0.001 in./in. 

Compressive Tangent Modulus, 10
3
 ksi

S
tr

e
s
s
, 
k
s
i

Ramberg - Osgood

  n (L-comp.) = 15

  n (LT-comp.) = 19

Thickness = 0.040 - 0.249 in.

LT

L

TYPICAL

LT

L

Figure 3.7.10.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T61 aluminum alloy sheet at room temperature.
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Figure 3.7.10.1.6(c).  Typical tensile stress-strain curves for clad 7475-T61
aluminum alloy sheet at room temperature.
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Figure 3.7.10.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7475-T61 aluminum alloy sheet at room temperature.
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Figure 3.7.10.1.6(e).  Typical tensile stress-strain curves for 7475-T651 aluminum
alloy plate at room temperature.
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Figure 3.7.10.1.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T651 aluminum alloy plate at room temperature.
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Figure 3.7.10.1.6(g).  Typical tensile stress-strain curves (full range) for 7475-T61
aluminum alloy sheet at room temperature.
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Figure 3.7.10.1.8(a).  Best-fit S/N curve for unnotched 7475-T61 and T761 sheet,
thickness 0.125 inch, longitudinal and long transverse directions.

Correlative Information for Figure 3.7.10.1.8(a)

Product Form:  Sheet, 0.032 to 0.125 inch thick

Properties:   TUS, ksi   TYS, ksi Temp., F
   T61       81    73-75       RT
   T761       77    68-70       RT

Specimen Details:  Unnotched, hourglass,
  0.500 inch diameter
  4.00 inch test section radius, r

Surface Condition:  As machined

Reference:  3.2.6.1.9(d)

Test Parameters:
Loading - Axial
Frequency - 798, 1500, or 1728 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  2

Maximum Stress Equation:
Log Nf = 16.9-7.03 log (Smax)
Std. Error of Estimate, Log (Life) = 0.545
Standard Deviation, Log (Life) = 0.988
R2=70%

Sample Size = 67

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

3-468

Fatigue Life, Cycles

103 104 105 106 107 108 109

M
a

x
im

u
m

 S
tr

e
s
s
, 

k
s
i

0

10

20

30

40

50

60

70

80

90

100
.

.

Stress Ratio

          0.000

7475 Sheet  K
t
=1.0

        Runout

         on net section.

Note:   Stresses are based

Figure 3.7.10.1.8(b).  Best-fit S/N Curve for unnotched 7475-T61 and T761 sheet
thickness > 0.125 inch, longitudinal and long transverse directions.

Correlative Information for Figure 3.7.10.1.8(b)

Product Form:  Sheet, > 0.125 inch through
               0.249 inch thick

Properties:     TUS, ksi     TYS, ksi Temp., F
   T61         80-81     73-76    RT
   T761         75     66-67    RT

Specimen Details:  Unnotched, hourglass,
  0.500 inch diameter
  4.000 inch test section

   radius, R

Surface Condition: As machined

Reference:  3.2.6.1.9(d)

Test Parameters:

Loading - Axial
Frequency - 798, 1500, or 1728 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  2 

Maximum Stress Equation:
Log Nf = 22.7-10.1 log (Smax)
Std. Error of Estimate, Log (Life) = 0.657
Standard Deviation, Log (Life) = 1.380
R2=77%

Sample Size = 24
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Figure 3.7.10.1.8(c).  Best-fit S/N curve for notched, Kt = 3.0, 7475-T61 and T761
sheet, longitudinal and long transverse directions.

Correlative Information for Figure 3.7.10.1.8(c)

Product Form:  Sheet, 0.032 to 0.249 inch thick

Properties: TUS, ksi TYS, ksi Temp., F
   T61   81-82   73-76     RT
   T761   75-77   67-70     RT

Specimen Details:  Notched, edge notched
  Kt = 3.0

   1.000 inch gross width
   0.700 inch net width
   0.050 inch root radius, r
   60  flank angle, 

Surface Condition:  As machined

Reference:  3.2.6.1.9(d)

Test Parameters:
Loading - Axial
Frequency - 798, 1500, or 1728 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  2

Maximum Stress Equation:
Log Nf = 13.4-6.29 log (Smax)
Std. Error of Estimate, Log (Life) = 0.441
Standard Deviation, Log (Life) = 0.931
R2=78%

Sample Size = 99
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Figure 3.7.10.1.10(b).  Residual strength behavior of 0.063-inch-thick 7475-
T61 aluminum alloy sheet at room temperature.  Crack orientation is T-L.
[References 3.1.2.1.6(d) and 3.2.5.1.9(d).]

Figure 3.7.10.1.10(a).  Residual strength behavior of 0.063-inch-thick 7475-
T61 aluminum alloy sheet at room temperature.  Crack orientation is L-T. 
[References 3.1.2.1.6(d) and 3.2.5.1.9(d).]
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Figure 3.7.10.1.10(c).  Residual strength behavior of 0.063-inch-thick 7475-
T61 clad aluminum alloy sheet at room temperature.  Crack orientation is L-T.
[Reference 3.2.5.1.9(d).]

Figure 3.7.10.1.10(d).  Residual strength behavior of 0.063-inch-thick
7475-T61 clad aluminum alloy sheet at room temperature.  Crack
orientation is T-L.  [Reference 3.2.5.1.9(d).]
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Figure 3.7.10.2.6(a).  Typical tensile stress-strain curves for 7475-T7351
aluminum alloy plate at room temperature.
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Figure 3.7.10.2.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T7351 aluminum alloy plate at room temperature.
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Figure 3.7.10.2.8(a).  Best-fit S/N curves for unnotched 7475-T7351 plate,
longitudinal and long transverse orientation.

Correlative Information for Figure 3.7.10.2.8(a)

Product Form: Plate, 0.5, 1.0, 2.0, 3.0, and
4.0-inches thick

Properties:        TUS, ksi TYS, ksi  Temp.., F
L            70     60          RT
LT            71     60          RT

Specimen Details: Unnotched
Hourglass,

0.300 inch net diameter
9.875 inch test section
 radius

Surface Condition: As machined

References:  3.7.10.2.8(a) and (b)

Test Parameters:
Loading — Axial
Frequency — Not specified
Temperature — RT
Environment — Air

No. of Heats/Lots:  5

Equivalent Stress Equation:
Log Nf = 17.42-7.56 log (Seq)
Seq = Smax(1-R)0.40

Std. Error of Estimate, Log (Life) = 0.433
Standard Deviation, Log (Life) = 0.857
R2 = 74%

Sample Size = 52

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 3.7.10.2.8(b).  Best-fit S/N curves for notched, Kt = 3.0, 7475-T7351 and
T7651 plate, longitudinal and long transverse direction.

(See following page for correlative information.)
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Correlative Information for Figure 3.7.10.2.8(b)

Product Form: Plate, 0.5, 1.0, 1.5, 2.0, 3.0,
and 4.0 inches thick

Properties:  TUS, ksi       TYS, ksi     Temp., F
L   (T7351)      70   60   RT 
LT (T7351)  71   61   RT 
L   (T7351)  72   62   RT 
    (T7651)   Not specified        
L   (T7351)  72   63   RT
LT (T7351)  73   62   RT 

Specimen Details: Notched, Kt = 3.0
Circumferentially notched

0.253 inch gross width
0.147 inch net width
0.013 inch root radius, r
60  flank angle, 

Edge notched 
1.00 inch gross width
0.70 inch net width
root radius not specified
60  flank angle, 

Edge notched 
2.25 inch gross width
1.50 inch net width
0.113 inch root radius, r
60  flank angle, 

Circumferentially notched 
1.375 inch gross width
0.25 inch net width
0.13 inch root radius, r
60  flank angle, 

References:  3.7.10.2.8 (a) through (e)

Surface Condition:
Not specified [Ref. (a) and (b)]
As machined and deburred [Ref. (c)]
32 RMS [Ref. (d)]
10 RMS [Ref. (e)]

Test Parameters:
Loading — Axial
Frequency 
  — Not specified [Ref. (a) and (b)]
  — 1800 cpm [Ref. (c) and (d)]
  — 1500 cpm [Ref. (e)]
Temperature — RT
Environment — Air

No. of Heats/Lots:  8

Equivalent Strain Equation:
Log Nf = 8.46-3.21 log (Seq-7.5)
Seq = Smax(1-R)0.72

Std. Error of Estimate, Log (Life) = 0.422
Standard Deviation, Log (Life) = 0.923
R2 = 79%

Sample Size = 97

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 3.7.10.2.9(a).  Fatigue-crack-propagation data for 1.5-inch-thick, 7475-
T7351 aluminum alloy plate [References 3.7.10.2.9(a) and (b)].

Specimen Thickness: 0.650-inch Environment: Lab air

Specimen Width: 1.500-inches Temperature: RT

Specimen Type: C(T)        Orientation: L-T
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Figure 3.7.10.2.9(b).  Fatigue-crack-propagation data for 0.500-inch-thick, 7475-
T7351 aluminum alloy plate [Reference 3.7.10.2.9(c)].

Specimen Thickness: 0.528 to 0.530-inch   Environment:   95% R.H.

Specimen Width: 4.6-inches Temperature: RT

Specimen Type: M(T) Orientation: L-T
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Figure 3.7.10.3.6(a).  Typical tensile stress-strain curves for 7475-T761 aluminum
alloy sheet at room temperature.
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Figure 3.7.10.3.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T761 aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.6(d).  Typical tensile stress-strain curves for clad 7475-T761 aluminum
alloy sheet at room temperature.
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Figure 3.7.10.3.6(c).  Typical tensile stress-strain curves for clad 7475-T761 aluminum
alloy sheet at room temperature.
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Figure 3.7.10.3.6(e).  Typical tensile stress-strain curves for clad 7475-T761
aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7475-T761 aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.6(g).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7475-T761 aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.6(h).  Typical compressive stress-strain and compressive tangent-
modulus curves for clad 7475-T761 aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.6(i).  Typical tensile stress-strain curves for 7475-T7651
aluminum alloy plate at room temperature.
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Figure 3.7.10.3.6(j).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T7651 aluminum alloy plate at room temperature.
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Figure 3.7.10.3.6(k).  Typical tensile stress-strain (full range) curves for 7475-T761
aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.6(l).  Typical tensile stress-strain (full range) curves for clad 7475-
T761 aluminum alloy sheet at room temperature.
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Figure 3.7.10.3.10(a).  Residual strength behavior of 0.063-inch-thick 7475-
T761 aluminum alloy sheet at room temperature.  Crack orientation is L-T.
[References 3.1.2.1.6(d) and 3.2.5.1.9(d).]

Figure 3.7.10.3.10(b).  Residual strength behavior of 0.063-inch-thick
7475-T761 aluminum alloy sheet at room temperature.  Crack
orientation is T-L.  [References 3.1.2.1.6(d) and 3.2.5.1.9(d).]
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Table 3.8.1.0(a).  Material Specification for A201.0 Aluminum
Alloy

Specification Form

AMS-A-21180 Casting (T7 temper)

3.8 200.0 SERIES CAST ALLOYS

Alloys of the 200 series contain copper as the principal alloying element, and are particularly useful
for elevated temperature applications.

3.8.1 A201.0 ALLOY

3.8.1.0 Comments and Properties — A201.0 is a high-strength, heat-treatable Al-Cu-Ag cast-
ing alloy.  In the T7 (overaged) temper, it possesses high strength, moderate ductility and optimum resistance
to stress-corrosion cracking.  Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

A material specification covering this alloy is presented in Table 3.8.1.0(a).  Room-temperature
mechanical  and  physical  properties are presented in Table 3.8.1.0(b).  The effect of temperature on thermal
expansion is shown in Figure 3.8.1.0.

The temper index for A201.0 is as follows:

Section Temper
3.8.1.1    T7

3.8.1.1 T7 Temper — Figure 3.8.1.1.6 presents a typical tensile stress-strain curve.  Strain control
fatigue data are shown in Figures 3.8.1.1.8(a) through (c).
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Table 3.8.1.0(b).  Design Mechanical and Physical Properties of A201.0 Aluminum
Alloy Casting

Specification . . . . . . . . . . . . . AMS-A-21180

Form . . . . . . . . . . . . . . . . . . . Casting

Temper . . . . . . . . . . . . . . . . . T7

Location Within Casting . . . . Designated area Nondesignated area

Strength Class Numbera . . . . 1 2 10 11

Basis . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Propertiesb,c:
Ftu, ksi: . . . . . . . . . . . . . . . . 60 60 60 56

Fty, ksi: . . . . . . . . . . . . . . . . 50 50 50 48

Fcy, ksi: . . . . . . . . . . . . . . . . 51 51 51 49

Fsu, ksi . . . . . . . . . . . . . . . . . 36 36 36 34

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

95
122

95
122

95
122

88
114

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

74
87

74
87

74
87

71
83

e, percent . . . . . . . . . . . . . . 3 5 3 1.5

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . .

10.3
10.7
  4.0

   0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . .

, 10-6 in./in./ F . . . . . . . . .

0.101
0.22 (at 212 F)

70 (at 77 F)
See Figure 3.8.1.0

a The attainable strength class number is dependent on the casting configuration, complexity, and size (both weight and wall
thickness).  Favorable experience with a particular configuration may allow some foundries to produce a higher strength
class number than others.  In case of doubt regarding the strength class number, the designer should consult or negotiate
with the foundry to determine the proper strength class number to assign for a specific casting.

b For any casting process; i.e., special mold, permanent mold, or sand mold (including chilling).
c The mechanical properties shown are reliably obtainable in castings of this alloy and heat-treat condition when produced

under the quality assurance provisions of AMS-A-21180.  These provisions require preproduction approval, documentation
of foundry procedures, and specific destructive and nondestructive testing procedures for the acceptance of each production
lot of castings.  Strict adherence to these requirements is mandatory if these properties are to be reliably assured in each
casting.

d Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.8.1.0.  Effect of temperature on the thermal expansion of A201.0 aluminum
alloy casting.
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Figure 3.8.1.1.6.  Typical tensile stress-strain curve for A201.0-T7 aluminum alloy
casting, designated area, at room temperature.
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Figure 3.8.1.1.8(a).  Best-fit /N curves, cyclic stress-strain curve, and mean stress
relaxation curve for A201.0-T7 casting at 75 F.
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Correlative Information for Figure 3.8.1.1.8(a)

Product Form/Thickness:  Casting

Thermal Mechanical Processing History:  T7, HIP

Properties:
TUS, ksi TYS, ksi E, ksi Temp., F
  57-66   45-57 10,800       75

Stress-Strain Equations:
Cyclic (Companion Specimen)
Proportional Limit = 42 ksi
( /2) = 72( p/2)0.058

Mean Stress Relaxation, ksi

m = 33.3 - 4755( /2)

Specimen Details: Uniform gage test section
0.250 inch diameter

References:  3.8.1.1.8(a) and (b)

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 75 F
Atmosphere - Air

No. of Heats/Lots:  3

Equivalent Strain Equation:
Log Nf = -6.54-4.60 log ( eq)

eq = ( )0.37 (Smax/E)0.63

Std. Error of Estimate, Log (Life) = 0.242
Standard Deviation, Log (Life) = 0.587
Adjusted R2 Statistic:  83%

Sample Size:  26

[Caution:  The equivalent strain model may 
provide unrealistic life predictions for strain
ratios and ranges beyond those represented
above.]
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Figure 3.8.1.1.8(b).  Best-fit /N curves, cyclic stress-strain curve, and mean stress
reduction curve for A201.0-T7 casting at 200 F.
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Correlative Information for Figure 3.8.1.1.8(b)

Product Form/Thickness:  Casting

Thermal Mechanical Processing History:  T7, HIP

Properties:
TUS, ksi TYS, ksi E, ksi  Temp., F
  53-59   47-55 10,339       200

Stress-Strain Equations:
Cyclic (Companion Specimen)
Proportional Limit = 39 ksi
( /2) = 58( p/2)0.041

Mean Stress Relaxation, ksi

m = 39.7 - 7049( /2)

Specimen Details: Uniform gage test section
0.250 inch diameter

Reference:  3.8.1.1.8(a)

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 200 F
Atmosphere - Air

No. of Heats/Lots:  3

Equivalent Strain Equation:
Log Nf = -6.68-4.66 log ( eq)

eq = ( )0.50 (Smax/E)0.50

Std. Error of Estimate, Log (Life) = 0.359
Standard Deviation in Log (Life) = 0.561
Adjusted R2 Statistic:  59%

Sample Size:  18

[Caution:  The equivalent strain model may 
provide unrealistic life predictions for strain
ratios and ranges beyond those represented
above.]
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Figure 3.8.1.1.8(c).  Best-fit /N curves, cyclic stress-strain curve, and mean stress
relaxation curve for A201.0-T7 casting at 350 F.
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Correlative Information for Figure 3.8.1.1.8(c)

Product Form/Thickness:  Casting

Thermal Mechanical Processing History:  T7, HIP

Properties:
TUS, ksi TYS, ksi E, ksi  Temp., F
  48-53   40-48 9,783       350

Stress-Strain Equations:
Cyclic (Companion Specimen)
Proportional Limit = 36 ksi
( /2) = 50( p/2)0.036

Mean Stress Relaxation, ksi

m = 30.0 - 5664( /2)

Specimen Details: Uniform gage test section
0.250 inch diameter

Reference:  3.8.1.1.8(a)

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 350 F
Atmosphere - Air

No. of Heats/Lots:  3

Equivalent Strain Equation:
Log Nf = -12.44-7.07 log ( eq)

eq = ( )0.52 (Smax/E)0.48

Std. Error of Estimate, Log (Life) =    
0.000817 (1/ eq)
Standard Deviation, Log (Life) = 0.545

Adjusted R2 Statistic:  93%

Sample Size:  18

[Caution:  The equivalent strain model may 
provide unrealistic life predictions for strain
ratios and ranges beyond those represented
above.]
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Table 3.9.1.0(a).  Material Specifications for 354.0 Aluminum
Alloy

Specification Form

AMS-A-21180 Casting

3.9 300.0 SERIES CAST ALLOYS

Casting alloys of the 300.0 series contain silicon with added copper and/or magnesium as the
principal alloying elements.  They are heat treatable.  Because of the high silicon content, they are among the
easiest to cast by a variety of techniques. They have high resistance to corrosion.

3.9.1 354.0 ALLOY

3.9.1.0 Comments and Properties — 354.0 is a heat-treatable Al-Si-Mg alloy being among
the highest strength of commercial casting alloys.  It has good casting characteristics; however, its use is
generally restricted to permanent mold castings.  Refer to Section 3.1.3.4 for comments regarding the
weldability.

A material specification for 354.0 aluminum alloy is presented in Table 3.9.1.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.9.1.0(b).
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Table 3.9.1.0(b).  Design Mechanical and Physical Properties of 354.0 Aluminum Alloy
Casting

Specification . . . . . . . . . . . . . AMS-A-21180

Form . . . . . . . . . . . . . . . . . . . Casting

Temper . . . . . . . . . . . . . . . . . T6

Location Within Casting . . . . Designated area Nondesignated area

Strength Class Numbera . . . . 1 2 10 11

Basis . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Propertiesb,c:
Ftu, ksi . . . . . . . . . . . . . . . . . 47 50 47 43

Fty, ksi . . . . . . . . . . . . . . . . . 36 42 36 33

Fcy, ksi . . . . . . . . . . . . . . . . . 36 42 36 33

Fsu, ksi . . . . . . . . . . . . . . . . . 29 31 29 27

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

81
101

86
107

81
101

74
92

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

57
67

66
78

57
67

52
62

e, percent . . . . . . . . . . . . . . 3 2 3 2

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . .

10.6
10.8
  4.0

   0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . .

, 10-6 in./in./ F . . . . . . . . .

0.098
0.23 (at 212 F)

...
1.6 (68 to 212 F)

a The attainable strength class number is dependent on the casting configuration, complexity, and size (both weight and wall
thickness).  Favorable experience with a particular configuration may allow some foundries to produce a higher strength
class number than others.  In case of doubt regarding the strength class number, the designer should consult or negotiate
with the foundry to determine the proper strength class number to assign for a specific casting.

b For any casting process; i.e., special mold, permanent mold, or sand mold (including chilling).
c The mechanical properties shown are reliably obtainable in castings of this alloy and heat-treat condition when produced

under the quality assurance provisions of AMS-A-21180.  These provisions require preproduction approval, documentation
of foundry procedures, and specific destructive and nondestructive testing procedures for the acceptance of each production
lot of castings.  Strict adherence to these requirements is mandatory if these properties are to be reliably assured in each
casting.

d Bearing values are “dry pin” values per Section 1.4.7.1.
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3.9.2 355.0 ALLOY

3.9.2.0 Comments and Properties — 355.0 is a heat-treatable Al-Si-Mg alloy that is readily
cast and has good pressure tightness.  Refer to Section 3.1.3.4 for comments regarding the weldability of the
alloy.

A material specification for 355.0 aluminum alloy is presented in Table 3.9.2.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.9.2.0(b).  The effect of temperature on
thermal expansion is shown in Figure 3.9.2.0.

Table 3.9.2.0(a).  Material Specification for 355.0
Aluminum Alloy

Specification Form

AMS 4281 Permanent mold casting
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Table 3.9.2.0(b).  Design Mechanical and Physical Properties of 355.0
Aluminum Alloy

Specification . . . . . . . . . . . . . . . . . . . . AMS 4281

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . Permanent mold casting

Temper . . . . . . . . . . . . . . . . . . . . . . . . . T6

Location Within Casting . . . . . . . . . . . As specified

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . .
Fbru

b, ksi:
    (e/D = 1.5) . . . . . . . . . . . . . . . . . . . .
    (e/D = 2.0) . . . . . . . . . . . . . . . . . . . .
Fbry

b, ksi:
    (e/D = 1.5) . . . . . . . . . . . . . . . . . . . .
    (e/D = 2.0) . . . . . . . . . . . . . . . . . . . .

e, percent . . . . . . . . . . . . . . . . . . . . . .
E, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

27a

17a

17
17

46
58

27
32

 0.4a

10.3
10.3
 3.8
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . . . . .

0.098
0.23 (at 212 F)

88 (at 77 F)
See Figure 3.9.2.0

a  Conformance to tensile property requirements is determined by testing specimens cut from casting
    only when specified on drawing.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.9.2.0.  Effect of temperature on the thermal expansion of 355.0 aluminum
alloy casting.
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3.9.3 C355.0 ALLOY

3.9.3.0  Comments and Properties — C355.0 is an Al-Si-Mg alloy similar to 355.0 but has
impurities controlled to lower limits resulting in higher strengths.  It has good casting characteristics.  Refer
to Section 3.1.3.4 for comments regarding the weldability of the alloy.

A material specification for C355.0 aluminum alloy is presented in Table 3.9.3.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.9.3.0(b).

Table 3.9.3.0(a).  Material Specification for C355.0
Aluminum Alloy

Specification Form

AMS-A-21180 Casting
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Table 3.9.3.0(b).  Design Mechanical and Physical Properties of C355.0 Aluminum
Alloy Casting
Specification . . . . . . . . . . . . . AMS-A-21180

Form . . . . . . . . . . . . . . . . . . . Casting

Location Within Casting . . . . T6

Strength Class Numbera . . . . 1 2 3 10 11 12

Basis . . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Propertiesb,c:
Ftu, ksi . . . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . .

41
31
31
26

44
33
33
28

50
40
40
31

41
31
31
26

37
30
30
23

35
28
28
22

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

70
88

75
94

86
107

70
88

63
79

60
75

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

49
58

52
62

63
75

49
58

47
59

44
52

e, percent . . . . . . . . . . . . . . 3 3 2 3 1 1

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . .

10.1
10.3
 3.85
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . .

, 10-6 in./in./ F . . . . . . . . .

0.098
0.23 (at 212 F)

88 (at 77 F)
12.4 (68 to 212 F)

a  The attainable strength class number is dependent on the casting configuration, complexity, and size (both weight and wall
    thickness).  Favorable experience with a particular configuration may allow some foundries to produce a higher strength
    class number than others.  In case of doubt regarding the strength class number, the designer should consult or negotiate
    with the foundry to determine the proper strength class number to assign for a specific casting.
b  For any casting process; i.e., special mold, permanent mold, or sand mold (including chilling).
c  The mechanical properties shown are reliably obtainable in castings of this alloy and heat-treat condition when produced 
    under the quality assurance provisions of AMS-A-21180.  These provisions require preproduction approval, 

 documentation of foundry procedures, and specific destructive and nondestructive testing procedures for the acceptance of 
 each production lot of castings.  Strict adherence to these requirements is mandatory if these properties are to be reliably

    assured in each casting.
d  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.9.4.0(a).  Material Specifications for 356.0 Aluminum Alloy

Specification Form

AMS 4284
AMS 4217
AMS 4260

Permanent mold casting
Sand casting
Investment casting

3.9.4 356.0 ALLOY

3.9.4.0  Comments and Properties — 356.0 is among the easiest of alloys to cast by a variety
of techniques.  It is heat treatable, has intermediate strengths, and has high resistance to corrosion.  Refer to
Section 3.1.3.4 for comments regarding the weldability of the alloy.

Material specifications for 356.0 aluminum alloy are presented in Table 3.9.4.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.9.4.0(b).  The effect of temperature on
thermal expansion is given in Figure 3.9.4.0.
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Table 3.9.4.0(b).  Design Mechanical and Physical Properties of 356.0 Aluminum
Alloy
Specification . . . . . . . . . . . AMS 4217 AMS 4260 AMS 4284

Form . . . . . . . . . . . . . . . . . . Sand casting Investment casting Permanent mold
casting

Temper . . . . . . . . . . . . . . . . T6 T6 T6

Location Within Casting . . Thick and thin areas As specified As specified

Basis . . . . . . . . . . . . . . . . . . S S S

Mechanical Properties:
Ftu, ksi . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . .
Fbru

c, ksi:
     (e/D = 1.5) . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . .

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . .

e, percent . . . . . . . . . . . . .

22a,b

15a,b

15
14

38
47

24
28
0.7a,b

25a

16a

16
16

43
53

25
30
1a

25a

16a

16
16

43
53

25
30
0.7a

E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

10.3
10.3
 3.85
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . .

, 10-6 in./in./ F . . . . . . . .

0.097
0.23 (at 212 F)

88 (at 77 F)
See Figure 3.9.4.0

a  Conformance to tensile property requirements is determined by testing specimens cut from casting only when specified on
    drawing. 
b  Not minimum values, but based upon average of not less than four specimens.
c  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.9.4.0.  Effect of temperature on the thermal expansion of 356.0 aluminum
alloy casting.
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Table 3.9.5.0(a).  Material Specifications for A356.0
Aluminum Alloy

Specification Form

AMS-A-21180
AMS 4218

Casting
Casting

3.9.5 A356.0 ALLOY

3.9.5.0 Comments and Properties — A356.0 is an Al-Si-Mg alloy similar to 356.0, but with
impurities controlled to lower limits resulting in higher strengths and ductility.  It has good casting charac-
teristics and high resistance to corrosion.  Refer to 3.1.3.4 for comments regarding the weldability of the
alloy.

Material specifications for A356.0 aluminum alloy are presented in Table 3.9.5.0(a).  Room-
temperature mechanical and physical properties are shown in Tables 3.9.5.0(b) and (c).

The temper index for A356.0 is as follows:

Section Temper
3.9.5.1    T6P
3.9.5.2    T6

3.9.5.1 T6P Temper — Tensile stress-strain and full-range stress-strain curves at room temper-
ature are presented in Figures 3.9.5.1.6(a) and (b), respectively.
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Table 3.9.5.0(b).  Design Mechanical and Physical Properties of A356.0 Aluminum Alloy
Casting

Specification . . . . . . . . . . . AMS-A-21180

Form . . . . . . . . . . . . . . . . . Casting

Temper . . . . . . . . . . . . . . . T6

Location Within Casting . . Designated area Nondesignated area

Strength Class Numbera . . 1 2 3 10 11 12

Basis . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Propertiesb,c:
Ftu, ksi . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . .

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . .

e, percent . . . . . . . . . . . . .

38
28
28
24

65
81

44
52
 5

40
30
30
25

69
86

47
56
 3

45
34
34
28

77
96

54
63
 3

38
28
28
24

65
81

44
52
 5

33
27
27
21

57
71

43
50
 3

32
22
22
20

55
68

35
41
 2

E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

10.4
10.5
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . .

, 10-6 in./in./ F . . . . . . . .

0.097
0.23 (at 212 F)

88 (at 77 F)
See Figure 3.9.4.0

a  The attainable strength class number is dependent on the casting configuration, complexity, and size (both weight and wall
    thickness).  Favorable experience with a particular configuration may allow some foundries to produce a higher strength class
    number than others.  In case of doubt regarding the strength class number, the designer should consult or negotiate with the
    foundry to determine the proper strength class number to assign for a specific casting.
b  For any casting process; i.e., special mold, permanent mold, or sand mold (including chilling).
c  The mechanical properties shown are reliably obtainable in castings of this alloy and heat-treat condition when produced
    under the quality assurance provisions of AMS-A-21180.  These provisions require preproduction approval, documentation 

  of foundry procedures, and specific destructive and nondestructive testing procedures for the acceptance of each production 
  lot of castings.  Strict adherence to these requirements is mandatory if these properties are to be reliably assured in each 
  casting.

d  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 3.9.5.0(c).  Design and Physical Properties of A356.0 Aluminum Alloy Casting

Specification . . . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . . . .

Temper . . . . . . . . . . . . . . . . . . . . .

Location Within Casting . . . . . . . .

Basis . . . . . . . . . . . . . . . . . . . . . . .

AMS 4218

Sand, investment, permanent mold, and composite castings

T6Pa

Any

S

Mechanical Properties:b

Ftu, ksi . . . . . . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent . . . . . . . . . . . . . . . . . .
E, 103 ksi . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

32
22
22
20

55
68

35
41
 2

10.4
10.5
 3.9 
 0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K  Btu/[(hr)(ft2)( F)/ft] . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . .

0.097
0.23 (at 212 F)

88 (at 77 F)
See Figure 3.9.4.0

a  The letter, P, indicates a variation compared to the standard heat treatment procedure of this temper and/or a
    difference in the minimum tensile property requirements compared to the Aluminum Association’s
    registered limits.
b  The mechanical properties shown are reliably obtainable when produced under the quality assurance provi-
    sions of AMS 4218.  These procedures require radiographic control and specific destructive testing for
    acceptance of each production lot.  Strict adherence to these requirements is mandatory if these properties
    are to be reliably assured in each casting.
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Figure 3.9.5.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for A356.0-T6P aluminum alloy casting at room
temperature.

0

10

20

30

40

50

S
tr

e
s
s
, 
k
s
i

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Strain, in./in.

TYPICAL

Figure 3.9.5.1.6(b).  Typical tensile stress-strain (full-range) curve for A356.0-T6P
aluminum alloy casting at room temperature.
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Table 3.9.6.0(a).  Material Specification for A357.0 Aluminum
Alloy

Specification Form

AMS-A-21180 Casting

3.9.6 A357.0 ALLOY

3.9.6.0 Comments and Properties — A357.0 is a heat-treatable Al-Si-Mg alloy generally
used for permanent mold and premium quality castings in which special properties are developed by careful
control of casting and chilling techniques.  It has excellent casting characteristics, is heat treatable, and
provides high strength, together with good toughness.  The alloy also has excellent corrosion resistance.
Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

A material specification for A357.0 aluminum alloy is presented in Table 3.9.6.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.9.6.0(b).

The temper index for A357.0 is as follows:

Section Temper
3.9.6.1    T6

3.9.6.1 T6 Temper — Figure 3.9.6.1.6 presents a typical tensile stress-strain curve.
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Table 3.9.6.0(b).  Design Mechanical and Physical Properties of A357.0
Aluminum Alloy Casting

Specification . . . . . . . . . . . . . . . . . AMS-A-21180

Form . . . . . . . . . . . . . . . . . . . . . . . Castinga

Temper . . . . . . . . . . . . . . . . . . . . . T6

Location Within Casting . . . . . . . . Designated area Nondesignated area

Strength Class Numberb . . . . . . . . . 1 2 10 11 12

Basis . . . . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:c

Ftu, ksi . . . . . . . . . . . . . . . . . . . . .  45  50  38  41  45

Fty, ksi . . . . . . . . . . . . . . . . . . . . .  35  40  28  31  35

Fcy, ksi . . . . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . . . . .

 35
 28

 40
 31

 28
 24

 31
 26

 35
 28

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

 77
 96

 86
107

 65
 81

 70
 88

 77
 96

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

 55
 65

 63
 75

 44
 52

 49
 58

 55
 65

e, percent . . . . . . . . . . . . . . . . . .   3   5   5   3   3

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.5
3.9

0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . .

0.097
0.23 (at 212 F)

88 (at 77 F)
12.0 (68 to 212 F)

a For any casting process; i.e., special mold, permanent mold, or sand mold (including chilling).
b The attainable strength class number is dependent on the casting configuration, complexity, and size (both weight

and wall thickness).  Favorable experience with a particular configuration may allow some foundries to produce a
higher strength class number than others.  In case of doubt regarding the strength class number, the designer should
consult or negotiate with the foundry to determine the proper strength class number to assign for a specific casting.

c The mechanical properties shown are reliably obtainable in castings of this alloy and heat-treat condition when
produced under the quality assurance provisions of AMS-A-21180.  These provisions require preproduction
approval, documentation of foundry procedures, and specific destructive and nondestructive testing procedures for
the acceptance of each production lot of castings.  Strict adherence to these requirements is mandatory if these
properties are to be reliably assured in each casting.

d Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.9.6.1.6.  Typical tensile stress-strain curve for A357.0-T6 aluminum alloy
casting, Class 2, designated area, at room temperature.
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Table 3.9.7.0(a).  Material Specification for D357.0
Aluminum Alloy

Specification Form

AMS 4241 Casting

3.9.7 D357.0 ALLOY

3.9.7.0 Comments and Properties — D357.0 is a modification of A357.0 with narrower
compositional limits and more stringent inspection requirements.  These modifications were necessary to
reduce variability in mechanical properties to a degree compatible with the determination of A- and B-basis
values.  D357.0 is a heat-treatable Al-Si-Mg alloy generally used for premium quality castings in which
special properties are developed by careful control of casting and chilling techniques.  It has excellent casting
characteristics and provides high strength together with good toughness.  The alloy also has excellent cor-
rosion resistance.  Refer to Section 3.1.3.4 for comments regarding the weldability of the alloy.

A material specification for D357.0 aluminum is presented in Table 3.9.7.0(a).  Room temperature
mechanical and physical properties are shown in Table 3.9.7.0(b).

The temper index for D357.0 is as follows:

Section Temper
3.9.7.1     T6

3.9.7.1 T6 Temper — Figure 3.9.7.1.6 presents a typical tensile stress-strain curve.
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Table 3.9.7.0(b).  Design Mechanical and Physical Properties of D357.0 Aluminum
Alloy Casting

Specification . . . . . . . . . . . . . . . . . . AMS 4241

Form . . . . . . . . . . . . . . . . . . . . . . . . Casting

Temper . . . . . . . . . . . . . . . . . . . . . . T6

Thickness, in. . . . . . . . . . . . . . . . . . 2.500 ...

Location Within Casting . . . . . . . . . Designated area Nondesignated area

Basis . . . . . . . . . . . . . . . . . . . . . . . . A B S

Mechanical Propertiesa:
Ftu, ksi . . . . . . . . . . . . . . . . . . . . . .  46  49  45

Fty, ksi . . . . . . . . . . . . . . . . . . . . . .  39  41  36

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .

 39
 29

 41
 31

 36
 28

Fbru
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

 79
 99

 84
105

 77
 96

Fbry
b, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

 62
 73

 65
 77

 57
 67

e, percent (S-basis) . . . . . . . . . . . .   3 ...  2

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

10.4
10.5
3.9
0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . .

0.097
0.23 (at 212 F)

88 (at 77 F)
12.0 (68 to 212 F)

a The mechanical properties shown are reliably obtainable when castings are produced under the quality assurance provisions
of AMS 4241.  These provisions require preproduction approval, documentation of foundry procedures, and specific
destructive and nondestructive testing procedures for the acceptance of each production lot of castings.  Strict adherence to
these requirements is mandatory if these properties are to be reliably assured in each casting.

b Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.9.7.1.6.  Typical tensile stress-strain curve for D357.0-T6 aluminum alloy
casting, designated area, at room temperature.
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Table 3.9.8.0(a).  Material Specification for 359.0 Aluminum
Alloy

Specification Form

AMS-A-21180 Casting

3.9.8 359.0 ALLOY

3.9.8.0 Comments and Properties — 359.0 is a relatively high-strength permanent-mold
casting alloy.  It is heat treatable, and has good corrosion resistance.  Refer to Section 3.1.3.4 for comments
regarding the weldability of the alloy.

A material specification for 359.0 aluminum alloy is presented  in  Table 3.9.8.0(a).  Room-
temperature mechanical and physical properties are shown in Table 3.9.8.0(b).
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Table 3.9.8.0(b).  Design Mechanical and Physical Properties of 359.0 Aluminum Alloy
Casting

Specification . . . . . . . . . . . . . AMS-A-21180

Form . . . . . . . . . . . . . . . . . . . Casting

Temper . . . . . . . . . . . . . . . . . T6

Location Within Casting . . . . Designated area Nondesignated area

Strength Class Numbera . . . . 1 2 10 11

Basis . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Propertiesb,c:
Ftu, ksi: . . . . . . . . . . . . . . . . 45 47 45 40

Fty, ksi: . . . . . . . . . . . . . . . . 35 38 34 30

Fcy, ksi: . . . . . . . . . . . . . . . . 35 38 34 30

Fsu, ksi . . . . . . . . . . . . . . . . . 28 29 28 25

Fbru
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

77
 96

81
101

77
 96

69
86

Fbry
d, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

55
65

60
 71

54
63

47
56

e, percent . . . . . . . . . . . . . . 4 3 4 3

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . .

10.5
10.7
4.0

0.33

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . .

, 10-6 in./in./ F . . . . . . . . .

0.097
0.23 (at 212 F)

88 (at 77 F)
11.0 (68 to 212 F)

a The attainable strength class number is dependent on the casting configuration, complexity, and size (both weight and wall
thickness).  Favorable experience with a particular configuration may allow some foundries to produce a higher strength
class number than others.  In case of doubt regarding the strength class number, the designer should consult or negotiate
with the foundry to determine the proper strength class number to assign for a specific casting.

b For any casting process; i.e., special mold, permanent mold, or sand mold (including chilling).
c The mechanical properties shown are reliably obtainable in castings of this alloy and heat-treat condition when produced

under the quality assurance provisions of AMS-A-21180.  These provisions require preproduction approval, documentation
of foundry procedures, and specific destructive and nondestructive testing procedures for the acceptance of each production
lot of castings.  Strict adherence to these requirements is mandatory if these properties are to be reliably assured in each
casting.

d Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 3.10.1.1.1.  Bending modulus of rupture for aluminum alloy round tubing.

3.10 ELEMENT PROPERTIES

3.10.1 BEAMS —  See Chapter 1 and Reference 1.7.1 for general information on stress analysis of
beams.

3.10.1.1 Simple Beams — Beams of solid, tubular, or similar cross sections can be assumed
to fail through exceeding an allowable modulus of rupture in bending (Fb).  In the absence of specific data,
the ratio Fb/Ftu can be assumed to be 1.25 for solid sections.

3.10.1.1.1 Round Tubes — For round tubes, the value of Fb will depend on the D/t ratio as well
as the ultimate tensile stress.  The bending moduli of rupture of round tubes of various aluminum alloys are
given in Figure 3.10.1.1.1.  It should be noted that these values apply only when the tubes are restrained
against local buckling at the loading points.

3.10.1.1.2 Unconventional Cross Section — Sections other than solid or tubular should be tested
to determine the allowable bending stress.

3.10.1.2 Built-Up Beams — Built-up beams will usually fail because of local failures of the
component parts.  In aluminum-alloy construction, the strength of fittings and joints is an important feature
(see Reference 3.10.1.2).

3.10.1.3 Thin-Web Beams — The allowable stress for thin-web beams will depend on the
nature of the failure and is determined from the allowable stresses of the web in tension and of the flanges
or stiffeners in compression.
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L L

c
                   (3.10.2.3)

3.10.2 COLUMNS

3.10.2.1 Primary Failure — The general formula for primary instability is given in
Section 1.3.8.

3.10.2.2 Local Failure — The local stability of aluminum alloy column sections may be
determined using the methods outlined in References 3.10.2.2(a) through (e).

3.10.2.3 Column Properties — Curves of the allowable column stresses for round and stream-
line tubing are given in Figure 3.10.2.3.  The allowable stress is plotted against the effective slenderness ratio,
defined by the formula:
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Figure 3.10.2.3.  Allowable column and crushing stresses for
2024 and 6061 aluminum alloy tubing.
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Figure 3.10.3.2(a).  Torsional modulus of rupture—2014-T6 aluminum alloy rolled
rod.

3.10.3 TORSION

3.10.3.1  General — The torsional failure of aluminum-alloy tubes may be due to plastic failure
of metal, elastic instability of the walls, or an intermediate condition.  Pure shear failure will not usually occur
within the range of wall thicknesses commonly used for aircraft tubing.

3.10.3.2  Torsion Properties — The curves of Figures 3.10.3.2(a) through (g) are derived from
the method outlined in Reference 2.8.1.1 and take into account the parameter L/D.  The theoretical results
set forth in Reference 2.8.3.2 have been found to be in good agreement with the experimental results.
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Figure 3.10.3.2(b).  Torsional modulus of rupture—2014-T6 aluminum alloy forging.

Figure 3.10.3.2(c).  Torsional modulus of rupture—2024-T3 aluminum alloy tubing.
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Figure 3.10.3.2(d).  Torsional modulus of rupture—2024-T4 aluminum alloy tubing.
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Figure 3.10.3.2(e).  Torsional modulus of rupture—6061-T6 aluminum alloy tubing.
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Figure 3.10.3.2(f).  Torsional modulus of rupture—7075-T6 aluminum alloy rolled rod.
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Figure 3.10.3.2(g).  Torsional modulus of rupture—7075-T6 aluminum alloy forging.
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CHAPTER 4

Table 4.1.  Magnesium Alloys Index

Section Designation

4.2

4.2.1
4.2.2
4.2.3
4.3

4.3.1
4.3.2
4.3.3
4.3.4
4.3.5
4.3.6

Magnesium-Wrought Alloys

AZ31B
AZ61A
ZK60A
Magnesium-Cast Alloys

AM100A
AZ91C/AZ91E
AZ92A
EZ33A
QE22A
ZE41A

MAGNESIUM ALLOYS

4.1 GENERAL

This chapter contains the engineering properties and characteristics of wrought and cast magnesium
alloys used in aircraft and missile applications.  Magnesium is a lightweight structural metal that can be
strengthened greatly by alloying, and in some cases by heat treatment or cold work or by both.

4.1.1 ALLOY INDEX — The magnesium alloys in this chapter are listed in alphanumeric sequence
in each of two parts, the first one being wrought forms of magnesium and the second cast forms.  These
sections and the alloys covered under each are shown in Table 4.1.

4.1.2 MATERIAL PROPERTIES

4.1.2.1 Mechanical Properties — The mechanical properties are given either as design values
or for information purposes.  The tensile strength (Ftu), tensile yield strength (Fty), elongation (e), and
sometimes the compressive yield strength (Fcy) are guaranteed by procurement specifications.  The properties
obtained reflect the location of sample, type of test specimen and method of testing required by the product
specification.  The remaining design values are “derived” values; that is, sufficient tests have been made to
ascertain that if a given material meets the requirements of the product specification, the material will have
the compression (Fcy), shear (Fsu) and bearing (Fbru and Fbry) strengths listed.

4.1.2.1.1  Tension Testing — Room-temperature tension tests are made according to ASTM E 8.
The yield strength (Fty) is obtained by the “offset method” using an offset of 0.2 percent.  The speed of testing
for room-temperature tests has a small effect on the strength and elongation values obtained on most
magnesium alloys.  The rate of stressing generally specified to the yield strength is less than 100,000 psi per
minute and the rate of straining from the yield strength to fracture is less than 0.5 in./in./min.  It can be
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expected that the speed of testing used for room-temperature tension tests will approach the maximum
permitted.

Elevated-temperature tension tests are made according to ASTM E 21.  The speed of testing has a
considerable effect on the results obtained and no one standard rate of straining is given in ASTM E 21.  The
strain rates most commonly used on magnesium are 0.005 in./in./min. to the yield and 0.10 in./in./min. from
yield to fracture [see References 4.1.2.1.1(a) to (d)].

4.1.2.1.2  Compression Testing — Compression test methods used for magnesium are specified
in ASTM E 9.  The values given for the compressive yield strength (Fcy), are taken at an offset of 0.2 percent.
References 4.1.2.1.2(a) and (b) provide information on test techniques.

4.1.2.1.3  Bearing Testing — Bearing tests of magnesium alloys are made according to ASTM
E 238.  The size of pin used has a significant effect on the values obtained, especially the bearing ultimate
strength (Fbru).  On tests made to obtain the data on magnesium alloys shown in this document, pin diameters
of 0.187 and 0.250 inch were used.  For pin diameters significantly larger than 0.250 inch lower values may
be obtained.  Additional information on bearing testing is given in References 4.1.2.1.3(a) and (b).  Bearing
values in the property tables are considered to be “dry pin” values in accordance with the discussion in
Section 1.4.7.1.

4.1.2.1.4  Shear Testing — The shear strength values used in this document were obtained by the
“double shear” method using a pin-type specimen, the “punch shear” method and the “tension shear” method
as applicable.  Just as tensile ultimate strength (Ftu) values vary with location and direction of sample in
relation to the method of fabrication, the shear strength (Fsu) may be expected to reflect the effect of
orientation, either as a function of the sampling or the maximum stresses imposed by the method of test.
Information on shear testing is given in Reference 4.1.2.1.4.

4.1.2.1.5 Stress Raisers — The effect of notches, holes, and stress raisers on the static properties
of magnesium alloys is described in References 4.1.2.1.5(a) through (c).  Additional data on the strength
properties of magnesium alloys are presented in References 4.1.2.1.5(d) through (h).

4.1.2.1.6  Creep — Some creep data on magnesium alloys are summarized in Reference 4.1.2.1.6.

4.1.2.1.7 Fatigue — Room-temperature axial load fatigue data for several magnesium alloys are
presented in appropriate alloy sections.  References 4.1.2.1.7(a) and (b) provide additional data on fatigue
of magnesium alloys.

4.1.3 PHYSICAL PROPERTIES — Selected experimental data from the literature were used in
determining values for physical properties.  In other cases, enough information was available to calculate the
constants.  Estimated values of some of the remaining constants were also included.  Estimated values are
noted.

4.1.4 ENVIRONMENTAL CONSIDERATIONS — Corrosion protection must be considered for all
magnesium applications.  Protection can be provided by anodic films, chemical conversion coatings, paint
systems, platings, or a combination of these methods.  Proper drainage must be provided to prevent
entrapment of water or other fluids.  Dissimilar metal joints must be properly and completely insulated,
including barrier strips and sealants.

Strain-hardened or age-hardened alloys may be annealed or overaged by prolonged exposure to
elevated temperatures, with a resulting decrease in strength.  Maximum recommended temperatures for
prolonged service are reported, where available, for specific alloys.
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4.1.5 ALLOY AND TEMPER DESIGNATIONS — Standard ASTM nomenclature is used for the alloys
listed.  Temper designations are given in ASTM B 296.  A summary of the temper designations is given in
Table 4.1.5.

Table 4.1.5.  Temper Designation System for Magnesium Alloysa

Basis of Codification

The designations for temper are used for all forms of magnesium and magnesium alloy products except ingots
and are based on the sequence of basic treatments used to produce the various tempers.  The temper designa-
tion follows the alloy designation, the two being separated by a dash.  Basic temper designations consist of
letters. Subdivisions of the basic tempers, where required, are indicated by a digit or digits following the
letter.  These designate specific sequences of basic treatments, but only operations recognized as significantly
influencing the characteristics of the product are indicated.  Should some other variation of the same sequence
of basic operations be applied to the same alloy, resulting in different characteristics, then additional digits
are added to the designation.

  NOTE—In material specifications containing reference to two or more tempers of the same alloy which
result in identical mechanical properties, the distinction between the tempers should be covered in suitable
explanatory notes.

Basic Temper Designations

F As Fabricated.  Applies to the products that acquire some temper from shaping processes not having
special control over the amount of strain-hardening or  thermal treatment.

O Annealed Recrystallized (wrought products only).  Applies to the softest temper of wrought
products.

H Strain-Hardened (wrought products only).  Applies to products that have their strength increased
by strain-hardening with or without supplementary thermal treatments to produce partial softening.
The H is always followed by two or more digits.

H1 Strain-Hardened Only.  Applies to products that are strain-hardened to obtain the desired
mechanical properties without supplementary thermal treatment.  The number following this
designation indicates the degree of strain-hardening.

H2 Strain-Hardened and Then Partially Annealed.  Applies to products which are strain-hard-
ened more than the desired final amount and then reduced in strength to the desired final
amount by partial annealing. The number following this designation indicates the degree of
strain-hardening remaining after the product has been partially annealed.

H3 Strain-Hardened and Stabilized.  Applies to products that are strain-hardened and then
stabilized by a low temperature heating to slightly lower their strength and increase ductility.
This designation applies only to alloys which, unless stabilized, gradually age soften at room
temperature.  The number following this designation indicates the degree of strain-hardening
remaining after the product has been strain-hardened a specific amount and then stabilized.

Subdivisions of the “H1", “H2" and “H3" Tempers:  The digit following the designations “H1",
“H2", and “H3" indicates the final degree of strain hardening.  Tempers between 0 (annealed) and
8 (full hard) are designated by numerals 1 through 7.  Material having a strength about midway
between that of the 0 temper and that of the 8 temper is designated by the numeral 4 (half hard);
between 0 and 4 by the numeral 2 (quarter hard); between 4 and 8 by the numeral 6 (three-quarter
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hard), etc.  The third digit, when used, indicates a variation of a two-digit H temper.  It is used when
the degree of control of temper or the mechanical properties are different from but close to those for
the two-digit H temper to which it is added.   Numerals 1 through 9 may be arbitrarily assigned as
the third digit for an alloy and product to indicate a specific degree of control of temper or special
mechanical property limits.

W Solution Heat-Treated.  An unstable temper applicable only to alloys which spontaneously age at
room temperature after solution heat-treatment. This designation is specific only when the period of
natural aging is indicated:  for example, W ½ hr.

T Thermally Treated to Product Stable Tempers Other Than F, O, or H.  Applies to products which
are thermally treated, with or without supplementary strain-hardening, to product stable tempers.  The
T is always followed by one or more digits.  Numerals 1 through 10 have been assigned to indicate
specific sequences of basic treatments, as follows.

T1 Cooled from an Elevated Temperature Shaping Process and Naturally Aged to a Substan-

tially Stable Condition.  Applies to products for which the rate of cooling from an elevated
temperature shaping process, such as casting or extrusion, is such that their strength is in-
creased by room temperature aging.

T3 Solution Heat-treated and Then Cold Worked.  Applies to products that are cold worked
to improve strength, or in which the effect of cold work in flattening and straightening is
recognized in applicable mechanical properties.

T4 Solution Heat-treated and Naturally Aged to a Substantially Stable Condition.  Applies
to products that are not cold worked after solution heat-treatment, or in which the effect of
cold work in flattening or straightening may not be recognized in applicable mechanical
properties.

T5 Cooled from an Elevated-Temperature Shaping Process and Then Artificially Aged.

Applies to products which are cooled from an elevated-temperature shaping process, such
as casting or extrusion, and then artificially aged to improve mechanical properties or dimen-
sional stability or both.

T6 Solution Heat-treated and Then Artificially Aged.  Applies to products that are not cold
worked after solution heat-treatment, or in which the effect of cold work is flattening or
straightening may not be recognized in applicable mechanical properties.

T7 Solution Heat-treated and Then Stabilized.  Applies to products that are stabilized to carry
them beyond the point of maximum strength to provide control of some special character-
istics.

T8 Solution Heat-treated, Cold Worked, and Then Artificially Aged.  Applies to products
which are cold worked to improve strength, or in which the effect of cold work in flattening
or straightening is recognized in applicable mechanical properties.

T9 Solution Heat-treated, Artificially Aged, and Then Cold Worked.  Applies to products that
are cold worked to improve strength.
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T10 Cooled from an Elevated Temperature Shaping Process, Artificially Aged, and Then Cold

Worked.  Applies to products which are artificially aged after cooling from an elevated
temperature shaping process, such as extrusion, and then cold worked to further improve
strength.

A period of natural aging at room temperature may occur between or after the operations listed for
tempers T3 through T10.  Control of this period is exercised when it is metallurgically important.

Additional digits, may be added to designations T1 through T10 to indicate a variation in treatment
that significantly alters the characteristics of the product.

a  From ASTM B 296-96.

4.1.6 JOINING METHODS — Most magnesium alloys may be welded; refer to “Comments and
Properties” in individual alloy sections.  Adhesive bonding and brazing may be used to join magnesium to
itself or other alloys.  All types of mechanical fasteners may be used to join magnesium.  Refer to Section
4.1.4 when using mechanical fasteners or joining of dissimilar materials with magnesium alloys.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

4-6

Table 4.2.1.0(a).  Material Specifications
for AZ31B Magnesium Alloy

Specification Form

AMS 4375
AMS 4376
AMS 4377
ASTM B 107
ASTM B 91

Sheet and plate
Plate
Sheet and plate
Extrusion
Forging

4.2 MAGNESIUM-WROUGHT ALLOYS

4.2.1  AZ31B

4.2.1.0 Comments and Properties — AZ31B is a wrought magnesium-base alloy containing
aluminum and zinc.  It is available in the form of sheet, plate, extruded sections, forgings, and tubes.  AZ31B
has good room-temperature strength and ductility and is used primarily for applications where the temperature
does not exceed 300 F.  Increased strength is obtained in the sheet and plate form by strain hardening with
a subsequent partial anneal (H24 and H26 temper).  No treatments are available for increasing the strength
of this alloy after fabrication.

Forming of AZ31B must be done at elevated temperatures if small radii or deep draws are required.
If the temperatures used are too high or the times too great, H24 and H26 temper material will be softened.
This alloy is readily welded but must be stress relieved after welding to prevent stress corrosion cracking.

Material specifications covering AZ31B wrought products are given in Table 4.2.1.0(a).  Room-
temperature mechanical and physical properties are shown in Tables 4.2.1.0(b) through (d).  The effect of
temperature on physical properties is shown in Figure 4.2.1.0.

The temper
index for AZ31B is as follows:

Section Temper
4.2.1.1      O
4.2.1.2      H24
4.2.1.3      H26
4.2.1.4      F

4.2.1.1 AZ31B-O Temper — Effect of temperature on the tensile modulus of sheet and plate
is presented in Figure 4.2.1.1.4.  Typical room-temperature stress-strain and tangent-modulus curves are
presented in Figure 4.2.1.1.6.

4.2.1.2 AZ31B-H24 Temper — Effect of temperature on the mechanical properties of sheet and
plate is shown in Figures 4.2.1.2.1 through 4.2.1.2.4, and 4.2.1.2.6.  Typical room-temperature tension and
compression stress-strain and tangent-modulus curves for sheet are shown in Figure 4.2.1.2.6.

4.2.1.3 AZ31B-H26 Temper

4.2.1.4 AZ31B-F Temper — Figures 4.2.1.4.8 (a) and (b) contain fatigue data for forged disk
at room temperature.
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Table 4.2.1.0(b).  Design Mechanical and Physical Properties of AZ31B Magnesium Alloy
Sheet and Plate

Specification . . . . . . . AMS 4375 AMS 4377

Form . . . . . . . . . . . . . . Sheet Plate Sheet Plate

Temper . . . . . . . . . . . . 0 H24

Thickness, in. . . . . . . .
0.016-
0.060

0.061-
0.249

0.250-
0.500

0.501-
2.000

2.001-
3.000

0.016-
0.062

0.063-
0.249

0.250-
0.374

0.375-
0.500

0.501-
1.000

1.001-
2.000

2.001-
3.000

Basis . . . . . . . . . . . . . . S S S S S S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . 32 32 32 32 32 39 39 38 37 36 34 34

     LT . . . . . . . . . . . . . ... ... ... ... ... 40 40 39 38 37 35 ...

Fty, ksi:

     L . . . . . . . . . . . . . . 18 15 15 15 15 29 29 26 24 22 20 18

     LT . . . . . . . . . . . . . ... ... ... ... ... 32 32 29 27 25 23 ...

Fcy, ksi:

     L . . . . . . . . . . . . . . ... 12 10 10   8 ... 24 20 16 13 10   9

     LTa . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . 17 17 17 ... ... 18 18 18 18 ... ... ...

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . 50 50 50 ... ... 58 58 56 54 ... ... ...

     (e/D = 2.0) . . . . . . . 60 60 60 ... ... 68 68 65 63 ... ... ...

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . 29 29 27 ... ... 43 43 38 34 ... ... ...

     (e/D = 2.0) . . . . . . . 29 29 27 ... ... 43 43 38 34 ... ... ...

e, percent . . . . . . . . .

     L . . . . . . . . . . . . . . 12 12 12 10   9   6   6   8   8   8   8   8

E, 103 ksi . . . . . . . . . 6.5

Ec, 103 ksi . . . . . . . . 6.5

G, 103 ksi . . . . . . . . . 2.4

µ . . . . . . . . . . . . . . . 0.35

Physical Properties:

, lb/in.3 . . . . . . . . . 0.0639

C, K, and . . . . . . . See Figure 4.2.1.0

a Fcy(LT) allowables are equal to or greater than Fcy(L) allowables.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 4.2.1.0(c).  Design Mechanical and Physical Properties of AZ31B Magnesium
Alloy Plate

Specification . . . . . . . AMS 4376

Form . . . . . . . . . . . . . . Plate

Temper . . . . . . . . . . . . H26

Thickness, in. . . . . . . .
0.250-
0.375

0.376-
0.438

0.439-
0.500

0.501-
0.750

0.751-
1.000

1.001-
1.500

1.501-
2.000

Basis . . . . . . . . . . . . . . S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . 39 38 38 37 37 35 35

     LT . . . . . . . . . . . . . 40 39 39 38 38 36 36

Fty, ksi:

     L . . . . . . . . . . . . . . 27 26 26 25 23 22 21

     LT . . . . . . . . . . . . . 30 29 29 28 26 25 24

Fcy, ksi:

     L . . . . . . . . . . . . . . 22 21 18 17 16 15 14

     LTa . . . . . . . . . . . . . ... ... .... ... ... ... ...

Fsu, ksi . . . . . . . . . . . 18 18 18 ... ... ... ...

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . 58 56 56 ... ... ... ...

     (e/D = 2.0) . . . . . . . 68 65 65 ... ... ... ...

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . 40 39 36 ... ... ... ...

     (e/D = 2.0) . . . . . . . 40 39 36 ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . .   6   6   6   6   6   6   6

E, 103 ksi . . . . . . . . . 6.5 

Ec, 103 ksi . . . . . . . . 6.5 

G, 103 ksi . . . . . . . . . 2.4 

µ . . . . . . . . . . . . . . . 0.35

Physical Properties:

, lb/in.3 . . . . . . . . . 0.0639

C, K, and . . . . . . . See Figure 4.2.1.0

a Fcy(LT) allowables are equal to or greater than Fcy(L) values.
b  Bearing values are "dry pin" values per Section 1.4.7.1.
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Table 4.2.1.0(d).  Design Mechanical and Physical Properties of AZ31B Magnesium Alloy
Extrusion and Forging

Specification . . . . . . . ASTM B 107 ASTM B 91

Form . . . . . . . . . . . . . . Extruded bar, rod, and
solid shapes

Extruded
hollow shapes

Extruded tube Forging

Temper . . . . . . . . . . . . F

Thickness, in. . . . . . . . 0.249
0.250-
1.499

1.500-
2.499

2.500-
4.999

All
0.028-
0.250b

0.251-
0.750b ...

Basis . . . . . . . . . . . . . . S S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . 35 35 34 32 32 32 32 34

     LT . . . . . . . . . . . . . ... ... ... ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . 21 22 22 20 16 16 16 19

     LT . . . . . . . . . . . . . ... ... ... ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . ... 12 12 10 10 10 10 ...

     LT . . . . . . . . . . . . . ... ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . 17 17 17 ... ... ... ... ...

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . 36 36 36 ... ... ... ... ...

     (e/D = 2.0) . . . . . . . 45 45 45 ... ... ... ... ...

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . 23 23 23 ... ... ... ... ...

     (e/D = 2.0) . . . . . . . 23 23 23 ... ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . 7 7 7 7 8 8 4 6

E, 103 ksi . . . . . . . . . 6.5

Ec, 103 ksi . . . . . . . . 6.5

G, 103 ksi . . . . . . . . . 2.4

µ . . . . . . . . . . . . . . . 0.35

Physical Properties:

, lb/in.3 . . . . . . . . . 0.0639

C, K, and . . . . . . . See Figure 4.2.1.0

a Wall thickness for tube; for outside diameter  6.000 inches.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 4.2.1.0.  Effect of temperature on the physical properties of AZ31B.
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Figure 4.2.1.1.4.  Effect of temperature on the tensile modulus (E) of AZ31B-O sheet
and plate.
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Figure 4.2.1.1.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for AZ31B-O sheet and plate at room temperature.
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Figure 4.2.1.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of AZ31B-H24 sheet and plate.
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Figure 4.2.1.2.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of AZ31B-H24 sheet and plate.

Figure 4.2.1.2.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of AZ31B-H24 sheet and plate.
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Figure 4.2.1.2.4.  Effect of temperature on the tensile modulus (E) of AZ31B-H24 sheet
and plate.
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Figure 4.2.1.2.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for AZ31B-H24 sheet at room temperature.
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Figure 4.2.1.4.8(a).  Best-fit S/N curves for unnotched AZ31B-F
magnesium alloy forged disk, transverse direction.

Correlative Information for Figure 4.2.1.4.8(a)

Product Form: Forged disk, 1 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   38                 26    RT   

Specimen Details: Unnotched
0.75 inch gross diameter
0.30 inch net diameter

Surface Condition: Polished sequentially with
No. 320 aluminum oxide
cloth, No. 0, 00, and 000
emery paper and finally No.
600 aluminum oxide
powder in water

References: 4.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:

For R values between -1.0 and -0.50
  Log Nf = 7.13-2.20 log (Seq-12.9)
  Seq = Smax(1-R)0.56

  Std. Error of Estimate, Log (Life) = 0.613
  Standard Deviation, Log (Life) = 0.916
  R2 = 55.2%
For R values between 0.0 and 0.50
  Log Nf = 8.87-3.26 log (Seq-15.0)
  Seq = Smax(1-R)0.33

  Std. Error of Estimate, Log (Life) = 0.829
  Standard Deviation, Log (Life )= 1.014
  R2 = 33.2%

Sample Size = 194

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 4.2.1.4.8(b).  Best-fit S/N curves for notched, Kt = 3.3, AZ31B-F
magnesium alloy forged disk, transverse direction.

Correlative Information for Figure 4.2.1.4.8(b)

Product Form: Forged disk, 1 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   38                26 RT    

Specimen Details: Notched, Kt = 3.3
0.350 inch gross diameter
0.280 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Reference: 4.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 1500 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Maximum Stress Equation:
Log Nf = 8.28-4.34 log (Smax)
Std. Error of Estimate, Log (Life) = 0.534
Standard Deviation, Log (Life) = 0.707
R2 = 43%

Sample Size = 34
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Table 4.2.2.0(a).  Material Specifications for AZ61A
Magnesium Alloy

Specification Form

AMS 4350
ASTM B 91

Extrusion
Forging

4.2.2  AZ61A

4.2.2.0 Comments and Properties — AZ61A is a wrought magnesium-base alloy containing
aluminum and zinc.  It is available in the form of extruded sections, tubes, and forgings in the as-fabricated
(F) temper.  AZ61A is much like AZ31B in general characteristics.  The increased aluminum content
increases the strength and decreases the ductility slightly.

Severe forming must be done at elevated temperatures.  This alloy is readily welded but must be stress
relieved after welding to prevent stress corrosion cracking.

Material specifications covering AZ61A are given in Table 4.2.2.0(a).  Room-temperature mechanical
and physical properties are shown in Table 4.2.2.0(b).
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Table 4.2.2.0(b).  Design Mechanical and Physical Properties of AZ61A Magnesium
Alloy Extrusion and Forging

Specification . . . . . . . . AMS 4350 ASTM B 91

Form . . . . . . . . . . . . . . .
Extruded bar, rod, and solid

shapes

Extruded
hollow
shapes

Extruded
tube

Forging

Temper . . . . . . . . . . . . . F

Thickness, in. . . . . . . . . 0.249
0.250-
2.499

2.500-
4.499a All

0.028-
0.750b ...

Basis . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . 38 40 40 36 36 38

     LT . . . . . . . . . . . . . . ... ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . 21 24 22 16 16 22

     LT . . . . . . . . . . . . . . ... ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . 14 14 14 11 11 14

     LT . . . . . . . . . . . . . . ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . 19 19 ... ... ... 19

Fbru
c, ksi:

     (e/D = 1.5) . . . . . . . . 45 45 ... ... ... 50

     (e/D = 2.0) . . . . . . . . 55 55 ... ... ... 60

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . . 28 28 ... ... ... 28

     (e/D = 2.0) . . . . . . . . 32 32 ... ... ... 32

e, percent:

     L . . . . . . . . . . . . . . .   8   9   7   7   7   6

E, 103 ksi . . . . . . . . . . 6.3

Ec, 103 ksi . . . . . . . . . 6.3

G, 103 ksi . . . . . . . . . . 2.4

µ . . . . . . . . . . . . . . . . 0.31

Physical Properties:

, lb/in.3 . . . . . . . . . . 0.0647

C, Btu/(lb)( F) . . . . . 0.25 (at 78 F)d

K, Btu/[(hr)(ft2)( F)/ft] 46 (212 to 572 F)

, 10-6 in./in./ F . . . . . 14 (65 to 212 F)

a For cross-sectional area 25 square inches.
b Wall thickness for outside diameters 6.000 inches.
c Bearing values are “dry pin” values per Section 1.4.7.1.
d Estimated.
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Table 4.2.3.0(a).  Material Specifications for ZK60A
Magnesium Alloy

Specification Form

ASTM B 107
AMS 4352
AMS 4362

Extrusion
Extrusion
Die and hand forgings

4.2.3  ZK60A

4.2.3.0 Comments and Properties — ZK60A is a wrought magnesium-base alloy containing zinc
and zirconium.  It is available as extruded sections, tubes, and forgings.  Increased strength is obtained by
artificial aging (T5) from the as-fabricated (F) temper.  ZK60A has the best combination of high room-
temperature strength and ductility of the wrought magnesium-base alloys.  It is used primarily at temperatures
below 300 F.

ZK60A has good ductility as compared with other high-strength magnesium alloys and can be formed or
bent cold into shapes not possible with those alloys having less ductility.  It is not considered a weldable
alloy.

Material specifications for ZK60A are given in Table 4.2.3.0(a).  Room-temperature mechanical and
physical properties are shown in Tables 4.2.3.0(b) and (c).  Elevated temperature curves for physical
properties are shown in Figures 4.2.3.0.

The temper index for ZK60A is as follows:

Section Temper
4.2.3.1    F
4.2.3.2    T5

4.2.3.1 ZK60A-F Temper

4.2.3.2 ZK60A-T5 Temper — Typical room-temperature tension and compression stress-
strain curves for extrusions are shown in Figures 4.2.3.2.6(a) and (b).  Fatigue curves are presented in
Figure 4.2.3.2.8(a) through (c).
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Table 4.2.3.0(b).  Design Mechanical and Physical Properties of ZK60A Magnesium
Alloy Extrusion

Specification . . . . . . . . . . . ASTM B 107

Form . . . . . . . . . . . . . . . . . . Extruded rod, bar, and solid shapes
Extruded

hollow shapes
Extruded

tube

Temper . . . . . . . . . . . . . . . . F

Cross-sectional area,
in.2 . . . . . . . . . . . . . . . . . . .

<2.000
2.000-
2.999

3.000-
4.999

5.000-
39.999

All
<3.000
in. O.D.

Thickness, in. . . . . . . . . . . . All All All All All
0.028-
0.750
wall

Basis . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . 43 43 43 43 40 40

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . 31 31 31 31 28 28

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . 27 26 25 20 20 20

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . 22 22 22 ... ... ...

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 70 70 70 ... ... ...

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 45 45 45 ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . .   5   5   5   4   5   5

E, 103 ksi . . . . . . . . . . . . . 6.5

Ec, 103 ksi . . . . . . . . . . . . 6.5

G, 103 ksi . . . . . . . . . . . . . 2.4

µ . . . . . . . . . . . . . . . . . . . 0.35

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.0659

C, K, and . . . . . . . . . . . See Figure 4.2.3.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 4.2.3.0(c).  Design Mechanical and Physical Properties of ZK60A Magnesium Alloy
Extrusion and Forging
Specification . . . . . . . . . . . . AMS 4352 AMS 4362

Form . . . . . . . . . . . . . . . . . . Extruded rod, bar, and solid shapes
Extruded
hollow
shapes

Extruded tube
Die

forging
Hand

forging

Temper . . . . . . . . . . . . . . . . T5

Cross-sectional area, in.2 . . <2.000
2.000-
2.999

3.000-
4.999

5.000-
9.999

10.000-
24.999

25.000-
39.999

All
<3.000
in. O.D.

3.000-
8.500

in. O.D.
... ...

Thickness, in. . . . . . . . . . . . All All All All All All All
0.028-
0.250
wall

0.094-
1.188
wall

<3.000 <6.000

Basis . . . . . . . . . . . . . . . . . . S S S S S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . 45 45 45 45 45 43 46 46 44 42 38

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . 36 36 36 34 34 31 38 38 33 26 20

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . 30 28 25 23 22 20 26 26 21 ... ...

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . 22 22 22 ... ... ... ... ... ... ... ...

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 71 71 71 ... ... ... ... ... ... ... ...

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 47 47 47 ... ... ... ... ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . .   4   4   4   6   6   6   4   4   4   7   7

E, 103 ksi . . . . . . . . . . . . . 6.5

Ec, 103 ksi . . . . . . . . . . . . 6.5

G, 103 ksi . . . . . . . . . . . . . 2.4

µ . . . . . . . . . . . . . . . . . . . 0.35

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.0659

C, K, and . . . . . . . . . . . See Figure 4.2.3.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 4.2.3.0.  Effect of temperature on the physical properties of ZK60A magnesium
alloy.
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Figure 4.2.3.2.6(a).  Typical tensile stress-strain curve for ZK60A-T5 extrusion at room
temperature.

Figure 4.2.3.2.6(b).  Typical compressive stress-strain curve for
ZK60A-T5 extrusion at room temperature.
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Fatigue Life, Cycles
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Stress Ratio

          0.166

        - 1.000

          0.600x

          0.250+

ZK60A-T5  RT  Kt=1.0

        Runout

         on net section.

Note:   Stresses are based

Figure 4.2.3.2.8(a).  Best-fit S/N curves for unnotched ZK60A-T5 extruded bar,
longitudinal direction.

Correlative Information for Figure 4.2.3.2.8(a)

Product Form: Extruded bar, 0.50 inch
diameter

Properties: TUS, ksi    TYS, ksi Temp., F
   47.5            40.9 RT     

(unnotched)

Specimen Details: Unnotched
0.500 inch gross diameter
0.400 inch net diameter
0.750 inch root diameter
7.500 inch long

Surface Condition: Polished with No. 240 grit
aluminum oxide belt and
then a No. 400 grit;
polished with kerosene to
better than 10 micro-inches

Reference: 4.2.3.2.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 7.56-2.73 log (Seq-23.7)
Seq = Smax(1-R)0.40

Std. Error of Estimate, Log (Life) = 0.60
Standard Deviation, Log (Life) = 0.85
R2 = 51%

Sample Size = 21

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Fatigue Life, Cycles
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Figure 4.2.3.2.8(b).  Best-fit S/N curves for notched, Kt = 2.4, ZK60A-T5 extruded bar,
longitudinal direction.

Correlative Information for Figure 4.2.3.2.8(b)

Product Form: Extruded bar, 0.50 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
   63.7            40.9 RT     

(notched)

Specimen Details: Circumferential notched,
Kt  =  2.4
0.500 inch gross diameter
0.400 inch net diameter
0.032 inch notch radius
60  flank angle, 

Surface Condition: Ground with aluminum oxide
wheel lubricated with sulfur
cutting oil; lapped with a
copper rod and No. 600 grit
alundum lapping compound

Reference: 4.2.3.2.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 5.51-1.36 log (Seq-13.2)
Seq = Smax(1-R)0.42

Std. Error of Estimate, Log (Life) = 0.46
Standard Deviation, Log (Life) = 0.82
R2 = 69%

Sample Size = 30

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Fatigue Life, Cycles
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          0.900

Figure 4.2.3.2.8(c).  Best-fit S/N curves for notched, Kt = 3.4, ZK60A-T5 extruded bar,
longitudinal direction.

Correlative Information for Figure 4.2.3.2.8(c)

Product Form: Extruded bar, 0.50 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
   58.2            40.9 RT     

(notched)

Specimen Details: Circumferential notched,
Kt  =  4
0.500 inch gross diameter
0.400 inch net diameter
0.010 inch notch radius
60  flank angle, 

Surface Condition: Ground with aluminum oxide
wheel lubricated with sulfur
cutting oil; lapped with a
copper rod and No. 600 grit
alundum lapping compound

Reference: 4.2.3.2.8
Test Parameters:
Loading - Axial

Frequency - 3600 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: Not specified

Equivalent Stress Equation:
Log Nf = 9.27-4.13 log (Seq-5.63)
Seq = Smax(1-R)0.46

Std. Error of Estimate, Log (Life) = 0.55
Standard Deviation, Log (Life) = 0.99
R2 = 70%

Sample Size = 36

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Table 4.3.1.0(a).  Material Specifications for AM100A
Magnesium Alloy

Specification Form

AMS 4455
AMS 4483a

Investment casting
Permanent mold casting

a   Noncurrent specification.

4.3 MAGNESIUM CAST ALLOYS

4.3.1  AM100A

4.3.1.0 Comments and Properties — AM100A is a magnesium-base casting alloy containing
aluminum and a small amount of manganese.  It is primarily used as permanent mold castings.  AM100A has
about the same characteristics as AZ92A.  AM100A has less tendency to microshrinkage and hot shortness
than the Mg-Al-Zn alloys.  It has good weldability and fair pressure tightness.

Material specifications for AM100A are given in Table 4.3.1.0(a).  Room-temperature mechanical
and physical properties are shown in Table 4.3.1.0(b).

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

4-28

Table 4.3.1.0(b).  Design Mechanical and Physical Properties of AM100A
Magnesium Alloy Casting

Specification . . . . . . . . . . . . . AMS 4455 AMS 4483a

Form . . . . . . . . . . . . . . . . . . . . Investment casting Permanent mold casting

Temper . . . . . . . . . . . . . . . . . . T6 T6

Location within casting . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . S S

Mechanical Propertiesc:
Ftu, ksi . . . . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . .

e, percent . . . . . . . . . . . . . . .

17c

9.5c

9.5
...

...

...

...

...
1b

17c

10c

10
...

...

...

...

...

...

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . .

6.5
6.5
2.4
0.35

Physical Properties:
, lb./in.3 . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . .
0.0651

...

a Noncurrent specification.
b Reference should be made to the specific requirements of the procuring or certificating agency with regard to the use

of the above values in the design of castings.
c When specified on drawing, conformance to tensile property requirements is determined by testing specimens cut

from castings.
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Table 4.3.2.0(a).  Material Specifications for AZ91C/AZ91E
Magnesium Alloy

Specification Form

AMS 4437
AMS 4452
AMS 4446

Sand casting
Investment casting
Sand casting

4.3.2 AZ91C/AZ91E

4.3.2.0 Comments and Properties — AZ91C is a magnesium-base casting alloy containing
aluminum and zinc.  AZ91E is a version which contains a significantly lower level of impurities resulting in
improved corrosion resistance.  These alloys have good castability with a good combination of ductility and
strength.  AZ91C and AZ91E are the most commonly used sand castings for temperatures under 300 F.
AZ91C is available as sand and investment castings, while AZ91E is available as a sand casting.  AZ91C and
AZ91E have fair weldability and pressure tightness.

Some material specifications covering AZ91C/AZ91E are presented in Table 4.3.2.0(a).  Room-
temperature mechanical and physical properties are shown in Tables 4.3.2.0(b) and (c).

The temper index for AZ91C/AZ91E is as follows:

Section Temper
4.3.2.1       T6

4.3.2.1 T6 Temper — Figure 4.3.2.1.4 contains an elevated temperature curve for tension and
compression moduli.  Typical tensile stress-strain curves at room temperature and several elevated tem-
peratures are presented in Figure 4.3.2.1.6.
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Table 4.3.2.0(b).  Design Mechanical and Physical Properties of AZ91C Magnesium
Alloy Casting

Specification . . . . . . . . . . AMS 4437 AMS 4452

Form . . . . . . . . . . . . . . . . Sand casting Investment casting

Temper . . . . . . . . . . . . . . T6 T6

Location
within casting . . . . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . S S

Mechanical Propertiesa:
Ftu, ksi . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .
e, percent . . . . . . . . . . .

17b

12b

12
...

...

...

...

...
 0.75b

17b

12b

12
...

...

...

...

...
1b

E, 103 ksi . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

6.5
6.5
2.4
0.35

Physical Properties:
, lb./in.3  . . . . . . . . . . .

C,Btu/(lb)( F) . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . .

, 10-6 in./in./ F . . . . . . .

0.0652
0.25c

41 (212 F to 572 F)
14 (65 F to 212 F)

a Reference should be made to the specific requirements of the procuring or certificating agency with regard to the use of the
above values in the design of castings.

b When specified on drawing, conformance to tensile property requirements is determined by testing specimens cut from
castings.

c Estimated.
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Table 4.3.2.0(c).  Design Mechanical and Physical Properties of AZ91E Magnesium
Alloy Casting

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 4446

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sand casting

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T6

Location within casting . . . . . . . . . . . . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Propertiesa:

Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17b

Fty, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12b

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . ...

e, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.5 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.5 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4 

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.35

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.0652

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . . . 0.25c

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . . . 41 (212 F to 572 F)

, 10-6 in./in./F . . . . . . . . . . . . . . . . . . . . . . . . 14 (65 F to 212 F)

a Reference should be made to the specific requirements of the procuring or certificating agency with regard to the use of the
above values in the design of castings.

b When specified on drawing, conformance to tensile property requirements is determined by testing specimens cut from
castings.

c Estimated.
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Figure 4.3.2.1.6.  Typical tensile stress-strain curves for cast AZ91C-T6/AZ91E-T6 at
room and elevated temperatures.
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Figure 4.3.2.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of cast AZ91C-T6/AZ91E-T6.
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Table 4.3.3.0(a).  Material Specifications for
AZ92A Magnesium Alloy

Specification Form

AMS 4434
AMS 4484a

AMS 4453

Sand casting
Permanent-mold casting
Investment casting

  a   Noncurrent specification.

4.3.3 AZ92A

4.3.3.0 Comments and Properties — AZ92A is a magnesium-base casting alloy containing
aluminum and zinc.  It is slightly stronger and less ductile than AZ91C but is much like it in other character-
istics.  It is available as sand and permanent-mold casting.  AZ92A has fair weldability and pressure tightness.

Material specifications for AZ92A are presented in Table 4.3.3.0(a).  Room-temperature mechanical
and physical properties are shown in Table 4.3.3.0(b).  Elevated temperature curves for physical properties
are shown in Figure 4.3.3.0.

The temper index for AZ92A is as follows:

Section Temper
4.3.3.1      T6

4.3.3.1 AZ92A-T6 Temper — Elevated temperature curves for various mechanical properties
are presented in Figures 4.3.3.1.1(a) through (c), and 4.3.3.1.4.  Typical stress-strain and tangent-modulus
curves at room temperature and several elevated temperatures are shown in Figures 4.3.3.1.6(a) and (b).
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Table 4.3.3.0(b).  Design Mechanical and Physical Properties of AZ92A Magnesium
Alloy Casting

Specification . . . . . . . . . AMS 4484a AMS 4434 AMS 4453

Form . . . . . . . . . . . . . . . .
Permanent mold

casting
Sand casting Investment Casting

Temper . . . . . . . . . . . . . . T6 T6 T6

Location within casting . Any area

Basis . . . . . . . . . . . . . . . . S S S

Mechanical Propertiesb:
Ftu, ksi . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent . . . . . . . . . . .

17c

 13.5c

 13.5
...

...

...

...

...

...

17c

13.5c

13.5
...

...

...

...

...

...

19
15
...
...

...

...

...

...
0.7

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

6.5
6.5
2.4
0.35

Physical Properties:
, lb./in.3 . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . .
K and . . . . . . . . . . . . .

0.0659
0.25d

See Figure 4.3.3.0

a Noncurrent specification. 
b Reference should be made to the specific requirements of the procuring or certificating agency with regard to the use of

the above values in the design of castings.
c When specified on drawing, conformance to tensile property requirements is determined by testing specimens cut from

castings.
d Estimated.
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Figure 4.3.3.0.  Effects of temperature on the physical properties of cast AZ92A-T6.
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Figure 4.3.3.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of cast
AZ92A-T6.
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Figure 4.3.3.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of cast
AZ92A-T6.
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Figure 4.3.3.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of cast AZ92A-T6.
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Figure 4.3.3.1.1(c).  Effect of exposure at elevated temperature on the room-
temperature tensile ultimate strength (Ftu) and the tensile yield strength (Fty) of cast
AZ92A-T6.
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Figure 4.3.3.1.6(b).  Typical tensile stress-strain curves for cast AZ92A-T6 at room and
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modulus curves for cast AZ92A-T6 at room temperature.
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Table 4.3.4.0(a).  Material Specification for
EZ33A Magnesium Alloy

Specification Form

AMS 4442 Sand casting

4.3.4  EZ33A

4.3.4.0 Comments and Properties — EZ33A is a magnesium-base casting alloy containing
rare earths, zinc, and zirconium.  It is available as sand castings in the artificially aged (T5) temper.  EZ33A
has lower strength than the Mg-Al-Zn alloys at room temperature but is less affected by increasing tempera-
ture.  It is generally used for applications at temperatures of 300 to 500 F.  EZ33A castings are very sound
and are sometimes used for pressure tightness.  It has good stability in the T5 temper and excellent welda-
bility.  It is sometimes used for applications requiring good damping ability.

A material specification for EZ33A is presented in Table 4.3.4.0(a).  Room-temperature mechanical
and physical properties are shown in Table 4.3.4.0(b).  The effect of temperature on physical properties is
shown in Figure 4.3.4.0.

The temper index for EZ33A is as follows:

Section Temper
4.3.4.1    T5

4.3.4.1 EZ33A-T5 Temper — Elevated temperature curves for tensile properties are presented
in Figures 4.3.4.1.1(a) through (c).  A typical tensile stress-strain curve at room temperature is presented in
Figure 4.3.4.1.6.
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Table 4.3.4.0(b).  Design Mechanical and Physical
Properties of EZ33A Magnesium Alloy Casting

Specification . . . . . . . . . . . . . . . . . . AMS 4442

Form . . . . . . . . . . . . . . . . . . . . . . . . . Sand casting

Temper . . . . . . . . . . . . . . . . . . . . . . . T5

Location within
casting . . . . . . . . . . . . . . . . . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Propertiesa:
Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . . .

e, percent . . . . . . . . . . . . . . . . . . . .

E, 103 ksi . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . .

13b

11b

11
...

...

...

...

...
1.5

6.5
6.5
2.4
0.35

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
K and . . . . . . . . . . . . . . . . . . . . . .

0.0659
0.25

See Figure 4.3.4.0

a Reference should be made to the specific requirements of the procuring or 
certificating agency with regard to the use of the above values in the design of 
castings.

b When specified on drawing, conformance to tensile property requirements is 
determined by testing specimens cut from castings.
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Figure 4.3.4.0.  Effect of temperature on the physical properties of cast EZ33A.
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Figure 4.3.4.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of cast
EZ33A-T5.

Figure 4.3.4.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of cast
EZ33A-T5.
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Figure 4.3.4.1.1(c).  Effect of exposure at elevated temperatures on the room
temperature tensile ultimate strength (Ftu) and the tensile yield strength (Fty) of cast
EZ33A-T5.
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Figure 4.3.4.1.6.   Typical tensile stress-strain curve for cast EZ33A-T5 at room
temperature.
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Table 4.3.5.0(a).  Material Specifications for
QE22A Magnesium Alloy

Specification Form

AMS 4418 Sand casting

4.3.5 QE22A

4.3.5.0 Comments and Properties — QE22A is a magnesium-base alloy containing silver,
rare earths in the form of didymium, and zirconium.  It is available as sand and permanent-mold castings.
It is used in the solution heat-treated and artificially aged (T6) condition where a high yield strength is needed
at temperatures up to 600 F.  QE22A has good weldability and fair pressure tightness.

Material specifications for QE22A are presented in Table 4.3.5.0(a).  Room-temperature mechanical
and physical properties are shown in Table 4.3.5.0(b).

The temper index for QE22A is as follows:

Section Temper
4.3.5.1 T6

4.3.5.1 QE22A-T6 Temper — Elevated temperature curves for various tensile properties and
modulus of elasticity are presented in Figures 4.3.5.1.1 and 4.3.5.1.4.  Typical tensile stress-strain curves at
various temperatures from room temperature through 700 F are shown in Figure 4.3.5.1.6.
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Table 4.3.5.0(b).  Design Mechanical and Physical Properties of QE22A Magnesium
Alloy Casting

Specification . . . . . . . . . . . . . AMS 4418

Form . . . . . . . . . . . . . . . . . . . . Sand casting

Temper . . . . . . . . . . . . . . . . . T6

Location within casting . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . S

Mechanical Propertiesa:
Ftu, ksi . . . . . . . . . . . . . . . . . .
Fty, ksi . . . . . . . . . . . . . . . . . .
Fcy, ksi . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . .
Fbru, ksi:
(e/D = 1.5) . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . .

e, percent . . . . . . . . . . . . . . . .

32b

23b

23
...

...

...

...

...
2b

E, 103 ksi . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . .

6.5
6.5
2.4
0.35

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . .

, 10-6 in./in./ F . . . . . . . . . .

0.0653
0.25c

59
14 (68 F to 392 F)

a Reference should be made to the specific requirements of the procuring or certificating agency with regard to the use of
the above values in the design of castings.

b When specified on drawing, conformance to tensile property requirements is determined by testing specimens cut from
castings.

c Estimated.
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Figure 4.3.5.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of cast QE22A-T6.

Figure 4.3.5.1.4.  Effect of temperature on the tensile modulus (E) of cast QE22A-T6.
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Figure 4.3.5.1.6.  Typical tensile stress-strain curves for cast QE22A-T6 at room and
elevated temperatures.
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Table 4.3.6.0(a).  Material Specification for
ZE41A Magnesium Alloy

Specification Form

AMS 4439 Sand casting

4.3.6  ZE41A

4.3.6.0 Comments and Properties — ZE41A is a magnesium-base casting alloy containing
zinc, zirconium, and rare earth elements.  It is available as sand or permanent-mold castings in the artificially
aged temper (T5).  ZE41A has a higher yield strength than the Mg-Al-Zn alloys at room temperature and is
more stable at elevated temperatures.  It is useful for applications at temperatures up to 320 F.  ZE41A
castings possess good weldability and are pressure tight.

A material specification for ZE41A is presented in Table 4.3.6.0(a).  Room temperature mechanical
and physical properties are shown in Table 4.3.6.0(b).  The effect of temperature on thermal conductivity is
shown in Figure 4.3.6.0.

The temper index for ZE41A is as follows:

Section Temper
4.3.6.1    T5

4.3.6.1 T5 Temper — Elevated temperature curves for tensile yield and ultimate strengths
are presented in Figure 4.3.6.1.1.  The effect of temperature on the tensile modulus of elasticity is shown in
Figure 4.3.6.1.4.  Figures 4.3.6.1.6(a) and (b) contain tensile and compressive stress-strain curves as well as
a compressive tangent-modulus curve.
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Table 4.3.6.0(b).  Design Mechanical and Physical Properties of ZE41A Magnesium Alloy
Casting

Specification . . . . . . . . . . . . . . AMS 4439

Form . . . . . . . . . . . . . . . . . . . . . Sand casting

Temper . . . . . . . . . . . . . . . . . . . T5

Thickness, in. . . . . . . . . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . . S

Mechanical Propertiesa:

Ftu, ksi . . . . . . . . . . . . . . . . . . 26b

Fty, ksi . . . . . . . . . . . . . . . . . .  17.5b

Fcy, ksi . . . . . . . . . . . . . . . . . . 15

Fsu, ksi . . . . . . . . . . . . . . . . . . 17

Fbru
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . 38

     (e/D = 2.0) . . . . . . . . . . . . . . 49

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . 31

     (e/D = 2.0) . . . . . . . . . . . . . . 35

e, percent . . . . . . . . . . . . . . . .  2b

E, 103 ksi . . . . . . . . . . . . . . . .  6.5

Ec, 103 ksi . . . . . . . . . . . . . . .  6.5

G, 103 ksi . . . . . . . . . . . . . . . .  2.4

µ . . . . . . . . . . . . . . . . . . . . . .  0.35

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . 0.0656

C, Btu/(lb)( F) . . . . . . . . . . . 0.234 (at 68 F)

K, Btu/[(hr)(ft2)( F)/ft] . . . . . See Figure 4.3.6.0

, 10-6 in./in./ F . . . . . . . . . . . 15.5 (68 to 212 F)

a The mechanical properties shown are reliably obtainable when castings are produced under the quality assurance provisions
of AMS 4439.  These provisions require preproduction approval, documentation of foundry procedures, and specific testing 
procedures for the acceptance of each production lot of castings.  Strict adherence to these requirements is mandatory if these
properties are to be reliably assured in each casting.

b Conformance to tensile property requirements is determined by testing specimens cut from casting only when specified on 
drawing.

c Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 4.3.6.0.  Effect of temperature on the thermal conductivity (K) of ZE41A-T5 sand
casting.
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Figure 4.3.6.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and tensile
yield strength (Fty) of ZE41A-T5 sand casting.

Figure 4.3.6.1.4.  Effect of temperature on the tensile modulus (E) of ZE41A-T5 sand
casting.
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Figure 4.3.6.1.6(a).  Typical tensile stress-strain curves for ZE41A-T5 sand casting at
room and elevated temperatures.
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Figure 4.3.6.1.6(b).  Typical compressive stress-strain and tangent-modulus curves for
ZE41A-T5 sand casting at room temperature.
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P

A

K(Fcy)
n

(L / )m

Alloy K n m Max. P/A

AZ31B, AZ61A
ZK60A-T5

2,900
3,300

¼
¼

1.5
1.5

Fcy

0.96 Fcy

aFormula is for members that do not fail by local buckling. 
See Figure 4.4.2.3(a).

4.4 ELEMENT PROPERTIES

4.4.1 BEAMS — Refer to Chapter 1 and References 1.7.1(a) and (b) for general information on
stress analysis of beams.

4.4.1.1 Simple Beams — Beams of solid tubular, or similar cross sections can be assumed to
fail through exceeding an allowable modulus of rupture in bending (Fb).  In the absence of specific data, the
ratio Fb/Ftu can be assumed to be 1.25 for solid sections.

4.4.1.1.1 Round Tubes — For round tubes, the value of Fb will depend on the D/t ratio as well
as the compressive yield stress.

4.4.1.1.2  Unconventional Cross Sections — Sections other than solid or tubular should be tested
to determine allowable bending stress.

4.4.1.2 Built-Up Beams — Built-up beams will usually fail because of local failure of compo-
nent parts.

4.4.1.3 Thin-Web Beams — The allowable stress for thin-web beams will depend on the nature
of the failure and are determined from the allowable stress of the web in tension and of the flanges or stiffen-
ers in compression.

4.4.2 COLUMNS

4.4.2.1 Primary Failure — The general formula for primary instability is given in Section 1.3.8.
Formulas applicable to magnesium-alloy columns are given in Tables 4.4.2.1(a) and (b).  See References
4.4.2(a) and (b).

Table 4.4.2.1(a).  Column Formula for Magnesium-Alloy
Extruded Open Shapes

General Formulaa

(Stress values are in ksi)
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P

A
1.05 Fcy

1.05 Fcy
2 L / 2

4 2 E

MAX
P

A
Fcy

Table 4.4.2.1(b).  Column Formula for AZ31B-H24 
Magnesium-Alloy Sheet

See Figure 4.4.2.3(b).

4.4.2.2 Local Failure

4.4.2.3 Column Properties — Curves of the allowable column stresses for various magnesium
alloy columns are given in Figures 4.4.2.3(a) and (b).  The allowable stress is plotted against the effective
slenderness ratio defined by Equation 3.10.2.3.
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Figure 4.4.2.3(a).  Allowable column stresses for magnesium-alloy
columns.

Figure 4.4.2.3(b).  Allowable column stresses for AZ31B-H24 magnesium-alloy
sheet.
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Figure 4.4.3.2.  Torsional modulus of rupture for AZ61A-F magnesium-alloy
round tubing.

4.4.3 TORSION

4.4.3.1 General — The general statements relating to aluminum-alloy tubing in 3.10.3 are
applicable to magnesium tubing.

4.4.3.2 Torsion Properties — An empirical curve of the allowable torsional modulus of rupture
for AZ62A-F magnesium-alloy round tubing (specification WW-T-825) is given in Figure 4.4.3.2.
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CHAPTER 5

TITANIUM

5.1 GENERAL

This chapter contains the engineering properties and related characteristics of titanium and titanium
alloys used in aircraft and missile structural applications.

General comments on engineering properties and the considerations relating to alloy selection are
presented in Section 5.1.  Mechanical- and physical-property data and characteristics pertinent to specific
alloy groups or individual alloys are reported in Sections 5.2 through 5.5.

Titanium is a relatively lightweight, corrosion-resistant structural material that can be strengthened
greatly through alloying and, in some of its alloys, by heat treatment.  Among its advantages for specific
applications are:  good strength-to-weight ratio, low density, low coefficient of thermal expansion, good
corrosion resistance, good oxidation resistance at intermediate temperatures, good toughness, and low heat-
treating temperature during hardening, and others.

5.1.1 TITANIUM INDEX — The coverage of titanium and its alloys in this chapter has been divided
into four sections for systematic presentation.  The system takes into account unalloyed titanium and three
groups of alloys based on metallurgical differences which in turn result in differences in fabrication and
property characteristics.  The sections and the individual alloys covered under each are shown in Table 5.1.

Table 5.1.  Titanium Alloys Index
Section Alloy Designation

5.2 Unalloyed Titanium

5.2.1 Commercially Pure Titanium
5.3 Alpha and Near-Alpha Titanium Alloys

5.3.1 Ti-5A1-2.5Sn (Alpha)
5.3.2 Ti-8A1-1Mo-1V (Near-Alpha)
5.3.3 Ti-6A1-2Sn-4Zr-2Mo (Near-Alpha)
5.4 Alpha-Beta Titanium Alloys

5.4.1 Ti-6A1-4V
5.4.2 Ti-6A1-6V-2Sn
5.4.3 Ti - 4.5Al-3V-2Fe-2Mo
5.5 Beta, Near-Beta, and Metastable Titanium Alloys

5.5.1 Ti-13V-11Cr-3A1
5.5.2 Ti-15V-3Cr-3Sn-3A1
5.5.3 Ti-10V-2Fe-3A1

5.1.2 MATERIAL PROPERTIES — The material properties of titanium and its alloys are determined
mainly by their alloy content and heat treatment, both of which are influential in determining the allotropic
forms in which this material will be bound.  Under equilibrium conditions, pure titanium has an “alpha”
structure up to 1620 F, above which it transforms to a “beta” structure.  The inherent properties of these two
structures are quite different.  Through alloying and heat treatment, one or the other or a combination of these
two structures can be made to exist at service temperatures, and the properties of the material vary
accordingly.  References 5.1.2(a) and (b) provide general discussion of titanium microstructures and
associated metallography.
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Titanium and titanium alloys of the alpha and alpha-beta type exhibit crystallographic textures in
sheet form in which certain crystallographic planes or directions are closely aligned with the  direction of
prior working.  The presence of textures in these materials lead to anisotropy with respect to many mechanical
and physical properties.  Poisson’s ratio and Young’s modulus are among those properties strongly affected
by texture.  Wide variations experienced in these properties both within and between sheets of titanium alloys
have been qualitatively related to variations of texture.  In general, the degree of texturing, and hence the
variation of Young’s modulus and Poisson’s ratio, that is developed for alpha-beta alloys tends to be less than
that developed in all alpha titanium alloys.  Rolling temperature has a pronounced effect on the texturing of
titanium alloys which may not in general be affected by subsequent thermal treatments.  The degree of
applicability of the effect of textural variations discussed above on the mechanical properties of products
other than sheet is  unknown at present.  The values of Young’s modulus and Poisson’s ratio listed in this
document represent the usual values obtained on products resulting from standard mill practices.  References
5.1.2(c) and (d) provide further information on texturing in titanium alloys.

5.1.2.1 Mechanical Properties

5.1.2.1.1   Fracture Toughness — The fracture toughness of titanium alloys is greatly influenced
by such factors as chemistry variations, heat treatment, microstructure, and product thickness, as well as yield
strength.  For fracture critical applications, these factors should be closely controlled.  Typical values of
plane-strain fracture toughness for titanium alloys are presented in Table 5.1.2.1.1.  Minimum, average, and
maximum values, as well as coefficient of variation, are presented for various products for which valid data
are available, but these values do not have the statistical reliability of the room-temperature mechanical
properties.

5.1.3 MANUFACTURING CONSIDERATIONS — Comments relating to formability, weldability, and
final heat treatment are presented under individual alloys.  These comments are necessarily brief and are
intended only to aid the designer in the selection of an alloy for a specific application.  In practice, departures
from recommended practices are very common and are based largely on in-plant experience.  Springback is
nearly always a factor in hot or cold forming.

Final heat treatments that are indicated as “specified” heat treatments do not necessarily coincide with
the producers’ recommended heat treatments.  Rather, these treatments, along with the specified room-
temperature minimum tensile properties, are contained in the heat treating-capability requirements of
applicable specifications, for example, MIL-H-81200.  Departures from the specified aging cycles are often
necessary to account for aging that may take place during hot working or hot sizing or to obtain more
desirable mechanical properties, for example, improved fracture toughness.  More detailed recommendations
for specific applications are generally available from the material producers.

5.1.4 ENVIRONMENTAL CONSIDERATIONS — Comments relating to temperature limitations in the
application of titanium and titanium alloys are presented under the individual alloys.

Below about 300 F, as well as above about 700 F, creep deformation of titanium alloys can be
expected at stresses below the yield strength.  Available data indicate that room-temperature creep of
unalloyed titanium may be significant (exceed 0.2 percent creep-strain in 1,000 hours) at stresses that exceed
approximately 50 percent Fty, room-temperature creep of Ti-5A1-1.5Sn ELI may be significant at stresses
above approximately 60 percent Fty, and room-temperature creep of the standard grades of titanium alloys
may be significant at stresses above approximately 75 percent Fty.  References 5.1.4(a) through (c) provide
some limited data regarding room-temperature creep of titanium alloys.

The use of titanium and its alloys in contact with either liquid oxygen or gaseous oxygen at cryogenic
temperatures should be avoided, since either the presentation of a fresh surface (such as produced by tensile
rupture) or impact may initiate a violent reaction [Reference 5.1.4(d)].  Impact of the surface in contact with
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liquid oxygen will result in a reaction at energy levels as low as 10 ft-lb.  In gaseous oxygen, a partial
pressure of about 50 psi is sufficient to ignite a fresh titanium surface over the temperature range from -250 F
to room temperature or higher.

Titanium is susceptible to stress-corrosion cracking in certain anhydrous chemicals including methyl
alcohol and nitrogen tetroxide.  Traces of water tend to inhibit the reaction in either environment.  However,
in N2O4, NO is preferred and inhibited N2O4 contains 0.4 to 0.8 percent NO.  Red fuming nitric acid with less
than 1.5 percent water and 10 to 20 percent NO2 can crack the metal and result in a pyrophoric reaction.

Titanium alloys are also susceptible to stress corrosion by dry sodium chloride at elevated tempera-
tures.  This problem has been observed largely in laboratory tests at 450 to 500 F and higher and occasionally
in fabrication shops.  However, there have been no reported failures of titanium components in service by hot
salt stress corrosion.  Cleaning with a nonchlorinated solvent (to remove salt deposits, including fingerprints)
of parts used above 450 F is recommended.

In laboratory tests, with a fatigue crack present in the specimen, certain titanium alloys show an
increased crack propagation rate in the presence of water or salt water as compared with the rate in air.  These
alloys also may show reduced sustained load-carrying ability in aqueous environments in the presence of fa-
tigue cracks.  Crack growth rates in salt water are a function of sheet or section thickness.  These alloys are
not susceptible in the form of thin-gauge sheet, but become susceptible as thickness increases.  The thickness
at which susceptibility occurs varies over a visual range with the alloy and processing.  Alloys of titanium
found susceptible to this effect include some from alpha, alpha-beta, and beta-type microstructures.  In some
cases, special processing techniques and heat treatments have been developed that minimize this effect.
References 5.1.4(e) through (g) present detailed summaries of corrosion and stress corrosion of titanium
alloys.

Under certain conditions, titanium, when in contact with cadmium, silver, mercury, or certain of their
compounds, may become embrittled.  Refer to MIL-HDBK-1568 for restrictions concerning applications with
titanium in contact with these metals or their compounds.
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Table 5.1.2.1.1.  Values of Room Temperature Plane-Strain Fracture Toughness of Titanium Alloysa

KIc, ksi in.

Alloy
Heat Treat
Condition

Product
Form

Orientationb

Yield
Strength
Range,

ksi

Product
Thickness

Range,
inches

Number
of

Sources
Sample

Size

Specimen
Thickness

Range,
inches

Max. Avg. Min.
Coefficient of

Variation

Ti-6Al-4V Mill
Annealed

Forged
Bar

L-T 121-143 <3.5 2 43 0.6-1.1 77 60 38 10.5

Ti-6Al-4V Mill
Annealed

Forged
Bar

T-L 124-145 <3.5 2 64 0.5-1.3 81 57 33 11.7

a These values are for information only.

b Refer to Figure 1.4.12.3 for definition of symbols.
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5.2 UNALLOYED TITANIUM

Several grades of unalloyed titanium are offered and are classified on the basis of manufacturing
method, degree of purity, or strength, there being a close relationship among these.  The unalloyed titanium
grades most commonly used are produced by the Kroll process, are intermediate in purity, and are commonly
referred to as being of commercial purity.

5.2.1  COMMERCIALLY PURE TITANIUM

5.2.1.0 Comments and Properties — Unalloyed titanium is available in all familiar product
forms and is noted for its excellent formability.  Unalloyed titanium is readily welded or brazed.  It has been
used primarily where strength is not the main requirement.

Manufacturing Considerations — Unalloyed titanium is supplied in the annealed condition permit-
ting extensive forming at room temperature.  Severe forming operations also can be accomplished at elevated
temperatures (300 to 900 F).  Property degradation can be experienced after severe forming if as-received
material properties are not restored by re-annealing.

Commercially pure titanium can be welded readily by the several methods employed for titanium
joining.  Atmospheric shielding is preferable although spot or seam welding may be accomplished without
shielding.  Brazing requires protection from the atmosphere which may be obtained by fluxing as well as by
inert gas or vacuum shielding.

Environmental Considerations — Titanium has an unusually high affinity for oxygen, nitrogen, and
hydrogen at temperatures above 1050 F.  This results in embrittlement of the material, thus usage should be
limited to temperatures below that indicated.  Additional chemical reactivity between titanium and selected
environments such as methyl alcohol, chloride salt solutions, hydrogen, and liquid metal, can take place at
lower temperatures, as discussed in Section 5.1.4 and its references.

Under certain conditions, titanium, when in contact with cadmium, silver, mercury, or certain of their
compounds, may become embrittled.  Refer to MIL-HDBK-1568 for restrictions concerning applications with
titanium in contact with these metals or their compounds.

Heat Treatment — Commercially pure titanium is fully annealed by heating to 1000 to 1300 F for
10 to 30 minutes.  It is stress relieved by heating to 900 to 1000 F for 30 minutes.  Commercially pure
titanium cannot be hardened by heat treatment.

Specifications and Properties — Some material specifications for commercially pure titanium are
presented in Table 5.2.1.0(a).  Room-temperature mechanical properties for commercially pure titanium are
shown in Tables 5.1.2.0(b) and (c).  The effect of temperature on physical properties is shown in Figure
5.2.1.0.

5.2.1.1  Annealed Condition — Elevated-temperature data for annealed commercially pure
titanium are presented in Figures 5.2.1.1.1(a) through 5.2.1.1.3(b).  Typical full-range stress-strain curves for
the 40 and 70 ksi yield strength commercially pure titanium are shown in Figures 5.2.1.1.6(a) and (b).

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-6

Table 5.2.1.0(a).  Material Specifications for
Commercially Pure Titanium

Specification Form

AMS 4900
AMS 4901
AMS 4902
AMS-T-9046
MIL-T-9047a

AMS 4921
AMS-T-81556

Sheet, strip, and plate
Sheet, strip, and plate
Sheet, strip, and plate
Sheet, strip, and plate
Bar
Bar
Extruded bars and shapes

                 a  Inactive for new design
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Table 5.2.1.0(b).  Design Mechanical and Physical Properties of Commercially Pure
Titanium

Specification . . . . . . . . . . . . . . . . . . . AMS-T-9046
AMS 4902

and AMS-T-
9046

AMS 4900
and AMS-T-

9046

AMS 4901
and AMS-T-

9046

AMS 4921
and MIL-T-

9047

MIL-T-
9047a

Designation . . . . . . . . . . . . . . . . . . . . CP-4 CP-3 CP-2 CP-1 CP-70

Form . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet, strip, and plate Bar

Condition . . . . . . . . . . . . . . . . . . . . . . Annealed Annealed

Thickness or diameter, in. . . . . . . . . . 1.000 2.999b
3.000-
4.000b

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . .

RA, percent:
L . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . .

35
35
...

25
25
...

...

...

...

...

...

...

...

24d

24d

...

...

...

...

50
50
...

40
40
...

...

...

...

...

...

...

...

20d

20d

...

...

...

...

65
65
...

55
55
...

...

...

...

...

...

...

...

18d

18d

...

...

...

...

 80
 80
...

 70
 70
...

 70
 70
 42

120
...

101
...

 15d

 15d

...

...

...

...

80
80c

...

70
70c

...

...

...

...

...

...

...

...

15
15c

...

30
30c

...

80
80
80

70
70
70

...

...

...

...

...

...

...

15
15
15

30
30
30

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

15.5
16.0
 6.5
...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . .
0.163

See Figure 5.2.1.0

a Inactive for new design.
b Maximum of 16-square-inch cross-sectional area.
c Long transverse properties apply to rectangular bar only for thickness >0.500 inches and widths >3.000 inches. 

For AMS 4921,  (e) (LT) = 12% and RA (LT) = 25%.
d Thickness of 0.025 inch and above.
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Table 5.2.1.0(c).  Design Mechanical and Physical Properties of Commercially Pure Titanium
Extruded Bars and Shapes
Specification . . . . . . . . . . . . AMS-T-81556

Comp. CP-4 Comp. CP-3 Comp. CP-2 Comp. CP-1

Form . . . . . . . . . . . . . . . . . . . Extruded bars and shapes

Condition . . . . . . . . . . . . . . . Annealed

Thickness or diameter, in. . . 0.188-3.000

Basis . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . 40 50 65 80
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . . 30 40 55 70
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . . ... ... ... ...
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . ... ... ... ...
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . ... ... ... ...
     (e/D = 2.0) . . . . . . . . . . . . ... ... ... ...

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . . . . ... ... ... ...
     (e/D = 2.0) . . . . . . . . . . . . ... ... ... ...

e, percent: 
     L . . . . . . . . . . . . . . . . . . . a a a a

E, 103 ksi . . . . . . . . . . . . . . 15.5
Ec, 103 ksi . . . . . . . . . . . . . 16.0
G, 103 ksi . . . . . . . . . . . . . .  6.5
µ . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . 0.163

C, K, and . . . . . . . . . . . . See Figure 5.2.1.0

a Elongation in percent as follows:

Thickness, inches Comp. CP-4 Comp. CP-3 Comp. CP-2 Comp. CP-1

0.188-1.000 25 20 18 15

1.001-2.000 20 18 15 12

2.001-3.000 18 15 12 10
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Figure 5.2.1.0.  Effect of temperature on the physical properties of commercially
pure titanium.
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Figure 5.2.1.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
annealed commercially pure titanium.

Figure 5.2.1.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of
annealed commercially pure titanium.
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Figure 5.2.1.1.2(a).  Effect of temperature on the compressive yield strength (Fcy) of
annealed commercially pure titanium.

Figure 5.2.1.1.2(b).  Effect of temperature on the shear ultimate strength (Fsu) of
annealed commercially pure titanium.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-12

Figure 5.2.1.1.3(a).  Effect of temperature on the bearing ultimate strength (Fbru) of
annealed commercially pure titanium.

Figure 5.2.1.1.3(b).  Effect of temperature on the bearing yield strength (Fbry) of
annealed commercially pure titanium.
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Figure 5.2.1.1.6(a).  Typical full-range tensile stress-strain curve for commercially pure titanium sheet 
(40 ksi yield at room temperature).
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Figure 5.2.1.1.6(b).  Typical full-range tensile stress-strain curve for commercially pure
titanium sheet (70 ksi yield at room temperature).
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5.3 ALPHA AND NEAR-ALPHA TITANIUM ALLOYS

The alpha titanium alloys contain essentially a single phase at room temperature, similar to that of
unalloyed titanium.  Alloys identified as near-alpha titanium have principally an all-alpha structure but
contain small quantities of a beta phase because the composition contains some beta stabilizing elements.
In both alloy types, alpha phase is stabilized by aluminum, tin, and zirconium.  These elements, especially
aluminum, contribute greatly to strength.  The beta stabilizing additions (e.g., molybdenum and vanadium)
improve fabricability and metallurgical stability of highly alpha-alloyed materials.

All alpha alloys have excellent weldability, toughness at low temperatures, and long-term elevated-
temperature strength.  They are well suited to cryogenic applications and to uses requiring good elevated-
temperature creep strength.  The characteristics of near-alpha alloys are predictably between those of all alpha
and alpha-beta alloys in regard to fabricability, weldability, and elevated-temperature strength.  The hot
workability of both alpha and near-alpha alloys is inferior to that of the alpha-beta or beta alloys and the cold
workability is very limited at the high-strength level of these grades.  However, considerable forming is
possible if correct forming temperatures and procedures are used.

5.3.1 TI-5AL-2.5SN

5.3.1.0 Comments and Properties — Ti-5Al-2.5Sn is an all-alpha alloy available in many
product forms and at two purity levels.  The high purity grade of this composition is used principally for
cryogenic applications and may be characterized as having lower strength but higher ductility and toughness
than the standard grade.  The normal purity grade also may be used at low temperatures but it is primarily
suitable for room to elevated temperature applications (up to 900 F or to 1100 F for short times) where
weldability is an important consideration.

Manufacturing Considerations — Ti-5Al-2.5Sn is not so readily formed into complex shapes as other
alloys with similar room-temperature properties, but far surpasses them in weldability.  Except for some
forging operations, fabrication of Ti-5Al-2.5Sn is conducted at temperatures where the structure remains all
alpha.  Severe forming operations may be accomplished at temperatures up to 1200 F.  Moderately severe
forming can be done at 300 to 600 F and simple forming may be done at room temperature.  Most forming
and welding operations are followed by an annealing treatment to relieve residual stresses imposed by the
prior operation.

Ti-5Al-2.5Sn can be welded readily by inert-gas or vacuum-shielded arc methods or by spot or seam
welding without atmospheric shielding.  Brazing requires protection from the atmosphere; however, this is
accomplished by fluxing as well as by inert gas or vacuum shielding.

Environmental Considerations — Ti-5Al-2.5Sn is metallurgically stable at moderate elevated
temperatures.  The material is susceptible to hot-salt stress corrosion as well as aqueous chloride solution
stress corrosion.  Care should be exercised in applications involving such environments.  The alloy has good
oxidation resistance up to 1050 F.  Standard grade material has been used at moderately low cryogenic
temperatures; however, the ELI grade has higher toughness and has been used in cryogenic applications down
to -423 F.  Under certain conditions, titanium, when in contact with cadmium, silver, mercury, or certain of
their compounds, may become embrittled.  Refer to MIL-HDBK-1568 for restrictions concerning applications
with titanium in contact with these metals or their compounds.

Heat Treatment — This alloy is annealed by heating 1400 F for 60 minutes and 1600 F for
10 minutes and cooling in air.  Stress relieving requires 1 or 2 hours at 1000 to 1200 F.  Ti-5Al-2.5Sn cannot
be hardened by heat treatment.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-16

Table 5.3.1.0(a).  Material Specifications for Ti-5Al-2.5Sn 

Specification Form

AMS-T-9046
AMS 4926
MIL-T-9047a

AMS-T-81556
AMS 4910
AMS 4966

Sheet, strip, and plate
Bar
Bar
Extruded bar and shapes
Sheet, strip, and plate
Forging

      a  Inactive for new design

Specifications and Properties — Some material specifications for Ti-5Al-2.5Sn are shown in Table
5.3.1.0(a).  Room-temperature mechanical properties for Ti-5Al-2.5Sn are shown in Tables 5.3.1.0(b) through
(d).  The effect of temperature on physical properties is shown in Figure 5.3.1.0.

5.3.1.1 Annealed Condition — Elevated temperature curves for annealed Ti-5Al-2.5Sn are
shown in Figures 5.3.1.1.1 through 5.3.1.1.5.  Tensile properties cover the range -423 F to 1000 F; whereas
other properties are for the range room temperature to 1000 F.  Fatigue-crack-propagation data for sheet are
shown in Figures 5.3.1.1.9(a) through (c).
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Table 5.3.1.0(b).  Design Mechanical and Physical Properties of Ti-5Al-2.5Sn Sheet,
Strip, and Plate

Specification . . . . . . . AMS 4910 and AMS-T-9046, Comp. A-1

Form . . . . . . . . . . . . . . Strip Sheet Plate

Condition . . . . . . . . . . Annealed

Thickness, in. . . . . . . .
<0.187

0.015-
0.079

0.080-
0.187

0.188-
0.250

0.251-
1.500

1.501-
4.000

Basis . . . . . . . . . . . . . . S A B A B A B S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . .
LT . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .

Fsu, ksi . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . .
(e/D = 2.0) . . .

Fbry, ksi:
(e/D = 1.5) . . .
(e/D = 2.0) . . .

e, percent (S-basis):
L . . . . . . . . . . .
LT . . . . . . . . . .

120
120

113
113

115
118
 75

167
250

133
190

 10
 10

120a

120a

110
113

115
118
 75

167
250

133
190

 10b

 10b

128
129

115
118

120
123
 80

179
268

139
198

...

...

120a

120a

113
113a

118
118
 75

167
250

133
190

 10
 10

131
132

118
121

123
126
 82

183
275

142
203

...

...

120a

120a

113a

113a

118
118
 75

167
250

133
190

 10
 10

135
137

123
125

128
130
 85

190
285

147
210

...

...

120
120

113
113

118
118
 75

167
250

133
190

 10
 10

115
115

110
110

...

...

...

...

...

...

...

 10
 10

E, 103 ksi . . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . .
µ . . . . . . . . . . . . . .

15.5
15.5

...

...

Physical Properties:
, lb/in.3 . . . . . . . .

C, K, and . . . . . .
0.162

See Figure 5.3.1.0

a S-basis.  The rounded T99 values are higher than specification values as follows:

0.015-0.079 0.080-0.187 0.188-0.250
Ftu L...... 123 126 130

LT...... 123 126 131
Fty L....... .... ... 118

LT...... .... 115 120

b Thickness 0.025 inch and above.
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Table 5.3.1.0(c).  Design Mechanical and Physical Properties of Ti-5Al-2.5Sn Bar and
Forging

Specification . . . . . . . . . . . AMS 4926a and MIL-T-9047b AMS 4966

Form . . . . . . . . . . . . . . . . . Bar Forging

Condition . . . . . . . . . . . . . . Annealed Annealed

Thickness or diameter, in. . 2.999c 3.000-4.000c ...

Basis . . . . . . . . . . . . . . . . . A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

RA, percent (S-basis):
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .
ST . . . . . . . . . . . . .

115d

115e

...

110d

110e

...

...

...

...

...

...

...

...

 10
 10e

...

 25
 25e

...

126
...
...

120
...
...

...

...

...

...

...

...

...

...

...

...

...

...

...

115
115
115

110
110
110

...

...

...

...

...

...

...

 10
 10
  8

 25
 25
 20

115
115f

115f

110
110f

110f

...

...

...

...

...

...

...

 10
 10f

 10f

 25
 25f

 25f

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

15.5
15.5

...

...

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, K, and  . . . . . . . . . .
0.162

See Figure 5.3.1.0

a For AMS 4926, LT and ST values for e and RA may be different than those shown.
b Inactive for new design.
c Maximum of 16-square-inch cross-sectional area.
d The rounded T99 values are higher than S values as follows:  Ftu = 117 ksi, Fty = 113 ksi.
e S-basis.  Applicable providing LT dimension is >3.000 inches.
f Applicable, providing LT or ST dimension is 2.500 inches.
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Table 5.3.1.0(d).  Design Mechanical and Physical Properties of Ti-5Al-2.5Sn Extrusion
Specification . . . . . . . . . . . . AMS-T-81556, Comp. A-1

Form . . . . . . . . . . . . . . . . . . . Extruded bars and shapes

Condition . . . . . . . . . . . . . . . Annealed

Thickness or diameter, in. . . 0.188-
1.000

1.001-
2.000

2.001-
3.000

3.001-
4.000

Basis . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . 120 115 115 115
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . . 115 110 110 110
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . . ... ... ... ...
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . ... ... ... ...
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . ... ... ... ...
     (e/D = 2.0) . . . . . . . . . . . . ... ... ... ...

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

e, percent:
     L . . . . . . . . . . . . . . . . . . . 10 10   8   6
     LT . . . . . . . . . . . . . . . . . . ... ... ... ...

E, 103 ksi . . . . . . . . . . . . . . 15.5
Ec, 103 ksi . . . . . . . . . . . . . 15.5
G, 103 ksi . . . . . . . . . . . . . . ...
µ . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . 0.162

C, K, and . . . . . . . . . . . . See Figure 5.3.1.0
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Figure 5.3.1.0.  Effect of temperature on the physical properties of Ti-5Al-2.5Sn
alloy.
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Figure 5.3.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of annealed Ti-5Al-2.5Sn alloy sheet.
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Figure 5.3.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and
the bearing yield strength (Fbry) of annealed Ti-5Al-2.5Sn alloy sheet.

Figure 5.3.1.1.2.  Effect of temperature on the compressive yield strength (Fcy) and
the shear ultimate strength (Fsu) of annealed Ti-5Al-2.5Sn alloy sheet.
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Figure 5.3.1.1.5.  Effect of temperature on the elongation (e) of annealed 
Ti-5Al-2.5Sn alloy sheet.

Figure 5.3.1.1.4.  Effect of temperature on the tensile and compressive moduli 
(E and Ec) of annealed Ti-5Al-2.5Sn alloy sheet.
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Figure 5.3.1.1.9(a).  Fatigue-crack-propagation data for 0.084-inch-
thick Ti-5Al-2.5Sn titanium alloy mill-annealed sheet.
[Reference 5.3.1.1.9].

Specimen Thickness:  0.08 inch Environment:  Lab air

Specimen Width:      2.76 inches Temperature:  RT

Specimen Type:       M(T) Orientation:  L-T and T-L
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Figure 5.3.1.1.9(b).  Fatigue-crack-propagation data for 0.084-inch-
thick Ti-5Al-2.5Sn titanium alloy mill-annealed sheet.
[Reference 5.3.1.1.9].

Specimen Thickness:  0.08 inch Environment:  Distilled water

Specimen Width:      2.76 inches Temperature:  RT

Specimen Type:       M(T) Orientation:  L-T and T-L
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Figure 5.3.1.1.9(c).  Fatigue-crack-propagation data for 0.084-inch-
thick Ti-5Al-2.5Sn titanium alloy mill-annealed sheet.
[Reference 5.3.1.1.9].

Specimen Thickness:  0.08 inch Environment:  3.5% NaCl

Specimen Width:      2.76 inches Temperature:  RT

Specimen Type:       M(T) Orientation:  L-T and T-L
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Table 5.3.2.0(a).  Material Specifications for
Ti-8AI-1Mo-1V

Specification Form

AMS-T-9046  Sheet, strip, and plate

MIL-T-9047  Bar

AMS 4973  Forging

AMS 4915  Sheet, strip, and plate

AMS 4916  Sheet, strip, and plate

5.3.2 TI-8AL-1MO-1V

5.3.2.0 Comments and Properties — Ti-8Al-1Mo-1V alloy is a near-alpha composition
developed for improved creep resistance and thermal stability up to about 850 F.  The alloy is available as
billet, bar, plate, sheet, strip, extrusions, and forgings.

Manufacturing Considerations — Room temperature forming of Ti-8Al-1Mo-1V sheet is somewhat
more difficult than in Ti-6Al-4V, and for severe operations hot forming is required.  Ti-8Al-1Mo-1V can be
fusion welded readily with inert-gas protection or spot welding without atmospheric protection.  Weld
strengths are comparable to those of the parent metal although ductility is somewhat lower in the weldment.

Environmental Considerations — Ti-8Al-1Mo-1V exhibits good oxidation resistance and thermal
stability up to 850 F.  A decrease in tensile elongation has been reported for single-annealed sheet following
150 hours stressed exposure at 1000 F.  Extended exposure to temperatures exceeding 600 F adversely
affects room-temperature spot-weld tension strength.  This alloy is not recommended for structural applica-
tions at liquid-hydrogen temperatures (-423 F).  The Ti-8Al-1Mo-1V alloy also is susceptible to chloride
stress-corrosion attack in either elevated-temperature (hot-salt stress-corrosion) or ambient-temperature (aqu-
eous stress-corrosion) chloride environments.  Thus, care should be exercised in applying the material in
chloride containing environments.  Under certain conditions, titanium, when in contact with cadmium, silver,
mercury, or certain of their compounds, may become embrittled.  Refer to MIL-S-5002 and MIL-STD-1568
for restrictions concerning applications with titanium in contact with these metals or their compounds.

Heat Treatment — Three treatments are used  with Ti-8Al-1Mo-1V.  These are:

Single Anneal:  1450 F for 8 hours, furnace cool.

Duplex Anneal:  1450 F for 8 hours, furnace cool, followed by 1450 F for 15 to 20 minutes, air
cool.

Solution Treated and Stabilized:  1825 F for 1 hour, air cool, 1075 F for 8 hours, air cool.

As a general guide, the single anneal is used to obtain highest room-temperature mechanical prop-
erties and the duplex anneal to obtain highest fracture toughness.  Both the single anneal and the duplex
anneal are compatible with hot-forming operations.  The solution treated and stabilized condition is used for
forgings.

Specifications and Properties — Material specifications for Ti-8Al-1Mo-1V are presented in Table
5.3.2.0(a).  Room-temperature mechanical and physical properties for Ti-8Al-1Mo-1V are shown in Tables
5.3.2.0(b) and (c).  The effect of temperature on physical properties is shown in Figure 5.3.2.0.
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Figure 5.3.2.0.  Effect of temperature on the physical properties of Ti-8Al-1Mo-1V
alloy.

5.3.2.1 Single-Annealed Condition — Cryogenic, room-temperature, and elevated tempera-
ture property curves for this condition are shown in Figures 5.3.2.1.1 and 5.3.2.1.4.  Typical tensile and com-
pressive stress-strain and tangent-modulus curves are shown in Figures 5.3.2.1.6(a) and (b)  for room
temperature and several elevated temperatures.

5.3.2.2 Duplex-Annealed Condition — Cryogenic, room temperature, and elevated tempera-
ture curves for this condition are shown in Figure 5.3.2.2.1.  Typical tensile and compressive stress-strain and
tangent-modulus curves are shown in Figures 5.3.2.2.6(a) and (b) for room temperature and several elevated
temperatures.  Fatigue S/N curves for unnotched and notched specimens at room temperature and several ele-
vated temperatures are shown in Figures 5.3.2.2.8(a) through (f).
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Table 5.3.2.0(b1).  Design Mechanical and Physical Properties of Ti-8Al-1Mo-1V Sheet and
Plate

Specification . . . . . . . . . . . . AMS 4915, AMS-T-9046, and Comp A-4

Form . . . . . . . . . . . . . . . . . . Sheet Plate

Condition . . . . . . . . . . . . . . . Single Annealed

Thickness, in. . . . . . . . . . . .
< 0.1875

0.1875-
0.500

0.501-
1.000

1.001-
2.500

2.501-
4.000

Basis . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:

Ftu, ksi:

    L . . . . . . . . . . . . . . . . . . . 145 145 140 130 120

    LT . . . . . . . . . . . . . . . . . . 145 145 140 130 120

    ST . . . . . . . . . . . . . . . . . . ... ... ... ... 120b

Fty, ksi:

    L . . . . . . . . . . . . . . . . . . . . 135 135 130 120 110

    LT . . . . . . . . . . . . . . . . . . 135 135 130 120 110

    ST . . . . . . . . . . . . . . . . . . ... ... ... ... 110b

Fcy, ksi:

    L . . . . . . . . . . . . . . . . . . . . 144 ... ... ... ...

    LT . . . . . . . . . . . . . . . . . . . 149 ... ... ... ...

    ST . . . . . . . . . . . . . . . . . . ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . .  93 ... ... ... ...

Fbru, ksi:

    (e/D = 1.5) . . . . . . . . . . . . 239 ... ... ... ...

    (e/D = 2.0) . . . . . . . . . . . . 294 ... ... ... ...

Fbry, ksi:

    (e/D = 1.5) . . . . . . . . . . . . 196 ... ... ... ...

    (e/D = 2.0) . . . . . . . . . . . . 214 ... ... ... ...

e, percent:

    L . . . . . . . . . . . . . . . . . . . a  10  10  10   8 

    LT . . . . . . . . . . . . . . . . . . a  10  10  10   8 

    ST . . . . . . . . . . . . . . . . . . ... ... ... ...   8b

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . .

17.5c

18.0c

  6.7
  0.32 

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

  C, Btu/(lb)( F) . . . . . . . . .
K and  . . . . . . . . . . . . . . .

  0.158
  0.12 

See Figure 5.3.2.0

a 0.008-0.014 in. thickness, 6 percent; 0.015-0.024 in. thickness, 8 percent; > 0.025 in. thickness, 10 percent.
b Applicable, providing ST dimension is > 3.000 inches.
c Average, values may vary with test direction.
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Table 5.3.2.0(b2).  Design Mechanical and Physical Properties of Ti-8Al-1Mo-1V Sheet and
Plate
 Specification . . . . . . . AMS 4916, AMS-T-9046, and Comp. A-4

 Form . . . . . . . . . . . . . . Sheet Plate

 Condition . . . . . . . . . . Duplex Annealed

 Thickness, in. . . . . . . . 0.015-0.024 0.025-0.1875 0.1875-0.500 0.501-1.000 1.001-2.000 2.001-4.000

 Basis . . . . . . . . . . . . . . S S S S S S

 Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . 135 135 130 130 125 120

     LT . . . . . . . . . . . . . . 135 135 130 130 125 120

Fty, ksi:

     L . . . . . . . . . . . . . . . 120 120 120 120 115 110

     LT . . . . . . . . . . . . . . 120 120 120 120 115 110

Fcy, ksi:

     L . . . . . . . . . . . . . . . 126 126 ... ... ... ...

     LT . . . . . . . . . . . . . . 126 126 ... ... ... ...

Fsu, ksi . . . . . . . . . . .  84  84 ... ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . 223 223 ... ... ... ...

     (e/D = 2.0) . . . . . . . 269 269 ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . 174 174 ... ... ... ...

     (e/D = 2.0) . . . . . . . 191 191 ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . .   8  10  10  10  10   8

     LT . . . . . . . . . . . . . .   8  10  10  10  10   8

E, 103 ksi . . . . . . . . . 17.5a

Ec, 103 ksi . . . . . . . . . 18.0a

G, 103 ksi . . . . . . . . .  6.7  

µ . . . . . . . . . . . . . . . .  0.32 

 Physical Properties:

, lb/in.3 . . . . . . . . . . 0.158

   C, Btu/(lb)( F) . . . . . 0.12 

K and  . . . . . . . . . . . See Figure 5.3.2.0

a Average, L and LT; values may vary with test direction.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-31

Table 5.3.2.0(c).  Design Mechanical and Physical Properties of Ti-8Al-1Mo-1V Bar and
Forging

Specification . . . . . . . . . . . . MIL-T-9047 AMS 4973

Form . . . . . . . . . . . . . . . . . . Bar Forging

Condition . . . . . . . . . . . . . . . Duplex annealed Solution treated and stabilized

Thickness or diameter, in. . . < 2.500a 2.501-4.000a < 2.499 2.500-4.000

Basis . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

    L . . . . . . . . . . . . . . . . . . . 130 120 130 120 

    LT . . . . . . . . . . . . . . . . . . 130b 120b 130c 120

    ST . . . . . . . . . . . . . . . . . . . ... 120b ... 120 

Fty, ksi:

    L . . . . . . . . . . . . . . . . . . . 120 110 120 110 

    LT . . . . . . . . . . . . . . . . . . . 120b 110b 120c 110

    ST . . . . . . . . . . . . . . . . . . . ... 110b ... 110

Fcy, ksi:

    L . . . . . . . . . . . . . . . . . . . ... ... ... ...

    LT . . . . . . . . . . . . . . . . . . ... ... ... ...

    ST . . . . . . . . . . . . . . . . . . ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . ... ... ... ...

Fbru, ksi:

    (e/D = 1.5) . . . . . . . . . . . . ... ... ... ...

    (e/D = 2.0) . . . . . . . . . . . . ... ... ... ...

Fbry, ksi:

    (e/D = 1.5) . . . . . . . . . . . . ... ... ... ...

    (e/D = 2.0) . . . . . . . . . . . . ... ... ... ...

e, percent:

    L . . . . . . . . . . . . . . . . . . .  10  10  10  10 

    LT . . . . . . . . . . . . . . . . . .  10b  10b  10c  10 

    ST . . . . . . . . . . . . . . . . . . ...   8b ...  10 

E, 103, ksi . . . . . . . . . . . . . 17.5d

Ec, 103 ksi . . . . . . . . . . . . . 18.0d

G, 103 ksi . . . . . . . . . . . . . .    6.7   

µ . . . . . . . . . . . . . . . . . . . .   0.32  

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . .
K and  . . . . . . . . . . . . . . .

 0.158
 0.12 

See Figure 5.3.2.0

a Maximum of 16 square-inch cross-sectional area.
b Applicable, providing LT or ST dimension is > 3.000 inches.
c Applicable, providing LT dimension is >  2.500 inches.
d Average, values may vary with test direction.
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Figure 5.3.2.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of single-annealed Ti-8Al-1Mo-1V alloy sheet.
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Figure 5.3.2.1.4.  Effect of temperature on the tensile and compressive moduli 
(E and Ec) of Ti-8Al-1Mo-1V alloy sheet.
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Figure 5.3.2.1.6(a).  Typical tensile stress-strain curves for single-annealed Ti-8Al-
1Mo-1V alloy sheet at room and elevated temperatures.
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Figure 5.3.2.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for single-annealed Ti-8Al-1Mo-1V alloy sheet at room and
elevated temperatures.
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Figure 5.3.2.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of duplex-annealed Ti-8Al-1Mo-1V alloy sheet.
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Figure 5.3.2.2.6(a).  Typical tensile stress-strain curves for duplex-annealed Ti-8Al-
1Mo-1V alloy sheet at room and elevated temperatures.
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Figure 5.3.2.2.8(a).  Best-fit S/N curves for unnotched,  duplex annealed
Ti-8Al-1Mo-1V sheet at room temperature, long transverse direction.

Correlative Information for Figure 5.3.2.2.8(a)

Product Form: Sheet, 0.050 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
 147.2         135.6   RT   

Specimen Details: Unnotched
0.750 inch net width

Surface Condition:  HNO3/HF pickled

References: 5.3.2.2.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 10.57-3.46 log (Seq-66.7)
Seq = Smax (1-R)0.61

Std. Error of Estimate, Log (Life) = 0.47
Standard Deviation, Log (Life) = 0.81
R2 = 66.7%

Sample Size = 24

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-38

Figure 5.3.2.2.8(b).  Best-fit S/N curves for notched, Kt = 2.6, duplex
annealed Ti-8Al-1Mo-1V sheet at room temperature, long transverse
direction.

Correlative Information for Figure 5.3.2.2.8(b)

Product Form: Sheet, 0.050 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
 147.2         135.6 RT     

Unnotched

Specimen Details: Notched, hole type, Kt = 2.6
1.500 inch, gross width
1.250 inch, net width
0.250 inch, diameter hole

Surface Condition:  HNO3/HF pickled

References: 5.3.2.2.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 14.49-5.90 log (Seq-12.7)
Seq = Smax (1-R)0.55

Std. Error of Estimate, Log (Life) = 0.33
Standard Deviation, Log (Life) = 1.10
R2 = 90.9%

Sample Size = 26

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.3.2.2.8(c).  Best-fit S/N curves for unnotched duplex annealed Ti-
8Al-1Mo-1V sheet at 400 F, long transverse direction.

Correlative Information for Figure 5.3.2.2.8(c)

Product Form: Sheet, 0.050 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   119.5         100.8 400     

Specimen Details: Unnotched
0.750 inch net width

Surface Condition:  HNO3/HF pickled

References: 5.3.2.2.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - 400 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 8.30-2.53 log (Seq-73.9)
Seq = Smax (1-R)0.74

Std. Error of Estimate, Log (Life) = 0.38
Standard Deviation, Log (Life) = 0.87
R2 = 80.9%

Sample Size = 23

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.3.2.2.8(d).  Best-fit S/N curves for notched, Kt = 2.6, duplex
annealed Ti-8Al-1Mo-1V sheet at 400 F, long transverse direction.

Correlative Information for Figure 5.3.2.2.8(d)

Product Form: Sheet, 0.050 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
  119.5         100.8 400    

Unnotched

Specimen Details: Notched, hole type, Kt = 2.6
1.500 inch, gross width
1.250 inch, net width
0.250 inch, diameter hole

Surface Condition:  HNO3/HF pickled

References: 5.3.2.2.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - 400 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 13.39-5.68 log (Seq-18.7)
Seq = Smax (1-R)0.46

Std. Error of Estimate, Log (Life) = 0.41
Standard Deviation, Log (Life) = 1.16
R2 = 87.2%

Sample Size = 20

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.3.2.2.8(e).  Best-fit S/N curves for unnotched duplex annealed
Ti-8Al-1Mo-1V sheet at 650 F, long transverse direction.

Correlative Information for Figure 5.3.2.2.8(e)

Product Form: Sheet, 0.050 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
   110.2          86.8 650    

Specimen Details: Unnotched
0.750 inch, net width

Surface Condition:  HNO3/HF pickled

References: 5.3.2.2.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - 650 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 9.83-3.66 log (Seq-73)
Seq = Smax (1-R)0.78

Std. Error of Estimate, Log (Life) = 0.88
Standard Deviation, Log (Life) = 1.18
R2 = 44.3%

Sample Size = 20

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.3.2.2.8(f).  Best-fit S/N curves for notched, Kt = 2.6, duplex
annealed Ti-8Al-1Mo-1V sheet at 650 F, long transverse direction.

Correlative Information for Figure 5.3.2.2.8(f)

Product Form: Sheet, 0.050 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
 110.2         86.8 650    

Unnotched

Specimen Details: Notched, hole type, Kt = 2.6
1.500 inch, gross width
1.250 inch, net width
0.250 inch, diameter hole

Surface Condition:  HNO3/HF pickled

References: 5.3.2.2.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - 1800 cpm
Temperature - 650 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 10.16-3.88 log (Seq-23)
Seq = Smax (1-R)0.69

Std. Error of Estimate, Log (Life) = 0.38
Standard Deviation, Log (Life) = 0.65
R2 = 66.0%

Sample Size = 22

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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5.3.3 Ti-6Al-2Sn-4Zr-2Mo

5.3.3.0 Comments and Properties — Ti-6Al-2Sn-4Zr-2Mo is a near-alpha titanium composi-
tion developed for improved elevated-temperature performance.  The alloy has a titanium-aluminum base that
is solid solution strengthened by additions of tin and zirconium.  Molybdenum improves both room and ele-
vated temperature strength, creep and thermal stability.  Introduction of this alloy initially met the require-
ments for certain advanced performance gas turbine engine applications.  Some of the more recent applica-
tions, however, require better creep strength than the alloy initially provided.  Development work showed that
a small addition of silicon, approximately 0.08 percent, substantially improved the creep strength of the alloy
without significantly affecting the thermal stability.  The alloy is creep resistant and relatively stable to about
1050 F.  Creep and thermal stability of the alloy are further enhanced by solution treating high in the alpha-
beta phase field.  The alloy is available in bar, billet, plate, sheet, strip, and extrusions.

Manufacturing Conditions — Forging of Ti-6Al-2Sn-4Zr-2Mo at temperatures below the beta transus
temperature is recommended.  For optimum creep properties beta forging or a modification of it is
recommended with some loss in ductility to be expected.  Elevated temperatures may be used for severe sheet
forming operations while room-temperature forming may be used for mild contouring.  Stress relief annealing
may be combined with a final hot-sizing operation.  The material can be welded using TIG or MIG fusion
processes to achieve 100 percent joint efficiencies but with limited weld zone ductility.  As in welding any
titanium alloy, shielding from atmospheric contamination is required except for spot or seam welding.

Environmental Considerations — Ti-6Al-2Sn-4Zr-2Mo is somewhat more resistant to hot-salt crack-
ing than either Ti-8Al-1Mo-1V or Ti-6Al-4V alloys.  The material is marginally susceptible to aqueous
chloride solution stress-corrosion cracking.  Surface oxides formed during exposure to service temperature
(~950 F) do not adversely affect properties.  Under certain conditions, titanium, when in contact with
cadmium, silver, mercury, or certain of their compounds, may become embrittled.  Refer to MIL-S-5002 and
MIL-STD-1568 for restrictions concerning applications with titanium in contact with these metals or their
compounds.

Heat Treatment — Several different annealing treatments, which are described below, are available
for Ti-6Al-2Sn-4Zr-2Mo.

For sheet and strip:

Duplex Anneal: 1650 F for ½ hour, air cool, followed by 1450 F for ¼ hour, and air cool.

Triplex Anneal:  1650 F for ½ hour, air cool, followed by 1450 F for ¼ hour, air cool, followed
by 1100 F for 2 hours and air cool.

For plate:

Duplex Anneal:  1650 F for 1 hour, air cool, followed by 1100 F for 8 hours and air cool.

Triplex Anneal:  1650 F for ½ hour, air cool, followed by 1450 F for ¼ hour, air cool, followed
by 1100 F for 2 hours and air cool.

For bars and forgings:

Duplex Anneal:  Solution anneal 25 to 50 F below beta transus temperature for 1 hour, air cool
or faster, followed by 1100 F for 8 hours and air cool.
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      Table 5.3.3.0(a).  Material Specifications for Ti-6Al-2Sn-4Zr-2Mo
Specification Form

AMS-T-9046 Sheet and strip

AMS 4975 Bar

AMS 4976 Forging

AMS 4919 Sheet, strip, and plate

Specifications and Properties — Material specifications for Ti-6Al-2Sn-4Zr-2Mo are given in
Table 5.3.3.0(a).  Room-temperature mechanical and physical properties for Ti-6Al-2Sn-4Zr-2Mo are
presented in Table 5.3.3.0(b) and (c).  The effect of temperature on physical properties is shown in Figure
5.3.3.0.

5.3.3.1 Single, Duplex, and Triplex Annealed — Room and elevated temperature property
curves are shown in Figures 5.3.3.1.1, 5.3.3.1.2,  and 5.3.3.1.4.  Typical stress-strain curves at room and
elevated temperatures are shown in Figures 5.3.3.1.6(a) and (b).  Full range stress-strain curves at room and
elevated temperatures are shown in Figure 5.3.3.1.6(c).
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Table 5.3.3.0(b).   Design Mechanical and Physical Properties of Ti-6Al-2Sn-4Zr-2Mo

Specification . . . . . . . . . . . AMS 4919 AMS-T-9046, Comp. AB-4

Form . . . . . . . . . . . . . . . . . Sheet

Condition . . . . . . . . . . . . . . Duplex annealed Triplex annealed

Thickness or diameter, in. . 0.046 0.047-0.093 0.094-0.140 0.141-0.187 0.187

Basis . . . . . . . . . . . . . . . . . A B A B A B A B Sa

Mechanical Properties:
Ftu, ksi:

    L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .
Fty, ksi:

    L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .

    LT . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . .

Fbru
d, ksi:

(e/D=1.5) . . . . . . . . . . . .
(e/D=2.0) . . . . . . . . . . . .

Fbry
d, ksi:

(e/D=1.5) . . . . . . . . . . . .
(e/D=2.0) . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . .

135b

135b

125c

125c

132
132
...

195
217

171
202

8e

8e

143
143

136
134

142
142
...

206
230

183
217

...

...

135b

135b

125c

125c

132
132
...

205
243

171
202

e
e

143
143

136
134

142
142
...

217
258

183
217

...

...

135b

135b

125c

125c

132
132
...

214
266

171
202

10
10

143
143

136
134

142
142
...

227
282

183
217

...

...

135b

135b

125c

125c

132
132
...

219
279

171
202

10
10

143
143

136
134

142
142
...

232
295

183
217

...

...

145
145

135
135

...

...

...

...

...

...

...

e
e

E, 103 ksi . . . . . . . . . . . . .
  Ec, 103 ksi . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . .
. . . . . . . . . . . . . . . . . .

16.5
18.0
6.2
0.32

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, K and . . . . . . . . . . . .
0.164

See Figure 5.3.3.0

a S-basis values are representative of test specimens excised from duplex annealed material and thermally treated to triplex annealed condition in a laboratory furnace.
b S-basis.  The rounded T99 values are as follows: Ftu(L&LT) = 139 ksi.
c S-basis.  The rounded T99 values are as follows: Fty(L) = 131 ksi and Fty(LT) = 129 ksi.
d Bearing values are “dry pin” values per Section 1.4.7.1.
e 8% for 0.025 through 0.062 inch and 10% for >0.062 inch.
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Table 5.3.3.0(c).  Design Mechanical and Physical Properties of Ti-6Al-2Sn-4Zr-2Mo

Specification . . . . . . . . . . . . . . . . . . . . AMS 4975 AMS 4976

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . Bar Forging

Condition . . . . . . . . . . . . . . . . . . . . . . . STA (Duplex annealed) STA (Duplex annealed)

Cross-Sectional area, in.2 . . . . . . . . . 16 9

Thickness, or diameter, in. . . . . . . . . 3.000 3.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . A B S

Mechanical Properties:
Ftu, ksi:

    L. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

    ST . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
    L. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

    LT. . . . . . . . . . . . . . . . . . . . . . . . .
    ST . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
    L. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

    ST . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . .

Fbru, ksi:
    (e/D=1.5) . . . . . . . . . . . . . . . . . . . . .

    (e/D=2.0) . . . . . . . . . . . . . . . . . . . . .

Fbry, ksi:
    (e/D=1.5) . . . . . . . . . . . . . . . . . . . . .

    (e/D=2.0) . . . . . . . . . . . . . . . . . . . . .

e, percent(S basis):
    L. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

    ST . . . . . . . . . . . . . . . . . . . . . . . . . . .

RA, percent (S basis):
    L . . . . . . . . . . . . . . . . . . . . . . . . . . . .

    LT . . . . . . . . . . . . . . . . . . . . . . . . . . .

    ST . . . . . . . . . . . . . . . . . . . . . . . . . . .

130a

130b

130b

120a

120b

120b

...

...

...

...

...

...

...

...

10
10b

10b

25
25b

25b

144
...
...

131
...
...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

130
130b

130b

120
120b

120b

...

...

...

...

...

...

...

...

10
10b

10b

25
25b

25b

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

16.5
18.0
6.2

 0.32

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . . . . .

0.164
See Figure 5.3.3.0

a  S basis.  The rounded T99 values are as follows:  Ftu(L) = 138 ksi and Fty(L) = 125 ksi.
 b  S basis.  Applicable providing transverse dimension is 2.500 in.
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Figure 5.3.3.0.  Effect of temperature on the physical properties of Ti-6Al-2Sn-4Zr-2Mo
alloy.

Figure 5.3.3.1.1.  Effect of temperature in the tensile ultimate strength (Ftu) and tensile
yield strength (Fty) of duplex- and triplex-annealed Ti-6Al-2Sn-4Zr-2Mo (all products).
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Figure 5.3.3.1.2.  Effect of temperature on the compressive yield strength (Fcy) of duplex
annealed Ti-6Al-2Sn-4Zr-2Mo alloy sheet.

Figure 5.3.3.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of duplex- and triplex-annealed Ti-6Al-2Sn-4Zr-2Mo alloy.
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Figure 5.3.3.1.6(a).  Typical tensile stress-strain curves for duplex annealed Ti-6Al-2Sn-
4Zr-2Mo alloy bar at various temperatures.
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Figure 5.3.3.1.6(b).  Typical tensile stress-strain curves for duplex- and triplex-annealed
Ti-6Al-2Sn-4Zr-2Mo alloy sheet at various temperatures.
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Figure 5.3.3.1.6(c).  Typical tensile stress-strain curves (full range) for
duplex-annealed Ti-6Al-2Sn-4Zr-2Mo alloy sheet at room and elevated
temperatures.
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5.4 ALPHA-BETA TITANIUM ALLOYS

The alpha-beta titanium alloys contain both alpha and beta phases at room temperature.  The alpha
phase is similar to that of unalloyed titanium but is strengthened by alpha stabilizing additions (e.g.,
aluminum).  The beta phase is the high-temperature phase of titanium but is stabilized to room temperature
by sufficient quantities of beta stabilizing elements such as vanadium, molybdenum, iron, or chromium.  In
addition to strengthening of titanium by the alloying additions, alpha-beta alloys may be further strengthened
by heat treatment.  The alpha-beta alloys have good strength at room temperature and for short times at
elevated temperature.  They are not noted for long-time creep strength.  With the exception of annealed Ti-
6Al-4V, these alloys are not recommended for cryogenic applications.  The weldability of many of these
alloys is poor because of the two-phase microstructure.  However, some of them can be welded successfully
with special precautions.

5.4.1 TI-6AL-4V

5.4.1.0 Comments and Properties — Ti-6Al-4V is available in all mill product forms as well
as castings and powder metallurgy forms.  It can be used in either the annealed or solution treated plus aged
(STA) conditions and is weldable.  Useful temperature range is from -320 to 750 F.  For maximum toug-
hness, Ti-6Al-4V should be used in the annealed or duplex-annealed conditions whereas for maximum
strength, the STA condition is used.  The full strength potential for this alloy is not available in sections
greater than 1 inch.

Manufacturing Considerations — Ti-6Al-4V alloy may be forged above the beta transus temperature
using procedures to promote a high toughness material.  The material is routinely finished below beta transus
temperature for good combinations of fabricability, strength, ductility, and toughness.  Elevated temperatures
are usually used for form flat-rolled products although extensive forming may be accomplished at room tem-
perature.  Flat-rolled products are usually formed and used in the annealed condition although some forming
in the STA condition is possible.

This alloy can be spot welded and is being fusion welded extensively in certain applications.
Established titanium-welding techniques must be employed and special design considerations may be
involved in fusion weldments.  Stress-relief annealing after welding is recommended.

Environmental Considerations — Ti-6Al-4V can withstand prolonged exposure to temperatures up
to 750 F without loss of ductility.  Its toughness in the annealed condition is adequate at temperatures down
to -320 F.  (A special low interstitial grade may be used down to -423 F.)  Ti-6Al-4V is resistant to hot-salt
stress corrosion to about its maximum use temperature depending on exposure time and exposure stress.  The
material is marginally susceptible to aqueous chloride solution stress corrosion, but is considered to have
good resistance to this reaction compared with other commonly used alloys.  Under certain conditions,
titanium, when in contact with cadmium, silver, mercury, or certain of their compounds, may become em-
brittled.  Refer to MIL-S-5002 and MIL-STD-1568 for restrictions concerning applications with titanium in
contact with these metals or their compounds.

Heat Treatment — This alloy is commonly specified in either the annealed condition or in the fully
heat-treated condition.  Annealing requires 1 hour at 1300 F followed by furnace cooling if maximum
ductility is required.

The specified fully heat-treated, or solution-treated and aged condition for sheet is as follows:

Solution treat at 1700 F for 5 to 25 minutes, quench in water.

Age at 975 F for 4 to 6 hours, air cool.
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Table 5.4.1.0(a).  Material Specifications for Ti-6Al-4V

Specification Form

AMS-T-9046
MIL-T-9047a

AMS 4934
AMS 4935
AMS 4965
AMS 4928
AMS 4911
AMS 4920
AMS 4962

Sheet, strip, and plate
Bar
Extrusion
Extrusion
Bar
Bar and die forging
Sheet, strip, and plate
Die forging
Investment casting

a Inactive for new design

For bars and forgings:

Solution treat at 1700 F for 1 hour, quench in water.

Age at 1000 F for 3 hours, air cool.

Specifications and Properties — Some material specifications for Ti-6Al-4V are shown in Table
5.4.1.0(a).  Room-temperature mechanical properties for Ti-6Al-4V are shown in Tables 5.4.1.0(b) through
(g).  The effect of temperature on physical properties is shown in Figure 5.4.1.0.

5.4.1.1 Annealed Condition — Elevated temperature curves for annealed Ti-6Al-4V are shown
in Figures 5.4.1.1.1 through 5.4.1.1.5.  Typical stress-strain curves at several temperatures are shown in
Figures 5.4.1.1.6(a) through (c).  Typical full-range stress-strain curves at room temperature are shown in
Figure 5.4.1.1.6(d).  Unnotched and notched fatigue data are shown in Figures 5.4.1.1.8(a) through (g).
Fatigue crack-propagation data for plate are shown in Figure 5.4.1.1.9.

5.4.1.2  Solution-Treated and Aged Condition — Elevated temperature curves for solution-
treated and aged alloy are shown in Figures 5.4.1.2.1 through 5.4.1.2.4.  Typical tensile and compressive
stress-strain and tangent-modulus curves are shown in Figures 5.4.1.2.6(a) through (g).  Typical full-range
stress-strain curves at several temperatures up to 1000 F are shown in Figure 5.4.1.2.6(h).  A nomograph of
typical creep properties of solution-treated and aged sheet for the temperature range 600 F through 800 F
is shown in Figure 5.4.1.2.7.  Fatigue data at room and elevated temperatures are shown in Figures
5.4.1.2.8(a) through (i).
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Table 5.4.1.0(b).  Design Mechanical and Physical Properties of Ti-6Al-4V Sheet, Strip, and
Plate

Specification . . . . . . . .
AMS 4911 and AMS-T-9046a,

Comp. AB-1
AMS-T-9046a, Comp. AB-1

Form . . . . . . . . . . . . . . Sheet Plate Sheet, strip, and plate

Condition . . . . . . . . . . . Annealed Solution treated and aged

Thickness, in. . . . . . . .
 0.1875

0.1875-
2.000 2.001-4.000  0.1875

0.1875-
0.750

0.751-
1.000

1.001-
2.000

Basis . . . . . . . . . . . . . . A B A B A B S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . .
LT . . . . . . . . . . . .

134
134

126
126

133
135
 87

213d

272d

171c

208d

  8e

  8e

139
139

131
131

138
141
 90

221d

283d

178d

217d

...

...

130b

130b

120
120b

124
130
 79

206d

260d

164d

194d

 10
 10

135
138

125
131

129
142
 84

214d

276d

179d

212d

...

...

130c

130c

118
118

122
128
 79

206d

260d

161d

191d

 10
 10

137
137

123
129

127
140
84

217d

274d

176d

209d

...

...

160
160

145
145

154
162
100

236
286

210
232

  5f

  5f

160
160

145
145

150
...

 93

248
308

210
243

  8
  8

150
150

140
140

145
...

 87

233
289

203
235

  6
  6

145
145

135
135

...

...

...

...

...

...

...

  6
  6

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

16.0
16.4
 6.2 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . . .
0.160

See Figure 4.5.1.0

a MIL-T-9046 was canceled and superceded by AMS-T-9046
b The rounded T99 values are higher than specification values as follows:  Ftu(L) = 131 ksi, Ftu(LT) = 132 ksi, and Fty(LT) = 123

ksi.
c The rounded T99 values are higher than specification values as follows:  Ftu(L) = 133 ksi and Ftu(LT) = 133 ksi.
d Bearing values are “dry pin” values per Section 1.4.7.1.
e 8%—0.025 to 0.062 in. and 10%—0.063 in. and above.
f 5%—0.050 in. and above; 4%—0.033 to 0.049 in. and 3%—0.032 in. and below.
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Table 5.4.1.0(c1).  Design Mechanical and Physical Properties of Ti-6Al-4V Bar
Specification . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . .

Condition . . . . . . . . . . . . . . . .

Thickness or diameter, in. . . .

Basis . . . . . . . . . . . . . . . . . . .

AMS 4928

Bar

Annealed

<0.500 0.500-1.000 1.001-2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000

S A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

RA, percent (S-basis):
L . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

135
135b

125
125b

129
...

 83

201
253

177
205

 10
 10b

...

 25
 20b

...

135a

135a

125c

125c

129
...

 83

201
253

177
205

 10
 10b

...

 25
 20b

...

142
144

134
134

138
...
 87

212
266

190
220

...

...

...

...

...

...

134
135a

125c

125c

129
...

 82

200
251

177
205

 10
 10b

...

 25
 20b

...

140
143

131
132

135
...
 86

209
262

186
215

...

...

...

...

...

...

130a

130a

120c

120c

...

...

...

...

...

...

...

 10
 10b

 10b

 25
 20b

 15b

138
142

128
131

...

...

...

...

...

...

...

...

...

...

...

...

...

130
130a

120
120c

...

...

...

...

...

...

...

 10
 10
 10

 25
 20
 15

135
141

125
129

...

...

...

...

...

...

...

 ...
...
...

...

...

...

128
130a

117
120c

...

...

...

...

...

...

...

 10
 10
  8

 20
 20
 15

133
139

122
127

...

...

...

...

...

...

...

...

...

...

...

...

...

125
130a

114
119

...

...

...

...

...

...

...

 10
 10
  8

 20
 20
 15

131
138

119
125

...

...

...

...

...

...

...

...

...

...

...

...

...

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . .

16.9
17.2
 6.2 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . .
0.160

See Figure 5.4.1.0

a S-basis.  The rounded T99 values for Ftu are as follows: 0.500-1.000 (L) = 137 ksi and (LT) = 140 ksi, 1.001-2.000 (LT) = 139 ksi, 2.001-3.000 (L) = 132 ksi and (LT) = 138
ksi, 3.001-4.000 (LT) = 136 ksi, 4.001-5.000 (LT) = 135 ksi, and 5.001-6.000 (LT) = 134 ksi.

b Applicable, providing LT or ST dimension is  2.500 inches. 
c S-basis.  The rounded T99 values for Fty are as follows: 0.500-1.000 (L)and (LT) = 129 ksi, 1.001-2.000 (L) = 126 ksi and (LT) = 127 ksi, 2.001-3.000 (L) = 123 ksi and

(LT) = 127 ksi, 3.001-4.000 (LT) = 123 ksi, and 4.001-5.000 (LT) = 121 ksi.
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Table 5.4.1.0(c2).  Design Mechanical and Physical Properties of Ti-6Al-4V Bar
Specification . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . .
Condition . . . . . . . . . . . . . . . .

Cross-sectional area, in.2 . . . .

Thickness or diameter, in. . . .

Basis . . . . . . . . . . . . . . . . . . .

MIL-T-9047a

Bar

Annealed

<48

<0.500 0.500-1.000 1.001-2.000 2.001-3.000 3.001-4.000 4.001-5.000 5.001-6.000

S A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . .
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

e, percent (S basis):
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . . . .

RA, percent (S-basis):
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . . . .

130
130c

120
120c

124
...
 80

194
244

170
197

10
10c

...

25
25c

...

130b

130b

120d

120d

124
...
 80

194
244

170
197

10
10c

...

25
25c

...

142
144

134
134

138
...
 87

212
266

190
220

...

...

...

...

...

...

130b

130b

120d

120d

124
...
 80

194
244

170
197

10
10c

...

25
25c

...

140
143

131
132

135
...
 86

209
262

186
215

...

...

...

...

...

...

130b

130b

120d

120d

...

...

...

...

...

...

...

10
10c

...

25
25c

...

138
142

128
131

...

...

...

...

...

...

...

...

...

...

...

...

...

130
130b

120
120d

...

...

...

...

...

...

...

10
10
 8

25
25
15

135
141

125
129

...

...

...

...

...

...

...

...

...

...

...

...

...

128
130b

117
120

...

...

...

...

...

...

...

10
10
 8

20
20
15

133
139

122
127

...

...

...

...

...

...

...

...

...

...

...

...

...

125
130b

114
119

...

...

...

...

...

...

...

10
10
 8

20
20
15

131
138

119
125

...

...

...

...

...

...

...

...

...

...

...

...

...

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . .

16.9
17.2
 6.5 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . .
0.160

See Figure 5.4.1.0

a Inactive for new design.
b S-basis.  The rounded T99 values for Ftu are as follows: 0.500-1.000 (L) = 137 ksi and (LT) = 140 ksi, 1.001-2.000 (L) = 134 ksi and (LT) = 139 ksi, 

2.001-3.000 (L) = 132 ksi and (LT) = 138 ksi, 3.001-4.000 (LT) = 136 ksi, 4.001-5.000 (LT) = 135 ksi, and 5.001-6.000 (LT) = 134 ksi.
c Applicable, providing LT dimension is  3.000 inches. 
d S-basis.  The rounded T99 values for Fty are as follows: 0.500-1.000 (L)and (LT) = 129 ksi, 1.001-2.000 (L) = 126 ksi and (LT) = 127 ksi, 

2.001-3.000 (L) = 123 ksi and (LT) = 125 ksi, 3.001-4.000 (LT) = 123 ksi, and 4.001-5.000 (LT) = 121 ksi.
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Table 5.4.1.0(d).  Design Mechanical and Physical Properties of Ti-6Al-4V Bar
Specification . . . . . . . . AMS 4965a and MIL-T-9047b MIL-T-9047b

Form . . . . . . . . . . . . . . Rectangular bar Round, square, and hexagon bar

Condition . . . . . . . . . . . Solution treated and aged

Width, in. . . . . . . . . . . .
0.501-
8.000

1.001-
4.000

4.001-
8.000

1.501-
4.000

4.001-
8.000

2.001-
4.000

4.001-
8.000

3.001-
8.000

4.001-
8.000 ... ... ... ... ...

Thickness, in. . . . . . . . 0.500 0.501-1.000 1.001-1.500 1.501-2.000
2.001-
3.000

3.001-
4.000 0.500

0.501-
1.000

1.001-
1.500

1.501-
2.000

2.001-
3.000

Basis . . . . . . . . . . . . . . S S S S S S S S S S S S S S

Mechanical Properties:  
Ftu, ksi:

L . . . . . . . . . . . .
LT . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . .
LT . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . .
(e/D = 2.0) . . . . .

e, percent:
L . . . . . . . . . . . .
LT . . . . . . . . . . .

RA, percent:
L . . . . . . . . . . . .
LT . . . . . . . . . . .

160
160

150
150

...

...
 92

...

...

...

...

 10
 10

 25
 25

155
155

145
145

...

...

...

...

...

...

...

 10
 10

 20
 20

150
150

140
140

...

...

...

...

...

...

...

 10
 10

 20
 20

150
150

140
140

...

...

...

...

...

...

...

 10
 10

 20
 20

145
145

135
135

...

...

...

...

...

...

...

 10
 10

 20
 20

145
145

135
135

...

...

...

...

...

...

...

 10
 10

 20
 20

140
140

130
130

...

...

...

...

...

...

...

 10
 10

 20
 20

135
135

125
125

...

...

...

...

...

...

...

 10
 10

 20
 20

130
130

120
120

...

...

...

...

...

...

...

  8
  8

 15
 15

165
165

155
155

...

...

...

...

...

...

...

 10
 10

 20
 20

160
160

150
150

...

...

...

...

...

...

...

 10
 10

 20
 20

155
155

145
145

...

...

...

...

...

...

...

 10
 10

 20
 20

150
150

140
140

...

...

...

...

...

...

...

 10
 10

 20
 20

140
140

130
130

...

...

...

...

...

...

...

 10
 10

 20
 20

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . .

16.9
17.2
 6.2 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.160

See Figure 5.4.1.0

a For AMS 4965, e and RA values may be different than those shown.
b Inactive for new design.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://w

w
w

.e
v
e
ry

s
p
e
c
.c

o
m

 o
n
 2

0
1
2
-0

1
-3

0
T

5
:3

3
:1

2
.



M
IL

-H
D

B
K

-5
J

3
1

 J
a

n
u

a
ry

 2
0

0
3

5
-5

7

Table 5.4.1.0(e).  Design Mechanical and Physical Properties of Ti-6Al-4V Extrusion
Specification . . . . . . . . . . . . . AMS 4935 AMS 4934
Form . . . . . . . . . . . . . . . . . . . . Extrusion
Condition . . . . . . . . . . . . . . . . Annealed Solution treated and aged
Thickness or diameter, in. . . . 2.000 2.001-3.000 <0.500 0.501-0.750 0.751-1.000 1.001-2.000 2.001-3.000
Basis . . . . . . . . . . . . . . . . . . . . A B A B A B A B A B S S
Mechanical Properties:

Ftu, ksi:
L . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . .
Fbru

d, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry
d, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . .

RA, percent (S-basis):
L . . . . . . . . . . . . . . . .
LTc . . . . . . . . . . . . . .

130a

130a

120
120a

128
129
 83

214
264

180
210

 10
  8

 20
 15

137
139

124
128

133
138
 89

226
278

186
217

...

...

...

...

130b

130b

118
120

124
...
...

...

...

...

...

 10
  8

 20
 15

135
139

122
125

128
...
...

...

...

...

...

...

...

...

...

155
155

138
138

147
147
 94

243
311

208
242

  6
  6

 12
 12

163
163

147
147

157
157
 99

256
327

222
257

...

...

...

...

151
151

138
138

147
147
 92

237
303

208
242

  6
  6

 12
 12

157
157

143
145

153
155
 96

246
315

216
250

...

...

...

...

147
147

133
133

142
139
 89

231
295

201
233

  6
  6

 12
 12

153
155

140
142

150
152
 93

240
307

212
245

...

...

...

...

140
140

130
130

139
139
 85

220
281

196
228

  6
  6

 12
 12

130
130

120
120

128
128
 79

204
261

182
210

  6
  6

 12
 12

E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

16.9
17.2
 6.5 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . .
0.160

See Figure 5.4.1.0

a S-basis.  The rounded T99 values are higher than specification values as follows: Ftu (L) and (LT) = 132 ksi and Fty (LT) = 121 ksi.

b S-basis.  The rounded T99 values are higher than specification values as follows: Ftu (L) = 132 ksi and Ftu (LT) = 136 ksi.

c Applicable, providing LT dimension is 2.500 inches.

d Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 5.4.1.0(f).  Design Mechanical and Physical Properties of Ti-6Al-4V Die Forging

Specification . . . . . . . . AMS 4928 AMS 4920

Form . . . . . . . . . . . . . . Die forging

Condition . . . . . . . . . . . Alpha-beta processed, annealed
Alpha-beta or beta processed,

annealed

Thickness, in. . . . . . . . 2.000 2.001-4.000 4.001-6.000 2.000 2.001-6.000

Basis . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . .
LT . . . . . . . . . .
ST . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .
ST . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . .
LT . . . . . . . . . .
ST . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

Fbry, ksi:
(e/D = 1.5) . . . .
(e/D = 2.0) . . . .

e, percent:
L . . . . . . . . . . .
LT . . . . . . . . . .
ST . . . . . . . . . .

RA, percent:
L . . . . . . . . . . .
LT . . . . . . . . . .
ST . . . . . . . . . .

135
135a

...

125
125a

...

...

...

...

...

...

...

...

...

 10
 10a

...

 25
 20a

...

130
130a

130a

120
120a

120a

123
128
...

 79

203
257

171
201

 10
 10a

 10a

 25
 20a

 15a

130
130
130

120
120
120

123
128
...
 79

203
257

171
201

 10
 10
  8

 20
 20
 15

130
130a

...

120
120a

...

...

...

...

...

...

...

...

...

  8
  8a

...

 15
 15a

...

130
130a

130a

120
120a

120a

123
128
...

 79

203
257

171
201

  8
  8a

  8a

 15
 15a

 15a

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

16.9
17.2
 6.5 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.160

See Figure 5.4.1.0

a Applicable providing LT or ST dimension is 2.500 inches.
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Table 5.4.1.0(g).  Design Mechanical and Physical Properties of Ti-6Al-4V Titanium
Alloy Casting

Specification . . . . . . . . . . . . . . . . . . AMS 4962

Form . . . . . . . . . . . . . . . . . . . . . . . . HIP Casting

Temper . . . . . . . . . . . . . . . . . . . . . . Annealed

Thickness, in. . . . . . . . . . . . . . . . . . 1.000

Location within casting . . . . . . . . . . Designated area

Basis . . . . . . . . . . . . . . . . . . . . . . . . A B

Mechanical Properties:
Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . 125a 128

Fty, ksi . . . . . . . . . . . . . . . . . . . . . . 119 122

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . .
Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .

...

...
...
...

Fbru, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

...

...
...
...

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

...

...
...
...

e, percent (S-basis) . . . . . . . . . . . .   5 ...

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

16.9
16.9

...

...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . . .

 ...
      ...
     ...

        ...

a   S-basis.  The rounded T99 value is 126 ksi.
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Figure 5.4.1.0.  Effect of temperature on the physical properties of Ti-6Al-4V alloy
(wrought products).
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Figure 5.4.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of annealed Ti-6Al-4V alloy (all wrought products).
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Figure 5.4.1.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of annealed Ti-6Al-4V alloy (all wrought products).

Figure 5.4.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of annealed Ti-6Al-4V alloy (all wrought products).
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Figure 5.4.1.1.5.  Effect of temperature on the elongation of annealed Ti-6Al-4V alloy
sheet and bar.

Figure 5.4.1.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of annealed Ti-6Al-4V alloy sheet and bar.
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Figure 5.4.1.1.6(a).  Typical tensile stress-strain curves at cryogenic, room, and elevated
temperatures for annealed Ti-6Al-4V alloy extrusion.
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Figure 5.4.1.1.6(b).  Typical compressive stress-strain curves at room and elevated
temperatures for annealed Ti-6Al-4V alloy extrusion.
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Figure 5.4.1.1.6(c).  Typical compressive tangent-modulus curves at room and elevated
temperatures for annealed Ti-6Al-4V alloy extrusion.
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Figure 5.4.1.1.6(d).  Typical tensile stress-strain curves (full range) for
annealed Ti-6Al-4V sheet at room temperature.
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Figure 5.4.1.1.8(a).  Best-fit S/N curves for unnotched Ti-6Al-4V annealed bar,
longitudinal direction.

Correlative Information for Figure 5.4.1.1.8(a)

Product Form:  Bar, 1.25 inch diameter

Properties:  TUS, ksi TYS, ksi Temp., F
    137     129           RT

Specimen Details: Unnotched
0.280 inch diameter

Surface Conditions:
0 ksi mean stress—32 RMS ground
47 ksi mean stress—100 RMS machined
70 ksi mean stress—32 RMS ground and
                   100 RMS machined

Reference:  5.4.1.1.8(a)

Test Parameters:
Loading — Axial
Frequency — 1800 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  Not specified

Equivalent Strain Equation:
Log Nf = 19.18-7.55 log Smax Sm = 0

= 5.70-0.94 Log (Smax-82.3), Sm = 47
= 7.08-2.18 Log (Smax-99.6), Sm = 70

Sample Size = 134
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Figure 5.4.1.1.8(b).  Best-fit S/N curves for notched, Kt = 2.43, Ti-6Al-4V
annealed bar, longitudinal direction.

Correlative Information for Figure 5.4.1.1.8(b)

Product Form:  Bar, 1 inch diameter

Properties:  TUS, ksi TYS, ksi Temp., F
    150     143           RT

Specimen Details: 60  V-notch
0.025 inch notch radius
0.260 inch test section
  diameter at notch

Surface Condition: RMS 100 machined

Reference:  5.4.1.1.8(a)

Test Parameters:
Loading — Axial
Frequency — 1800 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  Not specified

Equivalent Strain Equation:
Log Nf = 24.1-10.7 log Seq

Seq = Smax(1-R)0.49

Std. Error of Estimate, Log (Life) = 0.677
Standard Deviation, Log (Life) = 0.920
R2 = 46%

Sample Size = 46

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.4.1.1.8(c).  Best-fit S/N curves for unnotched annealed Ti-
6Al-4V extrusion at room temperature, longitudinal direction.

Correlative Information for Figure 5.4.1.1.8(c)

Product Form:  Extrusion, 0.300 and
 0.560 inch thick 

Properties:  TUS, ksi TYS, ksi Temp., F
    143     127           RT

Specimen Details: Unnotched
1.50 inch gross width
0.75 inch net width
4.00 inch net section radius

Surface Conditions: RMS 63

Reference:  5.4.1.1.8(b)

Test Parameters:
Loading — Axial
Frequency — 1800 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  Not specified

Equivalent Strain Equation:
Log Nf = 24.8-9.6 log (Smax)
Std. Error of Estimate, Log (Life) = 0.41
Standard Deviation, Log (Life) = 0.81
R2 = 75%

Sample Size = 30

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.4.1.1.8(d).  Best-fit S/N curves for notched, Kt = 2.8,
annealed Ti-6Al-4V extrusion at room temperature, longitudinal
direction.

Correlative Information for Figure 5.4.1.1.8(d)

Product Form:   Extrusion, 0.300 and
  0.560 inch thick

Properties:  TUS, ksi TYS, ksi Temp., F
    143     127           RT

Specimen Details: Notched, hole type, Kt = 2.8
0.250 inch hole diameter
1.50 inch gross width
1.25 inch net width

Surface Conditions: RMS 63

Reference:  5.4.1.1.8(b)

Test Parameters:
Loading — Axial
Frequency — 1800 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  Not specified

Equivalent Strain Equation:
Log Nf = 14.8-5.8 log (Seq-14)
Seq = Smax(1-R)0.50

Std. Error of Estimate, Log (Life) = 0.41
Standard Deviation, Log (Life) = 0.86
R2 = 78%

Sample Size = 40

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 5.4.1.1.8(e).  Best-fit S/N curves for notched, Kt = 2.8, annealed
Ti-6Al-4V extrusion at 400 and 600 F, longitudinal direction.

Correlative Information for Figure 5.4.1.1.8(e)

Product Form:   Extrusion, 0.300 and
 0.560 inch thick

Properties: TUS, ksi TYS, ksi Temp., F
    112     92           400

    101     77           600

Specimen Details: Notched, hole type, Kt = 2.8
0.250 inch hole diameter
1.250 inch net width
1.500 inch gross width

Surface Conditions: RMS 63

Reference:  5.4.1.1.8(b)

Test Parameters:
Loading — Axial
Frequency — 1800 cpm
Temperature — 400 F and 600 F
Environment — Air

No. of Heats/Lots:  Not specified

Equivalent Strain Equation:
Log Nf = 21.0-9.18 log (Seq)
Seq = Smax(1-R)0.62

Std. Error of Estimate, Log (Life) = 0.50
Standard Deviation, Log (Life) = 0.89
R2 = 68%

Sample Size = 47

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 5.4.1.1.8(f).  Best-fit S/N curves for unnotched Ti-6Al-4V annealed
sheet, long transverse direction.

Correlative Information for Figure 5.4.1.1.8(f)

Product Form:   Sheet, 0.063, 0.070, 0.078 inch
thick

Properties: TUS, ksi TYS, ksi Temp., F
147-152 136-143      RT

Specimen Details: Unnotched, 0.375 inch
width

Surface Conditions: Machined to 32 RMS,
lightly polished with
400 grit emery paper

Reference:  5.4.1.1.8(c)

Test Parameters:
Loading — Axial
Frequency — 10-95 Hz
Temperature — RT
Environment — Air

No. of Heats/Lots:  3

Equivalent Strain Equation:
Log Nf = 12.59-4.89 log (Seq-82.8)
Seq = Smax(1-R)0.29

Std. Error of Estimate, Log (Life) = 0.62
Standard Deviation, Log (Life) = 0.88
R2 = 50.6%

Sample Size = 47

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain ratios
and ranges beyond those represented above.]
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Figure 5.4.1.1.8(g).  Best-fit S/N curves for notched, Kt = 3.0, Ti-6Al-4V
annealed sheet, longitudinal and long transverse direction.

Correlative Information for Figure 5.4.1.1.8(g)

Product Form:   Sheet, 0.063, 0.070, 0.078 inch
thick

Properties: TUS, ksi TYS, ksi Temp., F
145-152 136-146      RT

Specimen Details: Notched, Kt = 3.0
0.487 inch net section

Surface Conditions: Machined to 32 RMS,
lightly polished with
400 grit emery paper

Reference:  5.4.1.1.8(c)

Test Parameters:
Loading — Axial
Frequency — 10-95 Hz
Temperature — RT
Environment — Air

No. of Heats/Lots:  3

Equivalent Strain Equation:
Log Nf = 19.28-8.25 log (Seq)
Seq = Smax(1-R)0.57

Std. Error of Estimate, Log (Life) = 0.53
Standard Deviation, Log (Life) = 0.87
R2 = 62.5%

Sample Size = 141

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain ratios
and ranges beyond those represented above.]
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Figure 5.4.1.1.9.  Fatigue-crack-propagation data for 0.250-inch-thick Ti-6Al-4V mill-
annealed titanium alloy plate with buckling restraint.  [Reference 5.4.1.1.9.]

Specimen Thickness: 0.250 inch Environment: 50% R.H.

Specimen Width: 9.6, 16, 32 inches Temperature: RT

Specimen Type: M(T) Orientation: L-T
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Figure 5.4.1.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of solution-treated and aged Ti-6Al-4V alloy (all products).
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Figure 5.4.1.2.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of solution-treated and aged Ti-6Al-4V alloy (all products).

Figure 5.4.1.2.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the 
                 bearing yield strength (Fbry) of solution-treated and aged Ti-6Al-4V alloy (all products).
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Figure 5.4.1.2.6(a).  Typical tensile stress-strain curves for solution-treated and aged 
Ti-6Al-4V alloy sheet at room and elevated temperatures.

Figure 5.4.1.2.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of solution-treated and aged Ti-6Al-4V alloy.
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Figure 5.4.1.2.6(b).  Typical compressive stress-strain curves for solution-treated and 
aged Ti-6Al-4V alloy sheet at room and elevated temperatures.
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Figure 5.4.1.2.6(c).  Typical compressive tangent-modulus curves for solution-treated 
and aged Ti-6Al-4V alloy sheet at room and elevated temperatures.
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Figure 5.4.1.2.6(d).  Typical compressive stress-strain curves for solution-treated and 
aged Ti-6Al-4V alloy sheet at room and elevated temperatures.
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Figure 5.4.1.2.6(e).  Typical compressive tangent-modulus curves for solution-treated 
and aged Ti-6Al-4V alloy sheet at room and elevated temperatures.
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Figure 5.4.1.2.6(f).  Typical tensile stress-strain curves for solution-treated and aged 
Ti-6Al-4V alloy plate at room and elevated temperatures.
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Figure 5.4.1.2.6(g).  Typical compressive stress-strain and tangent-modulus curves for
solution-treated and aged Ti-6Al-4V alloy plate at room temperature.
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Figure 5.4.1.2.6(h).  Typical tensile stress-strain curves (full range) for solution-
treated and aged Ti-6Al-4V alloy at room and elevated temperatures.
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_____________________________

a This equation should only be used in the same temperature ranges indicated in the nomograph.
Creep strains computed outside these temperature ranges may yield unreasonable values.

Figure 5.4.1.2.7.  Typical creep properties of solution-treated and aged Ti-6Al-4V alloy
sheet for temperature range 600 F through 800 F.
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Figure 5.4.1.2.8(a).  Best-fit S/N curves for unnotched solution-
treated and aged Ti-6Al-4V sheet at room temperature,
longitudinal direction.

Correlative Information for Figure 5.4.1.2.8(a)

Product Forms: Sheet, 0.063 inch and 0.125 inch
thick

Properties:  TUS, ksi TYS, ksi Temp., F
166-177  153-167      RT

Specimen Details: Unnotched
Ref. 5.4.3.2.8(a)
   Specimen details not
   available
Ref. 5.4.3.2.8(b)
1.000 inch net width
8.000 inch test section
   radius
3.00 inch gross width

Surface Conditions:
Ref. 5.4.3.2.8(a).  Edges finished with a crocus
  cloth.
Ref. 5.4.3.2.8(b).  Machined specimens were
  cleaned with methyl ethyl ketone.  Edges
  polished with number 1 and 00 grit emery
  paper, recleaned with methyl ethyl ketone.

References:  5.4.1.2.8(a) and (b)

Test Parameters:
Loading — Axial
Frequency — 
  Ref. 5.4.3.2.8(a), not specified
  Ref. 5.4.3.2.8(b), 1500-2200 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  4

Equivalent Strain Equation:
Log Nf = 14.29-4.91 log (Seq-30.6)
Seq = Smax(1-R)0.42

Std. Error of Estimate, Log (Life) = 0.48
Standard Deviation, Log (Life) = 0.90
R2 = 72%

Sample Size = 99

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios 
beyond those represented above.]
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Figure 5.4.1.2.8(b).  Best-fit S/N curves for notched, Kt = 2.8,
solution-treated and aged Ti-6Al-4V sheet at room temperature,
longitudinal direction. 

Correlative Information for Figure 5.4.1.2.8(b)

Product Forms: Sheet, 0.063 inch and
   0.125 inch thick

Properties:  TUS, ksi TYS, ksi Temp., F
 166-177  153-167      RT

Specimen Details: Notched, hole type, Kt = 2.8
0.9375 inch net width
1.000 inch gross width
8.000 inch test section radius
0.0625 inch-diameter hole

Surface Conditions: Machined specimens were
cleaned with methyl ethyl
ketone.  Edges polished
with number 1 and 00 grit
emery paper and recleaned
with methyl ethyl ketone.

Reference:  5.4.1.2.8(b)

Test Parameters:
Loading — Axial
Frequency — 1500-2200 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  3

Equivalent Strain Equation:
Log Nf = 10.87-3.80 log (Seq-24.0)
Seq = Smax(1-R)0.50

Std. Error of Estimate, Log (Life) = 0.43
Standard Deviation, Log (Life) = 0.98
R2 = 81%

Sample Size = 87

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 5.4.1.2.8(c).  Best-fit S/N curves for unnotched solution-
treated and aged Ti-6Al-4V sheet at 400 F and 600 F, longitudinal
direction.

Correlative Information for Figure 5.4.1.2.8(c)

Product Forms:   Sheet, 0.063 inch and
   0.125 inch thick

Properties: TUS, ksi TYS, ksi Temp., F
142-143 117-121    400 F
125-134 102-113    600 F

Specimen Details: Unnotched
Ref. 5.4.3.2.8(a)
  Specimen details not
  available
Ref. 5.4.3.2.8(b)
  1.000 inch gross width
  8.000 inch test section radius
  3.00 inch gross width
  0.9375 inch net width

Surface Conditions:
Ref. 5.4.3.2.8(a). Edges finished with a crocus cloth
Ref. 5.4.3.2.8(b). Machined specimens were
  cleaned with methyl ethyl ketone.  Edges polished
  with number 1 and 00 grit emery paper, recleaned
  with methyl ethyl ketone.

References:  5.4.1.2.8(a) and (b)

Test Parameters:
Loading — Axial
Frequency — 
  Ref. 5.4.3.2.8(a), not specified
  Ref. 5.4.3.2.8(b), 1500-2200 cpm
Temperature — 400 F and 600 F
Environment — Air

No. of Heats/Lots:  4

Equivalent Strain Equation:
Log Nf = 14.7-5.31 log (Seq-21.8)
Seq = Smax(1-R)0.54

Std. Error of Estimate, Log (Life) = 0.58
Standard Deviation, Log (Life) = 0.93
R2 = 61%

Sample Size = 163

[Caution:  The equivalent stress model may provide
unrealistic life predictions for stress ratios beyond
those represented above.]
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Figure 5.4.1.2.8(d).  Best-fit S/N curves for notched, Kt = 2.8, solution-
treated and aged Ti-6Al-4V sheet at 400 F and 600 F, longitudinal
direction.

Correlative Information for Figure 5.4.1.2.8(d)

Product Forms: Sheet, 0.063 inch and
0.125 inch thick

Properties: TUS, ksi TYS, ksi Temp., F
142-143 117-121    400 F
129-133 103-105    600 F

Specimen Details: Notched, hole type, Kt = 2.8
1.000 inch gross width
8.000 inch test section radius
0.0625 inch-diameter hole
0.9375 inch net width

Surface Conditions: Machined specimens were
cleaned with methyl ethyl
ketone.  Edges polished
with number 1 and 00 grit
emery paper and recleaned
with methyl ethyl ketone.

Reference:  5.4.1.2.8(b)

Test Parameters:
Loading — Axial
Frequency — 1500-2200 cpm
Temperature — 400 F and 600 F
Environment — Air

No. of Heats/Lots:  3

Equivalent Stress Equation:
Log Nf = 10.64-3.77 log (Seq-20.9)
Seq = Smax(1-R)0.51

Std. Error of Estimate, Log (Life) = 0.42
Standard Deviation, Log (Life) = 0.93
R2 = 80%

Sample Size =175

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-87

Figure 5.4.1.2.8(e).  Best-fit S/N curves for unnotched solution-treated
and aged Ti-6Al-4V sheet at 800 F and 900 F, longitudinal direction.

Correlative Information for Figure 5.4.1.2.8(e)

Product Forms: Sheet, 0.063 inch and
0.125 inch thick

Properties:  TUS, ksi TYS, ksi Temp., F
120-125  93-96    800 F
110-111  84-86    900 F

Specimen Details: Unnotched
1.000 inch gross width
8.000 inch test section radius
3.00 inch gross width
0.9375 inch net width

Surface Conditions: Machined specimens were
cleaned with methyl ethyl
ketone.  Edges polished
with number 1 and 00 grit
emery paper and recleaned
with methyl ethyl ketone.

References:  5.4.1.2.8(b)

Test Parameters:
Loading — Axial
Frequency — 1500-2200 cpm
Temperature — 800 F and 900 F
Environment — Air

No. of Heats/Lots:  3

Equivalent Stress Equation:
Log Nf = 17.34-6.61 log (Seq)
Seq = Smax(1-R)0.50

Std. Error of Estimate, Log (Life) = 0.51
Standard Deviation, Log (Life) = 0.99
R2 = 73%

Sample Size = 154

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 5.4.1.2.8(f).  Best-fit S/N curves for notched, Kt = 2.8, solution-
treated and aged Ti-6Al-4V sheet at 800 F and 900 F, longitudinal
direction.

Correlative Information for Figure 5.4.1.2.8(f)

Product Forms: Sheet, 0.063 inch and
0.125 inch thick

Properties:  TUS, ksi TYS, ksi Temp., F
120-124  93-96   800 F
110-111  84-88   900 F

Specimen Details: Notched, hole type, Kt = 2.8
1.000 inch gross width
8.000 inch test section radius
0.0625 inch-diameter hole
0.9375 inch net width

Surface Conditions: Machined specimens were
cleaned with methyl ethyl
ketone.  Edges polished
with number 1 and 00 grit
emery paper and recleaned
with methyl ethyl ketone.

Reference:  5.4.1.2.8(b)

Test Parameters:
Loading — Axial
Frequency — 1500-2200 cpm
Temperature — 800 F and 900 F
Environment — Air

No. of Heats/Lots:  3

Equivalent Stress Equation:
Log Nf = 11.75-4.45 log (Seq-15.0)
Seq = Smax(1-R)0.62

Std. Error of Estimate, Log (Life) = 0.43
Standard Deviation, Log (Life) = 0.96
R2 = 79%

Sample Size = 173

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 5.4.1.2.8(g).  Best-fit S/N curves for unnotched solution-treated
and aged Ti-6Al-4V plate at room temperature, longitudinal direction.

Correlative Information for Figure 5.4.1.2.8(g)

Product Form:   Plate, 1.00 inch

Properties:  TUS, ksi TYS, ksi Temp., F
      158     149           RT
      155     145           RT

Specimen Details: Unnotched, rounded 

Uniform
  Gage Hourglass
   ---     3.25 Reduced section radius of

curvature, inch
 0.195     0.250 Diameter, inch

Surface Condition: Longitudinally polished with
No. 000 emery paper remov-
ing all circumferential marks.

References:  5.4.1.2.8(c) and (d)

Test Parameters:
Loading — Axial
Frequency — 1,800-18,000 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  2

Equivalent Stress Equation:
Log Nf = 24.6-9.35 log (Smax)
Seq = Smax(1-R)0.48

Std. Error of Estimate, Log (Life) = 0.39
Standard Deviation, Log (Life) = 0.83
R2 = 79%

Sample Size = 49

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 5.4.1.2.8(h).  Best-fit S/N curves for unnotched solution-treated
and aged Ti-6Al-4V plate at room temperature, long transverse
direction.

Correlative Information for Figure 5.4.1.2.8(h)

Product Form:   Plate, 0.50 inch thick

Properties:  TUS, ksi TYS, ksi Temp., F
     173        164 RT

Specimen Details: Unnotched, flat hourglass
10 inch reduced section radius
    of curvature
1 inch net section width
0.156 inch net section
    thickness

Surface Conditions: Machined to 63 RMS

Reference:  5.4.1.2.8(d)

Test Parameters:
Loading — Axial
Frequency — Unspecified
Temperature — RT
Environment — Air

No. of Heats/Lots:  1

Maximum Stress Equation:
Log Nf = 47.9-20.2 log (Smax)
Std. Error of Estimate, Log (Life) = 0.33
Standard Deviation, Log (Life) = 0.89
R2 = 87%

Sample Size = 14
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Figure 5.4.1.2.8(i).  Best-fit S/N curves for notched, Kt = 3.0,
solution-treated and aged Ti-6Al-4V plate at room temperature,
longitudinal direction. 

Correlative Information for Figure 5.4.1.2.8(i)

Product Form:  Plate, 1.025 and 0.750 inch thick

Properties:    TUS, ksi TYS, ksi Temp., F
     155     145 RT

       (unnotched)
     187      — RT

(notched)

Specimen Details: Circumferentially notched,
Kt = 3.0

Ref. (c) Ref. (e)
 0.195  0.430 Gross diameter, inch
 0.136  0.300 Net section, inch
 0.005  0.016 Notch radius, r, inch
  60   60 Flank angle, 

Surface Condition:
Ref. (c) notch made with light finishing cuts
Ref. (e) notch polished in lathe

References:   5.4.1.2.8(c) and (e)

Test Parameters:
Loading — Axial
Frequency — 1,800-18,000 cpm
Temperature — RT
Environment — Air

No. of Heats/Lots:  2

Equivalent Stress Equation:
Log Nf = 14.4-5.51 log (Seq)
Seq = Smax(1-R)0.58

Std. Error of Estimate, Log (Life) = 0.24
Standard Deviation, Log (Life) = 0.81
R2 = 92%

Sample Size = 31

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios 
beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-92

5.4.2 TI-6AL-6V-2SN

5.4.2.0 Comments and Properties — Ti-6Al-6V-2Sn alloy is similar to Ti-6Al-4V alloy in
many respects but has higher strength and deeper hardenability (i.e., use of thicker sections possible).  A variety
of mill product forms are available including billet, bar, plate, sheet, strip, and extrusions and these may be used
in either the annealed or the solution-treated and aged (STA) conditions.  The maximum strength is developed
in the STA condition in sections up to about 2 inches in thickness.

Manufacturing Considerations — To ensure optimum mechanical properties in Ti-6Al-6V-2Sn
forgings, at least 50 percent reduction should be done at temperatures below the beta transus temperature (i.e.,
<1735 F).  The Ti-6Al-6V-2Sn is readily formable in the annealed condition.  In the sheet or plate forms the
alloy is generally used in the annealed condition, although the alloy is capable of heat treatment to higher
strength levels  with some loss of toughness.  When the Ti-6Al-6V-2Sn sheet and plate are hot formed at any
temperature over 1000 F and air cooled, the material should be stabilized by reheating to 1000 F followed by
air cooling.  Welding is not usually recommended although limited weld joining operations are possible if the
assembly is amenable to post-weld thermal treatments for the restoration of ductility to the weld and heat-
affected zones.

Environmental Considerations — While the short-time elevated-temperature properties and stability
of Ti-6Al-6V-2Sn alloy are good, creep strength above 650 F and long-term stability at temperatures above
800 F are not.  The material ages during prolonged exposures around 800 F and above, particularly when
under stress.  Oxidation resistance of Ti-6Al-6V-2Sn is satisfactory in short-term exposures to 1000 F.  The
material is nearly equivalent to the Ti-6Al-4V alloy in terms of hot-salt and aqueous chloride solution stress-
corrosion resistance.  Under certain conditions, titanium, when in contact with cadmium, silver, mercury, or
certain of their compounds, may become embrittled.  Refer to MIL-S-5002 and MIL-STD-1568 for restrictions
concerning applications with titanium in contact with these metals or their compounds.

Heat Treatment — This alloy is commonly specified in either the annealed condition or the solution-
treated and aged condition.  The solution-treated and aged condition is as follows:

Solution treat at 1625 F for ½ to 1 hour, quench in water.

Age at 1000 ± 25 F for 4 to 8 hours, air cool.

Specifications and Properties — Material specifications for Ti-6Al-6V-2Sn are shown in Table
5.4.2.0(a).  Room-temperature mechanical properties are shown in Tables 5.4.2.0(b) through (e).  The effect
of temperature on physical properties is shown in Figure 5.4.2.0.

5.4.2.1  Annealed Condition — Elevated temperature curves for annealed condition are shown
in Figures 5.4.2.1.1(a) through 5.4.2.1.3(b).  Typical stress-strain and tangent-modulus curves for this condition
are shown in Figures 5.4.2.1.6(a) and (b).  A typical full range tensile stress-strain curve is shown in Figure
5.4.2.1.6(c).  Unnotched and notched fatigue data are presented in Figures 5.4.2.1.8(a) and (b).

5.4.2.2  Solution-Treated and Aged Condition — Elevated temperature curves are shown
in Figures 5.4.2.2.1 and 5.4.2.2.2.
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Table 5.4.2.0(a).  Material Specifications for Ti-6Al-6V-2Sn

Specification Form

AMS-T-9046
AMS 4979
MIL-T-81556, AMS-T-81556
AMS 4971
AMS 4978
AMS 4918

Sheet, strip, and plate
Bar and forging
Extruded bar and shapes
Bar and forging
Bar and forging
Sheet, strip, and plate
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Table 5.4.2.0(b).  Design Mechanical and Physical Properties of Ti-6Al-6V-2Sn Sheet, Strip, and Plate
Specification . . . . . . . . AMS-T-9046, Comp. AB-3, and AMS 4918 AMS-T-9046, Comp. AB-3

Form . . . . . . . . . . . . . . Sheet, strip, and plate

Condition . . . . . . . . . . . Annealed Solution treated and aged

Thickness, in. . . . . . . . <0.1875
0.1875-
0.500

0.501-
1.000

1.001-
1.500

1.501-
2.000

2.001-
4.000 0.1875

0.1875-
1.500

1.501-
2.500

2.501-
4.000

Basis . . . . . . . . . . . . . . A B S S S S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

155
155

145a

145a

...

...

...

...

...

...

...

 10b

  8b

160
150

152
154

...

...

...

...

...

...

...

...

...

150
150

140
140

139
151
 91

236
294

193
215

 10
  8

150
150

140
140

142
147
 93

241
303

196
223

 10
  8

150
150

140
140

146
141
 95

247
312

199
234

 10
  8

150
150

140
140

148
136
 95

250
317

202
240

 10
  8

145
145

135
135

...

...

...

...

...

...

...

  8
  6

170
170

160
160

...

...

...

...

...

...

...

  8
  6

170
170

160
160

170
170
101

264
324

237
266

  8
  8

160
160

150
150

...

...

...

...

...

...

...

  6
  6

150
150

140
140

...

...

...

...

...

...

...

  6
  6

E, 103 ksi . . . . . . . . .
Ec, 103 ksi . . . . . . . .
G, 103 ksi . . . . . . . .
µ . . . . . . . . . . . . . . .

16.0
16.4
 6.2 
 0.31

Physical Properties:
, lb/in.3 . . . . . . . . .

C, K, and  . . . . . . .
0.164

See Figure 5.4.2.0

a  The rounded T99 values are higher than specification values as follows:  Fty (L) = 147 ksi, Fty (LT) = 149 ksi.

b  Longitudinal <0.025 in. = 8 percent.  Long transverse < 0.025 in. = 6 percent.
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Table 5.4.2.0(c).  Design Mechanical and Physical Properties of Ti-6Al-6V-2Sn Bar

Specification . . . . . . . . . . . . . . . . . AMS 4978 AMS 4971 and AMS 4979

Form . . . . . . . . . . . . . . . . . . . . . . . Bar Bar and forging

Condition . . . . . . . . . . . . . . . . . . . Air-cool annealeda Solution treated and aged

Thickness or diameter, in. . . . . . . 1.500
1.501-
3.000

3.001-
4.000

1.000
1.001-
2.000

2.001-
3.000

3.001-
4.000

Basis . . . . . . . . . . . . . . . . . . . . . . . A B A B A B S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 144 150 139 145 136 142 175 170 155 150

     LTb . . . . . . . . . . . . . . . . . . . . . 147 152 143 148 140 145 175 170 155 150

     STb . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... 155 150

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . 131 138 126 132 123 129 160 155 145 140

     LTb . . . . . . . . . . . . . . . . . . . . . 136 141 131 136 127 132 160 155 145 140

     STb . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... 145 140

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

     LTb . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

     STb . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... ...

e, percent (S-basis):

     L . . . . . . . . . . . . . . . . . . . . . . .  10 ...  10 ...  10 ...   8   8   8   8

     LTb . . . . . . . . . . . . . . . . . . . . .   8 ...   8 ...   8 ...   6   6   6   6

     STb . . . . . . . . . . . . . . . . . . . . . . ... ...   8 ...   8 ... ... ...   6   6

RA, percent (S-basis):

     L . . . . . . . . . . . . . . . . . . . . . . .  20 ...  20 ...  15 ...  20  20  20  20

     LTb . . . . . . . . . . . . . . . . . . . . .  15 ...  15 ...  15 ...  15  15  15  15

     STb . . . . . . . . . . . . . . . . . . . . . . ... ...  15 ...  15 ... ... ...  15  15

E, 103 ksi . . . . . . . . . . . . . . . . . . 16.0 

Ec, 103 ksi . . . . . . . . . . . . . . . . . 16.4 

G, 103 ksi . . . . . . . . . . . . . . . . . .  6.2 

µ . . . . . . . . . . . . . . . . . . . . . . . .  0.31

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . 0.164

C, K, and . . . . . . . . . . . . . . . . See Figure 5.4.2.0

a  1300 to 1350 F for 1-3 hours, air cool to room temperature.
b  Applicable, providing LT or ST dimension is 2.500 inches.
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Table 5.4.2.0(d).  Design Mechanical and Physical Properties of Ti-6Al-
6V-2Sn Forging

Specification . . . . . . . . . . . . . . . AMS 4978

Form . . . . . . . . . . . . . . . . . . . . . . Forging

Condition . . . . . . . . . . . . . . . . . . Annealed

Thickness, or diameter, in. . . . . . 2.000 2.001-4.000

Basis . . . . . . . . . . . . . . . . . . . . . . S S

Mechanical Properties:
Ftu, ksi:

    L . . . . . . . . . . . . . . . . . . . . . . .
    LTa . . . . . . . . . . . . . . . . . . . . .
    STa . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
    L . . . . . . . . . . . . . . . . . . . . . . .
    LTa . . . . . . . . . . . . . . . . . . . . .
    STa . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
    L . . . . . . . . . . . . . . . . . . . . . . .
    LTa . . . . . . . . . . . . . . . . . . . . .
    STa . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . .
  Fbru, ksi:
    (e/D=1.5) . . . . . . . . . . . . . . . .
    (e/D=2.0) . . . . . . . . . . . . . . . .

Fbry, ksi:
    (e/D=1.5) . . . . . . . . . . . . . . . .
    (e/D=2.0) . . . . . . . . . . . . . . . .

e, percent:
    L . . . . . . . . . . . . . . . . . . . . . .
    LTa . . . . . . . . . . . . . . . . . . . . .
    STa . . . . . . . . . . . . . . . . . . . . .

RA, percent:
    L . . . . . . . . . . . . . . . . . . . . . .
    LTa . . . . . . . . . . . . . . . . . . . . .
    STa . . . . . . . . . . . . . . . . . . . . .

150
150
...

140
140
...

...

...

...

...

...

...

...

...

10
8
...

20
15
15

145
145
145

135
135
135

...

...

...

...

...

...

...

...

10
8
7

20
15
15

E, 103 ksi . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . .

 . . . . . . . . . . . . . . . . . . . . . . .

16.0
16.4
6.2

 0.31

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . .
0.164

See Figure 5.4.2.0

a  Applicable, providing LT or ST dimension is 2.500 inches.
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Table 5.4.2.0(e).  Design Mechanical and Physical Properties of Ti-6Al-6V-2Sn Extruded Bar
and Shapes

Specification . . . . . . . . . . . . MIL-T-81556 & AMS-T-81556, Comp. AB-3

Form . . . . . . . . . . . . . . . . . . Extruded bar and shapes

Condition . . . . . . . . . . . . . . Annealed Solution treated and aged

Thickness or diameter, in. .
2.000

2.001-
3.000

3.001-
4.000

0.188-
0.500

0.501-
1.500

1.501-
2.500

2.501-
4.000

Basis . . . . . . . . . . . . . . . . . . A B S S S S S S

Mechanical Properties:
Ftu, ksi:

    L . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . .

Fty, ksi:
    L . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . .

Fcy, ksi:
    L . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . .
Fbru

a, ksi:
    (e/D=1.5) . . . . . . . . . . . .
    (e/D=2.0) . . . . . . . . . . . .

Fbry
a, ksi:

    (e/D=1.5) . . . . . . . . . . . .
    (e/D=2.0) . . . . . . . . . . . .

e, percent (S-basis):
    L . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . .
 RA, percent (S-basis):

    L . . . . . . . . . . . . . . . . . . .
    LT . . . . . . . . . . . . . . . . . .

142
141

129
128

137
136
93

218
268

196
227

10
8

20
15

148
148

135
135

144
142
97

229
281

203
235

...

...

...

...

145
145

135
135

140
140
...

...

...

...

...

10
8

20
15

140
140

130
130

135
135
...

...

...

...

...

10
8

20
15

170
170

160
160

165
165
...

...

...

...

...

8
6

15
12

165
165

155
155

160
160
...

...

...

...

...

8
6

15
12

160
160

150
150

155
155
...

...

...

...

...

8
6

15
12

150
150

140
140

145
145
...

...

...

...

...

8
6

15
12

E, 103 ksi . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .

  µ . . . . . . . . . . . . . . . . . . . .

16.0
16.4
6.2

 0.31

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . .
0.164

See Figure 5.4.2.0

   a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 5.4.2.0.  Effect of temperature on the physical properties of Ti-6Al-6V-2Sn
alloy.
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Figure 5.4.2.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) and
the tensile yield strength (Fty) of annealed Ti-6Al-6V-2Sn extrusion.
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Figure 5.4.2.1.1(b).  Effect of temperature on the tensile ultimate strength (Ftu) and
the tensile yield strength (Fty) of annealed Ti-6Al-6V-2Sn plate.
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Figure 5.4.2.1.2(a).  Effect of temperature on the compressive yield strength (Fcy)
and the shear ultimate strength (Fsu) of annealed Ti-6Al-6V-2Sn extrusion.
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Figure 5.4.2.1.2(b).  Effect of temperature on the compressive yield strength (Fcy)
and the shear ultimate strength (Fsu) of annealed Ti-6Al-6V-2Sn plate.
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Figure 5.4.2.1.3(a).  Effect of temperature on the bearing ultimate strength (Fbru)
and the bearing yield strength (Fbry) of annealed Ti-6Al-6V-2Sn extrusion.
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Figure 5.4.2.1.3(b).  Effect of temperature on the bearing ultimate strength (Fbru)
and the bearing yield strength (Fbry) of annealed Ti-6Al-6V-2Sn plate.
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Figure 5.4.2.1.6(a).  Typical compressive stress-strain and tangent-modulus curves
at room temperature for annealed Ti-6Al-6V-2Sn extrusion.
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Figure 5.4.2.1.6(b).  Typical tensile stress-strain curve at room temperature for
annealed Ti-6Al-6V-2Sn extrusion.
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Figure 5.4.2.1.6(c).  Typical tensile stress-strain curve (full range) for annealed
Ti-6Al-6V-2Sn sheet at room temperature.
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Figure 5.4.2.1.8(a).  Best-fit S/N curves for annealed Ti-6Al-6V-2Sn plate
and die forging, Kt = 1.0, longitudinal direction.

Correlative Information for Figure 5.4.2.1.8(a)

Product Form: Plate, 1.57 inch thick; die 
forging, thickness not specified

Properties:       TUS, ksi   TYS, ksi   Temp., F
        154.5       148.5      RT
        159.9       151.5      RT

Specimen Details:  Unnotched
          0.195 inch diameter
          Unspecified diameter from

               forging

Surface Condition:  RMS 32
           Unspecified from forging

References: 5.4.1.2.8(c) and 5.4.2.1.8

Test Parameters:
Loading—Axial
Frequency—Unspecified
Temperature—RT
Atmosphere—Air

No. of Heats/Lot:  3

Equivalent Stress Equation:
Log Nf = 20.90 - 8.10 log (Seq)
Seq = Sa + 0.41 Sm

Std. Error of Estimate, Log (Life) = 23.5 (1/Seq)
Standard deviation, Log (Life) = 0.884
R2 = 89%

Sample Size = 38

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.4.2.1.8(b).  Best-fit S/N curves for annealed Ti-6Al-6V-2Sn plate, Kt = 3.0,
longitudinal direction.

Correlative Information for Figure 5.4.2.1.8(b)

Product Form:   Plate, 1.57 inch thick

Properties:      TUS, ksi   TYS, ksi Temp., F
       154.6      148.5     RT

Specimen Details:  V-Groove, Kt = 3.0
          0.195 inch gross diameter
          0.136 inch net diameter
          0.005 inch root radius
          60  flank angle

Surface Condition:  RMS 32

References: 5.4.1.2.8(c)

Test Parameters:
Loading—Axial
Frequency—Unspecified
Temperature—RT
Atmosphere—Air

No. of Heats/Lot:  1

Equivalent Stress Equation:
Log Nf = 8.31 - 2.73 log (Seq - 16.9)
Seq = Sa + 0.37 Sm

Std. Error of Estimate, Log (Life) = 8.87 (1/Seq)
Standard Deviation, Log (Life) = 0.947
R2 = 92%

Sample Size = 32

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.4.2.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of solution-treated and aged Ti-6Al-6V-2Sn plate.

Figure 5.4.2.2.2.  Effect of temperature on compressive yield strength (Fcy) of
solution-treated and aged Ti-6Al-6V-2Sn plate.
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Table 5.4.3.0(a).  Material Specification for 
Ti-4.5Al-3V-2Fe-2Mo Titanium Alloy

Specification Form

AMS 4899 Sheet, Strip, and Plate

AMS 4964 Bars, Wire, Forgings, and Rings

5.4.3 TI-4.5AL-3V-2FE-2MO

5.4.3.0  Comments and Properties —Ti-4.5Al-3V-2Fe-2Mo alloy is a beta rich alpha-beta
titanium composition developed for improved hot formability and fatigue resistance. The alloy consists
of fine microstructure and has excellent superplastic formability at temperatures below 1475 F. This alloy
also shows significantly improved cold formability over Ti-6Al-4V. Although this alloy was originally
developed for flat product applications in the annealed condition, it has expanded into other areas such as
billets, bars, and forgings. This alloy has been reported to possess significantly better hardenability than
Ti-6Al-4V.

Manufacturing Considerations – Superplastic forming of Ti-4.5Al-3V-2Fe-2Mo at temperatures
between 1380F-1425 F is recommended. At these forming temperatures the formation of alpha case is
not observed and the thickness of oxygen enriched layer is generally less than 0.001”. Diffusion bonding
at 1425 F is possible but slightly higher temperatures than the superplastic forming temperature e.g.,
1470 F are recommended to ensure perfect bonding. Ti-4.5Al-3V-2Fe-2Mo is weldable by standard
titanium welding techniques. This alloy shows an increase in hardness in the welded zone but with limited
ductility loss. Stress relief annealing after welding is recommended. 

Environmental Considerations – Ti-4.5Al-3V-2Fe-2Mo exhibits significantly improved
resistance to aqueous chloride solution stress-corrosion cracking over Ti-6Al-4V. The alloy is nearly
equivalent to Ti-6Al-4V hot - salt stress corrosion cracking.

Heat Treatment – This alloy is commonly specified in the annealed condition, but is also used
in the solution-treated and aged condition.

Annealing : 1325°F for a time commensurate with product thickness.  

Annealing requires 1 hour at 1475°F followed by furnace cooling if maximum ductility is required.
The solution treated and aged conditions commonly employed are as follows :

Solution treat at 1500-1580°F for 1/2 –1hour followed by air cooling.
Age at 900-1060°F followed by air cooling. 

Specifications and Properties – Some material specifications for Ti-4.5Al-3V-2Fe-2Mo are shown
in Table 5.4.3.0(a). Room temperature mechanical properties and physical properties are shown in Table
5.4.3.0(b) through (d).

5.4.3.1 Anneal Condition – Typical tensile  stress-strain and full-range stress-strain curves are
shown in Figures 5.4.3.1.6(a) and (b).  Compressive stress-strain and tangent modulus curves are shown
in Figure 5.4.3.1.6(c).  Unnotched and notched fatigue data as well as fatigue crack propagation data are
presented in Figures 5.4.3.1.8(a), (b) and 5.4.3.1.9.
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Table 5.4.3.0 (b).  Design Mechanical and Physical Properties of Ti-4.5Al-3V-2Fe-
2Mo Titanium Alloy Sheet

Specification AMS 4899

Form . . . . . . . . . . . . . . . . . . . . . . . Sheet

Condition . . . . . . . . . . . . . . . . . . . . Annealed

Thickness, in. . . . . . . . . . . . . . . . . 0.025 to 0.063, exclusive 0.063 to 0.187, exclusive

Basis . . . . . . . . . . . . . . . . . . . . . . . A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fsu,
c ksi: 

LT . . . . . . . . . . . . . . . . . . . . . .
Fbru,

d ksi: LT
(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry,
d ksi: LT

(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

134a

134a

126a

126a

128
131

90

196
258

157
190

8
8

145
147

134
137

136
143

99

215
283

171
207

...

...

134b

134b

126b

126b

130
132

91

207
276

165
198

10
10

144
144

132
134

139
141

98

223
296

176
210

...

...

E, 103 ksi . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

16.0
16.2
...
...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . .

, 10-6 in./in./ F . . . . . . . . . . . . .

0.164
0.12
4.00

5.17 (60-932 F)

a S-basis.  Rounded T99 values for thickness range 0.025 - 0.063 in. are as follows; Ftu (L) and (LT) = 140 ksi, 
Fty (L) = 129 ksi and Fty (LT) = 131 ksi.

b S-basis.  Rounded T99 values for thickness range 0.063 - 0.187 in. are as follows; Ftu (L) = 141 ksi, Ftu (LT) = 140 ksi, 
Fty (L) = 128 ksi and Fty (LT) = 127 ksi.

c Determined in accordance with ASTM B769.
d Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 5.4.3.0 (c).  Design Mechanical and Physical Properties of Ti-4.5Al-3V-2Fe-
2Mo Titanium Alloy Bar

Specification . . . . . . . . . . . . . . . . . AMS 4964

Form . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . . Annealed

Thickness, in. . . . . . . . . . . . . . . . .  2.000 2.001-4.000 4.001-6.000

Basis . . . . . . . . . . . . . . . . . . . . . . . A B A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . .
LT (S-basis) . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . .
LT (S-basis) . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . .
LT (S-basis) . . . . . . . . . . . . . . .

Fsu
b, ksi 

L -R . . . . . . . . . . . . . . . . . . . . .
Fbru

c ksi:
(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

Fbry,
c ksi:

(e/D = 1.5) . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Red. in Area, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

135
135

124
125

124
...

81

...

...

...

...

10
10d

25
20d

139
...

128
...

128
...

84

...

...

...

...

...

...

...

...

130a

130

119
120

...

...

...

...

...

...

...

10
10d

20
20d

135
...

123
...

...

...

...

...

...

...

...

...

...

...

...

130
130

119
120

...

...

...

...

...

...

...

10
10

20
20

133
...

123
...

...

...

...

...

...

...

...

...

...

...

...

E, 103 ksi . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . .

16.0
16.2

...

...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft]

, 10-6 in./in./ F . . . . . . . . . . . . .

0.164
0.12
4.00

5.17 (60-932 F)

a Rounded T99 for Ftu = 131 ksi.
b Determined in accordance with ASTM B769.
c Bearing values are “dry pin” values per Section 1.4.7.1.
d Applicable, providing LT dimension is no less than 2.500 inches.
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Ramberg-Osgood

Compressive Tangent Modulus, 103 ksi.
Strain, 0.001 in./in.
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n (L) = 28             144

n (LT) = 33            156

Ramberg-Osgood   TYS (ksi)

TYPICAL

Thickness: 0.031-0.059 in.

Figure 5.4.3.1.6(b).  Typical compressive stress-strain and tangent-modulus curves at room

temperature for annealed Ti-4.5Al-3V-2Fe-2Mo alloy sheet.
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   Ramberg-Osgood    TYS (ksi)

Longitudinal              41                    141
Long Transverse      36                    145

Figure 5.4.3.1.6(a).  Typical tensile stress-strain curves at room temperature for annealed 

Ti-4.5Al-3V-2Fe-2Mo alloy sheet.
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Figure 5.4.3.1.6(c).  Typical tensile stress-strain curves (full-range) for annealed

Ti-4.5Al-3V-2Fe-2Mo alloy sheet.
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Fatigue Life, Cycles

103 104 105 106 107 108

M
a

x
im

u
m

 S
tr

e
s
s
, 

k
s
i

110

120

130

140

150

+
+

++

+

+

+

+

++

+

+
+

+

+
+

.

.

Stress Ratio

          0.20

          0.05

          0.50+

Ti-4.5Al-3V-2Fe-2Mo  Kt=1.0

        Runout

         on net section.

Note:   Stresses are based

Figure 5.4.3.1.8 (a) Best-fit S/N curves for unnotched Ti-4.5Al-3V-2Fe-2Mo annealed sheet.

Correlative Information for Figure 5.4.3.1.8 (a)

Product Form:  0.059, 0.118, 0.157 inch thick

Properties: TUS, ksi    TYS, ksi    Temp., F
     148 - 149  135 - 138        RT

Specimen Details: Unnotched, 0.252 inch width

Surface Conditions: Lightly polished with
                                 400 grit emery paper

References: 5.4.3.1.8

Test Parameter:
Loading - Axial
Frequency - 10Hz
Temperature - RT
Environment - Air

No. of Heats : 3

Equivalent Stress Equation:
Log Nf = 7.72 - 2.59 log ( Seq - 114.68 )
Seq = Smax ( 1 - R ) 0.13

Std. Error of Estimate, Log (Life) = 0.40  
Standard Deviation, Log (Life) = 0.60
Adjusted R2 = 56.5%

Sample Size = 43

[Caution: The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Fatigue Life, Cycles
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          0.50+
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         on net section.

Note:   Stresses are based

Figure 5.4.3.1.8 (b) Best-fit S/N curves for notched, Kt = 2.8, Ti-4.5Al-3V-2Fe-2Mo annealed

sheet.

Correlative Information for Figure 5.4.3.1.8 (b)

Product Form:  0.059, 0.118, 0.157 inch thick

Properties: TUS, ksi   TYS, ksi    Temp., F
     148 - 149 135 - 138          RT

Specimen Details: Notched, Kt = 2.8 
     0.466 inch net width

Surface Conditions: HF/HNO3 pickled

References: 5.4.3.1.8

Test Parameter:
Loading - Axial
Frequency - 10Hz
Temperature - RT
Environment - Air

No. of Heats: 3

Equivalent Stress Equation:
Log Nf = 7.22 - 1.96 log ( Seq - 44.05 )
Seq = Smax ( 1 - R ) 0.65

Std. Error of Estimate, Log (Life) = 0.24  
Standard Deviation, Log (Life) = 0.47
Adjusted R2 = 72.9%

Sample Size = 41

[Caution: The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.4.3.1.9 Fatigue-crack-propagation data for 1 inch thick Ti-4.5Al-3V-2Fe-2Mo mill

annealed titanium alloy plate.

Specimen Thickness: 0.25 inch Environment: 50% RH

Specimen Width: 2.0 inches Temperature: RT

Specimen Type: C(T) Orientation: L-T
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5.5 BETA, NEAR-BETA, AND METASTABLE-BETA TITANIUM ALLOYS

There is no clear-cut definition for beta titanium alloys.  Conventional terminology usually refers to
near-beta alloys and metastable-beta alloys as classes of beta titanium alloys.  A near-beta alloy is generally
one which has appreciably higher beta stabilizer content than a conventional alpha-beta alloy such as Ti-6Al-
4V, but is not quite sufficiently stabilized to readily retain an all-beta structure with an air cool of thin sections.
For such alloys, a water quench even of thin sections is required.  Due to the marginal stability of the beta phase
in these alloys, they are primarily solution treated below the beta transus to produce primary alpha phase which
in turn results in an enriched, more stable beta phase.  This enriched beta phase is more suitable for aging.  The
Ti-10V-2Fe-3Al alloy is an example of a near-beta alloy.

On the other hand, the metastable-beta alloys are even more heavily alloyed with beta stabilizers than
near-beta alloys and, as such, readily retain an all-beta structure upon air cooling of thin sections.  Due to the
added stability of these alloys, it is not necessary to heat treat below the beta transus to enrich the beta phase.
Therefore, these alloys do not normally contain primary alpha since they are usually solution treated above the
beta transus.  These alloys are termed “metastable” because the resultant beta phase is not truly stable—it can
be aged to precipitate alpha for strengthening purposes.  Alloys such as Ti-15-3, B120VCA, Beta C, and Beta
III are considered metastable-beta alloys.

Unfortunately, the classification of an alloy as either near-beta or metastable beta is not always obvi-
ous.  In fact, the “metastable” terminology is not precise since a near-beta alloy is also metastable—i.e., it also
decomposes to alpha plus beta upon aging.

There is one obvious additional category of beta alloys—the stable beta alloys.  These alloys are so
heavily alloyed with beta stabilizers that the beta phase will not decompose to alpha plus beta upon subsequent
aging.  There are no such alloys currently being produced commercially.  An example of such an alloy is
Ti-30Mo.

The interest in beta alloys stems from the fact that they contain a high volume fraction of beta phase
which can be subsequently hardened by alpha precipitation.  Thus, these alloys can generate quite high-strength
levels (in excess of 200 ksi) with good ductilities.  Also, such alloys are much more deep hardenable than
alpha-beta alloys such as Ti-6Al-4V.  Finally, many of the more heavily alloyed beta alloys exhibit excellent
cold formability and as such offer attractive sheet metal forming characteristics.

5.5.1 TI-13V-11CR-3AL

5.5.1.0 Comments and Properties — Ti-13V-11Cr-3Al is a heat-treatable alloy possessing
good workability and toughness in the annealed condition and high strength in the heat-treated condition.  It
is noted for its exceptional ability to harden in heavy sections (up to 6-inch diameter or greater) to tensile
strength of 170 ksi Ftu.

Manufacturing Considerations — This alloy possesses very good formability at room temperature;
stretch forming is usually conducted at 500 F.  Ti-13V-11Cr-3Al is readily fusion or spot welded.  Arc-welded
joints are very ductile in the as-welded condition, but have low strengths.

Environmental Considerations — Ti-13V-11Cr-3Al is stable for times up to 1000 hours in the annealed
condition at 550 F and in the solution treated and aged condition up to 600 F.  Prolonged exposure above these
temperatures may result in ductility losses.  If welding is employed, the stability of the weld should be investi-
gated under the particular exposure conditions to be encountered.  While the material is not noted for good
creep performance, Ti-13V-11Cr-3Al has exceptional short-time strength at temperatures to 1200 F and above.
Oxidation resistance is satisfactory at such temperatures for short-time exposure and for long-time exposure
at the lower elevated temperatures.  Hot-salt stress corrosion has been shown to be possible in this alloy at
temperatures as low as 500 F in highly stressed applications (e.g., rivet heads).  It is generally thought that the
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Table 5.5.1.0(a).  Material Specifications for 
Ti-13V-11Cr-3Al

Specification Form

AMS-T-9046  Sheet, strip, and plate

MIL-T-9047a  Bar

a Inactive for new design

material is moderately susceptible to aqueous chloride solution stress corrosion.  Ti-13V-11Cr-3Al is not noted
for good fracture toughness in the aged or high-strength condition and is not recommended in any condition
for cryogenic temperature applications.  Under certain conditions, titanium, when in contact with cadmium,
silver, mercury, or certain of their compounds, may become embrittled.  Refer to MIL-S-5002 and MIL-STD-
1568 for restrictions concerning applications with titanium in contact with these metals or their compounds.

Heat Treatment — This alloy is commonly specified in either the annealed condition or in the fully
heat-treated condition.  The specified fully heat-treated, or solution-treated and aged, condition is as follows:

Solution treat at 1450 F for 15 to 60 minutes, air cool (water quench if material is over
2 inches thick).

Age at 900 F for 2 to 60 hours, dependent on strength level.  (Note:  typical aging time to
achieve Ftu = 170 ksi is 24 to 36 hours.)

Specifications and Properties — Material specifications for Ti-13V-11Cr-3Al are shown in Table
5.5.1.0(a).  Room-temperature mechanical and physical properties for Ti-13V-11Cr-3Al are shown in Table
5.5.1.0(b).  The effect of temperature on physical properties is shown in Figure 5.5.1.0.

5.5.1.1 Annealed Condition — Elevated temperature curves for annealed Ti-13V-11Cr-3Al are
shown in Figures 5.5.1.1.1 through 5.5.1.1.4.  Typical tensile stress-strain curves for annealed material at
temperatures ranging from room temperature to 1000 F are shown in Figure 5.5.1.1.6.  Unnotched and notched
fatigue data at room and elevated temperatures for annealed sheet are shown in Figures 5.5.1.1.8(a) through
(d).

5.5.1.2 Solution-Treated and Aged Condition — Elevated temperature curves for solution-
treated and aged Ti-13V-11Cr-3Al are shown in Figures 5.5.1.2.1 through 5.5.2.1.4.  Typical tensile stress-
strain curves at various temperatures are shown in Figure 5.5.1.2.6.  Unnotched fatigue data at room and
elevated temperatures for solution-treated and aged sheet are shown in Figures 5.5.1.2.8(a) through (c).
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Table 5.5.1.0(b).  Design Mechanical and Physical Properties of Ti-13V-11Cr-3Al
Specification . . . . . . . . . . AMS-T-9046, Comp. B-1 MIL-T-9047a

Form . . . . . . . . . . . . . . . . . Sheet, strip, and plate Bar

Condition . . . . . . . . . . . . .
Annealed

Solution treated
and aged Annealed

Solution treated
and aged

Thickness or diameter, in.
0.012-
0.049

0.050-
4.000 <4.000 <7.000b <4.000b

Basis . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . .

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . .

e, percent:
     L . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . .

RA, percent:
     L . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . .
     ST . . . . . . . . . . . . . . . .

132
132
...

126
126
...

...

...

...

...

...

...

...

...

  8
  8
...

...

...

...

125
125
125

120
120
120

120
120
120
 92

207
270

169
200

10
10
10

...

...

...

170
170
170

160
160
160

162
162
162
105

248
313

217
247

  4d

  4d

  4d

...

...

...

125
125c

125c

120
120c

120c

...

...

...

...

...

...

...

...

10
10c

10c

25
25c

25c

170
170c

170c

160
160c

160c

...

...

...

...

...

...

...

...

  6
  2c

  2c

 10
  5c

  5c

E, 103 ksi . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

14.5
...
...
...

15.5
...
...
...

14.5
...
...
...

15.5
...
...
...

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, K, and . . . . . . . . . .
0.174

See Figure 5.5.1.0

a Inactive for new design
b Maximum of 16 square-inch cross-sectional area.
c Applicable, providing LT or ST dimension is 3.000 inches
d Thickness 0.025 inch and above:  3 percent below 0.025 inch.
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Figure 5.5.1.0.  Effect of temperature on the physical properties of Ti-13V-11Cr-3Al
alloy.
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Figure 5.5.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of annealed Ti-13V-11Cr-3Al alloy sheet.

Figure 5.5.1.1.2.  Effect of temperature on the compressive yield strength (Fcy) and
the shear ultimate strength (Fsu) of annealed Ti-13V-11Cr-3Al alloy sheet.
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Figure 5.5.1.1.3(a).  Effect of temperature on the bearing ultimate strength (Fbru) of
annealed Ti-13V-11Cr-3Al alloy sheet.

Figure 5.5.1.1.3(b).  Effect of temperature on the bearing yield strength (Fbry) of
annealed Ti-13V-11Cr-3Al alloy sheet.
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Figure 5.5.1.1.4.  Effect of temperature on the tensile and compressive moduli 
(E and Ec) of annealed Ti-13V-11Cr-3Al alloy sheet.
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Figure 5.5.1.1.6.  Typical tensile stress-strain curves for annealed Ti-13V-11Cr-3Al
alloy sheet at room and elevated temperatures.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

5-125

Figure 5.5.1.1.8(a).  Best-fit S/N curves for unnotched, annealed Ti-13V-
11Cr-3Al alloy sheet, longitudinal direction.

Correlative Information for Figure 5.5.1.1.8(a)

Product Form: Sheet, 0.043 inch thick

Properties:     TUS, ksi   TYS, ksi Temp., F
     138.50     132.80     RT

Specimen Details: Unnotched, 0.30 inch wide

Surface Condition: As machined, edges
polished with emery paper.

Reference: 5.5.1.1.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm
Temperature—RT
Atmosphere—Air

No. of Heats/Lot:  Not specified

Equivalent Stress Equation:
Log Nf = 10.15-3.41 log (Seq-52.2)
Seq = Smax (1-R)0.97

Std. Error of Estimate, Log (Life) = 0.58
Standard Deviation, Log (Life) = 0.82
R2 = 50%

Sample Size = 27

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.5.1.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0, annealed Ti-
13V-11Cr-3Al alloy sheet, longitudinal direction.

Correlative Information for Figure 5.5.1.1.8(b)

Product Form: Sheet, 0.043 inch thick

Properties:      TUS, ksi   TYS, ksi Temp., F
      138.50     132.80     RT

Specimen Details: Notched, edge, K = 3.0
0.448 inch gross width
0.300 inch net width
0.022 inch root radius, r
60  flank angle, 

Surface Condition: As machined, edges polished
with emery paper.

Reference: 5.5.1.1.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm
Temperature—RT
Atmosphere—Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 21.93-11.03 log (Seq)
Seq = Smax (1-R)0.53

Std. Error of Estimate, Log (Life) = 0.91
Standard Deviation, Log (Life) = 1.11
R2 = 33%

Sample Size = 19

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.5.1.1.8(c).  Best-fit S/N curves for unnotched, annealed Ti-
13V-11Cr-3Al alloy sheet at 600 F, longitudinal direction.

Correlative Information for Figure 5.5.1.1.8(c)

Product Form: Sheet, 0.043 inch thick

Properties:          TUS, ksi  TYS, ksi Temp., F
       116.00     102.61    600 F

Specimen Details: Unnotched, 0.300 inch wide

Surface Condition: As machined, edges polished
with emery paper.

Reference:   5.5.1.1.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm
Temperature—600 F
Atmosphere—Air

No. of Heats/Lot:  Not specified

Equivalent Stress Equation:
Log Nf = 35.63-16.50 log (Seq)
Seq = Smax (1-R)0.34

Std. Error of Estimate, Log (Life) = 0.35
Standard Deviation, Log (Life) = 1.07
R2 = 90%

Sample Size = 12

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.5.1.1.8(d).  Best-fit S/N curves for unnotched annealed Ti-13V-
11Cr-3Al alloy sheet at 800 F, longitudinal direction.

Correlative Information for Figure 5.5.1.1.8(d)

Product Form: Sheet, 0.043-inch thick

Properties: TUS, ksi TYS, ksi Temp., F
 115.80   98.61   800 F

Specimen Details: Unnotched, 0.300-inch
wide

Surface Condition: As machined, edges
polished with emery paper.

Reference: 5.5.1.1.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm
Temperature—800 F
Atmosphere—Air

No. of Heats/Lot:  Not specified

Equivalent Stress Equation:
Log Nf = 21.67-8.88 log (Seq)
Seq = Smax (1-R)0.42

Std. Error of Estimate, Log (Life) = 0.84
Standard Deviation, Log (Life) = 1.07
R2 = 39%

Sample Size = 26

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 5.5.1.2.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of solution-treated and aged Ti-13V-11Cr-3Al alloy sheet.

Figure 5.5.1.2.2.  Effect of temperature on the compressive yield strength (Fcy) and
the shear ultimate strength (Fsu) of solution-treated and aged Ti-13V-11Cr-3Al alloy
sheet.
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Figure 5.5.1.2.3.  Effect of temperature on the bearing ultimate strength (Fbru) and
the bearing yield strength (Fbry) of solution-treated and aged Ti-13V-11Cr-3Al alloy
sheet.
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Figure 5.5.1.2.4.  Effect of temperature on the tensile and compressive moduli (E
and Ec) of solution-treated and aged Ti-13V-11Cr-3Al alloy sheet.
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Figure 5.5.1.2.8(a).  Best-fit S/N curves for unnotched, solution treated
and aged Ti-13V-11Cr-3Al alloy sheet and plate, longitudinal
direction.

Correlative Information for Figure 5.5.1.2.8(a)

Product Form: Sheet, 0.043 inch thick and plate,
1.00 inch thick

Properties:      TUS, ksi   TYS, ksi Temp., F
        174.5      156.7     RT

Specimen Details: Unnotched, 0.30 inch wide
Unnotched, 0.20 inch wide

Surface Condition: As machined, edges polished
with emery paper.
As machined, edges were
hand-polished.

References: 5.5.1.1.8 and 5.5.1.2.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm, 10,000 cpm
Temperature—RT
Atmosphere—Air

No. of Heats/Lot:  Not specified

Equivalent Stress Equation:
Log Nf = 8.37-2.30 log (Seq-20)
Seq = Smax (1-R)0.27

Std. Error of Estimate, Log (Life) = 0.093
Standard Deviation, Log (Life) = 0.31
R2 = 91%

Sample Size = 17

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.5.1.2.8(b).  Best-fit S/N curves for unnotched, solution treated
and aged Ti-13V-11Cr-3Al alloy sheet at 600 F, longitudinal direction.

Correlative Information for Figure 5.5.1.2.8(b)

Product Form: Sheet, 0.043 inch thick

Properties:         TUS, ksi   TYS, ksi Temp., F
       156.30       127.0   600 F

Specimen Details: Unnotched, 0.310 inch wide

Surface Condition: As machined, edges
polished with emery paper.

Reference: 5.5.1.1.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm
Temperature—600 F
Atmosphere—Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 10.39-4.33 log (Seq-48.5)
Seq = Smax (1-R)0.40

Std. Error of Estimate, Log (Life) = 0.90
Standard Deviation, Log (Life) = 1.27
R2 = 50%

Sample Size = 21

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 5.5.1.2.8(c).  Best-fit S/N curves for unnotched, solution treated
and aged Ti-13V-11Cr-3Al alloy sheet at 800 F, longitudinal direction.

Correlative Information for Figure 5.5.1.2.8(c)

Product Form: Sheet, 0.043 inch thick

Properties:         TUS, ksi   TYS, ksi Temp., F
       149.40     122.30    800 F

Specimen Details: Unnotched, 0.30 inch wide

Surface Condition: As machined, edges
polished with emery paper.

Reference:  5.5.1.1.8

Test Parameters:
Loading—Axial
Frequency—3600 cpm
Temperature—800 F
Atmosphere—Air

No. of Heats/Lots:  Not specified

Equivalent Stress Equation:
Log Nf = 30.03-14.03 log (Seq)
Seq = Smax (1-R)0.11

Std. Error of Estimate, Log (Life) = 0.85
Standard Deviation, Log (Life) = 1.01
R2 = 29%

Sample Size = 24

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Table 5.5.2.0(a).  Material Specification
for Ti-15V-3Cr-3Sn-3Al

Specification Form

AMS 4914 Sheet and strip

5.5.2 TI-15V-3CR-3SN-3AL (TI-15-3)

5.5.2.0 Comments — Ti-15V-3Cr-3Sn-3Al is a solute rich (metastable) beta titanium alloy.  It was
developed primarily to lower the cost of titanium sheet metal parts by reducing materials and processing cost.
Contrary to conventional alpha-beta alloys, this alloy is strip producible and has excellent room temperature
formability characteristics.  It can also be aged to a wide range of strength levels to meet a variety of
application needs.  Although this alloy was originally developed as a sheet alloy, it has expanded into other
areas such as fasteners, foil, plate, tubing, castings, and forgings.

Manufacturing Considerations — Ti-15V-3Cr-3Sn-3Al is usually supplied in the solution-annealed
condition.  In this condition, the alloy has a single phase (beta) structure and, hence, is readily cold formed.
After cold forming, the alloy can be resolution-treated in the 1450 F to 1550 F range and subsequently aged
in the 900 F to 1100 F range, depending upon desired strength.  Care should be exercised to ensure that no
surface contamination results from the solution treatment.  The alloy can be directly aged after forming; how-
ever, strength will vary depending upon the amount of cold work in the part.  The alloy can also be hot formed.
Heating times prior to hot forming should be minimized in order to prevent appreciable aging prior to forming.
Ti-15V-3Cr-3Sn-3Al alloy is readily welded by standard titanium welding techniques.

Environmental Considerations — In the aged condition, Ti-15V-3Cr-3Sn-3Al appears to be immune
to hot-salt stress corrosion cracking below the 500 F to 440 F range.  However, some susceptibility has been
noted after 100-hour stressed exposures at 600 F.  The presence of salt water does not appear to affect the room
temperature crack growth behavior of aged material.  Alloy Ti-15V-3Cr-3Sn-3Al should not be used in the
solution treated condition.  Long time exposure of solution treated and cold worked material to service
temperatures above approximately 300 F or solution treated material to service temperatures above approxi-
mately 400 F can result in low ductility.  Under certain conditions, titanium, when in contact with cadmium,
silver, mercury, or certain of their compounds, may become embrittled.  Refer to MIL-S-5002 and MIL-STD-
1568 for restrictions concerning such applications.

Heat Treatment — This alloy should be solution treated for 10-30 minutes in the 1450 F to 1550 F
range, cooled at a rate approximating an air cool of 0.125 inch thick sheet and subsequently aged.  Aging is
generally conducted in the 900 F to 1100 F range, followed by an air cool.  Aging times will vary depending
upon aging temperature.  The material can be used in service in the solution treated condition subject to the
temperature limitations described above.

Specifications and Properties — A material specification for Ti-15V-3Cr-3Sn-3Al is shown in Table
5.5.2.0(a).  Room-temperature mechanical properties for Ti-15V-3Cr-3Sn-3Al are shown in Table 5.5.2.0(b).
The effect of temperature on physical properties is shown in Figure 5.5.2.0.

5.5.2.1 Solution-Treated and Aged (1000 F) Condition— Typical tensile and compressive

stress-strain and compressive tangent-modulus curves are presented in Figures 5.5.2.1.6(a) and (b).
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Table 5.5.2.0(b).  Design Mechanical and Physical Properties of Ti-15V-3Cr-3Sn-3Al Sheet

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 4914

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sheet

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . STA (1000 F/8 Hrs.)

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.125

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92  

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7  

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7  

E, 103 ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.2

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.7

Ec, 103 ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.3

     LT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16.0

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.172

C, K, and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 5.5.2.0

a   Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 5.5.2.0.  Effect of temperature on the physical properties of Ti-15V-3Cr-3Sn-
3Al alloy.
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modulus curves at room temperature for solution treated and aged (1000 F)
Ti-15V-3Cr-3Sn-3Al alloy sheet.
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Figure 5.5.2.1.6(a).  Typical tensile stress-strain curves at room temperature for
solution treated and aged (1000 F) Ti-15V-3Cr-3Sn-3Al alloy sheet.
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5.5.3 TI-10V-2FE-3AL (TI-10-2-3)

5.5.3.0 Comments and Properties — Ti-10V-2Fe-3Al is a solute lean beta (near beta) titanium
alloy that was developed primarily as a high-strength forging alloy.  It has excellent forging characteristics,
possessing flow properties at 1500 F similar to Ti-6Al-4V at 1700 F. This characteristic provides advantages,
such as lower die cost and better die fill capability.  This alloy also provides the best combination of strength
and toughness of any of the commercially available titanium alloys.  For example, at the 180 ksi tensile ultimate
strength level, the alloy has a KIc value of 40 ksi-in.½ minimum.

In addition to this high-strength condition, the alloy can also be processed to intermediate strength
levels for higher fracture toughness.  This alloy has also been reported to exhibit a shape-memory effect.

Manufacturing Considerations — Ti-10V-2Fe-3Al is usually supplied as bar or billet product which
has been finish forged (or rolled) in the alpha-beta field.  In order to optimize the microstructure for the high-
strength condition, the forging is usually given a pre-form forge above the beta transus, followed by a 15 to
25 percent reduction below the beta transus.  Ideally, the beta forging operation is finished through the beta
transus, followed by a quench.  The intent of the two-step forging process is to develop a structure without grain
boundary alpha, but with elongated primary alpha needles in an aged beta matrix.  The alloy is considered to
be deep hardenable, capable of generating high strengths in section thicknesses up to approximately 5 inches.
The alloy is also readily weldable by conventional titanium welding techniques.

Environmental Consideration — In the solution treated plus aged condition, the material exhibits
excellent resistance to stress corrosion cracking, typically exhibiting a KIscc > 0.8 KIc.  In the solution-treated
condition, the material should not be subjected to long-term exposure in the 500 F to 800 F range, since such
exposure could result in high-strength, low-ductility conditions.  Exposure to cadmium, silver, mercury, or
certain other compounds should be avoided.  Refer to MIL-STD-1568 and MIL-S-5002.

Heat Treatment — For the high-strength condition, the alloy is generally solution treated approximately
65 F below the beta transus (which is typically 1460 to 1480 F), followed by a water quench and an 8-hour
age at 900 F to 950 F.  Overaging in the 950 F to 1150 F range may also be used to obtain lower strength
levels.

Beta Flecks — Ti-10V-2Fe-3Al is a segregation prone alloy which can exhibit a microstructural
phenomenon known as “beta-flecks”.  Certain areas may possess a lower beta transus than the matrix (due
primarily to beta stabilizer enrichment) and, as such, can fully transform during heat treatment just below the
matrix transus.  In severe cases, this condition can lead to lower ductility and a reduction in fatigue strength due
to grain boundary alpha formation in the “flecked” region.  Care should be exercised to procure only material
which has been melted under strict control to prevent severe “fleck” formation.

Specifications and Properties — Material specifications for Ti-10V-2Fe-3Al are shown in Table
5.5.3.0(a).  Room temperature mechanical properties for Ti-10V-2Fe-3Al are presented in Table 5.5.3.0(b) and
(c) for die and hand forging.

5.5.3.1 Solution Treated and Aged (900 to 950 F) Condition — Typical tensile and com-
pressive stress-strain and compressive tangent-modulus curves are presented in Figure 5.5.3.1.6.
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Table 5.5.3.0(a).  Material Specifications for
Ti-10V-2Fe-3Al

Specification Form

  AMS 4983  Forging

  AMS 4984  Forging

  AMS 4986  Forging

5.5.3.2 Solution Treated and Aged (950 to 1000 F) Condition — Typical tensile and com-
pressive stress-strain and compressive tangent-modulus curves are shown in Figure 5.5.3.2.6.
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Table 5.5.3.0(b).  Design Mechanical and Physical Properties of Ti-10V-2Fe-3Al Die Forging

Specification . . . . . . . AMS 4983 AMS 4984

Form . . . . . . . . . . . . . . Conventional die forging

Condition . . . . . . . . . . Solution treated and aged (900-950 F)

Thickness, in. . . . . . . . <1.000 <3.000

Basis . . . . . . . . . . . . . . S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . 180 173

     LT . . . . . . . . . . . . . 180a 173a

     ST . . . . . . . . . . . . . ... 173a

Fty, ksi:

     L . . . . . . . . . . . . . . 160 160

     LT . . . . . . . . . . . . . 160a 160a

     ST . . . . . . . . . . . . . ... 160a

Fcy, ksi:

     L . . . . . . . . . . . . . . 168 168

     LT . . . . . . . . . . . . . 166 166

     ST . . . . . . . . . . . . . ... 166

Fsu, ksi . . . . . . . . . . . 101  97

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . 244 234

     (e/D = 2.0) . . . . . . . 295 284

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . 227 227

     (e/D = 2.0) . . . . . . . 261 261

e, percent:

     L . . . . . . . . . . . . . .   4   4

     LT . . . . . . . . . . . . .   4a   4a

     ST . . . . . . . . . . . . . ...   4a

E, 103 ksi . . . . . . . . . 15.9

Ec, 103 ksi . . . . . . . . 16.3

G, 103 ksi . . . . . . . . . ...

µ . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . 0.168

a, 10-6 in./in./ F . . . . 5.4 (68-800 F)

C and K . . . . . . . . . . ...

a Applicable providing LT or ST dimension is >2.500 inches.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 5.5.3.0(c).  Design Mechanical and Physical Properties of Ti-10V-2Fe-3Al Hand Forging

Specification . . . . . . . AMS 4986

Form . . . . . . . . . . . . . . Hand forging

Condition . . . . . . . . . . Solution treated and aged (950-1000 F)

Thickness, in. . . . . . . . <3.000 3.001-4.000

Basis . . . . . . . . . . . . . . S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . 160 160

     LT . . . . . . . . . . . . . 160a 160

Fty, ksi:

     L . . . . . . . . . . . . . . 145 145

     LT . . . . . . . . . . . . . 145a 145

Fcy, ksi:

     L . . . . . . . . . . . . . . 154 ...

     LT . . . . . . . . . . . . . ... ...

Fsu, ksi . . . . . . . . . . .  97b ...

Fbru
c, ksi:

     (e/D = 1.5) . . . . . . . 241 ...

     (e/D = 2.0) . . . . . . . 293 ...

Fbry
c, ksi:

     (e/D = 1.5) . . . . . . . 218 ...

     (e/D = 2.0) . . . . . . . 245 ...

e, percent:

     L . . . . . . . . . . . . . .   6   6

     LT . . . . . . . . . . . . .   6a   6

RA, percent:

     L . . . . . . . . . . . . . .  10  10

     LT . . . . . . . . . . . . .  10a  10

E, 103 ksi . . . . . . . . . 15.9

Ec, 103 ksi . . . . . . . . 16.3

G, 103 ksi . . . . . . . . . ...

µ . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . 0.168

a, 10-6 in./in./ F . . . . 5.4 (68-800 F)

C and K . . . . . . . . . . ...

a Applicable providing LT dimension is >2.500 inches.
b Shear strength determined in accordance with ASTM B 769.
c Bearing values are “dry pin” per Section 1.4.7.1.
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Figure 5.5.3.1.6.  Typical tensile stress-strain, compressive stress-strain, and
compressive tangent-modulus curves for solution treated and aged (900-950 F) Ti-
10V-2Fe-3Al die forging.
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Figure 5.6.1.1.1.  Bending modulus of rupture for solution-treated and aged Ti-6Al-4V
alloy round tubing manufactured from bar material.

5.6 ELEMENT PROPERTIES

5.6.1 BEAMS — See Equation 1.3.2.3, Section 1.5.2.5, and References 1.7.1(a) and (b) for general
information on stress analysis of beams.

5.6.1.1  Simple Beams — Beams of solid, tubular, or similar cross sections can be assumed to fail
through exceeding an allowable modulus of rupture in bending (Fb).  In the absence of specific data, the ratio
Fb/Ftu can be assumed to be 1.25 for solid sections.

5.6.1.1.1 Round Tubes — For round tubes, the value of Fb will depend on the D/t ratio as well as
the ultimate tensile stress.  The bending modulus of rupture of 6Al-4V titanium alloy is given in Figure
5.6.1.1.1.

5.6.1.1.2 Unconventional Cross Sections — Sections other than solid or tubular should be tested
to determine the allowable bending stress.
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CHAPTER 6

HEAT-RESISTANT ALLOYS

6.1 GENERAL

Heat-resistant alloys are arbitrarily defined as iron alloys richer in alloy content than the 18 percent
chromium, 8 percent nickel types, or as alloys with a base element other than iron and which are intended for
elevated-temperature service.  These alloys have adequate oxidation resistance for service at elevated
temperatures and are normally used without special surface protection.  So-called “refractory” alloys that
require special surface protection for elevated-temperature service are not included in this chapter.

This chapter contains strength properties and related characteristics of wrought heat-resistant alloy
products used in aerospace vehicles.  The strength properties are those commonly used in structural design,
such as tension, compression, bearing, and shear.  The effects of elevated temperature are presented.  Factors
such as metallurgical considerations influencing the selection of metals are included in comments preceding
the specific properties of each alloy or alloy group.  Data on creep, stress-rupture, and fatigue strength, as well
as crack-growth characteristics, are presented in the applicable alloy section.

There is no standardized numbering system for the alloys in this chapter.  For this reason, each alloy
is identified by its most widely accepted trade designation.

For convenience in presenting these alloys and their properties, the heat-resistant alloys have been
divided into three groups, based on alloy composition.  These groups and the alloys for which specifications
and properties are included are shown in Table 6.1.

The heat treatments applied to the alloys in this chapter vary considerably from one alloy to another.
For uniformity of presentation, the heat-treating terms are defined as follows:

Stress-Relieving — Heating to a suitable temperature, holding long enough to reduce residual
stresses, and cooling in air or as prescribed.

Annealing — Heating to a suitable temperature, holding, and cooling at a suitable rate for the purpose
of obtaining minimum hardness or strength.

Solution-Treating — Heating to a suitable temperature, holding long enough to allow one or more
constituents to enter into solid solution, and cooling rapidly enough to hold the constituents in solution.

Aging, Precipitation-Hardening — Heating to a suitable temperature and holding long enough to
obtain hardening by the precipitation of a constituent from the solution-treated condition.

The actual temperatures, holding times, and heating and cooling rates used in these treatments vary
from alloy to alloy and are described in the applicable specifications.
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Table 6.1.  Heat-Resistant Alloys Index

Section Designation

6.2

6.2.1
6.2.2

Iron-Chromium-Nickel-Base Alloys

A-286
N-155

6.3

6.3.1
6.3.2
6.3.3
6.3.4
6.3.5
6.3.6
6.3.7
6.3.8
6.3.9
6.3.10

Nickel-Base Alloys

Hastelloy X
Inconel 600 (Inconel)
Inconel 625
Inconel 706
Inconel 718
Inconel X-750 (Inconel X)
René 41
Waspaloy
Haynes 230
Haynes HR-120

6.4

6.4.1
6.4.2

Cobalt-Base Alloys

L-605 (Haynes Alloy 25)
HS 188
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6.1.1 MATERIAL PROPERTIES

6.1.1.1 Mechanical Properties — The mechanical properties of the heat-resistant alloys are
affected by relatively minor variations in chemistry, processing, and heat treatment.  Consequently, the
mechanical properties shown for the various alloys in this chapter are intended to apply only to the alloy,
form (shape), size (thickness), and heat treatment indicated.  When statistical values are shown, these are
intended to represent a fair cross section of all mill production within the indicated scope.

Strength Properties — Room-temperature strength properties for alloys in this chapter are based
primarily on minimum tensile property requirements of material specifications.  Values for nonspecification
strength properties are derived.  The variation of properties with temperature and other data or interest are
presented in figures or tables, as appropriate.

The strength properties of the heat-resistant alloys generally decrease with increasing temperatures
or increasing time at temperature.  There are exceptions to this statement, particularly in the case of age-
hardening alloys; these alloys may actually show an increase in strength with temperature or time, within a
limited range, as a result of further aging.  In most cases, however, this increase in strength is temporary and,
furthermore, cannot usually be taken advantage of in service.  For this reason, this increase in strength has
been ignored in the preparation of elevated temperature curves as described in Chapter 9.

At cryogenic temperatures, the strength properties of the heat-resistant alloys are generally higher
than at room temperature, provided some ductility is retained at the low temperatures.  For additional
information on mechanical properties at cryogenic temperatures, other references, such as the Cryogenic
Materials Data Handbook (Reference 6.1.1.1), should be consulted.

Ductility — Specified minimum ductility requirements are presented for these alloys in the room-
temperature property tables.  The variation in ductility with temperature is somewhat erratic for the heat-
resistant alloys.  Generally, ductility decreases with increasing temperature from room temperature up to
about 1200 F to 1400 F, where it reaches a minimum value, then it increases with higher temperatures.  Prior
creep exposure may also affect ductility adversely.  Below room temperature, ductility decreases with
decreasing temperature for some of these alloys.

Stress-Strain Relationships — The stress-strain relationships presented are typical curves prepared
as described in Section 9.3.2.

Creep — Data covering the temperatures and times of exposure and the creep deformations of interest
are included as typical information in individual material sections.  These presentations may be in the form
of creep stress-lifetime curves for various deformation criteria as specified in Chapter 9 or as creep
nomographs.

Fatigue — Fatigue S/N curves for unnotched and notched specimens at room temperature and ele-
vated temperatures are shown in each alloy section.  Fatigue crack propagation data are also presented.

6.1.1.2 Physical Properties —Selected physical-property data are presented for these alloys.
Processing variables and heat treatment have only a slight effect on these values; thus, the properties listed
are applicable to all forms and heat treatments.
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6.2 IRON-CHROMIUM-NICKEL-BASE ALLOYS

6.2.0 GENERAL COMMENTS — The alloys in this group, in terms of cost and in maximum service
temperature, generally fall between the austenitic stainless steels and the nickel- and cobalt-base alloys.  They
are used in airframes, principally, in the temperature range 1000 to 1200 F, in those applications in which
the stainless steels are inadequate and service requirements do not justify the use of the more costly nickel
or cobalt alloys.

6.2.0.1 Metallurgical Considerations

Composition — The complex-base alloys comprising this group range from those in which iron is
considered the base element to those which border on the nickel-base alloys.  All of them contain sufficient
alloying elements to place them in the “Superalloy” category, yet contain enough iron to reduce their cost
considerably.

Chromium, in amounts ranging from 10 to 20 percent or higher, primarily increases oxidation
resistance and contributes to strengthening of these alloys.  Nickel and cobalt strengthen and toughen these
materials.  Molybdenum, tungsten, and columbium contribute to hardness and strength, particularly at
elevated temperatures.  Titanium and aluminum are added to provide age-hardening.

Heat Treatment — The complex-base alloys are heat treated with conventional equipment and fix-
tures such as would be used for austenitic stainless steels.  Since these alloys are susceptible to carburization
during heat treatment, it is good practice to remove all grease, oil, cutting, lubricant, etc., from the surface
before heating.  A low-sulfur and neutral or slightly oxidizing furnace atmosphere is recommended for
heating.

6.2.0.2 Manufacturing Considerations — The iron-chromium-nickel-base alloys closely
resemble the austenitic stainless steels insofar as forging, cold forming, machining, welding, and brazing are
concerned.  Their higher strength may require the use of heavier forging or forming equipment, and
machining is somewhat more difficult than for the stainless steels.  Pertinent comments are included under
the individual alloys.

6.2.1 A-286

6.2.1.0 Comments and Properties — A-286 is a precipitation-hardening iron-base alloy
designed for parts requiring high strength up to 1300 F and oxidation resistance up to 1500 F.  It is used in
jet engines and gas turbines for parts such as turbine buckets, bolts, and discs, and sheet metal assemblies.
A-286 is available in the usual mill forms.

A-286 is somewhat harder to hot or cold work than the austenitic stainless steels.  Its forging range
is 2150 to 1800 F; when finishing below 1800 F, light reductions (under 15 percent) must be avoided to
prevent grain coarsening during subsequent heat treatment.  A-286 is readily machined in the partially or fully
aged condition but is soft and “gummy” in the solution-treated condition.  A-286 should be welded in the
solution-treated condition.  Fusion welding is difficult for large section sizes and moderately difficult for
small cross sections and sheet.  Cracking may be encountered in the welding of heavy sections or parts under
high restraint.  A dimensional contraction of 0.0008 inch per inch is experienced during aging.  Oxidation
resistance of A-286 is equivalent to that of Type 310 stainless steel up to 1800 F.

Some material specifications for A-286 alloy are presented in Table 6.2.1.0(a). Room-temperature
mechanical and physical properties are shown in Table 6.2.1.0(b). The effect of temperature on physical
properties is shown in Figure 6.2.1.0.
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Figure 6.2.1.0.  Effect of temperature on the physical properties of A-286.

6.2.1.1 Solution-Treated and Aged Condition — Elevated-temperature data are presented
in Figures 6.2.1.1.1, 6.2.1.1.3, and 6.2.1.1.4(a) through (c).  Stress rupture properties are specified at 1200 F;
the appropriate specifications should be consulted for detailed requirements.  Figures 6.2.1.1.8(a) through (e)
are fatigue S/N curves for several elevated temperatures.

       Table 6.2.1.0(a).  Material Specifications for A-286 Alloy

Specification Form Condition

AMS 5525
AMS 5731
AMS 5732
AMS 5734
AMS 5737

Sheet, strip, and plate
Bar, forging, tubing, and ring
Bar, forging, tubing, and ring
Bar, forging, and tubing
Bar, forging, and tubing

Solution treated (1800 F)
Solution treated (1800 F)
Solution treated (1800 F) and aged
Solution treated (1650 F)
Solution treated (1650 F) and aged
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Table 6.2.1.0(b).  Design Mechanical and Physical Properties of A-286 Alloy

Specification . . . . . . . . . . AMS 5525
AMS 5731
AMS 5732

AMS 5734
AMS 5737

Form . . . . . . . . . . . . . . . .
Sheet, strip,

and plate
Bar

Condition . . . . . . . . . . . . Solution treated and aged

Thickness or diameter, in. >0.004 2.499 2.500-5.000 2.499 2.500-5.000

Basis . . . . . . . . . . . . . . . . Sa S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . ... 130 130 140 140

     LT . . . . . . . . . . . . . . . 140 130b 130 140b 140

     ST . . . . . . . . . . . . . . . ... ... 130 ... 140

Fty, ksi:

     L . . . . . . . . . . . . . . . . ... 85 85 95 95

     LT . . . . . . . . . . . . . . . 95 85b 85 95b 95

     ST . . . . . . . . . . . . . . . ... ... 85 ... 95

Fcy, ksi:

     L . . . . . . . . . . . . . . . . ... 85 85 95 95

     LT . . . . . . . . . . . . . . . 95 ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . 91 85 85 91 91

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . 210 195 195 210 210

     (e/D = 2.0) . . . . . . . . . 266 247 247 266 266

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . 142 127 127 142 142

     (e/D = 2.0) . . . . . . . . . 171 153 153 171 171

e, percent:

     L . . . . . . . . . . . . . . . . ... 15 15 12 12

     LT . . . . . . . . . . . . . . . 15 15b 15 12b 12

     ST . . . . . . . . . . . . . . . ... ... 15 ... 12

RA, percent:

     L . . . . . . . . . . . . . . . . ... 20 20 15 15

     LT . . . . . . . . . . . . . . . ... 20b 20 15b 15

     ST . . . . . . . . . . . . . . . ... ... 20 ... 15

E, 103 ksi . . . . . . . . . . . 29.1

Ec, 103 ksi . . . . . . . . . . 29.1

G, 103 ksi . . . . . . . . . . . 11.1

µ . . . . . . . . . . . . . . . . . 0.31

Physical Properties:

, lb/in.3 . . . . . . . . . . . 0.287

C, K, and . . . . . . . . . See Figure 6.2.1.0

a  Test direction longitudinal for widths less than 9 inches; transverse for widths 9 inches and over.
b  Applicable to widths 2.500 inches only.
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Figure 6.2.1.1.1.  Effect of temperature on the tensile yield strength (Fty) and tensile
ultimate strength (Ftu) of A-286 alloy (1800 F solution treatment temperature).
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Figure 6.2.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) for A-286 alloy (1800 F solution treatment temperature).

Figure 6.2.1.1.4(a).  Effect of temperature on the tensile and compressive moduli (E and
Ec) for A-286 alloy (1800 F solution treatment temperature).
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Figure 6.2.1.1.4(c).  Effect of temperature on Poisson’s ratio (µ) for A-286 alloy.

Figure 6.2.1.1.4(b).  Effect of temperature on the shear modulus (G) of A-286 alloy.
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Figure 6.2.1.1.8(a).  Best-fit S/N curves for unnotched A-286 bar at
800 F, longitudinal direction.

Correlative Information for Figure 6.2.1.1.8(a)

Product Form: Bar, air melted

Properties: TUS, ksi    TYS, ksi Temp., F
 141.4          95.3 800    

Specimen Details: Unnotched
0.250 inch diameter

Heat Treatment: 1650 F for 2 hours, oil
quenched and 1300 F for
16 hours, air cooled.

Surface Condition:  Not given

Reference: 6.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - 800 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 45.1-19.5 log (Seq)
Seq = Smax (1-R)0.47

Std. Error of Estimate, Log (Life) = 0.418
Standard Deviation, Log (Life) = 0.717
R2 = 65.9%

Sample Size = 17

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.2.1.1.8(b).  Best-fit S/N curves for notched,  Kt = 3.4, A-286
alloy bar at 800 F, longitudinal direction.

Correlative Information for Figure 6.2.1.1.8(b)

Product Form: Bar, air melted

Properties: TUS, ksi    TYS, ksi Temp., F
 141.4          95.3 800     

 Unnotched

Specimen Details: Notched, V-Groove,
Kt = 3.4
0.375 inch gross diameter
0.250 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Heat Treatment: 1650 F for 2 hours, oil
quenched and 1300 F for
16 hours, air cooled.

Surface Condition:  As machined 

Reference: 6.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - 800 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 11.4-4.4 log (Seq-20)
Seq = Smax (1-R)0.75

Std. Error of Estimate, Log (Life) = 0.271
Standard Deviation, Log (Life) = 0.387
R2 = 50.9%

Sample Size = 13

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.2.1.1.8(c).  Best-fit S/N curves for unnotched A-286 bar at
1000 F, longitudinal direction.

Correlative Information for Figure 6.2.1.1.8(c)

Product Form: Bar, air melted

Properties: TUS, ksi    TYS, ksi Temp., F
  137.2         100.6 1000    

Specimen Details: Unnotched
0.250 inch diameter

Heat Treatment: 1650 F for 2 hours, oil
quenched and 1300 F for
16 hours, air cooled.

Surface Condition:  Not given

Reference: 6.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - 1000 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 44.2-19.3 log (Seq)
Seq = Smax (1-R)0.57

Std. Error of Estimate, Log (Life) = 0.566
Standard Deviation, Log (Life) = 0.835
R2 = 54.0%

Sample Size = 18

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.2.1.1.8(d).  Best-fit S/N curves for notched,  Kt = 3.4, A-286
alloy bar at 1000 F, longitudinal direction.

Correlative Information for Figure 6.2.1.1.8(d)

Product Form: Bar, air melted

Properties: TUS, ksi    TYS, ksi Temp., F
  137.2          100.6 1000     

 Unnotched

Specimen Details: Notched, V-Groove, Kt = 3.4
0.375 inch gross diameter
0.250 inch net diameter
0.010 inch root radius, r
60  flank angle, 

Heat Treatment: 1650 F for 2 hours, oil
quenched and 1300 F for
16 hours, air cooled.

Surface Condition:  As machined 

Reference: 6.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - 1000 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 7.86-2.19 log (Seq-35.8)
Seq = Smax (1-R)0.61

Std. Error of Estimate, Log (Life) = 0.365
Standard Deviation, Log (Life) = 0.510
R2 = 48.7%

Sample Size = 17

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.2.1.1.8(e).  Best-fit S/N curves for unnotched A-286 bar at
1250 F, longitudinal direction.

Correlative Information for Figure 6.2.1.1.8(e)

Product Form: Bar, air melted

Properties: TUS, ksi    TYS, ksi Temp., F
 109.6          96.5  1250 

Specimen Details: Unnotched
0.250 inch diameter

Heat Treatment: 1650 F for 2 hours, oil
quenched and 1300 F for
16 hours, air cooled.

Surface Condition:  Not given

Reference: 6.2.1.1.8

Test Parameters:
Loading - Axial
Frequency - 3600 cpm
Temperature - 1250 F
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 30.8-12.8 log (Seq)
Seq = Smax (1-R)0.77

Std. Error of Estimate, Log (Life) = 0.513
Standard Deviation, Log (Life) = 0.788
R2 = 57.6%

Sample Size = 13

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Table 6.2.2.0(a).  Material Specifications for N-155 Alloy

Specification Form Condition

AMS 5532
AMS 5585
AMS 5768
AMS 5769

Sheet
Tubing (welded)
Bar and forging
Bar and forging

Solution treated
Solution treated
Solution treated and aged
Solution treated

Figure 6.2.2.0.  Effect of temperature on the physical properties of N-155 alloy.

6.2.2 N-155

6.2.2.0 Comments and Properties — N-155 alloy, also known as Multimet, is designed for
applications involving high stress up to 1500 F.  It has good oxidation properties and good ductility and can
be fabricated readily by conventional methods.  This alloy has been used in many aircraft applications,
including afterburner parts, combustion chambers, exhaust assemblies, turbine parts, and bolting.

N-155 is forged readily between 1650 F and 2200 F.  It is easily formed by conventional methods;
intermediate anneals may be required to restore its ductility.  This alloy is machinable in all conditions; low
cutting speeds and ample flow of coolant are required.  The weldability of N-155 is comparable to that of the
austenitic stainless steels.  The oxidation resistance of N-155 sheet is good up to 1500 F.

Some materials specifications for N-155 are presented in Table 6.2.2.0(a).  Room-temperature
mechanical and physical properties for N-155 sheet and tubing in the solution-treated (annealed) condition
are presented in Table 6.2.2.0(b).  Bars and forgings are not specified by room-temperature properties but
have specific elevated-temperature requirements.  The effect of temperature on physical properties is shown
in Figure 6.2.2.0.

6.2.2.1 Solution-Treated Condition — Elevated-temperature curves are presented in
Figures 6.2.2.1.1(a) and (b), as well as 6.2.2.1.4(a) and (b).  Stress-rupture properties are specified at 1500 F
for sheet and at 1350 F for bars and forgings; the appropriate specifications should be consulted for detailed
requirements.
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Table 6.2.2.0(b).  Design Mechanical and Physical Properties of N-155 Alloy

Specification . . . . . . . . . . AMS 5532 AMS 5585

Form . . . . . . . . . . . . . . . . . Sheet Strip and plate Tubing

Condition . . . . . . . . . . . . . Solution treated

Thickness, in. . . . . . . . . . . 0.187 ... ...

Basis . . . . . . . . . . . . . . . . . Sa Sa S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . ... ... 100

     LT . . . . . . . . . . . . . . . . 100 100 ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . ... ... 49b

     LT . . . . . . . . . . . . . . . . 49b ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . ... ... ...

     LT . . . . . . . . . . . . . . . . ... ... ...

Fsu, ksi . . . . . . . . . . . . . . ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . ... ... ...

     (e/D = 2.0) . . . . . . . . . . ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . ... ...
c

     LT . . . . . . . . . . . . . . . . 40 40 ...

E, 103 ksi . . . . . . . . . . . . 29.2

Ec, 103 ksi . . . . . . . . . . . 29.2

G, 103 ksi . . . . . . . . . . . . 11.2

µ . . . . . . . . . . . . . . . . . . See Figure 6.2.2.1.4(b)

Physical Properties:

, lb/in.3 . . . . . . . . . . . . 0.300

C, Btu/(lb)( F) . . . . . . . 0.103 (70 to 212 F)

K, Btu/[(hr)(ft2)( F)/ft] See Figure 6.2.2.0

, 10-6 in./in./ F . . . . . . . See Figure 6.2.2.0

a Test direction longitudinal for widths less than 9 inches: transverse for widths 9 inches and over.
b Typical value reduced to minimum.
c Strip = 35.
 Full section 0.625 thick = 40.
 Full section >0.625 thick = 30.
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Figure 6.2.2.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of N-155
alloy.

Figure 6.2.2.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of
N-155 alloy.
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Figure 6.2.2.1.4(a).  Effect of temperature on the tensile and compressive moduli (E and
Ec) of N-155 alloy.

Figure 6.2.2.1.4(b).  Effect of temperature on Poisson’s ratio (µ) for N-155 alloy.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

6-19

6.3 NICKEL-BASE ALLOYS

6.3.0 GENERAL COMMENTS — Nickel is the base element for most of the higher temperature heat-
resistant alloys.  While it is more expensive than iron, nickel provides an austenitic structure that has greater
toughness and workability than ferritic structures of the same strength level.

6.3.0.1 Metallurgical Considerations

Composition — The common alloying elements for nickel are cobalt, iron, chromium, molybdenum,
titanium, and aluminum.  Cobalt, when substituted for a portion of the nickel in the matrix, improves high-
temperature strength; small additions of iron tend to strengthen the nickel matrix and reduce the cost;
chromium is added to increase strength and oxidation resistance at very high temperatures; molybdenum
contributes to solid solution strengthening.  Titanium and aluminum are added to most nickel-base heat
resistant alloys to permit age-hardening by the formation of Ni3 (Ti, Al) precipitates; aluminum also contrib-
utes to oxidation resistance.

The nature of the alloying elements in the age-hardenable nickel-base alloys makes vacuum melting
of these alloys advisable, if not mandatory.  However, the additional cost of vacuum melting is more than
compensated for by the resulting improvements in elevated-temperature properties.

Heat Treatment — The nickel-base alloys are heat treated with conventional equipment and fixtures
such as would be used with austenitic stainless steels.  Since nickel-base alloys are more susceptible to sulfur
embrittlement than are iron-base alloys, it is essential that sulfur-bearing materials such as grease, oil, cutting
lubricants, marking paints, etc., be removed before heat treatment.  Mechanical cleaning, such as wire brush-
ing, is not adequate and if used should be followed by washing with a suitable solvent or by vapor degreasing.
A low-sulfur content furnace atmosphere should be used.  Good furnace control with respect to time and
temperature is desirable since overheating some of the alloys as little as 35 F impairs strength and corrosion
resistance.

When it is necessary to anneal the age-hardenable-type alloys, a protective atmosphere (such as
argon) lessens the possibility of surface contaminations or depletion of the precipitation-hardening elements.
This precaution is not so critical in heavier sections since the oxidized surface layer is a smaller percentage
of the cross section.  After solution annealing, the alloys are generally quenched in water.  Heavy sections
may require air cooling to avoid cracking from thermal stresses.

In stress-relief annealing of a structure or assembly composed of an aluminum-titanium hardened
alloy, it is vitally important to heat the structure rapidly through the age-hardening temperature range, 1200 F
to 1400 F (which is also the low ductility range) so that stress relief can be achieved before any aging takes
place.  Parts which are to be used in the fully heat-treated condition would have to be solution treated, air
cooled, and subsequently aged.  In this case, the stress-relief treatment would be conducted in the solution-
temperature range.  Little difficulty has been encountered with distortion under rapid heating conditions, and
distortion of weldments of substantial size has been less than that observed with conventional slow heating
methods.

6.3.0.2 Manufacturing Considerations

Forging — All of the alloys considered, except for the casting compositions, can be forged to some
degree.  The matrix-strengthened alloys can be forged with proper consideration of cooling rates, atmosphere,
etc.  Most of the precipitation-hardenable grades can be forged, although heavier equipment is required and
a smaller range of reductions can be safely attained.
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Cold Forming — Almost all of the wrought-nickel-base alloys in sheet form are cold formable.  The
lower strength alloys offer few problems, but the higher strength alloys require higher forming pressures and
more frequent anneals.

Machining — All of the alloys in this section are readily machinable, provided the optimum
conditions of heat treatment, type of tool speed, feed, depth of cut, etc., are achieved.  Specific recommen-
dations on these points are available from various producers of these alloys.

Welding — The matrix-strengthening-type alloys offer no serious problems in welding.  All of the
common resistance- and fusion-welding processes (except submerged arc) have been successfully employed.
For the age-hardenable type of alloy, it is necessary to observe some further precautions:

(1) Welding should be confined to annealed material where design permits.  In full age-
hardened material, the hazard of cracking in the weld and/or the parent metal is great.

(2) If design permits joining some portions only after age hardening, the parts to be joined
should be “safe ended” with a matrix-strengthened-type alloy (with increased cross
section) and then age hardened; welding should then be carried out on the “safe ends.”

(3) Parts severely worked or deformed should be annealed before welding.

(4) After welding, the weldment will often require stress relieving before aging.

(5) Material must be heated rapidly to the stress-relieving temperature.

(6) In a number of the age-hardenable alloys, fusion welds may exhibit only 70 to
80 percent of the rupture strength of the parent metal.  The deficiency can often be
minimized by design, such as locating welds in areas of lowest temperature and/or stress.
The use of special filler wires to improve weld-rupture properties is under investigation.

Brazing — The solid-solution-type chromium-containing alloys respond well to brazing, using tech-
niques and brazing alloys applicable to the austenitic stainless steels.  Generally, it is necessary to braze
annealed material and to keep stresses low during brazing, especially when brazing with low melting alloys,
to avoid embrittlement.  As with the stainless steels, dry hydrogen, argon, or helium atmospheres (-80 F dew
point or lower) are used successfully, and vacuum brazing is now receiving increasing attention.

The aluminum-titanium age-hardened nickel-base alloys are difficult to braze, even using extremely
dry reducing- and inert-gas atmospheres, unless some method of fluxing, solid or gaseous, is used.  An
alternative technique which is commonly used is to preplate the areas to be brazed with ½ to 1 mil of nickel.
For some metal combinations, a few fabricators prefer to apply an iron preplate.  In either case, the plating
prevents the formation of aluminum or titanium oxide films and results in better joints.

Most of the high-temperature alloys of the nickel-base type are brazed with Ni-Cr-Si-B and Ni-Cr-Si
types of brazing alloy.  Silver brazing alloys can be used for lower temperature applications.  However, since
the nickel-base alloys to be brazed are usually employed for higher temperature applications, the higher
melting point, stronger, and more oxidation-resistant brazing alloys of the Nicrobraz type are generally used.
Some of the gold-base and palladium-base brazing alloys may be useful under some circumstances in inter-
mediate-temperature applications.
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Table 6.3.1.0(a).  Material Specifications for Hastelloy X

Specification Form Condition

AMS 5536
AMS 5754

Sheet and plate
Bar and forging

Solution heat treated (annealed)
Solution heat treated (annealed)

6.3.1 HASTELLOY X

6.3.1.0 Comments and Properties — Hastelloy X is a nickel-base alloy used for combustor-
liner parts, turbine-exhaust weldments, afterburner parts, and other parts requiring oxidation resistance and
moderately high strength above 1450 F.  It is not hardenable except by cold working and is used in the
solution-treated (annealed) condition.  Hastelloy X is available in all the usual mill forms.

Hastelloy X is somewhat difficult to forge; forging should be started at 2150 F to 2200 F and
continued as long as the material flows freely.  It should be in the annealed condition for optimum cold
forming, and severely formed detail parts should be solution treated at 2150 F for 7 to 10 minutes and cooled
rapidly after forming.  Machinability of Hastelloy X is similar to that of austenitic stainless steel; the alloy
is tough and requires low cutting speeds and ample cutting fluids.  Hastelloy X can be resistance or fusion
welded or brazed; large or complex fusion weldments require stress relief at 1600 F for 1 hour.  Hastelloy
X has good oxidation resistance up to 2100 F.  It age hardens somewhat during long exposure between
1200 F and 1800 F.

Some material specifications for Hastelloy X are presented in Table 6.3.1.0(a).  Room-temperature
mechanical and physical properties for Hastelloy X sheet are presented in Table 6.3.1.0(b).  AMS 5754 does
not specify tensile properties for bars and forgings.  Figure 6.3.1.0 shows the effect of temperature on
physical properties.

6.3.1.1 Annealed Condition — The effect of temperature on various mechanical properties is
presented in Figures 6.3.1.1.1 and 6.3.1.1.4.  In addition, certain stress-rupture requirements at 1500 F are
specified in AMS 5536 and 5754 for Hastelloy X.  Typical tensile stress-strain curves at room and elevated
temperatures are presented in Figure 6.3.1.1.6(a).  Typical compressive stress-strain and tangent-modulus
curves at room and elevated temperatures are presented in Figure 6.3.1.1.6(b).
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Table 6.3.1.0(b).  Design Mechanical and Physical Properties of Hastelloy X Sheet and Plate

Specification . . . . . . . . . . AMS 5536

Form . . . . . . . . . . . . . . . . . Sheeta and plate

Condition . . . . . . . . . . . . . Solution treated (annealed)

Thickness, in. . . . . . . . . . . <0.010
0.010-
0.019

0.020-0.100
0.101-
0.187

0.188-
2.000

>2.000

Basis . . . . . . . . . . . . . . . . . S S A B S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . 105 105 102 106 105 100  95

Fty, ksi:

     L . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . .  45 45 44 47 45 40 40

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . ... ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . ... ... ... ... ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . ... ... ... ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . ... ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . ... ... ... ... ... ... ...

e, percent (S-basis):

     L . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . ... 29 35 ... 35 35 35

E, 103 ksi . . . . . . . . . . . . 29.8

Ec, 103 ksi . . . . . . . . . . . 29.8

G, 103 ksi . . . . . . . . . . . . 11.3

µ . . . . . . . . . . . . . . . . . . 0.32  

Physical Properties:

, lb/in.3 . . . . . . . . . . . . 0.297

C, Btu/(lb)( F) . . . . . . . See Figure 6.3.1.0

K, Btu/[(hr)(ft2)( F)/ft] See Figure 6.3.1.0

, 10-6 in./in./ F . . . . . . . See Figure 6.3.1.0

a  Test direction longitudinal for widths less than 9 inches: transverse for widths 9 inches and over.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

6-23

Figure 6.3.1.0.  Effect of temperature on the physical properties of Hastelloy X.
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Figure 6.3.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of Hastelloy X sheet.

Figure 6.3.1.1.4.  Effect of temperature on dynamic modulus (E) of Hastelloy X sheet.
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Figure 6.3.1.1.6(a).  Typical tensile stress-strain curves for Hastelloy X sheet at
room and elevated temperatures.
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Figure 6.3.1.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for Hastelloy X bar at room and elevated temperatures.
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Table 6.3.2.0(a).  Material Specifications for Inconel 600 

Specification Form Condition

AMS 5540
ASTM B166
AMS 5580

ASTM B564

Plate, sheet, and strip
Bar and rod
Tubing, seamless
Forging

Annealed
Various
Annealed
Annealed

6.3.2 INCONEL 600

6.3.2.0 Comments and Properties — Inconel 600 is a corrosion- and heat-resistant nickel-base
alloy used for low-stressed parts operating up to 2000 F.  It is not hardenable except by cold working and
is usually used in the annealed condition.  Inconel 600 is available in all the usual mill forms.

Inconel 600 is readily forged between 1900 F and 2250 F; “hot-cold” working between 1200 F and
1600 F is harmful and should be avoided; cold working below 1200 F results in improved properties.  This
alloy is readily formed but should be annealed after severe forming operations.  The maximum annealing
temperature is 1800 F if minimum yield-strength requirements are to be met consistently.  Inconel 600 is sus-
ceptible to rapid grain growth at 1800 F or higher, and exposures at these temperatures should be brief if
large grain size is objectionable.

Inconel 600 is somewhat difficult to machine because of its toughness and capacity for work
hardening; high-speed steel or cemented-carbide tools should be used, and tools should be kept sharp.  This
alloy can be resistance or fusion welded or brazed (using nonsilver containing brazing alloy); large or
complex fusion weldments should be stress relieved at 1600 F for 1 hour.  Oxidation resistance of Inconel
600 is excellent up to 2000 F in sulfur-free atmospheres.  This alloy is subject to attack in sulfur-containing
atmospheres.

Some material specifications for Inconel 600 are presented in Table 6.3.2.0(a).  Room-temperature
mechanical and physical properties are shown in Tables 6.3.2.0(b), (c), and (d).  Figure 6.3.2.0 shows the
effect of temperature on the physical properties.

6.3.2.1 Annealed Condition — Elevated-temperature data for this condition are shown in
Figures 6.3.2.1.1 through 6.3.2.1.4.
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Table 6.3.2.0(b).  Design Mechanical and Physical Properties of Inconel 600 

Specification . . . . . . . . . . AMS 5540 AMS 5580 ASTM B564

Form . . . . . . . . . . . . . . . . . Sheet, strip, and plate Tubing Forging

Condition . . . . . . . . . . . . . Annealed Cold drawn Annealed

Thickness, in. . . . . . . . . . . 0.020-2.000 ... ...

Outside Diameter, in. . . . . ... 5.000
5.001-
6.625

...

Basis . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . ... 80 80 80

     LT . . . . . . . . . . . . . . . . 80 ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . ... 35 30 35

     LT . . . . . . . . . . . . . . . . 35 ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . ... 35 30  35

     LT . . . . . . . . . . . . . . . . 35 ... ... ...

Fsu, ksi . . . . . . . . . . . . . . 51 51 51  51

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . 152 152 152 152

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . ... 30 35 30

     LT . . . . . . . . . . . . . . . . 30 ... ... ...

E, 103 ksi . . . . . . . . . . . . 30.0

Ec, 103 ksi . . . . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . 0.29

Physical Properties:

, lb/in.3 . . . . . . . . . . . . 0.304

C, K, and . . . . . . . . . . See Figure 6.3.2.0
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Table 6.3.2.0(c).  Design Mechanical and Physical Properties of Inconel 600 Bar and Rod

Specification . . . . . . . ASTM B166

Form . . . . . . . . . . . . . . Round Square, hexagon, and rectangle

Condition . . . . . . . . . . Cold-worked

Thickness, in. . . . . . . . 0.499 0.500-1.000 1.001-2.500 0.250 0.251-0.499

Basis . . . . . . . . . . . . . . S S S S S

Mechanical Propertiesa:

Ftu, ksi:

     L . . . . . . . . . . . . . . 120 110 105 100  95

     LT . . . . . . . . . . . . . ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . 90 85 80 80 70

     LT . . . . . . . . . . . . . ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . ... ... ... ... ...

     LT . . . . . . . . . . . . . ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . ... ... ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . ... ... ... ... ...

     (e/D = 2.0) . . . . . . . ... ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . ... ... ... ... ...

     (e/D = 2.0) . . . . . . . ... ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . 7b 10 12 5b 7

E, 103 ksi . . . . . . . . . 30.0

Ec, 103 ksi . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . 0.29

Physical Properties:

, lb/in.3 . . . . . . . . . 0.304

C, K, and . . . . . . . See Figure 6.3.2.0

a  Mechanical property requirements apply only when specified by purchaser.
b  Not applicable to thickness <0.094 inch.
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Table 6.3.2.0(d).  Design Mechanical and Physical Properties of Inconel 600 Bar and Rod

Specification . . . . . . . . . . . . ASTM B166

Form . . . . . . . . . . . . . . . . . . . Round
Square,

hexagon, and
rectangle

Bar and rod

Condition . . . . . . . . . . . . . . . Hot-worked Annealed

Thickness, in. . . . . . . . . . . . . 0.250-0.500 0.501-3.000 >3.000 All All

Basis . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Propertiesa:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . 95 90 85 85  80

     LT . . . . . . . . . . . . . . . . . . ... ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . 45 40 35 35 35

     LT . . . . . . . . . . . . . . . . . . ... ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . ... ... ... ... 35

     LT . . . . . . . . . . . . . . . . . . ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . ... ... ... ... 51

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . ... ... ... ... 152

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . . ... ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . . . 20 25 30 ... 30b

E, 103 ksi . . . . . . . . . . . . . . 30.0

Ec, 103 ksi . . . . . . . . . . . . . 30.0

G, 103 ksi . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . 0.29

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . 0.304

C, K, and . . . . . . . . . . . . See Figure 6.3.2.0

a  Mechanical property requirements apply only when specified by purchaser.
b  Not applicable to thickness >0.094 inch.
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Figure 6.3.2.0.  Effect of temperature on the physical properties of Inconel 600.
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Figure 6.3.2.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of Inconel 600.

Figure 6.3.2.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of Inconel 600.
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Figure 6.3.2.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) of 
Inconel 600.

Figure 6.3.2.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of Inconel 600.
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Table 6.3.3.0(a).  Material Specifications for Inconel 625

Specification Form Condition

AMS 5599
AMS 5666

Sheet, strip, and plate
Bar, forging, and ring

Annealed
Annealed

Figure 6.3.3.0.  Effect of temperature on the physical properties of Inconel 625.

6.3.3 INCONEL 625

6.3.3.0 Comments and Properties — Inconel 625 is a solid-solution, matrix strengthened
nickel-base alloy primarily for applications requiring good corrosion and oxidation resistance at temperatures
up to approximately 1800 F and also where such parts may require welding.

The strength of the alloy is derived from the strengthening effect of molybdenum and columbium;
thus, precipitation hardening is not required and the alloy is used in the annealed condition.  The strength is
greatly affected by the amount of cold work prior to annealing and by the annealing temperature.  The
material is usually annealed at 1700 to 1900 F for time commensurate with thickness.  The properties in this
section are restricted to that annealing range.

Because the alloy was developed to retain high strength at elevated temperatures, it resists
deformation at hot working temperatures but can be readily fabricated with adequate equipment.  The
combination of strength, corrosion resistance, and ability to be fabricated, including welding by common
industrial practices, are the alloy’s outstanding features.

Some material specifications for Inconel 625 are listed in Table 6.3.3.0(a).  Room-temperature
mechanical and physical properties for Inconel 625 are listed in Tables 6.3.3.0(b) and (c).  Figure 6.3.3.0
shows the effect of temperature on the physical properties.

6.3.3.1 Annealed Condition — Elevated-temperature curves for tensile ultimate strength,
tensile yield strength, tensile and compressive moduli, and Poisson’s ratio are presented in
Figures 6.3.3.1.1(a) and (b), as well as 6.3.3.1.4(a) and (b).  Typical stress-strain and tangent-modulus curves
are shown in Figures 6.3.3.1.6(a) through (d).  Fatigue S/N curves are presented in Figures 6.3.3.1.8(a)
through (d).
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Table 6.3.3.0(b).  Design Mechanical and Physical Properties of Inconel 625 Sheet
and Plate

Specification . . . . . . . . . . . . AMS 5599

Form . . . . . . . . . . . . . . . . . . . Sheet and plate

Condition . . . . . . . . . . . . . . . Annealed

Thickness, in. . . . . . . . . . . . . 0.062 0.063-0.109 0.110-0.140
0.141-
0.187

0.188-
0.250

0.251-
1.000

Basis . . . . . . . . . . . . . . . . . . . A B A B A B A B S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . 119 127 119 126 119 125 118 123 119 ...

     LT . . . . . . . . . . . . . . . . . . 120a 128 120a 127 120a 126 119 124 120 120

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . .   56  62   55  61   54 60 53 59 59 ...

     LT . . . . . . . . . . . . . . . . . .  57  63  56  62  55 61 54 60 60 60

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . .  59  65  58  64  57 63 55 62 62 ...

     LT . . . . . . . . . . . . . . . . . .  59  66  58  65  57 64 56 63 63 ...

Fsu, ksi . . . . . . . . . . . . . . . .  79  84  79  84  79 83 79 82 79 ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . 202 216 202 214 202 212 201 209 202 ...

     (e/D = 2.0) . . . . . . . . . . . . 263 281 263 279 263 276 261 272 263 ...

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . .  88  97  86  95  84 94 83 92 92 ...

     (e/D = 2.0) . . . . . . . . . . . . 109 121 107 119 105 117 103 115 115 ...

e, percent (S-basis):

     LT . . . . . . . . . . . . . . . . . . 30 ... 30 ...  30 ... 30 ... 30 30

E, 103 ksi . . . . . . . . . . . . . . 29.8

Ec, 103 ksi . . . . . . . . . . . . . 29.8

G, 103 ksi . . . . . . . . . . . . . . 11.8

µ . . . . . . . . . . . . . . . . . . . . 0.28

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . 0.305

C, K, and . . . . . . . . . . . . See Figure 6.3.3.0

a S-basis.  The rounded T99 values are higher than specification values as follows:  Ftu( 0.062) = 123 ksi, Ftu (0.063-0.109) =
122 ksi, and Ftu (0.110-0.140) = 121 ksi.

b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 6.3.3.0(c).  Design Mechanical and Physical Properties of Inconel 625 Bar

Specification . . . . . . . . . . . . . AMS 5666

Form . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . Annealed

Thickness or diameter, in. . . . 0.500-0.999 1.000-1.999 2.000-2.999 3.000-3.999

Basis . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . 120 120 120 120

     ST . . . . . . . . . . . . . . . . . . . ... ... 118 118

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . 60 60 60 60

     ST . . . . . . . . . . . . . . . . . . . ... ... 57 57

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . 60 59 56 53

     ST . . . . . . . . . . . . . . . . . . . ... ... 60 60

Fsu, ksi . . . . . . . . . . . . . . . . . 79 79 79 79

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 192 192 192 192

     (e/D = 2.0) . . . . . . . . . . . . . 234 234 234 234

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . 88 88 88 88

     (e/D = 2.0) . . . . . . . . . . . . . 102 102 102 102

e, percent (S-basis):

     L . . . . . . . . . . . . . . . . . . . . 30 30 30 30

E, 103 ksi . . . . . . . . . . . . . . . 29.8

Ec, 103 ksi . . . . . . . . . . . . . . 29.8

G, 103 ksi . . . . . . . . . . . . . . . 11.8

µ . . . . . . . . . . . . . . . . . . . . . 0.28

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . 0.305

C, K, and . . . . . . . . . . . . . See Figure 6.3.3.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 6.3.3.1.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of
annealed Inconel 625 sheet and bar.

Figure 6.3.3.1.1(b).  Effect of temperature on the tensile yield strength (Fty) of annealed
Inconel 625 sheet and bar.
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Figure 6.3.3.1.4(a).  Effect of temperature on the tensile and compressive moduli (E and
Ec) of annealed Inconel 625.

Figure 6.3.3.1.4(b).  Effect of temperature on Poisson’s ratio (µ) for annealed 
Inconel 625 bar.
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Figure 6.3.3.1.6(a).  Typical tensile stress-strain curves for annealed Inconel 625
sheet at room and elevated temperatures.

0

20

40

60

80

100

0 2 4 6 8 10 12

Compressive Tangent Modulus, 10
3
 ksi

S
tr

e
s
s
, 
k
s
i

0                        5                      10                    15                     20                     25            30

Strain, 0.001 in./in.

Ramberg - Osgood

n = 32

Thickness = 0.050 - 0.250 in.

TYPICAL

Longitudinal

and

Long Transverse

Figure 6.3.3.1.6(b).  Typical compressive stress-strain and compressive tangent-
modulus curves for annealed Inconel 625 sheet at room temperature.
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Figure 6.3.3.1.6(c).  Typical tensile stress-strain curves for annealed Inconel 625
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modulus curves for annealed Inconel 625 bar at room temperature.
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Figure 6.3.3.1.8(a).  Best-fit S/N curves for annealed unnotched Inconel 625
bar, longitudinal direction.

Correlative Information for Figure 6.3.3.1.8(a)

Product Form: Bar, 0.75 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
 133.2          73.8 RT     

Specimen Details: Unnotched
0.250 inch diameter

Surface Condition:  Longitudinally polished

Reference: 6.3.3.1.8(a)

Test Parameters:
Loading - Axial
Frequency - Unspecified
Temperature - RT
Environment - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 24.49-9.62 log (Seq)
Seq = Smax (1-R)0.42

Std. Error of Estimate, Log (Life) = 
    22.71 (1/Seq)
Standard Deviation, Log (Life) = 0.985
R2 = 90%

Sample Size = 27

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.3.3.1.8(b).  Best-fit S/N curves for annealed notched Inconel 625 bar,
Kt = 3.0, longitudinal direction.

Correlative Information for Figure 6.3.3.1.8(b)

Product Form: Bar, 0.75 inch diameter

Properties: TUS, ksi    TYS, ksi Temp., F
 133.2           73.8  RT      

Specimen Details: V-Groove, Kt = 3.0
0.375 inch gross diameter
0.250 inch net diameter
0.013 inch root radius
60  flank angle

Surface Condition:  Polished 

Reference: 6.3.3.1.8(a)

Test Parameters:
Loading - Axial
Frequency - Unspecified
Temperature - RT
Atmosphere - Air

No. of Heats/Lots: 1

Equivalent Stress Equation:
Log Nf = 19.08-7.70 Log (Seq)
Seq = Smax (1-R)0.45

Std. Error of Estimate, Log (Life) = 
      14.31 (1/Seq)
Standard Deviation, Log (Life) = 0.959
R2 = 92%

Sample Size = 26

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.3.3.1.8(c).  Best-fit S/N curves for annealed unnotched Inconel 625
sheet, long-transverse direction.

Correlative Information for Figure 6.3.3.1.8(c)

Product Form:  Sheet, 0.093 and 0.125 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
 135.4            74.6 RT     
 136.7   69.8

Specimen Details: Unnotched
0.500 inch wide
0.250 inch wide

Surface Condition:  As ground

References: 6.3.3.1.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - Unspecified
Temperature - RT
Environment - Air

No. of Heats/Lots: 2

Equivalent Stress Equation:
Log Nf = 26.91-10.77 log (Seq)
Seq = Smax (1-R)0.43

Std. Error of Estimate, Log (Life) = 
      37.39 (1/Seq)
Standard Deviation, Log (Life) = 0.933
R2 = 75%

Sample Size = 34

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Figure 6.3.3.1.8(d).  Best-fit S/N curves for annealed notched Inconel
625 sheet, Kt = 3.0, long transverse direction.

Correlative Information for Figure 6.3.3.1.8(d)

Product Form:  Sheet, 0.093 and 0.125 inch thick

Properties: TUS, ksi    TYS, ksi Temp., F
 135.4            74.6  RT      
 136.7   69.8

Specimen Details: Edge notched, Kt = 3.0
0.625 inch gross width
0.030 inch root radius
0.375 inch net width
60  flank angle

Surface Condition:  As ground

References: 6.3.3.1.8(a) and (b)

Test Parameters:
Loading - Axial
Frequency - Unspecified
Temperature - RT
Atmosphere - Air

No. of Heats/Lots: 2

Equivalent Stress Equation:
Log Nf = 10.35-3.56 Log (Seq-22.89)
Seq = Smax (1-R)0.64

Std. Error of Estimate, Log (Life) = 
    10.52 (1/Seq)
Standard Deviation, Log (Life) = 0.816
R2 = 96%

Sample Size = 37

[Caution:  The equivalent stress model may 
provide unrealistic life predictions for stress 
ratios beyond those represented above.]
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Table 6.3.4.0(a).  Material Specifications for Inconel 706

Specification Form Application

AMS 5605
AMS 5606
AMS 5701
AMS 5702
AMS 5703

Sheet, strip, and plate
Sheet, strip, and plate
Bar, forging, and ring
Bar, forging, and ring
Bar, forging, and ring

Tensile 1800 F solution treated
Creep-rupture 1750 F solution treated
Tensile 1800 F solution treated
Creep-rupture 1750 F solution treated
Creep-rupture 1750 F solution treated,

stabilized and precipitation
treated

6.3.4 INCONEL 706

6.3.4.0 Comments and Properties — Inconel 706 is a vacuum-melted precipitation-hardened,
nickel-base alloy with characteristics similar to Inconel 718 except that Inconel 706 has greatly improved
machinability.  The alloy has good formability and weldability.  Like Inconel 718, Inconel 706 has excellent
resistance to postweld strain-age cracking.

Depending upon choice of heat treatment, this alloy may be used for applications requiring either
(1) high resistance to creep and stress rupture up to 1300 F or (2) high-tensile strength at cryogenic tempera-
tures or elevated temperatures for short times.  The creep-resistant heat treatment is characterized by an
intermediate stabilizing treatment before precipitation hardening.  Inconel 706 also has good resistance to
oxidation and corrosion over a broad range of temperatures and environments.

Because of close relationship between heat treatment properties and application, the form and applica-
tions are listed with specifications in Table 6.3.4.0(a).  Room-temperature mechanical and physical properties
are in Table 6.3.4.0(b).  The effect of temperature on physical properties is shown in Figure 6.3.4.0.

6.3.4.1 Solution-Treated and Aged Condition (Creep Rupture Heat Treatment) —
Effect of temperature on mechanical properties is shown in Figures 6.3.4.1.1, 6.3.4.1.4, and 6.3.4.1.5.  Typical
tensile stress-strain curves are shown in Figure 6.3.4.1.6(a) and typical compressive stress-strain and tangent-
modulus curves in Figure 6.3.4.1.6(b). A full-range tensile stress-strain curve is shown in Figure 6.3.4.1.6(c).
Stress-rupture properties are specified at 1200 F; the appropriate specification should be consulted for
detailed requirements.
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Table 6.3.4.0(b).  Design Mechanical and Physical Properties of Inconel 706 

Specification . . . . . . . . . . . . . . AMS 5605
AMS
5606

AMS 5701
AMS 5702 and

AMS 5703

Form . . . . . . . . . . . . . . . . . . . . . Sheet, strip, and plate Bar and forging

Condition . . . . . . . . . . . . . . . . . Heat treated per indicated specification

Thickness or diameter, in. . . . . 0.187
0.188-
1.000

All <2.500
2.500-
4.000

<2.500
2.500-
4.000

Basis . . . . . . . . . . . . . . . . . . . . . S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . ... ... ... 170 170 170 165

     LT . . . . . . . . . . . . . . . . . . . . 175 170 170 ... ... ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . . . . ... ... ... 140 135 130 130

     LT . . . . . . . . . . . . . . . . . . . . 145 140 135 ... ... ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . . . ... ... ... 146 141 136 136

     LT . . . . . . . . . . . . . . . . . . . . 152 146 141 ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . . . . 109 106 106 106 106 106 103

Fbru
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . 271 263 263 263 263 263 256

     (e/D = 2.0) . . . . . . . . . . . . . . 344 334 334 334 334 334 325

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . 202 195 188 195 188 181 181

     (e/D = 2.0) . . . . . . . . . . . . . . 243 234 226 234 226 218 218

e, percent:

     L . . . . . . . . . . . . . . . . . . . . . ... ... ... 12 12  12 12

     LT . . . . . . . . . . . . . . . . . . . . 12 12 12 ... ... ... ...

RA, percent:

     L . . . . . . . . . . . . . . . . . . . . . ... ... ... 15 15  15 15

E, 103 ksi . . . . . . . . . . . . . . . . 30.4

Ec, 103 ksi . . . . . . . . . . . . . . . 30.4

G, 103 ksi . . . . . . . . . . . . . . . . 11.0

µ . . . . . . . . . . . . . . . . . . . . . . 0.38

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . 0.292

C, K, and . . . . . . . . . . . . . . See Figure 6.3.4.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 6.3.4.0.  Effect of temperature on the physical properties of solution-treated and
aged Inconel 706.

0

20

40

60

80

100

0 200 400 600 800 1000 1200 1400 1600

Temperature, F

.

R
o
o
m

 T
e

m
p
e
ra

tu
re

 S
tr

e
n
g
th

P
e
rc

e
n
ta

g
e
 o

f

Strength at temperature

Exposure up to 1/2  hr

F
tu

F
ty

Figure 6.3.4.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of solution treated and aged (creep rupture heat treatment)
of Inconel 706.
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Figure 6.3.4.1.4.  Effect of temperature on the tensile and compressive moduli (E and
Ec) of Inconel 706.
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Figure 6.3.4.1.5.  Effect of temperature on the elongation (e) of solution treated and
aged Inconel 706 (creep rupture heat treatment).
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and aged Inconel 706 (creep rupture heat treatment) forged bar.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

6-50

Figure 6.3.4.1.6(c).  Typical tensile stress-strain curve (full range) for
Inconel 706 bar and sheet at room temperature (creep rupture heat
treatment).
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Figure 6.3.5.0.  Effect of temperature on the physical properties of Inconel 718.

Table 6.3.5.0(a).  Material Specifications for Inconel 718

Specification Form Application

AMS 5589
AMS 5590
AMS 5596
AMS 5597
AMS 5662, 5663
AMS 5664
AMS 5383

Tubing
Tubing
Sheet, strip, plate
Sheet, strip, plate
Bar, forging
Bar, forging
Investment castings

Creep-rupture
Short-time
Creep-rupture
Short-time
Creep-rupture
Short-time
Short-time

6.3.5 INCONEL 718

6.3.5.0 Comments and Properties — Inconel 718 is a vacuum-melted, precipitation-hardened
nickel-base alloy.  It can be welded easily and excels in its resistance to strain-age cracking.  It is also readily
formable.  Depending on choice of heat treatments, this alloy finds applications requiring either (1) high
resistance to creep and stress rupture to 1300 F or (2) high strength at cryogenic temperatures.  It also has
good oxidation resistance up to 1800 F.  Inconel 718 is available in all wrought forms and investment
castings.

Because of the close relationship between heat treatment, properties, and applications, both the
product form and application are listed with the specifications in Table 6.3.5.0(a).  Room-temperature
mechanical and physical properties are presented in Tables 6.3.5.0(b) through (d).  The effect of temperature
on physical properties is presented in Figure 6.3.5.0.

6.3.5.1 Solution-Treated and Aged Condition — Elevated-temperature curves are
presented in Figures 6.3.5.1.1 and 6.3.5.1.4(a) through (c).  Typical tensile and compressive stress-strain
curves as well as typical compressive tangent-modulus curves for sheet and castings are shown in Figures
6.3.5.1.6(a) through (c).  Figure 6.3.5.1.6(d ) is a typical stress-strain curve (full range) for Inconel 718
investment casting.  Creep and stress-rupture curves for forging are shown in Figures 6.3.5.1.7(a) through
(e).  Supplemental creep and stress-rupture information for forging is presented in Table 6.3.5.1.7.  Fatigue
S/N curves are presented in Figures 6.3.5.1.8(a) through (g).  Fatigue-crack-propagation data for die forging
and plate are presented in Figures 6.3.5.1.9(a) through (c).
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Table 6.3.5.0(b).  Design Mechanical and Physical Properties of Inconel 718 

Specification . . . . . . . . AMS 5596 AMS 5597 AMS 5589 AMS 5590

Form . . . . . . . . . . . . . . . Sheet Plate Sheet and plate Tubing

Condition . . . . . . . . . . . Solution treated and aged per indicated specification

Thickness, in. . . . . . . . .
0.010-0.187 0.188-0.249 0.250-1.000 0.010-1.000

O.D. > 0.125
Wall > 0.015

Basis . . . . . . . . . . . . . . . A B S S S S S

Mechanical Propertiesa:
Ftu, ksi:

L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . .
Fbru

c, ksi:
(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

Fbry
c, ksi:

(e/D = 1.5) . . . . . . .
(e/D = 2.0) . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . .
LT . . . . . . . . . . . . .

180
180b

145
147

155
158
124

291
380

208
241

...
 12

192
191

156
158

167
170
132

309
403

223
259

...

...

180
180

148
150

158
161
124

291
380

212
246

...
 12

...
180

...
150

...

...

...

...

...

...

...

...
 12

...
180

...
150

...

...

...

...

...

...

...

...
 12

185
...

150
...

...

...

...

...

...

...

...

 12
...

170
...

145
...

...

...

...

...

...

...

...

 15
...

E, 103 ksi . . . . . . . . . .
Ec, 103 ksi . . . . . . . . .
G, 103 ksi . . . . . . . . .
µ . . . . . . . . . . . . . . . .

29.4
30.9
11.4
 0.29

Physical Properties:
, lb/in.3 . . . . . . . . . .

C, K, and . . . . . . . .
0.297

See Figure 6.3.5.0

a Design allowables were based upon data from samples of material, supplied in the solution treated condition, which were
aged to demonstrate heat treatment response by suppliers.  Properties obtained by the user may be different, if the material
has been formed or otherwise cold worked.

b S-basis.  The rounded T99 value is 183 ksi.
c Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 6.3.5.0(c).  Design Mechanical and Physical Properties of Inconel 718 Bar and
Forging
Specification . . . . . . . . . . . AMS 5662 and AMS 5663 AMS 5664

Form . . . . . . . . . . . . . . . . . . Bar Forging Bar Forging

Condition . . . . . . . . . . . . . . Solution treated and aged per indicated specification

Thickness, in. . . . . . . . . . . .
0.250-
1.000

1.001-
1.500

1.501-
2.000

2.001-
2.500

2.501-
3.000

3.001-
4.000

4.001-
5.000

5.000 10.000 10.000

Basis . . . . . . . . . . . . . . . . . . S S S S S S S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . 185 185 185 185 185 185 185 185 185 180

     LTa . . . . . . . . . . . . . . . . . 180 180 180 180 180 180 180 180 180 180

     STa . . . . . . . . . . . . . . . . . ... ... ... ... 180 180 180 ... ... 180

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . 150 150 150 150 150 150 150 150 150 150

     LTa . . . . . . . . . . . . . . . . . 150 150 150 150 150 150 150 150 150 150

     STa . . . . . . . . . . . . . . . . . ... ... ... ... 146 150 150 ... ... 150

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . 156 156 156 156 156 156 156 ... ... ...

     ST . . . . . . . . . . . . . . . . . ... ... ... 156 156 156 156 ... ... ...

Fsu, ksi . . . . . . . . . . . . . . . 111 114 116 118 119 121 123 ... ... ...

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . 309 309 309 309 309 309 309 ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 394 394 394 394 394 394 394 ... ... ...

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . 216 216 216 216 216 216 216 ... ... ...

     (e/D = 2.0) . . . . . . . . . . . 257 257 257 257 257 257 257 ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . . . .  12  12  12  12  12  12  12  12  10  12

     LTb . . . . . . . . . . . . . . . .   6   6   6   6   6   6   6  10  10  12

     STb . . . . . . . . . . . . . . . . . ... ... ... ...   6   6   6 ...  10  12

RA, percent:

     L . . . . . . . . . . . . . . . . . .  15  15  15  15  15  15  15  15  12  15

     LTb . . . . . . . . . . . . . . . .   8   8   8   8   8   8   8  12  12  15

     STb . . . . . . . . . . . . . . . . . ... ... ... ...   8   8   8 ...  12  15

E, 103 ksi: 29.4

Ec, 103 ksi: 30.9

G, 103 ksi . . . . . . . . . . . . . 11.4

µ . . . . . . . . . . . . . . . . . . . 0.29

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.297

C, K, and . . . . . . . . . . . See Figure 6.3.5.0

a Applicable providing LT or ST direction is 2.500 inches.
b Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 6.3.5.0(d).  Design Mechanical and Physical Properties of Inconel 718 Investment
Castings

Specification . . . . . . . . . . . . . . . . . . . . . . . . . . . AMS 5383

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Investment Casting

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ST

Location within casting . . . . . . . . . . . . . . . . . . . Any

Thickness, in. . . . . . . . . . . . . . . . . . . . . . . . . . . 0.500

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Fty, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88a

Fbru
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

Fbry
b, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

e, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . .    3

RA, percent . . . . . . . . . . . . . . . . . . . . . . . . . . .    8

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   29.4 

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . .   30.9 

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . .   11.4 

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .     0.29

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.297

C, K, and . . . . . . . . . . . . . . . . . . . . . . . . . . . See Figure 6.3.5.0

a Determined in accordance with ASTM Procedure B769.
b Bearing values are “dry pin” values per Section 1.4.7.1.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

6-55

Figure 6.3.5.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and
tensile yield strength (Fty) of solution-treated and aged Inconel 718.
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Figure 6.3.5.1.4(b).  Effect of temperature on dynamic shear modulus (G) of solution-
treated and aged Inconel 718.

Figure 6.3.5.1.4(a).  Effect of temperature on dynamic tensile modulus (E) of solution-
treated and aged Inconel 718.
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Figure 6.3.5.1.4(c).  Effect of temperature on Poisson’s ratio (µ) for solution-treated and
aged Inconel 718.
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Figure 6.3.5.1.6(a).  Typical tensile stress-strain, compressive stress-strain, and
compressive tangent-modulus curves for solution-treated and aged Inconel 718 sheet
(AMS 5596) at room temperature.
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Figure 6.3.5.1.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for solution-treated and aged (creep-rupture application)
Inconel 718 bar (AMS 5662 and AMS 5663) at room temperature.
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Figure 6.3.5.1.6(c).  Typical tensile stress-strain, compressive stress-strain, and
compressive tangent-modulus curves for solution treated and aged Inconel 718
investment casting (AMS 5383) at room temperature.
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Figure 6.3.5.1.6(d).  Typical tensile stress-strain curve (full range) for solution
treated and aged Inconel 718 investment casting (AMS 5383) at room temperature.
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Figure 6.3.5.1.7(a).  Average isothermal 0.10% creep curves for Inconel 718 forging.

Correlative Information for Figure 6.3.5.1.7(a)

Makeup of Data Collection:
Heat Treatment:  2 [See Table 6.3.5.1.7(f)]
Number of Vendors = Unknown
Number of Lots = 2
Number of Test Laboratories = 1
Number of Tests = 32

Specimen Details:
Type - Unnotched round bar
Gage Length - N.A.
Gage Thickness - 0.25 inch to 0.375 inch

0.10 Percent Creep Equation:
Log t = c + b1 T + b2X + b3X

2 + b4X
3

T = R
X = log (stress, ksi)
c = 185.16
b1 = -0.01778
b2 = -255.25
b3 = 146.28
b4 = -28.65

Analysis Details:
Inverse Matrix = [See Table 6.3.5.1.7(f)]
Std. Error of Estimate, Log (Hrs) = 0.56
Standard Deviation, Log (Hrs) = 0.99
R2 = 68%

[Caution: The creep rupture model may provide
unrealistic predictions for temperatures and stresses
beyond those represented above.]
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Figure 6.3.5.1.7(b).  Average isothermal 0.20% creep curves for Inconel 718 forging.

Correlative Information for Figure 6.3.5.1.7(b)

Makeup of Data Collection:
Heat Treatment:  2 [See Table 6.3.5.1.7(f)]
Number of Vendors = Unknown
Number of Lots = 2
Number of Test Laboratories = 1
Number of Tests = 31

Specimen Details:
Type - Unnotched round bar
Gage Length - N.A.
Gage Thickness - 0.25. inch - 0.375 inch

0.20 Percent Creep Equation:
Log t = c + b1 T + b2X + b3X

2 + b4X
3

T = R
X = log (stress, ksi)
c = 185.67
b1 = -0.01778
b2 = -255.25
b3 = 146.28
b4 = -28.65

Analysis Details:
Inverse Matrix = [See Table 6.3.5.1.7(f)]
Std. Error of Estimate, Log (Hrs) = 0.41
Standard Deviation, Log (Hrs)  = 0.98
R2 = 82%

[Caution: The creep rupture model may provide
unrealistic predictions for temperatures and stresses
beyond those represented above.]
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Figure 6.3.5.1.7(c).  Average isothermal 0.50% creep curves for Inconel 718 forging.

Correlative Information for Figure 6.3.5.1.7(c)

Makeup of Data Collection:
Heat Treatment:  2 [See Table 6.3.5.1.7(f)]
Number of Vendors = Unknown
Number of Lots = 2
Number of Test Laboratories = 1
Number of Tests = 22

Specimen Details:
Type - Unnotched round bar
Gage Length - N.A.
Gage Thickness - 0.250 inch - 0.375 inch

0.50 Percent Creep Equation:
Log t = c + b1 T + b2X + b3X

2 + b4X
3

T = R
X = log (stress, ksi)
c = 185.75
b1 = -0.01778
b2 = -255.25
b3 = 146.28
b4 = -28.65

Analysis Details:
Inverse Matrix = [See Table 6.3.5.1.7(f)]
Std. Error of Estimate, Log (Hrs) = 0.34
Standard Deviation, Log (Hrs)  = 1.10

[Caution: The creep rupture model may provide
unrealistic predictions for temperatures and stresses
beyond those represented above.]
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Figure 6.3.5.1.7(d).  Average isothermal 5.00% creep curves for Inconel 718 forging.

Correlative Information for Figure 6.3.5.1.7(d)

Makeup of Data Collection:
Heat Treatment:  2 [See Table 6.3.5.1.7(f)]
Number of Vendors = Unknown
Number of Lots = 2
Number of Test Laboratories = 1
Number of Tests = 24

Specimen Details:
Type - Unnotched round bar
Gage Length - N.A.
Gage Thickness - 0.250 inch - 0.375 inch

5.00 Percent Creep Equation:
Log t = c + b1 T + b2X + b3X

2 + b4X
3

T = R
X = log (stress, ksi)
c = 186.16
b1 = -0.01778
b2 = -255.25
b3 = 146.28
b4 = -28.65

Analysis Details:
Inverse Matrix = [See Table 6.3.5.1.7(f)]
Std. Error of Estimate, Log (Hrs) = 0.37
Standard Deviation, Log (Hrs) = 1.02

[Caution: The creep rupture model may provide
unrealistic predictions for temperatures and stresses
beyond those represented above.]
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Figure 6.3.5.1.7(e).  Average isothermal stress rupture curves for Inconel 718 forging.

Correlative Information for Figure 6.3.5.1.7(e)

Makeup of Data Collection:
Heat Treatment:  2 [See Table 6.3.5.1.7(f)]
Number of Vendors = Unknown
Number of Lots = 7
Number of Test Laboratories = 2
Number of Tests = 162

Specimen Details:
Type - Unnotched round bar
Gage Length - N.A.
Gage Thickness - 0.250 inch - 0.375 inch

Stress Rupture Creep Equation:
Log t = c + b1 T + b2X + b3X

2 + b4X
3

T = R
X = log (stress, ksi)
c = 186.27
b1 = -0.01778
b2 = -255.25
b3 = 146.28
b4 = -28.65

Analysis Details:
Std. Error of Estimate, Log (Hrs) = 0.29
Standard Deviation, Log (Hrs) = 0.63
Within Heat Treatment Variance = 0.071
Ratio of Between to Within Heat Treatment
Variance = (at spec pt.) <0.10

[Caution: The creep rupture model may provide
unrealistic predictions for temperatures and stresses
beyond those represented above.]

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



M
IL

-H
D

B
K

-5
J

3
1

 J
a

n
u

a
ry

 2
0

0
3

6
-6

6

Table 6.3.5.1.7.  Supplemental Information on the Creep and Stress Rupture Properties of Inconel 718 Forging

Heat Treatment Details

Heat
Treatment No.

Cycle
No.

Temperature,
F

Time,
Hours

Cool

2 1
2
3

1800
1325
1150

1
8
8

AC, WQ
FC (100 F/hr)
AC

21 1
2
3

1700-1850
1325
1150

1
8
8

AC
FC (100 F/hr)
AC

Stress Rupture Equation and Inverse Matrix for the Creep Stress =
0.10, 0.20, 0.50, and 5.00% and Stress Rupture Conditions

log t = c + b1T + b2X + b3X
2 + b4X

3 + b5Y1 + b6Y2

+ b7Y3 + b8Y4 + b9Y5

where Y1 = 1; Y2, Y3, Y4, Y5 = 0 for Creep Strain = 0.10% Data
Y2 = 1; Y1, Y3, Y4, Y5 = 0 for Creep Strain = 0.20% Data
Y3 = 1; Y1, Y2, Y4, Y5 = 0 for Creep Strain = 0.50% Data
Y4 = 1; Y1, Y2, Y3, Y5 = 0 for Creep Strain = 5.00% Data

Y1, Y2, Y3, Y4, Y5 = 0 for Stress Rupture Data

Column

Row

1 2 3 4 5 6 7 8 9

1
2
3
4
5
6
7
8
9

 1.809E+00
-1.108E-03
-1.978E+00
 6.499E-01
-5.748E-02
-1.606E+00
-1.444E+00
-1.015E+00
-9.777E-01

-1.108E-03
 6.834E-07
 1.212E-03
-3.979E-04
 3.517E-05
 9.843E-04
 8.852E-04
 6.219E-04
 5.993E-04

-1.978E+00
 1.212E-03
 3.482E+00
-1.657E+00
 2.032E-01
 1.634E+00
 1.359E+00
 6.886E-01
 5.921E-01

 6.499E-01
-3.979E-04
-1.657E+00
 9.145E-01
-1.220E-01
-4.892E-01
-3.610E-01
-6.305E-02
 3.594E-03

-5.748E-02
 3.517E-05
 2.032E-01
-1.220E-01
 1.697E-02
 3.801E-02
 2.248E-02
-1.245E-02
-2.618E-02

-1.606E+00
 9.843E-04
 1.634E+00
-4.892E-01
 3.801E-02
 1.471E+00
 1.303E+00
 9.401E-01
 9.124E-01

-1.444E+00
 8.852E-04
 1.359E+00
-3.610E-01
 2.248E-02
 1.303E+00
 1.222E+00
 8.806E-01
 8.600E-01

-1.015E+00
 6.219E-04
 6.886E-01
-6.305E-02
-1.245E-02
 9.401E-01
 8.806E-01
 7.491E-01
 6.987E-01

-9.777E-01
 5.993E-04
 5.921E-01
 3.594E-03
-2.618E-02
 9.124E-01
 8.600E-01
6.987E-01
1.195E+00
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Figure 6.3.5.1.8(a).  Best-fit S/N curves for unnotched Inconel 718 sheet at room
temperature, long transverse direction.

Correlative Information for Figure 6.3.5.1.8(a)

Product Form: Sheet, 0.066 inch and
0.109 inch

Properties:      TUS, ksi TYS, ksi     Temp., F
      197.0 164.0 RT
      208.7 184.2 RT

Specimen Details: Unnotched
0.30 inch net width
0.50 inch net width

Heat Treatment: See AMS 5596

Surface Condition: #400 grit belt polished

References:   6.2.1.1.8 and 6.3.5.1.8(a)

Test Parameters:
Loading—Axial
Frequency—Unspecified
Temperature—RT
Environment—Air

No. of Heats/Lots:  2

Equivalent Stress Equation:
Log Nf = 8.63 - 2.07 Log (Seq - 58.48)
Seq = Smax(1-R).58

Std. Error of Est., Log (Life) = 26.73 (1/Seq)
Standard Deviation, Log (Life) = 0.904
R2 = 90.3%

Sample Size = 53

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 6.3.5.1.8(b).  Best-fit S/N curves for notched, Kt = 3.0,  Inconel 718 sheet at room
temperature, long transverse direction.

Correlative Information for Figure 6.3.5.1.8(b)

Product Form: Sheet, 0.066 inch and
0.109 inch

Properties:       TUS, ksi TYS, ksi    Temp., F
      197.0 164.0 RT
      208.7 184.2 RT

Specimen Details: Notched 60  V-Groove
Kt = 3.0
0.300 inch net width
0.220 inch root width
0.625 inch net width
0.030 inch root radius

Heat Treatment: See AMS 5596

Surface Condition: As machined

References:   6.2.1.1.8 and 6.3.5.1.8(a)

Test Parameters:
Loading—Axial
Frequency—Unspecified
Temperature—RT
Environment—Air

No. of Heats/Lots:  2

Equivalent Stress Equation:
Log Nf = 8.17 - 2.23 Log (Seq - 30.58)
Seq = Smax(1-R).68

Std. Error of Est., Log (Life) = 14.07 (1/Seq)
Standard Deviation, Log (Life) = 0.977
R2 = 93.7%

Sample Size = 49

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 6.3.5.1.8(c).  Best-fit S/N curves for unnotched Inconel 718 sheet at 1000 F, long
transverse direction.

Correlative Information for Figure 6.3.5.1.8(c)

Product Form: Sheet, 0.066 inch

Properties:       TUS, ksi TYS, ksi    Temp., F
      165.0 141.8 1000

Specimen Details: Unnotched
0.30 inch net width

Heat Treatment: See AMS 5596

Surface Condition: #400 grit belt polished

Reference: 6.2.1.1.8

Test Parameters:
Loading—Axial
Frequency—60 Hz
Temperature—1000 F
Environment—Air

No. of Heats/Lots:  1

Equivalent Stress Equation:
Log Nf = 23.51 - 10.57 Log (Seq - 50)
Seq = Smax(1-R)0.62

Std. Error of Estimate, Log (Life) = 0.414
Standard Deviation, Log (Life) = 0.776
R2 = 71.5%

Sample Size = 21

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 6.3.5.1.8(d).  Best-fit S/N curves for notched, Kt = 3.0, Inconel 718 sheet at
1000 F, long transverse direction.

Correlative Information for Figure 6.3.5.1.8(d)

Product Form: Sheet, 0.066 inch

Properties:       TUS, ksi TYS, ksi     Temp., F
      165.0 141.8 1000

                Unnotched

Specimen Details: Notched, V-Groove, Kt = 3.0
0.448 inch gross width
0.300 inch net width
0.022 inch root radius, r
60  flank angle, 

Heat Treatment: See AMS 5596

Surface Condition: As machined

Reference: 6.2.1.1.8

Test Parameters:
Loading—Axial
Frequency—60 Hz
Temperature—1000 F
Environment—Air

No. of Heats/Lots:  1

Equivalent Stress Equation:
Log Nf = 11.02 - 3.93 Log (Seq - 20)
Seq = Smax(1-R)0.91

Std. Error of Estimate, Log (Life) = 0.404
Standard Deviation, Log (Life) = 0.988
R2 = 83.3%

Sample Size = 23

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 6.3.5.1.8(e).  Best-fit S/N curves for notched, Kt = 3.0, Inconel 718 sheet at
1400 F, long transverse direction.

Correlative Information for Figure 6.3.5.1.8(e)

Product Form: Sheet, 0.066 inch

Properties:       TUS, ksi TYS, ksi     Temp., F
     113.0 100.1 1400

                Unnotched

Specimen Details: Notched, V-Groove, Kt = 3.0
0.448 inch gross width
0.30 inch net width
0.022 inch root radius, r
60  flank angle, 

Heat Treatment: See AMS 5596

Surface Condition: As machined.

Reference: 6.2.1.1.8

Test Parameters:
Loading—Axial
Frequency—60 Hz
Temperature—1400 F
Environment—Air

No. of Heats/Lots:  1

Equivalent Stress Equation:
Log Nf = 10.29 - 4.02 Log (Seq - 20)
Seq = Smax(1-R)0.62

Std. Error of Estimate, Log (Life) = 0.442
Standard Deviation, Log (Life) = 0.717
R2 = 62.0%

Sample Size = 20

[Caution:  The equivalent stress model may pro-
vide unrealistic life predictions for stress ratios
beyond those represented above.]
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Figure 6.3.5.1.8(f).  Best-fit S/N curves for unnotched Inconel 718 bar and plate at room
temperature, longitudinal direction.

Correlative Information for Figure 6.3.5.1.8(f)

Product Form:   Bar, 0.75 inch diameter; plate, 
       0.5, 0.75, and 1.0 inch thick

Properties:         TUS, ksi     TYS, ksi     Temp., F
   204.4   177.7     RT
   200.0   166.7     RT

Specimen Details: Unnotched
0.250 inch diameter
0.200 inch diameter

Heat Treatment:     See AMS 5662 and AMS 5596

Surface Condition: Unspecified, RMS 8-11

References:   6.3.3.1.8(a) and 6.3.5.1.8(b)

Test Parameters:
Loading - Axial
Frequency - Unspecified
Temperature - RT
Environment - Air

No. of Heats/Lots: 4

Equivalent Stress Equation:
Log Nf = 8.18 - 2.07 log (Seq - 63.0)
Seq = Sa + 0.40 Sm

Std. Error of Est., Log (Life) = 38.56 (1/Seq)
Standard Deviation, Log (Life) = 0.980
R2 = 67.7%

Sample Size = 44

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 6.3.5.1.8(g).  Best-fit S/N curves for notched, Kt = 3.0, Inconel 718 bar at room
temperature, longitudinal direction.

Correlative Information for Figure 6.3.5.1.8(g)

Product Form: Bar, 0.75 inch diameter

Properties:       TUS, ksi TYS, ksi    Temp., F
      204.4 177.7 RT

Specimen Details: Notched, 60  V Notch
0.252 inch diameter
0.013 inch diameter

Heat Treatment: See AMS 5662 and AMS 5596

Surface Condition: Unspecified

Reference: 6.3.3.1.8(a)

Test Parameters:
Loading—Axial
Frequency—Unspecified
Temperature—RT
Environment—Air

No. of Heats/Lots:  1

Equivalent Stress Equation:
Log Nf = 9.45 - 3.17 Log (Seq - 8.6)
Seq = Sa + 0.16 Sm

Std. Error of Est., Log (Life) = 6.97 (1/Seq)
Standard Deviation, Log (Life) =0.945
R2 = 93.6%

Sample Size = 31

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]
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Figure 6.3.5.1.9(a).  Fatigue-crack-propagation data for Inconel 718 die forging (upset
ratio = 5) and 0.5-inch thick plate. [References—6.3.5.1.9(a) through (e).]

Specimen Thickness: 0.298-0.502 inch Environment:    Lab air

Specimen Width: 1.153-2.000 inches Temperature:   RT

Specimen Type: C(T) Orientation:    L-T and T-L
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Figure 6.3.5.1.9(b).  Fatigue-crack-propagation data for Inconel 718 die forging (upset
ratio = 5) and 0.5-inch thick plate.  [References—6.3.5.1.9(b) and 6.3.5.1.9(d) through
(g).]

Specimen Thickness: 0.298-0.502 inch Environment: Lab air

Specimen Width: 1.157-2.001 inches Temperature: 800-1200 F

Specimen Type: C(T) Orientation: L-T and T-L
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Figure 6.3.5.1.9(c).  Fatigue-crack-propagation data for Inconel 718 0.5-inch thick
plate.  [Reference—6.3.5.1.9(f).]

Specimen Thickness: 0.298-0.479 inch Environment: Lab air

Specimen Width: 1.151-1.993 inches Temperature: 1000 F

Specimen Type: C(T) Orientation: L-T and T-L
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Table 6.3.6.0(a).  Material Specifications for 
Inconel X-750 

Specification Form Condition

AMS 5542
AMS 5667

Sheet, strip, and plate
Bar and forging

Annealed
Equalized

6.3.6 INCONEL X-750

6.3.6.0 Comments and Properties — Inconel X-750 is a high-strength oxidation-resistant
nickel-base alloy.  It is used for parts requiring high strength up to 1000 F or high creep strength up to
1500 F and for low-stressed parts operating up to 1900 F.  It is hardenable by various combinations of
solution treatment and aging, depending on its form and application.  Inconel X-750 is available in all the
usual wrought mill forms.

Inconel X-750 can be readily forged between 1900 F and 2225 F; “hot-cold” working between
1200 F and 1600 F is harmful and should be avoided.  This alloy is readily formed but should be solution
treated at 1925 F for 7 to 10 minutes after severe forming operations.  It is somewhat more difficult to
machine than austenitic stainless steels.  Rough machining is easier in the solution-treated condition; finish
machining in the partly or fully aged condition.  Fusion welding is difficult for large section sizes and
moderately difficult for small cross sections and sheet.  It must be welded in the annealed or solution-treated
condition; weldments should be stress relieved at 1650 F for 2 hours before aging.  Nickel brazing, followed
by precipitation heat treatment of the brazed assembly, results in strength nearly equal to fully heat-treated
material.

Oxidation resistance of Inconel X-750 is good to 1900 F; but the beneficial effects of aging are lost
above 1500 F.  This alloy is subject to attack in sulfur-containing atmospheres.

A variety of heat treatments has been developed for Inconel X-750.  Each provides special properties
and renders the material in the best metallurgical condition for the intended application.  Only two of these
heat treatments, for applications requiring high strength up to 1100 F, are described below.

Annealed and Aged for Sheet, Strip, and Plate — Mill annealed plus 1300 F for 20 hours, and A.C.
per AMS 5542.

Equalized and Aged for Bar and Forging — 1625 F for 4 hours, A.C., plus 1300 F for 24 hours, and
A.C. per AMS 5667.

Other heat treatments are available for maximum creep-rupture strength.

Some material specifications for Inconel X-750 are shown in Table 6.3.6.0(a).  Room-temperature
mechanical and physical properties are shown in Table 6.3.6.0(b).

The effect of temperature on the physical properties of this alloy is shown in Figure 6.3.6.0.

6.3.6.1 Annealed and Aged — Elevated-temperature curves for tensile and yield ultimate
strengths are shown in Figures 6.3.6.1.1 through 6.3.6.1.3.

6.3.6.2  Equalized and Aged — Elevated-temperature curves are presented in Figures
6.3.6.2.1(a) and (b), as well as 6.3.6.2.4(a) and (b).
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Table 6.3.6.0(b).  Design Mechanical and Physical Properties of Inconel X-750 

Specification . . . . . . . . . . . . AMS 5542 AMS 5667

Form . . . . . . . . . . . . . . . . . . Strip Sheet Plate Bars and forgings

Condition . . . . . . . . . . . . . . . Annealed and aged Equalized and aged

Thickness or diameter, in. . .
0.009 0.010

0.010-
0.187

0.188-
4.000 <4.000

4.000-
10.000

Basis . . . . . . . . . . . . . . . . . . . S S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . .
(e/D = 2.0) . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

RA, percent:
L . . . . . . . . . . . . . . . .

...
150

...

...

...

...

...

...

...

...

...

...

...

...

...
155

...

...

...

...

...

...

...

...

...

...
 15

...

...
165

...
105

...
105
107

247
313

157
189

...
 20

...

...
155

...
100

...
100
100

232
294

150
180

...
 20

...

165
...

105
...

105
...

102

247
313

157
189

 20
...

 25

160
...

100
...

100
...

 99

240
304

150
180

 15
...

 17

E, 103 ksi . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . .

30.6
30.6
11.8
  0.30

Physical Properties:
, lb/in.3 . . . . . . . . . . . . .

C, K, and . . . . . . . . . . .
0.298

See Figure 6.3.6.0
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Figure 6.3.6.0.  Effect of temperature on the physical properties of Inconel X-750.

Figure 6.3.6.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and tensile
yield strength (Fty) of Inconel X-750 sheet and plate (AMS 5542).
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Figure 6.3.6.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of Inconel X-750.

Figure 6.3.6.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of Inconel X-750.
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Figure 6.3.6.2.1(a).  Effect of temperature on the tensile ultimate strength (Ftu) of Inconel
X-750 bar (AMS 5667).

Figure 6.3.6.2.1(b).  Effect of temperature on the tensile yield strength (Fty) of 
Inconel X-750 bar (AMS 5667).
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Figure 6.3.6.2.4(a).  Effect of temperature on the tensile and compressive moduli (E and
Ec) of Inconel X-750.

Figure 6.3.6.2.4(b).  Effect of temperature on the shear modulus (G) of Inconel X-750.
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Table 6.3.7.0(a).  Material Specifications for René 41

Specification Form Condition

AMS 5545
AMS 5712
AMS 5713

Plate, sheet, and strip
Bar and forging
Bar and forging

Vacuum melted, solution treated
Vacuum melted, solution treated and aged
Vacuum melted, solution treated and aged

6.3.7 RENÉ 41

6.3.7.0 Comments and Properties — René 41 is a vacuum-melted precipitation-hardening
nickel-base alloy designed for highly stressed parts operating between 1200 F and 1800 F.  Its applications
include afterburner parts, turbine castings, wheels, buckets, and high-temperature bolts and fasteners.
René 41 is available in the form of sheet, bars, and forgings.

René 41 is forged between 1900 F and 2150 F; small reductions must be made when breaking up
an as-cast structure; cracking may be encountered in finishing below 1850 F.  René 41 work hardens rapidly,
and frequent anneals are required; to anneal, heat rapidly to 1950 F for 30 minutes and quench.

René 41 is difficult to machine.  In the soft solution-annealed condition it is gummy; therefore, it
should be in the fully aged condition for optimum machinability, and tungsten carbide cutting tools should
be used.  René 41 can be welded satisfactorily in the solution-treated condition; after welding, the parts
should be solution treated for stress relief.

René 41 should not be exposed to temperatures above 2050 F during latter stages of hot working or
during subsequent operations, otherwise severe intergranular cracking may be encountered.

The oxidation resistance of René 41 is good to 1800 F.  Lengthy exposure above the aging
temperature (1400 F to 1650 F) results in loss of strength and room-temperature ductility.

Some material specifications for René 41 are shown in Table 6.3.7.0(a).  Room temperature me-
chanical and physical properties are shown in Table 6.3.7.0(b).  The effect of temperature on physical
properties is shown in Figure 6.3.7.0.

6.3.7.1  Solution Treated at 1975  F and Aged at 1400  F Condition — Tensile and
stress-rupture requirements at elevated temperatures are specified for René 41.  The appropriate specification
should be consulted for detailed requirements.  Other elevated-temperature data for René 41 in this condition
are presented in Figures 6.3.7.1.1 through 6.3.7.1.5.  A creep nomograph for René 41 alloy sheet is shown
in Figure 6.3.7.1.7.
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Table 6.3.7.0(b).  Design Mechanical and Physical Properties of René 41 

Specification . . . . . . . . . . . . AMS 5545
AMS 5712 and

AMS 5713

Form . . . . . . . . . . . . . . . . . . . Sheet Plate Bar and forging

Condition . . . . . . . . . . . . . . . Solution treated and aged (1400 F)

Thickness or diameter, in. . . 0.020 0.021-0.187 0.188-0.375 1.000

Basis . . . . . . . . . . . . . . . . . . . S Aa Ba S S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . .
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

e, percent (S-basis):
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

RA, percent (S-basis):
     L . . . . . . . . . . . . . . . . . . .

...
160

...
120

...

...

...

...

...

...

...

...
  6

...

170b

170b

123
123

132
135
105

244
310

197
245

...
 10

...

185
185

132
132

142
145
114

266
338

211
263

...

...

...

...
170

...
130

...

...
105

244
310

208
259

...
10

...

170
...

130
...

133
...

110

...

...

...

...

  8
...

 10

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . .

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . .

31.6
31.6
12.1
0.31

0.298

See Figure 6.3.7.0

a  Design allowables were based upon data from samples of material, supplied in solution treated condition, which were aged
    to demonstrate heat treat response by suppliers.  Properties obtained by the user may be different if the material has been
    formed or otherwise cold worked.
b  S-basis.  The rounded T99 value is 178 ksi.
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Figure 6.3.7.0.  Effect of temperature on the physical properties of Rene 41.
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Figure 6.3.7.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of René 41.
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Figure 6.3.7.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of René 41.
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Figure 6.3.7.1.3(a).  Effect of temperature on the bearing ultimate strength (Fbru) of
René 41.

Figure 6.3.7.1.3(b).  Effect of temperature on the bearing yield strength (Fbry) of
René 41.
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Figure 6.3.7.1.5.  Effect of temperature on the elongation (e) of Rene 41 
(>0.020 thickness) sheet.

Figure 6.3.7.1.4.  Effect of temperature on the tensile modulus (E) of Rene 41.
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Figure 6.3.7.1.7.  Typical creep properties of René 41 sheet.

6.223×107exp(
50760

T
)

0.3928exp(
2554

T
)

t
4.1557exp(

3934

T
)

a

Correlative Information for Figure 6.3.7.1.7  

Equation
Creep Strain, percent:

Temperature (T) = Fahrenheit + 460

Example
Temp., T = 1600 F
Stress,  = 7.5 ksi
Time, t = 10 hours
Creep Strain,  = 0.080

a  This equation should only be used in the same temperature ranges indicated in the nomograph.  Creep
   strains computed outside these temperature ranges may yield unreasonable values.
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Table 6.3.8.0(a).  Material Specifications for
Waspaloy

Specification Form

AMS 5544
AMS 5704
AMS 5706
AMS 5707
AMS 5708
AMS 5709

Plate, sheet, and strip
Forgings
Bar, forging, ring
Bar, forging, ring
Bar, forging, ring
Bar, forging, ringa

a  Primarily for applications requiring high stress-rupture strength.

6.3.8 WASPALOY

6.3.8.0 Comments and Properties — Waspaloy is a vacuum-melted precipitation-hardened
nickel-base alloy which is strengthened by the precipitation of titanium and aluminum compounds and the
solid-solution strengthening effects of chromium, molybdenum, and cobalt.  The alloy is designed for highly
stressed parts operating at temperatures up to 1550 F, such as aircraft gas turbine blades and discs and rocket
engine parts.  It is available in all the usual mill forms.

The optimum range for forging is 1900 F to 2050 F.  Avoid working the alloy below 1900 F due
to danger of cracking and also decreasing the stress-rupture life.  Sufficient soaking time between heating is
necessary to ensure complete recrystallization; however, avoid excessive long-time soaking at the high
forging temperature.  Furnace atmospheres should be either neutral or slightly oxidizing to prevent
carburization and to minimize scaling.

Waspaloy is relatively difficult to machine.  Drilling, turning, etc., can best be accomplished in
solution-treated and partially aged condition.  Generally, carbine tools are preferred, and positive feeds are
required to avoid work hardening.  For finish machining, grinding is preferable.

Waspaloy is susceptible to hot cracking or “hot-shortness” above 2150 F; therefore, extreme care
should be exercised in the design of weldments so that restraint can be minimized.  Waspaloy should be
welded in the annealed condition, with minimum heat input, and with rapid cooling by means of chill bars
and gas backup.  This alloy has good resistance to oxidation at temperatures up to 1750 F and to combustion
products encountered in aircraft gas turbines.

Two heat treatments are used for this material.  One is for optimum tensile strength (solution treated
1825 F to 1900 F, stabilize 1550 F, 24 hours air cool, and age 16 hours at 1400 F air cool), and the other
for stress-rupture properties (solution treated 1975 F, stabilized 1550 F, 24 hours air cool, age 1400 F, 16
hours air cool).

Some material specifications for Waspaloy are shown in Table 6.3.8.0(a). Room-temperature
mechanical properties are shown in Table 6.3.8.0(b).  Physical properties at room and elevated temperatures
are shown in Figure 6.3.8.0.

6.3.8.1 Aged Condition — Stress rupture requirements at elevated temperatures are specified
in material specifications.  The appropriate specification should be consulted for detailed requirements.  The
effect of temperature on various mechanical properties is shown in Figures 6.3.8.1.1, 6.3.8.1.4, as well as
6.3.8.1.5(a) and (b).  The effect of temperature on the Ramberg-Osgood parameter, n (tension), is shown in
Figure 6.3.8.1.6(a).  Typical tensile stress-strain curves are shown in Figure 6.3.8.1.6(b).
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Table 6.3.8.0(b).  Design Mechanical and Physical Properties of Waspaloy

Specification . . . . . . . . AMS 5544 AMS 5704
AMS 5706 and

AMS 5707

Form . . . . . . . . . . . . . . . Sheet, strip, and plate Forging
Bar, forging, and

ring

Condition . . . . . . . . . . . Solution, stabilization, and precipitation heat treated

Thickness, in. . . . . . . . . 0.020 >0.020 3.500 3.500

Basis . . . . . . . . . . . . . . . S S S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . ... ... 175 160

     LT . . . . . . . . . . . . . . 170 175 ... ...

Fty, ksi:

     L . . . . . . . . . . . . . . . ... ... 120 110

     LT . . . . . . . . . . . . . . 110 115 ... ...

Fcy, ksi:

     L . . . . . . . . . . . . . . . ... ... ... ...

     LT . . . . . . . . . . . . . . ... ... ... ...

Fsu, ksi . . . . . . . . . . . . ... ... ... ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . ... ... ... ...

     (e/D = 2.0) . . . . . . . . ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . ... ... ... ...

     (e/D = 2.0) . . . . . . . . ... ... ... ...

e, percent:

     L . . . . . . . . . . . . . . . ... ... 15 15

     LT . . . . . . . . . . . . . . 15 20 ... ...

RA, percent:

     L . . . . . . . . . . . . . . . ... ... 18 18

E, 103 ksi . . . . . . . . . . 30.6

Ec, 103 ksi . . . . . . . . . ...

G, 103 ksi . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . 0.298

C, Btu/(lb)( F) . . . . . See Figure 6.3.8.0

K, Btu/[(hr)(ft2)( F)/ft] See Figure 6.3.8.0

, 10-6 in./in./ F . . . . . See Figure 6.3.8.0
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           Figure 6.3.8.0.  Effect of temperature on the physical properties of Waspaloy.

Figure 6.3.8.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and
the tensile yield strength (Fty) of Waspaloy.
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Figure 6.3.8.1.4.  Effect of temperature on the modulus of elasticity (E) of Waspaloy.

Figure 6.3.8.1.5(a).  Effect of temperature on elongation (e) of Waspaloy.
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Figure 6.3.8.1.5(b).  Effect of temperature on reduction in area (RA) of Waspaloy bar
and forging.

Figure 6.3.8.1.6(a).  Effect of temperature on Ramberg-Osgood parameter (n in tension)
of Waspaloy.
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Figure 6.3.8.1.6(b).  Typical tensile stress-strain curves for Waspaloy at room and
elevated temperatures (all products).
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Table 6.3.9.0(a).  Material Specifications for
HAYNES 230 Alloy Wrought

Specification Form

AMS 5878 Plate, sheet, and strip

AMS 5891 Bar and forging

6.3.9. HAYNES® 230®*

6.3.9.0. Comments and Properties — HAYNES® 230® alloy provides excellent oxidation

resistance up to 2100 F for prolonged exposures with superior long term stability, high temperature strength
and good fabricability.  It is produced in the form of plate, sheet, strip, foil, billet, bar, wire welding products,
pipe, tubing, remelt bar, and may be cast using traditional air-melt sand mold or vacuum-melt investment
foundry techniques. Products are used for gas turbine components in the aerospace industry, catalyst grid
supports in the chemical process industry, and various other high-temperature applications.  

Environmental Considerations — HAYNES 230 alloy has excellent corrosion resistance to both air
and combustion gas oxidizing environments.  It also exhibits excellent nitriding resistance and good resistance
to carburization and hydrogen embrittlement.

Machining — HAYNES 230 alloy has similar machining characteristics to other solid-solution-
strengthened nickel-based alloys.  This group of materials is classified  moderate to difficult to machine,
however, they can be machined using conventional methods at satisfactory rates.  They  work-harden rapidly,
requiring slower speeds and feeds with heavier cuts than would be used for machining stainless steels.  See
HAYNES  publication H-3159 for more detailed information.

Joining — HAYNES 230 alloy has excellent forming and welding characteristics similar to
HASTELLOY® X alloy.  It is readily welded using GTAW (Gas Tungsten-Arc Welding), GMAW (Gas
Metal-Arc Welding), SMAW (Shielded Metal-Arc Welding), and resistance techniques.  HAYNES 230-W™
alloy is the recommended filler metal.

Heat Treatment — This alloy is normally final solution heat-treated between 2150 F and 2275 F.
Annealing during fabrication can be performed at slightly lower temperatures, but a final subsequent solution
heat treatment followed by rapid cooling is needed to produce optimum properties and structure.

Specifications and Properties — Material specifications are shown in Table 6.3.9.0(a). 

Room temperature mechanical and physical properties are shown in Tables 6.3.9.0(b) and (c).

6.3.9.1. Annealed Condition — Elevated temperature mechanical properties are shown in
Figures 6.3.9.1.1(a) and (b).  Typical stress-strain and full-range curves are shown in Figure 6.3.9.1.6(a)
and (b).
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Table 6.3.9.0(b).  Design Mechanical and Physical Properties of HAYNES 230 Alloy Sheet
and Plate

Specification . . . . . . . . . . . AMS 5878

Form . . . . . . . . . . . . . . . . . . Sheet Plate

Condition . . . . . . . . . . . . . . 2250 Anneal 2200 Anneal

Thickness or diameter, in. 0.125 0.400 0.401 to 1.500

Basis . . . . . . . . . . . . . . . . . . A B A B A B

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . . 114 117 115a 120 111 114

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . . 49 53 50 55 48 51

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

     LT . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

Fsu, ksi . . . . . . . . . . . . . . .

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . ... ... ... ... ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . ... ... ... ... ... ...

     (e/D = 2.0) . . . . . . . . . . . ... ... ... ... ... ...

e, percent:

     LT . . . . . . . . . . . . . . . . . 39 42 40 43 39 42

E, 103 ksi . . . . . . . . . . . . . ...

Ec, 103 ksi . . . . . . . . . . . . ...

G, 103 ksi . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.324

C, K, and . . . . . . . . . . . See Figures 6.3.9.0(a),(b), and (c)

a S-basis.  The rounded T99 value for Ftu (L) = 117 ksi.
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Table 6.3.9.0(c).  Design Mechanical and Physical Properties of HAYNES230 Bar
Specification . . . . . . . . . .

Form . . . . . . . . . . . . . . . .

Condition . . . . . . . . . . . . .

Thickness, in. . . . . . . . . .

Basis . . . . . . . . . . . . . . . .

AMS 5891

Bar

2250 Anneal

1.000 1.001 to 2.000 2.001 to 3.000 3.001 to 4.000 4.001 to 5.000 5.001 to 6.000

A B A B A B A B A B A B

Mechanical Properties:

Ftu, ksi: L . . . . . . . . . . . .

Fty, ksi: L . . . . . . . . . . . .

Fcy, ksi . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .

Fbru, ksi:

(e/D = 1.5) . . . . . . . .

(e/D = 2.0) . . . . . . . .

Fbry, ksi:

(e/D = 1.5) . . . . . . . .

(e/D = 2.0) . . . . . . . .

e, percent: L . . . . . . . . .

110

45a

...

...

...

...

...

...

35

118

51

...

...

...

...

...

...

46

110

45a

...

...

...

...

...

...

35

117

51

...

...

...

...

...

...

46

110

45a

...

...

...

...

...

...

35

115

51

...

...

...

...

...

...

46

110

45a

...

...

...

...

...

...

35

114

51

...

...

...

...

...

...

46

109

45a

...

...

...

...

...

...

35

112

51

...

...

...

...

...

...

46

107

45a

...

...

...

...

...

...

35

110

51

...

...

...

...

...

...

46

E, 103 ksi . . . . . . . . . . .

Ec, 103 ksi . . . . . . . . . . .

G, 103 ksi . . . . . . . . . . .

µ . . . . . . . . . . . . . . . . . .

...

...

...

...

Physical Properties:

, lb/in.3 . . . . . . . . . . . .

C, K and . . . . . . . . . . .

0.324

See Figures 6.3.9.0(a), (b), and (c)

a  S-basis.  The rounded T99 values for Fty (L) = 48 ksi.
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Figure 6.3.9.0(a).  Effect of temperature on specific heat of HAYNES 230 alloy.
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Figure 6.3.9.0(b).  Effect of temperature on thermal conductivity of HAYNES 230
alloy.
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Figure 6.3.9.0(c).  Effect of temperature on mean coefficient of thermal expansion
of HAYNES 230 alloy between 70  F and the temperature indicated.
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Figure 6.3.9.1.1(a).  Effect of temperature on tensile properties of Haynes 230
alloy plate.
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Figure 6.3.9.1.4.  Effect of temperature on modulus of Haynes 230 alloy plate.
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Figure 6.3.9.1.1(b).  Effect of temperature on tensile properties of HAYNES 230
alloy bar ranging up to 1.3 inches in diameter.
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Figure 6.3.9.1.6(a).  Effect of temperature on Ramberg-Osgood parameter (n in
tension) of Haynes 230 alloy plate.
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Figure 6.3.9.1.5.  Effect of temperature on elongation of Haynes 230 alloy plate.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

6-103

Strain, 0.001 in./in.
0 1 2 3 4 5 6 7 8

S
tr

e
s
s
, 
k
s
i

0

10

20

30

40

50

60

70

TYPICAL LT

Thickness: 0.050-0.750 in.

Room Temp.

200
o

F

300
o

F

R.T.       18                58
200

o
F     16                53

Ramberg-Osgood   TYS (ksi)

300
o

F     16                50

Figure 6.3.9.1.6(b). Typical tensile stress-strain curves for Haynes 230 plate at room
temperature, 200 F, and 300 F.
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Fig 6.3.9.1.6(c). Typical tensile stress-strain curves for Haynes 230 plate at 400 F,
600 F, and 800 F.
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Figure 6.3.9.1.6(d). Typical tensile stress-strain curves for Haynes 230 plate at
1000 F, 1200 F, and 1400 F.
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Figure 6.3.9.1.6(e). Typical tensile stress-strain curves for Haynes 230 plat at 1600 F,
1700 F, and 1800 F.
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Figure 6.3.9.1.6(f). Full range tensile stress-strain curves for Haynes 230 plate at
room temperature, 200 F, and 300 F.
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Figure 6.3.9.1.6(g). Full range tensile stress-strain curves for Haynes 230 plate at
400 F, 600 F, and 800 F.
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Figure 6.3.9.1.6(h).  Full range tensile stress-strain curves for Haynes 230 plate at
1000 F, 1200 F, and 1400 F.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

6-108

Strain, in./in.
0.0 0.2 0.4 0.6 0.8

S
tr

e
s
s
, 
k
s
i

0

10

20

30

40

50

X

X

X

1600
o
 F

1700
o
 F

1800
o
 F

TYPICAL LT

Thickness: 0.50 to 0.75 inches

Figure 6.3.9.1.6(i).  Full range tensile stress-strain curves for Haynes 230 plate at
1600 F, 1700 F, and 1800 F.
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      Table 6.3.10.0(a).  Material Specifications for
      HAYNES HR-120 Alloy Wrought Products

Specification Form

AMS 5916 Sheet, strip and plate

6.3.10 HAYNES® HR-120®*

6.3.10.0 Comments and Properties — HAYNES HR-120 alloy is a solid-solution
strengthened Fe-Ni-Cr alloy with excellent high temperature strength, very good resistance to carburizing and
sulfiding environments, and readily formed hot or cold.

Environmental Considerations — HAYNES HR-120 alloy has very good sulfide and carburization
resistance.  Oxidation resistance is comparable to other Fe-Ni-Cr materials such as alloys 330 and 800H, yet
with a greater strength at temperatures up to 2000 F.

Machining — This alloy is readily machinable using conventional practices similar to those for 300
series austenitic stainless steels.  Minor adjustments may be required to yield optimum results. See HAYNES
publication H-3125B for more detailed information.

Joining — Welding characteristics are similar to the HASTELLOY® alloys.  The alloy is readily
welded using GTAW (Gas Tungsten-Arc Welding), GMAW (Gas Metal-Arc Welding), and SMAW
(Shielded Metal-Arc Welding) techniques.  HAYNES® 556™ alloy is the recommended filler wire
(AMS5831) for GTAW and GMAW processes.  Multimet® alloy covered electrode (AMS 5795) is
recommended for SMAW processes.  HASTELLOY® X alloy filler wire (AMS 5798) and covered electrode
(AMS 5799) may also be used.

Heat Treatment — This alloy is solution annealed between 2150°F and 2250°F and rapidly cooled.

Specifications and Properties — Material specifications are shown in Table 6.3.10.0(a). 

Room temperature mechanical and physical properties are shown in Table 6.3.10.0(b).  

6.3.10.1 Annealed Condition — Elevated temperature tensile properties are shown in

Figure 6.3.10.1.1(a).  Stress rupture curves are shown in Figures 6.3.10.1.7(a) and (b)
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Table 6.3.10.0(b).  Design Mechanical and Physical Properties of HAYNES HR-120 Alloy
Sheet, Strip and Plate

Specification . . . . . . . . . . . AMS 5916

Form . . . . . . . . . . . . . . . . . . Sheet, Strip, and Plate

Condition . . . . . . . . . . . . . . Annealed

Thickness or diameter, in. >0.015 to 0.749 0.750 to 2.000

Basis . . . . . . . . . . . . . . . . . . A B S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . .
Fbru

b, ksi:
     (e/D = 1.5) . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . .

Fbry
a, ksi:

     (e/D = 1.5) . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . .

e, percent (S-basis):
     LT . . . . . . . . . . . . . . . . .

...
90a

...
40a

...

...

...

...

...

...

...

30

...
101

...
44

...

...

...

...

...

...

...

...

...
90

...
40

...

...

...

...

...

...

...

30

E, 103 ksi . . . . . . . . . . . . . see Figure 6.3.10.0(a)

Ec, 103 ksi . . . . . . . . . . . . ...

G, 103 ksi . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . 0.324

C, K, and . . . . . . . . . . . See Figures 6.3.9.0(b),(c), and (d)

a  S-basis.  The rounded T99 value for Ftu (LT) = 94 ksi, Fty (LT) = 41 ksi
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 6.3.10.0(a).  Effect of temperature on elastic modulus of HAYNES
HR-120 alloy.
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Figure 6.3.10.0(b).  Effect of temperature on specific heat of HAYNES HR-120
alloy.
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Figure 6.3.10.0(c).  Effect of temperature on thermal conductivity of HAYNES HR-120
alloy.
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Figure 6.3.10.0(d).  Effect of temperature on coefficient of thermal expansion of
HAYNES HR-120 alloy.
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Figure 6.3.10.1.1(a).  Effect of temperature on tensile properties of HAYNES HR-120
alloy.
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Figure 6.3.10.1.7(a).  Average isothermal stress rupture curves for HAYNES 
HR-120 alloy for temperatures from 1100 F to 1500 F.
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e Information for Figures 6.3.10.1.7(a) and (b)

Makeup of Data Collection:
Heat Treatment: Annealed
Number of Vendors = 1
Number of Lots = 
Number of Test Laboratories = 1
Number of Tests = 283

Specimen Details:
Type -  0.375 inch thick - Flat 

> 0.375 inch thick - 
0.25 inch rd reduced section

Adjusted Gage Length -
2.6 inches for flat specimens
1.35 inches for rd. specimens

Gage Thickness - 0.125" for flat specimens for
sheets with thickness of 0.125" or greater. 
Sheet thickness for specimens from sheet with
thickness < 0.125".

Stress Rupture Equation:
Log t = c + b1/T + b2X/T + b3X

2/T + b4X
3/T

T = R
X = log (stress, ksi)
c = -16.671
b1 = 49,051
b2 = -8,375.3
b3 = -2,403.7
b4 = 619.59

Analysis Details:
Standard Deviation = 0.598
Standard Error of Estimate = 0.155
Ratio of Between to Within Heat Treatment
Variance = < 0.10 (at spec pt.)
R2 = 96.6%

[Caution: The stress rupture model may
provide unrealistic times to rupture for stresses
beyond those represented above.]
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6.4 COBALT-BASE ALLOYS

6.4.0 GENERAL COMMENTS — The use of cobalt in wrought heat-resistant alloys is usually limited
to additions of cobalt to alloys of other bases.  Very few of the heat-resistant alloys can be considered as
cobalt base, since cobalt is seldom the predominating element.  For airframe applications, some workability
is usually required; the alloys considered in this section are limited to those available in wrought form.

6.4.0.1  Metallurgical Considerations

Composition — The common alloying elements for cobalt are chromium, nickel, carbon, molyb-
denum, and tungsten.  Chromium is added to increase strength and oxidation resistance at very high
temperatures; nickel to increase toughness; carbon to increase the hardness and strength, especially when
combined with chromium and the other carbide formers, molybdenum and tungsten; molybdenum and
tungsten also contribute to solid-solution strengthening.

Vacuum melting is not required for these alloys.  For this reason, the cobalt-base alloys are often
competitively priced with vacuum-melted nickel-base alloys although the price of cobalt is higher than that
of nickel.

Heat Treatment — The cobalt-base alloys are heat treated with conventional equipment and fixtures
such as those used with austenitic stainless steels.  The use of good heat-treating practices is recommended,
although this is not so critical as in the case of the nickel-based alloys.

6.4.0.2 Manufacturing Considerations

Forging — Because these alloys are designed to have very high strength at temperatures near the
forging range, they require the use of heavy forging equipment.  However, the forgeability of these alloys is
good over a fairly wide range of temperatures.  Hot-cold working is neither required nor recommended for
these alloys.

Cold Forming — These alloys, when in the solution-treated condition, have excellent ductility and
are readily cold formed.  Because of their capacity for work hardening, they require higher forming pressures
and frequent anneals.

Machining — These alloys are tough and they work harden rapidly; consequently, heavy-duty vibra-
tion-free machine tools, sharp cutting tools (high-speed steel or carbide tipped), and low cutting speeds are
required.

Welding — The weldability of the cobalt-base alloys is comparable with that of the austenitic
stainless steels.  Welding may be accomplished by all commonly used welding processes.  Large or complex
weldments require stress relief.

Brazing — These alloys can be brazed using the same techniques and precautions applicable to
stainless steels and nickel-base alloys.  Alloys which contain aluminum or titanium require extremely dry,
inert gas atmospheres, very high vacuum or a thin (0.002 to 0.0010 inch thick) nickel plating to prevent
surface oxidation.  It is also necessary to braze the material in the annealed condition and to keep the stresses
low during brazing to avoid embrittlement, especially when brazing with low melting alloys.

6.4.0.3 Special Precautions — If the cobalt-base alloys have not been exposed to neutron
radiation, no special safety precautions in handling are required.  However, neutron irradiation creates a very
dangerous radioactive isotope, cobalt 60, which has a half life of about 5.2 years.  Special precautions must
be employed to protect personnel from the radioactive material.
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Table 6.4.1.0(a).  Material Specifications for L-605 

Specification Form Condition

AMS 5537
AMS 5759

Sheet
Bar and forging

Solution treated (annealed)
Solution treated (annealed)

6.4.1 L-605

6.4.1.0  Comments and Properties — L-605, also known as Haynes Alloy 25, is a corrosion
and heat-resistant cobalt-base alloy used for moderately stressed parts operating between 1000 and 1900 F.
Its applications include gas turbine blades and rotors, combustion chambers, and afterburner parts.  L-605
is not hardenable except by cold working and is usually used in the annealed condition.  It is available in all
the usual mill forms.

L-605 forges moderately well between 1900 F and 2250 F.  In the annealed condition, it has ex-
cellent formability at room temperature; severely formed parts should be annealed at 2225 F for 7 to 10
minutes.  L-605 is difficult to machine.  Its toughness and capacity for work hardening necessitate the use
of sharp tools and low cutting speeds; high-speed steel or carbide cutting tools are recommended.  L-605 can
be fusion or resistance welded or brazed; large or complex fusion weldment should be stress relieved at
1300 F for 2 hours.  This alloy has excellent oxidation resistance up to 1900 F.

Some material specifications for L-605 are shown in Table 6.4.1.0(a).  Room-temperature mechanical
and physical properties are shown in Table 6.4.1.0(b).  The effect of temperature on physical properties is
shown in Figure 6.4.1.0.

6.4.1.1 Solution Treated Condition — Elevated temperature properties for this condition are
shown in Figures 6.4.1.1.1 through 6.4.1.1.5.  A creep nomograph is shown in Figure 6.4.1.1.7.  Stress-
rupture requirements at elevated temperatures are specified in material specifications.  The appropriate
specification should be consulted for detailed requirements.
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Table 6.4.1.0(b).  Design Mechanical and Physical Properties of L-605 

Specification . . . . . . . . . . . . AMS 5537 AMS 5759

Form . . . . . . . . . . . . . . . . . . . Sheet Plate Bar and forging

Condition . . . . . . . . . . . . . . . Solution treated

Thickness, in. . . . . . . . . . . . . 0.010-0.187 0.188-0.375 1.000

Basis . . . . . . . . . . . . . . . . . . . A B S S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . .
Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

Fbry, ksi:
     (e/D = 1.5) . . . . . . . . . . . .
     (e/D = 2.0) . . . . . . . . . . . .

e, percent (S-basis):
     L . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . .

126
130

 57
  55a

 41
 56
 91

186
232

 88
113

...
b

131
135

 62
 60

 45
 61
 95

193
241

 96
123

...

...

...
130

...
 55

...

...
 91

186
232

 88
113

...
45

125
...

 45
...

 42
...

 88

...

...

...

...

30
...

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . .

32.6
32.6
12.6
 0.29

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . .
C, K, and . . . . . . . . . . . .

0.330

0.090 (70-212 F)

See Figure 6.4.1.0

a  S-basis.  The rounded T99 value:  Fty = 56 ksi.
b  30 - 0.020; 35 - 0.021 to 0.032; 40 - 0.033 to 0.043; 45 - 0.043.
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Figure 6.4.1.0.  Effect of temperature on the physical properties of L-605.
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Figure 6.4.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and the
tensile yield strength (Fty) of L-605.
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Figure 6.4.1.1.2.  Effect of temperature on the compressive yield strength (Fcy) and the
shear ultimate strength (Fsu) of L-605.
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Figure 6.4.1.1.3.  Effect of temperature on the bearing ultimate strength (Fbru) and the
bearing yield strength (Fbry) of L-605 sheet.
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Figure 6.4.1.1.4(a).  Effect of temperature on dynamic moduli (E and Ec) of L-605 sheet.
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Figure 6.4.1.1.4(b).  Effect of temperature on the shear modulus (G) of L-605
sheet.

Figure 6.4.1.1.5.  Effect of temperature on the elongation (e) of L-605 
(>0.020 thickness) sheet.
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Figure 6.4.1.1.7.  Typical creep properties of L-605 sheet.
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Correlative Information for Figure 6.4.1.1.7

Equation
Creep Strain, percent:

Temperature (T) = Fahrenheit + 460

Example
Temp., T = 1600 F
Stress,  = 8 ksi
Time, t = 10 hours
Creep Strain,  = 0.091

a This equation should only be used in the same temperature ranges indicated in the nomograph.  Creep strains
computed outside these temperature ranges may yield unreasonable values.
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Table 6.4.2.0(a).  Material Specifications for HS 188

Specification Form Condition

AMS 5608
AMS 5772

Sheet and plate
Bar and forging

Solution treated (annealed)
Solution treated (annealed)

6.4.2 HS 188

6.4.2.0 Comments and Properties — HS 188 is a corrosion- and heat-resistant cobalt-base alloy
used for moderately stressed parts up to 2100 F. The alloy exhibits outstanding oxidation resistance up to
2100 F resulting from the addition of minute amounts of lanthanum to the alloy system.  The alloy exhibits
excellent post-aged ductility after prolonged heating of 1000 hours at temperatures up to 1600 F inclusive.

HS 188 is not hardenable except by cold working and is used in the solution-treated condition.  The alloy
can be forged and welded.  Welding can be accomplished by both manual and automatic welding methods
including electron beam, gas tungsten air, and resistance welding.  Like other cobalt base alloys, machining
is difficult necessitating the use of sharp tools and low cutting speeds; high speed steel or carbide cutting tools
are recommended.  Gas turbine applications include transition ducts, combustion cans, spray bars, flame--
holders, and liners.

Material specifications for HS 188 are presented in Table 6.4.2.0(a). Room-temperature mechanical and
physical properties are shown in Table 6.4.2.0(b).  The effect of temperature on physical properties is shown
in Figure 6.4.2.0.

6.4.2.1 Solution-Treated Condition — Elevated-temperature properties are presented in
Figures 6.4.2.1.1(a) and (b), 6.4.2.1.2, 6.4.2.1.4(a) through (c), and 6.4.2.1.5.  Typical tensile stress-strain
curves at room  temperature are presented in Figure 6.4.2.1.6(a).  Typical compressive stress-strain and
tangent-modulus curves at room and elevated temperatures are presented in Figure 6.4.2.1.6(b). Strain control
fatigue data for bar are presented in Figures 6.4.2.1.8(a) through (d).
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Table 6.4.2.0(b).  Design Mechanical and Physical Properties of HS 188 Sheet

Specification . . . . . . . . . . . . AMS 5608

Form . . . . . . . . . . . . . . . . . . . Sheet

Condition . . . . . . . . . . . . . . . Solution Treated

Thickness, in. . . . . . . . . . . . <0.020 0.020-0.187

Basis . . . . . . . . . . . . . . . . . . . S S

Mechanical Properties:

Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . 125 125

     LT . . . . . . . . . . . . . . . . . . 125 125

Fty, ksi:

     L . . . . . . . . . . . . . . . . . . .  57  57

     LT . . . . . . . . . . . . . . . . . .  55  55

Fcy, ksi:

     L . . . . . . . . . . . . . . . . . . . ... ...

     LT . . . . . . . . . . . . . . . . . .  55  55

Fsu, ksi . . . . . . . . . . . . . . . . 111 111

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . ... ...

     (e/D = 2.0) . . . . . . . . . . . . ... ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . ... ...

     (e/D = 2.0) . . . . . . . . . . . . ... ...

e, percent:
      LT . . . . . . . . . . . . . . . . . . 40 45

E, 103 ksi . . . . . . . . . . . . . . 33.6 

Ec, 103 ksi . . . . . . . . . . . . . 33.6 

G, 103 ksi . . . . . . . . . . . . . . 12.8 

µ . . . . . . . . . . . . . . . . . . . .  0.31

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . 0.324

C, K, and . . . . . . . . . . . . See Figure 6.4.2.0
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Figure 6.4.2.0.  Effect of temperature on the physical properties of HS 188.

Figure 6.4.2.1.1(a).  Effect of temperature on tensile ultimate strength (Ftu) of HS 188
sheet.
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Figure 6.4.2.1.1(b).  Effect of temperature on tensile yield strength (Fty) of HS 188 sheet.

Figure 6.4.2.1.2.  Effect of temperature on compressive yield strength (Fcy) of HS 188
sheet.
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Figure 6.4.2.1.4(a).  Effect of temperature on dynamic moduli (E and Ec) of HS 188.
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Figure 6.4.2.1.4(b).  Effect of temperature on dynamic shear modulus (G) for HS 188.

Figure 6.4.2.1.4(c).  Effect of temperature on Poisson’s ratio (µ) for HS 188.
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Figure 6.4.2.1.5.  Effect of temperature on elongation (e) of HS 188 sheet.
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Figure 6.4.2.1.6(a).  Typical tensile stress-strain curves for HS 188 sheet at room
temperature.
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modulus curves for HS 188 sheet at various temperatures.
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Figure 6.4.2.1.8(a).  Best-fit /N curve, cyclic stress-strain curve, and
mean stress relaxation curve for HS 188 bar, longitudinal orientation at
800 F.
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Correlative Information for Figure 6.4.2.1.8(a)

Product Form/Thickness: Bar, 0.5 inch thick
            diameter

Thermal Mechanical Processing History:
Solution annealed (AMS 5772)

Properties:
TUS, ksi TYS, ksi E, ksi Temp., F

102* 55*   75
29,766 800

Stress-Strain Equations:
Cyclic (Companion Specimens)
Proportional Limit = 60 ksi

( /2) = 109 ( p/2)0.06

Mean Stress Relaxation

Inadequate data at low strain range values

Specimen Details: Uniform gage test section
     0.250 inch diameter

Reference:  3.8.1.1.8

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 800 F
Atmosphere - Air

No. of Heats/Lots: 2

Equivalent Strain Equation:
Log Nf = 1.678 - 0.905 log ( -0.00572)
Std. Error of Est., Log (Life) = 0.00176 (1/ eq)
Standard Deviation, Log (Life) = 0.65
R2  = 82%

Sample Size:   18

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain
ratios and ranges beyond those represented
above.]

* Minimum values from AMS 5772.
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Figure 6.4.2.1.8(b).  Best-fit /N curve and cyclic stress-strain
curve for HS 188 bar, longitudinal orientation at 1200 F.
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Correlative Information for Figure 6.4.2.1.8(b)

Product Form/Thickness: Bar, 1.5 inch thick

Thermal Mechanical Processing History:
  Solution annealed (AMS 5772)

Properties:
TUS, ksi TYS, ksi E, ksi Temp., F

120* 55*     75
20,050 1200

Stress-Strain Equations:
Cyclic (Companion Specimens)
Proportional Limit = 45 ksi

( /2) = 293 ( p/2)0.22

Specimen Details: Uniform gage test section
0.250 inch diameter

Reference:  3.8.1.1.8

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 1200 F
Atmosphere - Air

No. of Heats/Lots: 1

Equivalent Strain Equation:
Log Nf = 1.073 - 0.925 log ( -0.00622)
Std. Error of Est., Log (Life) = 0.00134 (1/ eq)
Standard Deviation, Log(Life) = 0.61
R2  = 91%

Sample Size:   14

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain ratios
and ranges beyond those represented above.]

* Minimum values from AMS 5772.
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Figure 6.4.2.1.8(c).  Best-fit /N curve and cyclic stress-strain curve for 
HS 188 bar, longitudinal orientation at 1600 F.
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Correlative Information for Figure 6.4.2.1.8(c)

Product Form/Thickness:  Bar, 1.5 inch thick

Thermal Mechanical Processing History:
  Solution treated, water quenched (AMS 5772)

Properties:
TUS, ksi TYS, ksi E, ksi Temp., F

120* 55*     75
22,406 1600

Stress-Strain Equations:
Cyclic (Companion Specimens)
Proportional Limit = 36 ksi

( /2) = 81.6 ( p/2)0.094

Specimen Details: Uniform gage test section
0.250 inch diameter

Reference:  3.8.1.1.8

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 1600 F
Atmosphere - Air

No. of Heats/Lots: 1

Equivalent Strain Equation:
Log Nf = 0.011 - 1.343 log ( -0.00283)
Std. Error of Estimate, Log (Life) = 0.116
Standard Deviation, Log(Life) = 0.582
R2  = 96%

Sample Size:   16

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain
ratios and ranges beyond those represented
above.]

* Minimum values from AMS 5772.
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Figure 6.4.2.1.8(d).  Best-fit /N curve and cyclic stress-strain
curve for HS 188 bar, longitudinal orientation at 1800 F.
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Correlative Information for Figure 6.4.2.1.8(d)

Product Form/Thickness:  Bar, 1.5 inch thick

Thermal Mechanical Processing History:
  Solution treated, water quenched (AMS 5772)

Properties:
TUS, ksi TYS, ksi E, ksi Temp., F

120* 55*     75
20,353 1800

Stress-Strain Equations:
Cyclic (Companion Specimens)
Proportional Limit = 23 ksi

( /2) = 66.3 ( p/2)0.12

Specimen Details: Uniform gage test section
0.250 inch diameter

Reference:  3.8.1.1.8

Test Parameters:
Strain Rate/Frequency - 20 cpm
Wave Form - Triangular
Temperature - 1800 F
Atmosphere - Air

No. of Heats/Lots: 1

Equivalent Strain Equation:
Log Nf = 0.047 - 1.317 log ( -0.00239)
Std. Error of Estimate, Log (Life) = 0.0126
Standard Deviation, Log(Life) = 0.063
R2 = 96%

Sample Size:  15

[Caution:  The equivalent strain model may
provide unrealistic life predictions for strain
ratios and ranges beyond those represented
above.]

* Minimum values from AMS 5772.
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CHAPTER 7

Table 7.1.  Miscellaneous Alloys Index

Section Designation

7.2

7.2.1
7.3

7.3.1
7.3.2
7.4

7.4.1
7.4.2
7.5

7.5.1
7.5.2

Beryllium

Standard Grade Beryllium
Copper and Copper Alloys

Manganese Bronzes
Copper Beryllium
Multiphase Alloys

MP35N Alloy
MP159 Alloy
Aluminum Alloy Sheet Laminates

2024-T3 Aramid Fiber Reinforced Sheet Laminate
7475-T761 Aramid Fiber Reinforced Sheet Laminate

MISCELLANEOUS ALLOYS AND HYBRID MATERIALS

7.1 GENERAL

This chapter contains the engineering properties and related characteristics of miscellaneous alloys
and hybrid materials.  In addition to the usual properties, some characteristics relating to the special uses of
these alloys are described.  For example, the electrical conductivity is reported for the bronzes and
information is included on toxicity of particles of beryllium and its compounds, such as beryllium oxide.

The organization of this chapter is in sections by base metal and subdivided as shown in Table 7.1.

7.2 BERYLLIUM

7.2.0 GENERAL

This section contains the engineering properties and related characteristics of beryllium used in
aerospace structural applications.  Beryllium is a lightweight, high modulus, moderate temperature capability
metal that is used for specific aerospace applications.  Structural designs utilizing beryllium sheet should
allow for anisotropy, particularly the very low short transverse properties.  Additional information on the
fabrication of beryllium may be found in References 7.2.0(a) through (i).

7.2.1 STANDARD GRADE BERYLLIUM

7.2.1.0 Comments and Properties — Standard grade beryllium bars, rods, tubing, and
machined shapes are produced from vacuum hot-pressed powder with 1½ percent maximum beryllium oxide
content.  These products are also available in numerous other compositions for special purposes but are not
covered in this document.  Sheet and plate are fabricated from vacuum hot-pressed powder with 2 percent
maximum beryllium oxide content.
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Table 7.2.1.0(a).  Material Specifications for Standard Grade Beryllium

Specification Form

AMS 7906
AMS 7902

Bar, rod, tubing, and mechanical shapes
Sheet and plate

7.2.1.1 Manufacturing Considerations

Hot Shaping — Beryllium hot-pressed block can be forged and rolled but requires temperatures of
700 F and higher because of brittleness.  A temperature range of 1000 F to 1400 F is recommended.  Hot
shaping procedures are given in more detail in Reference 7.2.0(b).

Forming — Beryllium sheet should be formed at 1300 F to 1350 F, holding at temperature no more
than 1.5 hours, for minimum springback.  Forming above 1450 F will result in a reduction in strength.

Machining — Carbide tools are most often used in machining beryllium.  Mechanical metal removal
techniques generally cause microcracks and metallographic twins.  Finishing cuts are usually 0.002 to 0.005
inch in depth to minimize surface damage.  Although most machining operations are performed without
coolant, to avoid contamination of the chips, the use of coolant can reduce the depth of damage and give
longer tool life.  See Reference 7.2.0(c) for more information.  Finish machining should be followed by
chemical etching at least 0.002-inch from the surface to remove machining damage.  See References 7.2.0(h)
and (i).  A combination of 1350 F stress relief followed by an 0.0005-inch etch may be necessary for close-
tolerance parts.  Damage-free metal removal techniques include chemical milling and electrochemical
machining.  The drilling of sheet may lead to delamination and breakout unless the drillhead is of the
controlled torque type and the drills are carbide burr type.

Joining — Parts may be joined mechanically by riveting, but only by squeeze riveting to avoid
damage to the beryllium, by bolting, threading, or by press fitting specifically designed to avoid damage.
Parts also may be joined by brazing, soldering, braze welding, adhesive bonding, and diffusion bonding.
Fusion welding is not recommended.  Brazing may be accomplished with zinc, aluminum-silicon, or silver-
base filler metals.  Many elements, including copper, may cause embrittlement when used as brazing filler
metals.  However, specific manufacturing techniques have been developed by various beryllium fabricators
to use many of the common braze materials.  For each method of joining specific detailed procedures must
be followed, Reference 7.2.0(f).

Surface Treatment — A surface treatment such as chemical etching to remove the machined surface
of metal is recommended to ensure the specified properties.  All design allowables herein represent material
so treated.  This surface treatment is especially important when beryllium is to be mechanically joined.
References 7.2.0(d), (h), and (i) contain information on etching solutions and procedures.

Toxicity Hazard — Particles of beryllium and its compounds, such as beryllium oxide, are toxic, so
special precautions to prevent inhalation must be taken.  References 7.2.1.1(a) through (e) outline the hazard
and methods to control it.

Specifications and Properties — Material specifications for standard grade beryllium are presented
in Table 7.2.1.0(a).

Room-temperature mechanical and physical properties are shown in Tables 7.2.1.0(b) and (c).  Notch
tensile test data are available in Reference 7.2.1.1(g).  The effect of temperature on physical properties is
shown in Figure 7.2.1.0.
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7.2.1.1 Hot-Pressed Condition — The effect of temperature on the mechanical properties of
hot-pressed beryllium is presented in Figures 7.2.1.1.1 and 7.2.1.1.4.
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Table 7.2.1.0(b).  Design Mechanical and Physical Properties of Beryllium Bar, Rod,
Tubing, and Mechanical Shapes

Specification . . . . . . . . . . . . . . . . . . . . AMS 7906

Form . . . . . . . . . . . . . . . . . . . . . . . . . . Bar, rod, tubing, and machined shapes

Condition . . . . . . . . . . . . . . . . . . . . . . . Hot pressed (ground and etched)

Thickness or diameter, in. . . . . . . . . . . ...

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . .

E, 103 ksi . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . .

47
47

35
35

...

...

...

...

...

...

...

 2
 2
42
42
20
 0.10

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . . .
0.067

See Figure 7.2.1.0
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Table 7.2.1.0(c).  Design Mechanical and Physical Properties of Beryllium Sheet and
Plate

Specification . . . . . . . . . . . . . . . . . . . AMS 7902

Form . . . . . . . . . . . . . . . . . . . . . . . . . Sheet Plate

Condition . . . . . . . . . . . . . . . . . . . . . . Stress relieved (ground and etched)

Thickness or diameter, in. . . . . . . . . . 0.020-0.250 0.251-0.450 0.451-0.600 0.601

Basis . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

70
70

50
50

...

...

...

...

...

...

...

10
10

65
65

45
45

...

...

...

...

...

...

...

 4
 4

60
60

40
40

...

...

...

...

...

...

...

 3
 3

40
40

30
30

...

...

...

...

...

...

...

 1
 1

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

42.5
42.5
20.0

0.10 (L and LT)

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, K, and  . . . . . . . . . . . . . . . . . .
0.067

See Figure 7.2.1.0
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Figure 7.2.1.1.1.  Effect of temperature on the tensile ultimate strength (Ftu) and tensile
yield strength (Fty) of hot-pressed beryllium bar, rod, tubing, and machined shapes.
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Figure 7.2.1.0.  Effect of temperature on the physical properties of beryllium (2%
maximum BeO).
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Figure 7.2.1.1.4.  Effect of temperature on the tensile and compressive moduli (E and Ec)
of hot-pressed beryllium bar, rod, tubing, and machined shapes.
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7.3 COPPER AND COPPER ALLOYS

7.3.0 GENERAL

The properties of major significance in designing with copper and copper alloys are electrical and
thermal conductivity, corrosion resistance, and good bearing qualities (antigalling).  Copper and copper alloys
are non-magnetic and can be readily joined by welding, brazing and soldering.  The use of copper alloys is
usually predicated upon two or more of the above properties plus the ease of casting and hot and cold working
into desirable shapes.

The thermally unstable range for copper and copper alloys generally begins somewhat above room
temperature (150 F).  Creep, stress relaxation and diminishing stress rupture strength are factors of concern
above 150 F.  Copper alloys frequently are used at temperatures up to 480 F. The range between 480 F and
750 F is considered very high for copper alloys, since copper and many of its alloys begin to oxidize slightly
above 350 F and protection may be required.  Bronzes containing Al, Si, and Be oxidize to a lesser extent
than the red copper alloys.  Precipitation hardened alloys such as copper beryllium retain strength up to their
aging temperatures of 500 F to 750 F.

Copper alloys used for bearing and wear resistance applications include, in the order of their
increasing strength and load-carrying capacity, copper-tin-lead, copper-tin, silicon bronze, manganese bronze,
aluminum bronze, and copper beryllium.  Copper beryllium and manganese bronzes are included in
MIL-HDBK-5.

Copper-base bearing alloys are readily cast by a number of techniques: statically sand cast, cen-
trifugally cast into tubular shapes, and continuously cast into various shapes.  Tin bronze, sometimes called
phosphor bronze because phosphorous is used to deoxidize the melt and improve castability, is a low-strength
alloy.  It is generally supplied as a static (sand) casting or centrifugal casting (tubular shapes from rotating
graphite molds).  Manganese bronze is considerably stronger than tin bronze, is easily cast in the foundry,
has good toughness and is not heat treated.  Aluminum bronze alloys, especially those with nickel, silicon,
and manganese over 2 percent, respond to heat treatment, resulting in greater strength, and higher galling and
fatigue limits than manganese bronze.  Aluminum bronze is used in the static and centrifugal cast form or
parts may be machined from wrought rod and bar stock.  Copper beryllium is the highest strength copper-base
bearing material, due to its response to precipitation hardening.  Copper beryllium is also available in static
and centrifugal cast form but is generally used as wrought shapes, such as extrusions, forgings, and mill
shapes.

Copper beryllium, because of its high strength, is also useful as a spring material.  In this application
its high elastic limit, high fatigue strength as well as good electrical conductivity are significant.  Copper
beryllium resists softening up to 500 F, which is higher than other common copper alloys.  Copper beryllium
springs are usually fabricated from strip or wire.  Consult References 7.3.0(a) through (c) for more
information.
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Specification Form

AMS 4860
AMS 4862

Casting
Casting

Table 7.3.1.0(a).  Material Specifications for
Manganese Bronzes

Copper Alloy UNS No.
CDA Alloy

No.
Former QQ-C-390

Alloy No.

C86300
C86500

863
865

C7
C3

   Table 7.3.1.0(b).  Cross Index

7.3.1 MANGANESE BRONZES

7.3.1.0 Comments and Properties — The manganese bronzes are also known as the high-
strength yellow brasses and leaded high-strength yellow brasses.  These alloys contain zinc as the principal
alloying element with smaller amounts of iron, aluminum, manganese, nickel, and lead present.  These
bronzes are easily cast.

Some material specifications for manganese bronzes are presented in Table 7.3.1.0(a).  A cross index
to CDA and former QQ-C-390 designations is presented in Table 7.3.1.0(b).  Room-temperature mechanical
properties are shown in Tables 7.3.1.0(c) and (d).
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Table 7.3.1.0(c).  Design Mechanical and Physical Properties of C86500 Manganese Bronze

Specification . . . . . . . . . . . . . . . . . . . . . AMS 4860

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sand and centrifugal casting

Condition . . . . . . . . . . . . . . . . . . . . . . . . As cast

Location within casting . . . . . . . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . 65a

Fty, ksi . . . . . . . . . . . . . . . . . . . . . . . . . 25a

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . . . . ...

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . ...

e, percent . . . . . . . . . . . . . . . . . . . . . . . 20a

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . 15.0

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . ...

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . 0.301

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . 0.09 (at 68 F)

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . 50 (at 68 F)

, 10-6 in./in/ F . . . . . . . . . . . . . . . . . . 11.3 (68 to 212 F)

   Electrical conductivity, % IACS . . . . . 22.0

a  When specified, conformance to tensile property requirements is determined by testing specimens cut from casting.
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Table 7.3.1.0(d).  Design Mechanical and Physical Properties of C86300 Manganese Bronze

Specification . . . . . . . . . . . . . . . . . . . . . . . . AMS 4862

Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Sand and centrifugal casting

Condition . . . . . . . . . . . . . . . . . . . . . . . . . . . As cast

Location within casting . . . . . . . . . . . . . . . . Any area

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . S

Mechanical Properties:

Ftu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110a

Fty, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60a

Fcy, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Fbru, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . ...

Fbry, ksi:

     (e/D = 1.5) . . . . . . . . . . . . . . . . . . . . . . . . ...

     (e/D = 2.0) . . . . . . . . . . . . . . . . . . . . . . . . ...

e, percent . . . . . . . . . . . . . . . . . . . . . . . . . . 12a

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . 14.2

Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . ...

G, 103 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . ...

µ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...

Physical Properties:

, lb/in.3 . . . . . . . . . . . . . . . . . . . . . . . . . . 0.283

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . . . . . . 0.09 (at 68 F)

K, Btu/[(hr)(ft2)( F)/ft] . . . . . . . . . . . . . . . 20.5 (at 68 F)

, 10-6 in./in/ F . . . . . . . . . . . . . . . . . . . . . 12.0 (68 to 500 F)

   Electrical conductivity, % IACS . . . . . . . . 8.0

a  When specified, conformance to tensile property requirements is determined by testing specimens cut from casting.
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Table 7.3.2.0(a).  Cross-Index to Previous and Current Temper
Designations for C17200 Copper Beryllium

Previous Temper Current ASTM Temper

A
AT
¼H

¼HT
½H

½HT
H

HT

TB00
TF00
TD01
TH01
TD02
TH02
TD04
TH04

7.3.2 COPPER BERYLLIUM

7.3.2.0 Comments and Properties — Copper beryllium refers to a family of copper-base
alloys containing beryllium and cobalt or nickel which cause the alloys to be precipitation hardenable.  Data
for only one high-strength alloy, designated C17200, which contains 1.90 percent (nominal) beryllium, are
presented in this section.  This alloy is suitable for parts requiring high strength, good wear, and corrosion
resistance.  Alloy C17200 is available in the form of rod, bar, shapes, mechanical tubing, strip, and casting.

Manufacturing Considerations — The heat treatable tempers of rod and bar are designated TB00
(AMS 4650) for solution-treated or TD04 (AMS 4651) for solution-treated plus cold worked conditions.
After fabrication operations, the material may be strengthened by precipitation heat treatment (aging).  Rod
and bar are also available from the mill in the TF00 (AMS 4533) and TH04 (AMS 4534) conditions.
Mechanical tubing is available from the mill in TF00 (AMS 4535) condition.  Machining operations on rod,
bar, and tubing are usually performed on material in the TF00 or (TH04) conditions.  This eliminates the
volumetric shrinkage of 0.02 percent, which occurs during precipitation hardening, as a factor in maintaining
final dimensional tolerances.  This material has good machinability in all conditions.

Strip is also available in the heat treatable condition.  Parts are stamped or formed in a heat treatable
temper and subsequently precipitation heat treated.  For strip, the heat treatable tempers are designated TB00
(AMS 4530, ASTM B194), TD01 (ASTM B194), TD02 (AMS 4532, ASTM B194), and TD04 (ASTM
B194), indicating a progressively greater amount of cold work by the mill.  When parts produced from these
tempers are precipitation heat treated by the user, the designations become TF00, TH01, TH02, and TH04,
respectively.  Strip is also available from the mill for the hardened conditions.  Design values for these
conditions are not included.

Environmental Considerations — The copper beryllium alloys have good corrosion resistance and
are not susceptible to hydrogen embrittlement.  The maximum service temperature for C17200 copper
beryllium products is 500 F for up to 100 hours.

Specifications and Properties — A cross-index to previous and current temper designations for
C17200 alloy is presented in Table 7.3.2.0(a).

Material specifications for alloy C17200 are presented in Table 7.3.2.0(b).  Room-temperature
mechanical properties are shown in Tables 7.3.2.0(c) through (g).  The effect of temperature on physical
properties is depicted in Figure 7.3.2.0.
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Table 7.3.2.0(b).  Material Specifications for C17200 Copper Beryllium
Alloy

Specification Form

ASTM B194
AMS 4530a

AMS 4532a

AMS 4650
AMS 4533
AMS 4535
AMS 4651
AMS 4534

Strip (TB00, TD01, TD02, TD04)
Strip (TB00)
Strip (TD02)
Bar, rod, shapes, and forgings (TB00)
Bar and rod (TF00)
Mechanical tubing (TF00)
Bar and rod (TD04)
Bar and rod (TH04)

a   Noncurrent specification.

The temper index for C17200 alloy is as follows:

Section Temper
7.3.2.1   TF00
7.3.2.2   TH04

7.3.2.1 TF00 Temper — Typical tensile and compressive stress-strain and tangent-modulus
curves are presented in Figures 7.3.2.1.6(a) and (b).

7.3.2.2 TH04 Temper — Typical tensile and compressive stress-strain and tangent-modulus
curves are presented in Figure 7.3.2.2.6.
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Table 7.3.2.0(c).  Design Mechanical and Physical Properties of Copper Beryllium Strip

Specification . . . . . . . . . . . . . . . . .
ASTM B194
AMS 4530a

ASTM B194 ASTM B194
AMS 4532a

ASTM B194

Form . . . . . . . . . . . . . . . . . . . . . . . . Strip

Condition . . . . . . . . . . . . . . . . . . . . TF00 TH01 TH02 TH04

Thickness, in. . . . . . . . . . . . . . . . . . 0.188 0.188 0.188 0.188

Basis . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fcy
b, ksi: (Estimate)
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . .

Fsu
b, ksi (Estimate) . . . . . . . . . . . .

Fbru
b, ksi: (Estimate)

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

Fbry
b, ksi: (Estimate)

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .

165
...

140
...

140
140
 90

214
280

196
210

  3

175
...

150
...

150
150
 90

227
297

210
225

  2.5

185
...

160
...

160
160
 92

240
314

224
240

  1

190
...

165
...

165
165
 95

247
323

231
247

  1

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

18.5
...

 7.3 
 0.27

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . .
0.298

See Figure 7.3.2.0 for TF00 temper

a  Noncurrent specification. 
b  These properties do not represent values derived from tests, but are estimates.
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Table 7.3.2.0(d).  Design Mechanical and Physical Properties of C17200 Copper
Beryllium Rod and Bar

Specification . . . . . . . . . . . . . AMS 4650 and AMS 4533

Form . . . . . . . . . . . . . . . . . . . . Rod and bar

Condition . . . . . . . . . . . . . . . . TF00

Thickness, in. . . . . . . . . . . . . . 1.500 1.501-2.000 2.001-3.000 3.001-3.500 3.501-4.000

Basis . . . . . . . . . . . . . . . . . . . . S S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . .

165
...

140
...

150
...
...

226
290

200
225

  4b

165
158

140
137

149
142
 94

226
290

200
225

  4b

165
158

140
137

145
142
 94

226
290

200
225

  4b

165
158

140
137

143
142
 94

226
290

200
225

  3

165
158

140
137

139
142
 94

226
290

200
225

  3

E, 103 ksi . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . .

18.5
18.7
 7.3 
 0.27

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . .
0.298

See Figure 7.3.2.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
b  AMS 4650 specifies e = 3 percent.
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Table 7.3.2.0(e).  Design Mechanical and Physical Properties of C17200 Copper
Beryllium Rod and Bar

Specification . . . . . . . . . . . . . . . . . . AMS 4651

Form . . . . . . . . . . . . . . . . . . . . . . . . . Rod and bar

Condition . . . . . . . . . . . . . . . . . . . . . TH04

Thickness, in. . . . . . . . . . . . . . . . . . . 0.375 0.376-1.000 1.001-1.500 1.501-2.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . . .

185
...

145
...

...

...

...

...

...

...

...

  1

180
...

145
...

148
...

 89

242
306

207
225

  1

175
...

145
...

148
...

 90

235
298

207
225

  2

175
169

145
140

148
154
 93

235
298

207
225

  2

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . .

18.5
18.7
 7.3 
 0.27

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . . .
0.298

...

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 7.3.4.0(f).  Design Mechanical and Physical Properties of C17200 Copper
Beryllium Rod and Bar

Specification . . . . . . . AMS 4534

Form . . . . . . . . . . . . . . Rod and bar

Condition . . . . . . . . . . TH04

Thickness, in. . . . . . . .
0.375 0.376-

0.999
1.000-
1.499

1.500-
1.999

2.000-
2.499

2.500-
3.000

Basis . . . . . . . . . . . . . . A B A B A B A B A B A B

Mechanical Properties:
Ftu, ksi:
L . . . . . . . . . . . . . .
ST . . . . . . . . . . . .
Fty, ksi:
L . . . . . . . . . . . . . .
ST . . . . . . . . . . . .
Fcy, ksi:
L . . . . . . . . . . . . . .
ST . . . . . . . . . . . .
Fsu, ksi . . . . . . . . .
Fbru

b, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .
Fbry

b, ksi:
(e/D = 1.5) . . . . . .
(e/D = 2.0) . . . . . .
e, percent (S-basis):
L . . . . . . . . . . . . . .

182
...

157
...

...

...

...

...

...

...

...

 3

188
...

165
...

...

...

...

...

...

...

...

...

180
...

154
...

157
...

 89

242
306

220
239

  3

186
...

162
...

166
...

 92

250
317

231
251

...

177a

...

150a

...

153
...

 91

238
302

214
233

  3

184
...

162
...

164
...

 95

247
313

228
248

...

177
167

150
145

153
160
 94

238
302

214
233

  3

183
173

158
153

162
168
 97

246
312

226
245

...

175
168

147
142

150
156
 95

235
298

210
228

  3

181
174

155
150

158
165
 98

243
308

221
240

...

172
167

145
140

148
154
 94

231
293

207
225

  3

178
173

152
147

155
162
 96

239
303

217
236

...

E, 103 ksi . . . . . . .
Ec, 103 ksi . . . . . . .
G, 103 ksi . . . . . . .
µ . . . . . . . . . . . . . .

18.5
18.7
 7.3 
 0.27

Physical Properties:
, lb/in.3 . . . . . . . .

C, K, and . . . . . .
0.298

...

a  S-basis.  A values are Ftu(L) = 178 ksi and Fty = 152 ksi.
b  Bearing values are “dry pin” values per Section 1.4.7.1.
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Table 7.3.2.0(g).  Design Mechanical and Physical Properties of C17200 Copper
Beryllium  Mechanical Tubing

Specification . . . . . . . . . . . . . . . . . . AMS 4535

Form . . . . . . . . . . . . . . . . . . . . . . . . . Mechanical tubing

Condition . . . . . . . . . . . . . . . . . . . . . TF00

Outside Diameter, in. . . . . . . . . . . . . 2.499 2.500-12.000

Wall Thickness, in. . . . . . . . . . . . . . . 0.749 0.750-2.000

Basis . . . . . . . . . . . . . . . . . . . . . . . . . A B A B

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .
Fbru

a, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

Fbry
a, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . . . . . . . . .

161
...

126
...

134
...

 92

228
287

183
206

  3

167
...

136
...

145
...

 95

237
298

197
222

...

161
157

126
124

134
135
 92

228
287

183
206

  3

167
163

136
134

145
146
 95

237
298

197
222

...

E, 103 ksi . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . .

18.5
18.7
 7.3 
 0.27

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . .
0.298

See Figure 7.3.4.0

a  Bearing values are “dry pin” values per Section 1.4.7.1.
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Figure 7.3.2.0.  Effect of temperature on the physical properties of copper beryllium
(TF00).

0

40

80

120

160

200

S
tr

e
s
s
, 
k
s
i

0 4 8 12 16 20 24

.

Compressive Tangent Modulus, 10
3
 ksi

Strain, 0.001 in./in.

TYPICAL

Ramberg-Osgood

n (L - tension) = 11
n (ST - tension) = 9.6
n (L - comp.) = 7.1
n (ST - comp.) = 6.7

Thickness: 1.625 - 4.000 in.

L and ST - tension

L and ST - compression

Figure 7.3.2.1.6(a).  Typical tensile and compressive stress-strain and compressive
tangent-modulus  curves for C17200 copper beryllium bar and rod in TF00 temper.
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Figure 7.3.2.2.6.  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves  for C17200 copper beryllium bar and rod in TH04 temper.

Figure 7.3.2.1.6(b).  Typical tensile and compressive stress-strain and compressive
tangent-modulus curves for C17200 copper beryllium mechanical tubing in TF00
temper.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

7-21

Table 7.4.1.0(a).  Material Specifications for MP35N Alloy

Specification Form

AMS 5844
AMS 5845

Bar (solution treated, and cold drawn)
Bar (solution treated, cold drawn and aged)

7.4 MULTIPHASE ALLOYS

7.4.0 GENERAL

This section contains the engineering properties of the “Multiphase” alloys.  These alloys, based on
the quaternary of cobalt, nickel, chromium, and molybdenum, can be work-strengthened and aged to ultrahigh
strengths with good ductility and corrosion resistance.

7.4.1 MP35N ALLOY

7.4.1.0  Comments and Properties — MP35N is a vacuum induction, vacuum arc remelted
alloy which can be work-strengthened and aged to ultrahigh strengths.  This alloy is suitable for parts
requiring ultrahigh strength, good ductility and excellent corrosion and oxidation resistance up to 700 F.

Manufacturing Considerations — The work hardening characteristics of MP35N are similar to 304
stainless steel.  Drawing, swaging, rolling, and shear forming are excellent deforming methods for work
strengthening the alloy.  The machinability of MP35N is similar to the nickel-base alloys.

Environmental Considerations — MP35N has excellent corrosion, crevice corrosion and stress corro-
sion resistance in seawater.  Due to the passivity of MP35N, a galvanically active coating, such as aluminum
or cadmium, may be required to prevent galvanic corrosion of aluminum joints.  Initial tests have indicated
that MP35N does not appear to be susceptible to hydrogen embrittlement.

Short time exposure to temperatures above 700 F causes a decrease in ductility (elongation and
reduction of area) at temperature.  Mechanical properties at room temperature are not affected significantly
by unstressed exposure to temperatures up to 50 degrees below the aging temperature (1000 to 2000 F) for
up to 100 hours.

Heat Treatment — After work strengthening, MP35N is aged at 1000 to 1200 F for 4 to 4½ hours
and air cooled.

Material specifications for MP35N are presented in Table 7.4.1.0(a).  The room-temperature
mechanical and physical properties for MP35N are presented in Tables 7.4.1.0(b) and (c).  The effect of tem-
perature on physical properties is shown in Figure 7.4.1.0.

7.4.1.1 Cold Worked and Aged Condition — Elevated temperature curves for various
mechanical properties are shown in Figures 7.4.1.1.1, 7.4.1.1.4 (a) and (b), and 7.4.1.1.5.  Typical tensile
stress-strain curves at room and elevated temperatures are shown in Figure 7.4.1.1.6.
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Table 7.4.1.0(b).  Design Mechanical and Physical Properties of MP35N Alloy Bar

Specification . . . . . . . . . . . . . . . . . . . . AMS 5845

Form . . . . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . . . . . Solution treated, cold drawn, and aged

Diameter, in.a . . . . . . . . . . . . . . . . . . . .
0.800 0.801-

1.000
1.001-
1.750

Basis . . . . . . . . . . . . . . . . . . . . . . . . . . A B S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . . . .

e, percent (S basis):
L . . . . . . . . . . . . . . . . . . . . . . . . . .

RA, percent (S basis):
L . . . . . . . . . . . . . . . . . . . . . . . . . .

260b

...

230c

...

...

...
145

...

...

...

...

  8

 35

275
...

266
...

...

...
147

...

...

...

...

...

...

260
...

230
...

...

...
145

...

...

...

...

  8

 35

260
...

230
...

...

...

...

...

...

...

...

  8

 35

E, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . . . .

34.0
...

11.7
...

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . . . .

C, Btu/(lb)( F) . . . . . . . . . . . . . . . . .
K and  . . . . . . . . . . . . . . . . . . . . . . .

0.304
0.18 (32 to 70 F)
See Figure 7.4.1.0

a  Tensile specimens are located at T/2 location for bars 0.800 inch and under in diameter or distance between parallel
sides
    and at T/4 location of larger size bars.  The strength of bar, especially large diameter, may vary significantly from center
    to surface; consequently, caution should be exercised in machining parts from bars over 0.800 inch in diameter since
    strengths may be lower than design values depending on depth of material removed from surface.
b  The T99 value of 266 ksi is higher than specification minimum.
c  The T99 value of 256 ksi is higher than specification minimum.
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Table 7.4.1.0(c).  Design Mechanical and Physical Properties of MP35N Alloy Bar

Specification ...................................... AMS 5844

Form .................................................. Bar

Condition ........................................... Solution treated and cold drawn

Diameter, in.a ..................................... 1.000 1.001-1.750

Basis .................................................. S S

Mechanical Properties:
Ftu, ksi:

L ..................................................
LT ...............................................

Fty, ksi:
L ..................................................
LT ...............................................

Fcy, ksi:
L ..................................................
LT ...............................................

Fsu, ksi .............................................
Fbru, ksi:

(e/D = 1.5) ..................................
(e/D = 2.0) ..................................

Fbry, ksi:
(e/D = 1.5) ..................................
(e/D = 2.0) ..................................

e, percent:
L ..................................................

RA, percent:
L ..................................................

260
...

230
...

...

...
145

...

...

...

...

  8

 35

260
...

230
...

...

...

...

...

...

...

...

  8

 35

E, 103 ksi ........................................
Ec, 103 ksi ......................................
G, 103 ksi ........................................
µ .......................................................

34.0
...

11.7
...

Physical Properties:
, lb/in.3 ..........................................

C, Btu/(lb)( F) ..................................
K and  ...........................................

0.304
0.18 (32 to 70 F)
See Figure 7.4.1.0

a  Tensile specimens are located at T/2 location for bars 0.800 inch and under in diameter or distance between parallel sides 
    and at T/4 location for larger size bars.  The strength of bar, especially large diameter may vary significantly from center
    to surface; consequently, caution should be exercised in machining parts from bars over 0.800 inch in diameter since 
    strengths may be lower than design values depending on depth of material removed from surface.
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Figure 7.4.1.0.  Effect of temperature on the physical properties of MP35N
alloy.

Figure 7.4.1.1.1.  Effect of temperature on the tensile ultimate strength
(Ftu) and the tensile yield strength (Fty) of cold worked and aged MP35N
bar, Ftu = 260 ksi.
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Figure 7.4.1.1.4(a).  Effect of temperature on the dynamic tensile modulus (E)
of MP35N alloy bar.

Figure 7.4.1.1.4(b).  Effect of temperature on the dynamic shear modulus (G)
of MP35N alloy bar.
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Figure 7.4.1.1.6.  Typical tensile stress-strain curves at room and elevated
temperatures for cold worked and aged MP35N bar, Ftu = 260 ksi.

Figure 7.4.1.1.5.  Effect of temperature on the elongation (e) of cold worked and
aged MP35N bar, Ftu = 260 ksi.
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Table 7.4.2.0(a).  Material Specifications for MP159 Alloy

Specification Form

AMS 5842
AMS 5843

Bar (solution treated and cold drawn)
Bar (solution treated, cold drawn, and aged)

7.4.2 MP159 ALLOY

7.4.2.0 Comments and Properties — MP159 is a vacuum induction, vacuum arc remelted
alloy, based on cobalt, nickel, chromium, iron, and molybdenum, which can be work-strengthened and aged
to ultrahigh strength.  This alloy is suitable for parts requiring ultrahigh strength, good ductility, and excellent
corrosion and oxidation resistance up to 1100 F.  The alloy maintains its ultrahigh strength very well at
temperatures up to 1100 F.

Manufacturing Considerations — The work hardening characteristics of MP159 are similar to
MP35N and 304 stainless steel.  Drawing, swaging, rolling, and shear forming are excellent deforming
methods for work strengthening the alloy.  The machinability of MP159 is similar to MP35N and the nickel-
base alloys.

Environmental Considerations — MP159 has excellent corrosion, crevice corrosion, and stress cor-
rosion resistance in various hostile environments.  Due to the passivity of MP159, a galvanically active
coating, such as aluminum or cadmium, may be required to prevent galvanic corrosion of aluminum joints.
Initial tests have indicated that MP159 does not appear to be susceptible to hydrogen embrittlement.

Heat Treatment — After work strengthening, MP159 is aged at 1200 to 1250 F ± 25 F for 4 to 4½
hours and air cooled.

Material specifications for MP159 are presented in Table 7.4.2.0(a).  The room temperature
mechanical and physical properties for MP159 are presented in Tables 7.4.2.0(b) and (c).  The effect of
temperature on thermal expansion is shown in Figure 7.4.2.0.

7.4.2.1 Cold Worked and Aged Condition — The effect of temperature on tension modulus
of elasticity and shear modulus is presented in Figure 7.4.2.1.4.  A typical stress-strain curve at room
temperature is shown in Figure 7.4.2.1.6.
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Table 7.4.2.0(b).  Design Mechanical and Physical Properties of MP159 Alloy Bar

Specification . . . . . . . . . . AMS 5843

Form . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . Solution treated, cold drawn, and aged

Diameter, in.a . . . . . . . . . . 0.500 0.501-0.800 0.801-1.750

Basis . . . . . . . . . . . . . . . . A B A B S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . .
(e/D = 2.0) . . . . . . . .

e, percent (S basis):
L . . . . . . . . . . . . . . . .

RA, percent (S basis):
L . . . . . . . . . . . . . . . .

260b

...

250c

...

...

...
131

...

...

...

...

  6

 32

269
...

262
...

...

...
144

...

...

...

...

...

...

260b

...

250c

...

...

...

...

...

...

...

...

  6

 32

269
...

262
...

...

...

...

...

...

...

...

...

...

260
...

250
...

...

...

...

...

...

...

...

  6

 32

E, 103 ksi . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . .

35.3
...

11.3
0.37 (solution treated condition)

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C and K . . . . . . . . . . . .
, 10-6 in./in./ F . . . . . .

0.302
...

See Figure 7.4.2.0

a  Tensile specimens are located at T/2 location for bars 0.800 inch and under in diameter or distance between parallel sides
    and at T/4 location for larger size bars.  The strength of bar, especially large diameter, may vary machining parts from
    bars over 0.800-inch in diameter since strengths may be lower than design values depending on depth of material
    removed from surface.
b  S-Basis.  The rounded T99 value of 265 ksi is higher than specification minimum.
c  S-Basis.  The rounded T99 value of 253 ksi is higher than specification minimum.
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Table 7.4.2.0(c).  Design Mechanical and Physical Properties of MP159 Alloy Bar

Specification . . . . . . . . . . . . . . . . . . AMS 5842

Form . . . . . . . . . . . . . . . . . . . . . . . . Bar

Condition . . . . . . . . . . . . . . . . . . . . . Solution treated, cold drawn, and aged

Diameter, in.a . . . . . . . . . . . . . . . . . . 0.500 0.501-1.750

Basis . . . . . . . . . . . . . . . . . . . . . . . . S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . . . . . . . .

e, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .

RA, percent:
L . . . . . . . . . . . . . . . . . . . . . . . .

260
...

250
...

...

...
131

...

...

...

...

  6

 32

260
...

250
...

...

...

...

...

...

...

...

  6

 32

E, 103 ksi . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . . . . . . . .

35.3
...

11.3
0.37 (solution treated condition)

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C and K . . . . . . . . . . . . . . . . . . . .
, 10-6 in./in./ F . . . . . . . . . . . . . .

0.302
...

See Figure 7.4.2.0

a Tensile specimens are located at T/2 location for bars 0.800 inch and under in diameter or distance between parallel
sides and at T/4 location for larger size bars.  The strength of bar, especially large diameter may vary significantly
from center to surface; consequently, caution should be exercised in machining parts from bars over 0.800 inch in
diameter since strengths may be lower than design values depending on depth of material removed from surface.
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Figure 7.4.2.0.  Effect of temperature on thermal expansion (a) of MP159
alloy bar.

Figure 7.4.2.1.4.  Effect of temperature on the tensile modulus (E) and shear
modulus (G) of MP159 alloy bar.
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Figure 7.4.2.1.6.  Typical tensile stress-strain curve at room temperature for cold
worked and aged MP159 alloy bar.
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7.5 ALUMINUM ALLOY SHEET LAMINATES

7.5.0 GENERAL

This section contains the engineering properties of aluminum alloy sheet laminates.  These products
consist of thin high-strength aluminum alloy sheets alternating with fiber layers impregnated with adhesive.
These sheet laminates provide a very efficient structure for certain applications and exhibit excellent fatigue
resistance.

Tensile and compressive properties for the aluminum alloy sheet laminates were determined using
test specimens similar to those used for testing conventional aluminum alloy sheet with one exception.  The
Iosipescu shear specimen was the most appropriate configuration for the determination of shear strength.
Shear yield strength and shear ultimate strength were determined using the Iosipescu test procedure.  Shear
yield strength was determined at 0.2% offset from load-deformation curves.  Bearing tests were conducted
according to ASTM E 238, which is applicable to conventional aluminum alloy products.  Bearing specimens
exhibited several different types of failure and bearing strength was influenced by failure mode.
Consequently, a more suitable bearing test procedure for aramid fiber reinforced aluminum alloy sheet
laminates is currently being developed.  However, the design values for bearing strength determined
according to ASTM E 238 are conservative and are considered suitable for design.  These sheet laminates
exhibit low elongation as measured by the tensile test.  Consequently, a more realistic measure of ductility
is total strain at failure, t, defined as the measure of strain determined from the tensile load-deformation curve
at specimen failure.  This measurement includes both elastic and plastic strains.  The minimum total strain
at failure value from the material specification will be presented in the room temperature design allowable
table.  These sheet laminates are generally anisotropic.  Therefore, design values for each grain orientation
of the aluminum alloy sheet will be presented for all mechanical properties, except F su and Fsy.  The
longitudinal direction is parallel to the rolling direction of the aluminum alloy sheet or length of sheet
laminate, while the long transverse direction is 90  to the longitudinal direction or parallel to the width of the
sheet laminate.  The design values for Fcy, Fsy, Fsu, Fbry, and Fbru were derived conventionally in accordance
with the guidelines.

7.5.1 2024-T3 ARAMID FIBER REINFORCED SHEET LAMINATE

7.5.1.0 Comments and Properties — This product consists of thin 2024-T3 sheets alternating
with aramid fiber layers embedded in a special resin. Nominal thickness of aluminum sheet is 0.012 inch with
a prepreg nominal thickness of 0.0085 inch.  The primary advantage of this product is the significant
improvement in fatigue and fatigue crack growth properties compared to conventional aluminum alloy
structures.  The product also has good damping capacity and resistance to impact.  Compared to 7475-T761
aramid fiber-reinforced sheet laminate, this product has better formability and damage tolerance
characteristics.

Manufacturing Considerations — This product can be fabricated by conventional metal practices for
machining, sawing, drilling, joining with fasteners and can be inspected by conventional procedures.

Environmental Considerations — This product has good corrosion resistance.  The maximum service
temperature is 200 F.

Specification and Properties — A material specification is presented in Table 7.5.1.0(a).  Room-
temperature mechanical properties are presented in Table 7.5.1.0(b).
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Table 7.5.1.0(a).  Material Specifications for 2024-T3
Aramid Fiber Reinforced Sheet Laminate

Specification Form

AMS 4254 Sheet laminate

7.5.1.1 T3 Temper — Typical tensile and compressive stress-strain and tangent-modulus curves
are shown in Figures 7.5.1.1.6(a) through (l).
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Table 7.5.1.0(b).  Design Mechanical and Physical Properties of 2024-T3 Aluminum
Alloy, Aramid Fiber Reinforced, Sheet Laminate
Specification . . . . . . . . . . . . . . . AMS 4254

Form . . . . . . . . . . . . . . . . . . . . . . Aramid fiber reinforced sheet laminate

Laminate lay-up . . . . . . . . . . . . . 2/1 3/2 4/3 5/4

Nominal thickness, in. . . . . . . . . 0.032 0.053 0.074 0.094

Basis . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

Fsu
a, ksi . . . . . . . . . . . . . . . . . .

Fsy
a, ksi . . . . . . . . . . . . . . . . . .

Fbru
c, ksi:

     L (e/D = 1.5) . . . . . . . . . . . . .
     LT (e/D = 1.5) . . . . . . . . . . . .
     L (e/D = 2.0) . . . . . . . . . . . . .
     LT (e/D = 2.0) . . . . . . . . . . . .

Fbry
c, ksi:

     L (e/D = 1.5) . . . . . . . . . . . . .
     LT (e/D = 1.5) . . . . . . . . . . . .
     L (e/D = 2.0) . . . . . . . . . . . . .
     LT (e/D = 2.0) . . . . . . . . . . . .

t
d, percent:

     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

90
48

48
33

35
33
b

16

78
89
93
95

53
56
63
66

 2
12

96
44

49
30

35
30
b

15

73
84
86
89

52
52
63
61

 2
12

101
 43

 49
 30

 34
 30

b

 14

 73
 80
 83
 81

 51
 52
 61
 61

  2
 12

101
 42

 49
 30

 33
 30

b

 14

 68
 75
 77
 76

 50
 52
 59
 60

  2
 14

E, 103 ksi:
     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

Ec, 103 ksi:
     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

G, 103 ksi:
     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

µ:
     L . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . .

9.9
8.1

9.5
8.0

2.7
2.6

0.33
0.29

9.9
7.5

9.4
7.5

2.5
2.4

0.34
0.27

9.7
7.1

9.3
7.2

2.4
2.4

0.34
0.26

9.6
7.0

9.1
7.0

2.2
2.2

0.32
0.25

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . .
0.086

...
0.084

...
0.082

...
0.081

...

a  Shear values determined from data obtained using Iosipescu shear specimens.
b  Shear ultimate strengths not determinable due to excessive deflection of specimen.
c  Bearing values are “dry pin” values per Section 1.4.7.1 determined in accordance with ASTM E238.
d  Total (elastic plus plastic) strain at failure determined from stress-strain curve.
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Figure 7.5.1.1.6(a).  Typical tensile stress-strain curves for 2024-T3 aluminum alloy,
aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(b).  Typical tensile stress-strain curves for 2024-T3 aluminum alloy,
aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(c).  Typical tensile stress-strain curves for 2024-T3 aluminum alloy,
aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(d).  Typical tensile stress-strain curves for 2024-T3 aluminum alloy,
aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(e).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2024-T3 aluminum alloy, aramid fiber-reinforced, sheet
laminate.
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Figure 7.5.1.1.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2024-T3 aluminum alloy, aramid fiber-reinforced, sheet
laminate.
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Figure 7.5.1.1.6(h).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2024-T3 aluminum alloy, aramid fiber-reinforced, sheet
laminate.
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Figure 7.5.1.1.6(i).  Typical tensile stress-strain curves (full range) for 2024-T3
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(g).  Typical compressive stress-strain and compressive tangent-
modulus curves for 2024-T3 aluminum alloy, aramid fiber-reinforced, sheet
laminate.

0 3 6 9 12 15 18

S
tr

e
s
s
, 

k
s
i

0

20

40

60

80

100

120

X

X

Strain, 0.01 in./in.

TYPICAL

Longitudinal

Long transverse

Layup: 3/2

Thickness: 0.053 in.

Figure 7.5.1.1.6(j).  Typical tensile stress-strain curves (full range) for 2024-T3
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(k).  Typical tensile stress-strain curves (full range) for 2024-T3
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.1.1.6(l).  Typical tensile stress-strain curves (full range) for 2024-T3
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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Table 7.5.2.0(a).  Material Specifications for 7475-T761
Aramid Fiber Reinforced Sheet Laminate

Specification Form

AMS 4302 Sheet laminate

7.5.2 7475-T761 ARAMID FIBER REINFORCED SHEET LAMINATE

7.5.2.0 Comments and Properties — This product consists of thin 7475-T761 sheets alternat-
ing with aramid fiber layers embedded in a special resin.  Nominal thickness of aluminum sheet is 0.012 inch
with a prepreg nominal thickness of 0.0085 inch.  The primary advantage of this product is the significant
improvement in fatigue and fatigue crack growth properties compared to conventional aluminum alloy
structures.  The product also has good damping capacity and resistance to impact.

Manufacturing Considerations — This product can be fabricated  by  conventional metal practices
for machining, sawing, drilling, joining with fasteners and can be inspected by conventional procedures.

Environmental Considerations — This product has good corrosion resistance.  The maximum service
temperature is 200 F.

Specifications and Properties — A material specification is presented in Table 7.5.2.0(a).  Room-
temperature mechanical properties are presented in Table 7.5.2.0(b).

7.5.2.1 T761 Temper — Tensile and compressive stress-strain and tangent modulus curves are
shown in Figures 7.5.2.1.6(a) through (f).  Full-range tensile stress-strain curves are presented in Figures
7.5.2.1.6(g) through (j).
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Table 7.5.2.0(b).  Design Mechanical and Physical Properties of 7475-T761 Aluminum
Alloy, Aramid Fiber Reinforced, Sheet Laminate
Specification . . . . . . . . . . AMS 4302

Form . . . . . . . . . . . . . . . . Aramid fiber reinforced sheet laminate

Laminate lay-up . . . . . . . 2/1 3/2 4/3 5/4

Nominal thickness, in. . . . 0.032 0.053 0.074 0.094

Basis . . . . . . . . . . . . . . . . S S S S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Fsu
a, ksi . . . . . . . . . . . . .

Fsy
a, ksi . . . . . . . . . . . . .

Fbru
b, ksi:

L (e/D = 1.5) . . . . . . .
LT (e/D = 1.5) . . . . . .
L (e/D = 2.0) . . . . . . .
LT (e/D = 2.0) . . . . . .

Fbry
b, ksi:

L (e/D = 1.5) . . . . . . .
LT (e/D = 1.5) . . . . . .
L (e/D = 2.0) . . . . . . .
LT (e/D = 2.0) . . . . . .

et
c, percent:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

E, 103 ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

Ec, 103 ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

G, 103 ksi:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

µ:
L . . . . . . . . . . . . . . . .
LT . . . . . . . . . . . . . . .

103
 56

 76
 48

 46
 51
 35
 24

 91
 96
104
108

 73
 76
 83
 84

  1.5 
  6.1 

  9.8 
  7.7 

  9.6 
  7.8 

  2.8 
  2.6 

  0.35
  0.25

111
 51

 82
 43

 46
 48
 33
 23

 83
 85
 87
 88

 70
 69
 81
 76

  1.8 
  6.4 

  9.9 
  7.1 

  9.6 
  7.3 

  2.6 
  2.4 

  0.35
  0.25

114
 50

 82
 42

 44
 47
 33
 22

 84
 86
 88
 86

 66
 69
 77
 75

  1.7 
  6.3 

 10.0 
  6.7 

  9.6 
  7.0 

  2.3 
  2.3 

  0.35
  0.25

116
 48

 84
 40

 44
 45
 32
 21

 82
 80
 84
 80

 69
 67
 79
 72

  1.8 
  6.6 

  9.8 
  6.7 

  9.7 
  6.9 

  2.3 
  2.3 

  0.35
  0.25

Physical Properties:
, lb/in.3 . . . . . . . . . . . .

C, K, and  . . . . . . . . . .
0.085

...
0.083

...
0.082

...
0.081

...
a  Shear values determined from data obtained using Iosipescu shear specimens.
b  Bearing values are “dry pin” values per Section 1.4.7.1 determined in accordance with ASTM E 238.
c  Total (elastic plus plastic) strain at failure determined from stress-strain curve. Values are minimum but not included in
    AMS 4302.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

7-43

0

20

40

60

80

100

S
tr

e
s
s
, 

k
s
i

0 2 4 6 8 10 12

.

Strain, 0.001 in./in.

Ramberg-Osgood

Long transverse

Longitudinal
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Layup: 2/1

Thickness: 0.032 in.

n (LT - tension) = 6.1
n (L - tension) = 6.4

Figure 7.5.2.1.6(a).  Typical tensile stress-strain curves for 7475-T761 aluminum
alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.2.1.6(b).  Typical tensile stress-strain curves for 7475-T761 aluminum
alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.2.1.6(d).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T761 aluminum alloy, aramid fiber-reinforced, sheet
laminate.
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n (L - tension, 0.094 in.) = 5.7

Figure 7.5.2.1.6(c).  Typical tensile stress-strain curves for 7475-T761 aluminum alloy,
aramid fiber-reinforced, sheet laminate.
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Figure 7.5.2.1.6(f).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T761 aluminum alloy, aramid fiber-reinforced, sheet
laminate.
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Figure 7.5.2.1.6(e).  Typical compressive stress-strain and compressive tangent-
modulus curves for 7475-T761 aluminum alloy, aramid fiber-reinforced, sheet
laminate.
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Figure 7.5.2.1.6(g).  Typical tensile stress-strain curves (full range) for 7475-T761
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.2.1.6(h).  Typical tensile stress-strain curves (full range) for 7475-T761
aluminum alloy, aramid fiber-reinforced, sheet laminate.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

7-48

0

20

40

60

80

100

120

140

S
tr

e
s
s
, 

k
s
i

0 8 16 24 32 40 48

.

Strain, 0.001 in./in.

Long transverse

Longitudinal

TYPICAL

Layup: 4/3

Thickness: 0.074 in.

Figure 7.5.2.1.6(i).  Typical tensile stress-strain curves (full range) for 7475-T761
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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Figure 7.5.2.1.6(j).  Typical tensile stress-strain curves (full range) for 7475-T761
aluminum alloy, aramid fiber-reinforced, sheet laminate.
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CHAPTER 8

Table 8.0.1.  Structural Joints Index (Fastener Type)

Section Fastener Type

8.1.2
8.1.2.1
8.1.2.2

Solid Rivets
Protruding head
Flush head

8.1.3
8.1.3.1
8.1.3.2

Blind fasteners
Protruding head
Flush head

8.1.4
8.1.4.1
8.1.4.2

Swaged collar fasteners
Protruding head
Flush head

8.1.5
8.1.5.1
8.1.5.2

Threaded fasteners
Protruding head
Flush head

8.1.6
8.1.6.1

Special fasteners
Fastener sleeves

STRUCTURAL JOINTS

This chapter, while comprising three major sections, primarily is concerned with joint allowables.
Section 8.1 is concerned with mechanically fastened joints; Section 8.2, with metallurgical joints (various
welding and brazing processes).  Section 8.3 contains information for structural component data; it is
concerned with bearings, pulleys, and cables.

With particular reference to Section 8.1, the introductory section (8.1.1) contains fastener indexes
that can be used as a quick reference to locate a specific table of joint allowables.  Following this introductory
section are five sections comprising the five major fastener categories, as shown in Table 8.0.1.

In each of the five major sections, there are subsections that describe the factors to be considered in
determining the strength of fasteners and joints.  After each major section, pertinent tables are presented.

Similarly, Section 8.2 has an introductory section (8.2.1), followed by two major sections comprising
different metallurgical joints as shown in Table 8.0.2.
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Table 8.0.2.  Structural Joints Index (Joining Methods)

Section Joining Methods

8.2.2
8.2.2.1
8.2.2.2
8.2.2.3

Welded joints
Fusion
Flush and pressure
Spot and seam

8.2.3
8.2.3.1
8.2.3.2

Brazing
Copper
Silver

Following each 4-digit section, applicable tables and figures for the particular section are presented.

8.1 MECHANICALLY FASTENED JOINTS

To determine the strength of mechanically fastened joints, it is necessary to know the strength of the
individual fasteners (both by itself, and when installed in various thicknesses of the various materials).  In
most cases, failures in such joints occur by tensile failure of the fasteners, shearing of the fasteners and by
bearing and/or tearing of the sheet or plate.

8.1.1 INTRODUCTION AND FASTENER INDEXES — Five categories of mechanical fasteners are
presently contained in this Handbook, generically defined as follows:

Solid Rivets — Solid rivets are defined as one piece fasteners installed by mechanically upsetting one
end.

Blind Fasteners — Blind fasteners are usually multiple piece devices that can be installed in a joint
which is accessible from one side only.  When a blind fastener is being installed, a self-contained mechanical,
chemical, or other feature forms an upset on its inaccessible or blind side.  These fasteners must be destroyed
to be removed.  This fastener category includes such fasteners as blind rivets, blind bolts, etc.

Swaged Collar Fasteners — Swaged collar fasteners are multiple piece fasteners, usually consisting
of a solid pin and a malleable collar which is swaged or formed onto the pin to clamp the joint.  This fastener
usually is permanently installed.  This fastener class includes such fasteners as “Hi-Shear” rivets,
“Lockbolts”, and “Cherrybucks”.

Threaded Fasteners — Fasteners in this category are considered to be any threaded part (or parts)
that after assembly in a joint can be easily removed without damage to the fastener or to the material being
joined.  This classification includes bolts, screws, and a wide assortment of proprietary fasteners.

Special Fasteners — As the name implies, this category of fastener is less commonly used in primary
aircraft structure than the four categories listed above.  Examples of such fastening systems are sleeves,
inserts, panel fasteners, etc.

In the following 3-digit sections, descriptive information is presented relative to the establishment
of design allowables in joints containing these four categories of fasteners.  Following each such section are
the various tables of joint allowables or associated information for computing joint allowables as described.
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Tables 8.1.1(a) through (e) are fastener indexes that list the joint allowables tables for each fastener
category.  These indexes are provided to make it easier to locate the allowables table for a given fastener and
sheet material combination.  Each of the indexes generally is similarly structured in the following manner.
The left-hand column describes the fastener by referring to the NASM part number or to a vendor part num-
ber when the fastener is not covered by either series.  The second column contains the table number for the
allowables table for each fastener. The fastener column has been so arranged that when protruding head and
countersunk head fasteners are included in a given fastener index table, the protruding head tables appear first
in the second column.  The third column identifies generally the base material of the fastener.  Generic terms
usually are used, such as steel, aluminum, titanium, etc.  The fourth column identifies the specific sheet or
plate material.

It is recommended that Section 9.7 be reviewed in its entirety since it contains detailed information
on the generation and analysis of joint data that results in the joint allowables tables contained in this section.

8.1.1.1 Data Sources   — The data shown in subsequent tables are provided by one or more
manufacturers as listed in the table.  There may be more than one producer of a fastener type, but data support
is provided by only the footnoted source.  Warning: Caution should be exercised to ensure that use of

static joint strength data is applicable only for the data producer(s) indicated by the footnote on each

table.

8.1.1.2 Fastener Shear Strengths — Fastener shear strengths accepted and documented by
the aerospace industry and government agencies are listed in Table 8.1.1.1.  Some existing tables in MIL-
HDBK-5 may reflect other values; however, new fastener proposals will be classified in accordance with the
above-noted table.

8.1.1.3 Edge Distance Requirements — The joint allowables in MIL-HDBK-5 are based
on joint tests having edge distances of twice the nominal hole diameter, 2D.  Therefore, the allowables are
applicable only to joints having 2D edge distance.
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Table 8.1.1(a).  Fastener Index for Solid Rivets

Fastener Identificationa

Table
Number

Rivet
Material

Sheet
Material

Page
No.

Rivet Hole Size
Shear Strength of Solid Rivets
Unit Bearing Strength
Shear Strength Corection Factors
NAS1198 (MC)b

MS20427M (MC)
MS20427M (D)b

MS20426AD (D)
MS20426D (D)
MS20426DD (D)
MS20426 (MC)
MS20426B (MC)
MS20427M (MC)
BRFS-D (MC)
BRFS-AD (MC)
BRFS-DD (MC)
BRFS-T (MC)
MS14218E (MC)
NAS1097E (MC)
MS14218AD (MC)
MS14219E (MC)
MS14219E (MC)
MS20426E (MC)
MS20426E (MC)
AL905KE (MC)

8.1.2(a)
8.1.2(b)
8.1.2.1(a)
8.1.2.1(b)
8.1.2.1(c)
8.1.2.2(a)
8.1.2.2(b)
8.1.2.2(c)
8.1.2.2(d)
8.1.2.2(e)
8.1.2.2(f)
8.1.2.2(g)
8.1.2.2(h)
8.1.2.2(i)
8.1.2.2(j)
8.1.2.2(k)
8.1.2.2(l)
8.1.2.2(m)
8.1.2.2(n)
8.1.2.2(o)
8.1.2.2(p)
8.1.2.2(q)
8.1.2.2(r)
8.1.2.2(s)
8.1.2.2(t)

...

...

...
Aluminum
A-286
Monel
Monel
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Monel
Aluminum
Aluminum
Aluminum
Ti-45Cb
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum

...

...

...

...
A-286
AISI 301/302
AISI 301/302
Aluminum
Aluminum
Aluminum
Clad 2024-T42
AZ31B-H24
Com Pure Titanium
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 7075-T6/Ti-6Al-4V
Clad 2024-T3
Clad 2024-T3/7075-T6
Clad 2024-T3
Clad 2024-T3
Clad 7075-T6
Clad 2024-T3
Clad 7075-T6
Clad 2024-T3

8-12
8-13
8-14
8-15
8-16
8-17
8-18
8-19
8-20
8-21
8-22
8-23
8-24
8-25
8-26
8-27
8-28
8-29
8-30
8-31
8-32
8-33
8-34
8-35
8-36

a In some cases, entries in this table identify the subject matter in certain tables.
b MC, machine countersunk holes; D, dimpled holes.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-5

Table 8.1.1(b).  Fastener Index for Blind Fasteners

Fastener Identification
Table

Number

Fastener
Sleeve

Material
Sheet or Plate

Material
Page
No.

Protruding-head, Friction-Lock Blind Rivets

CR 6636
MS20600M
MS20600M
MS20600AD and MS20602AD
MS20600B

8.1.3.1.1(a)
8.1.3.1.1(b)
8.1.3.1.1(c)
8.1.3.1.1(d)
8.1.3.1.1(e)

A-286
Monel
Monel
Aluminum
Aluminum

Various
AISI 301
Clad 2024-T3/7075-T6
Clad 2024-T3
AZ31B-H24

8-38
8-39
8-40
8-41
8-42

Protruding-head, Mechanical-Lock Blind Rivets

NAS1398C
CR 2643
NAS1398 MS or MW
NAS1398 MS or MW
NAS1398B
NAS1398D
NAS1738B and NAS1738E
NAS1398B
NAS1738B and NAS1738E
CR 2A63
CR 4623
CR 4523
NAS1720KE and
  NAS1720KE ( ) L
NAS1720C and
  NAS1720C ( ) L
AF3243
HC3213
HC6223
HC6253
AF3213
CR3213
CR3243
HC3243
AF3223
CR3223

8.1.3.1.2(a)
8.1.3.1.2(a)
8.1.3.1.2(b)
8.1.3.1.2(c)
8.1.3.1.2(d1)
8.1.3.1.2(d1)
8.1.3.1.2(d2)
8.1.3.1.2(e)
8.1.3.1.2(e)
8.1.3.1.2(f)
8.1.3.1.2(g)
8.1.3.1.2(h)
8.1.3.1.2(i)

8.1.3.1.2(j)

8.1.3.1.2(k)
8.1.3.1.2(l)
8.1.3.1.2(m)
8.1.3.1.2(n)
8.1.3.1.2(o)
8.1.3.1.2(p)
8.1.3.1.2(q)
8.1.3.1.2(r)
8.1.3.1.2(s)
8.1.3.1.2(t)

A-286
A-286
Monel
Monel
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
A-286
Monel
Aluminum

A-286

Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum

Alloy Steel
Alloy Steel
AISI 301-½ Hard
Clad 7075-T6
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
AZ31B-H24
AZ31B-H24
Clad 2024-T81
Clad 7075-T6
Clad 7075-T6
Clad 7075-T6

Clad 2024-T3

Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3

8-43
8-43
8-44
8-45
8-46
8-46
8-47
8-48
8-48
8-49
8-50
8-51
8-52

8-53

8-54
8-55
8-56
8-57
8-58
8-59
8-60
8-61
8-62
8-63
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Table 8.1.1(b).  Fastener Index for Blind Fasteners (Continued)

Fastener Identification
Table

Number

Fastener
Sleeve

Material
Sheet or Plate

Material
Page
No.

Flush-head, Friction-Lock Blind Rivets

CR 6626 (MC)a

MS20601M (MC)
MS20601M (D)a

MS20601M (MC)
MS20601M (MC)
MS20601M (MC)
MS20601M (MC)
MS20601AD and  MS20603AD (MC)
MS20601B (MC)

8.1.3.2.1(a)
8.1.3.2.1(b)
8.1.3.2.1(c)
8.1.3.2.1(d1)
8.1.3.2.1(d2)
8.1.3.2.1(d3)
8.1.3.2.1(e)
8.1.3.2.1(f)
8.1.3.2.1(g)

A-286
Monel
Monel
Monel
Monel
Monel
Monel
Aluminum
Aluminum

Various
17-7PH (TH1050)
AISI 301
AISI 301-Ann
AISI 301-¼ Hard
AISI 301-½ Hard
7075-T6
Clad 2024-T3
AZ31B-H24

8-64
8-65
8-66
8-67
8-68
8-69
8-70
8-71
8-72

Flush-head, Mechanical-Lock Spindle Blind Rivets

NAS1399C (MC)
CR 2642 (MC)
NAS1399 MS or MW (MC)
NAS1921C (MC)
NAS1399 MS or MW (MC)
NAS1921M (MC)
CR 2A62 (MC)
NAS1921B (MC)
NAS1399B (MC)
NAS1399D (MC)
NAS1739B and NAS1379E (MC)
NAS1739B and NAS1739E (D)
NAS1399B (MC)
NAS1739B and NAS1739E (MC)
CR 4622 (MC)
CR 4522 (MC)
NAS1721KE and NAS1721KE ( )L (MC)
NAS1721C and NAS1721C ( ) L (MC)
HC3212 (MC)
MBC 4807 and MBC 4907 (MC)
MBC 4801 and MBC 4901
HC6222 (MC)
HC6252 (MC)
HC6224 (MC) (A-286 pin)
HC3214 (MC) (8740 pin)
AF3212 (MC)
CR3212 (MC)
AF3242 (MC)
CR3242 (MC)
HC3242 (MC)
AF3222 (MC)
CR3222 (MC)

8.1.3.2.2(a)
8.1.3.2.2(a)
8.1.3.2.2(b)
8.1.3.2.2(c)
8.1.3.2.2(d)
8.1.3.2.2(e)
8.1.3.2.2(f)
8.1.3.2.2(g)
8.1.3.2.2(h)
8.1.3.2.2(h)
8.1.3.2.2(i)
8.1.3.2.2(i)
8.1.3.2.2(j)
8.1.3.2.2(j)
8.1.3.2.2(k)
8.1.3.2.2(l)
8.1.3.2.2(m)
8.1.3.2.2(n)
8.1.3.2.2(o)
8.1.3.2.2(p)
8.1.3.2.2(q)
8.1.3.2.2(r)
8.1.3.2.2(s)
8.1.3.2.2(t1)
8.1.3.2.2(t2)
8.1.3.2.2(u)
8.1.3.2.2(v)
8.1.3.2.2(w)
8.1.3.2.2(x)
8.1.3.2.2(y)
8.1.3.2.2(z)
8.1.3.2.2(aa)

A-286
A-286
Monel
A-286
Monel
Monel
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
A-286
Monel
Aluminum
A-286
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
5056 Al
5056 Al
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum

Alloy Steel
Alloy Steel
AISI 301-½ Hard
Clad 7075-T6
Clad 7075-T6
Clad 7075-T6
Clad 2024-T81
Clad 7075-T6
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
AZ31B-H24
AZ31B-H24
Clad 7075-T6
Clad 7075-T6/T651
Clad 2024-T3
Clad 7075-T6
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3
Clad 2024-T3

8-73
8-73
8-74
8-75
8-76
8-77
8-78
8-79
8-80
8-80
8-81
8-81
8-82
8-82
8-83
8-84
8-85
8-86
8-87
8-88
8-89
8-90
8-91
8-92
8-93
8-94
8-95
8-96
8-97
8-98
8-99
8-100

a MC, machine countersunk holes; D, dimpled holes.
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    Table 8.1.1(b).  Fastener Index for Blind Fasteners (Continued)

Fastener Identification Table Number

Fastener
Sleeve

Material
Sheet or Plate

Material
Page
No.

Flush-head Blind Bolts

MS21140 (MC)
MS90353 (MC)
MS90353 (MC)

FF-200, FF-260 and FF-312 (MC)

NS 100 (MC)
SSHFA-200 and SSHFA-260(MC)

PLT-150 (MC)
NAS1670-L (MC)
NAS1674-L (MC)

8.1.3.2.3(a)
8.1.3.2.3(b1)
8.1.3.2.3(b2)

8.1.3.2.3(c)

8.1.3.2.3(d)
8.1.3.2.3(e)

8.1.3.2.3(f)
8.1.3.2.3(g)
8.1.3.2.3(h)

A-286
Alloy Steel
Alloy Steel

Alloy Steel

Alloy Steel
Aluminum

Alloy Steel
Alloy Steel
Aluminum

Clad 7075-T6/T651
Clad 2024-T3/T351
Clad or Bare 7075-T6
  or T651
Clad 2024-T42/
  7075-T6
Clad 7075-T6
Clad 2024-T42/
  7075-T6
Clad 7075-T6/T651
Clad 7075-T6/T651
Clad 7075-T6

8-101
8-102

8-103

8-104
8-105

8-106
8-107
8-108
8-109

a MC, machine countersunk holes; D, dimpled holes.
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Table 8.1.1(c).  Fastener Index for Swaged-Collar/Upset-Pin Fasteners

Fastener Identification
Table

Number
Fastener Pin

Material
Sheet or Plate

Material
Page
No.

Ultimate Single-Shear and
  Tensile Strengths
CSR 925
CSR 925
NAS1436-NAS1442 (MC)a

NAS7024-NAS7032 (MC)
CSR 924 (MC)
CSR 924 (MC)
HSR 201 (MC)
HSR 101 (MC)
GPL 3SC-V (MC)
GPL 3SC-V (MC)
LGPL 2SC-V (MC)
LGPL 2SC-V (MC)

8.1.4
8.1.4.1(a)
8.1.4.1(b)
8.1.4.2(a)
8.1.4.2(b)
8.1.4.2(c)
8.1.4.2(d)
8.1.4.2(e)
8.1.4.2(f)
8.1.4.2(g)
8.1.4.2(h)
8.1.4.2(i)
8.1.4.2(j)

Alloy Steel
  and Alum.
Titanium
Titanium
Alloy Steel
Alloy Steel
Titanium
Titanium
A-286
Titanium
Titanium
Titanium
Titanium
Titanium

...
Clad 7075-T6
Clad 2024-T3
Clad 7075-T6/T651
Clad 7075-T6/T651
Clad 7075-T6
Clad 2024-T3
Clad 7075-T6
Clad 7075-T6
Clad 7075-T6
Clad 2024-T3
Clad 7075-T6
Clad 2024-T3

8-112
8-113
8-114
8-115
8-116
8-117
8-118
8-119
8-120
8-121
8-122
8-123
8-124

a MC, machine countersunk holes.
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Table 8.1.1(d).  Fastener Index for Threaded Fasteners

Fastener Identificationa

Table

Number

Fastener

Sleeve

Material Sheet

Page

No.

Single Shear Strength

Tensile Strength

Tensile Strength

Unit Bearing Strength

AN 509 Screws (MC)b

AN 509 Screws (MC)

PBF 11 (MC)

TL 100 (MC)

TLV 10 (MC)

HPB-V (MC)

KLBHV with KFN 600 (MC)

HL-61-70 (MC)

HL-719-79 (MC)

HL-11 (MC)

HL-911 (MC)

NAS4452S and KS 100-FV

  with NAS4445DD (MC)

HPG-V (MC)

NAS4452V with

  NAS4445 DD (MC)

HL18Pin, HL70 Collar (MC)

HL19 Pin, HL70 Collar (MC)

8.1.5(a)

8.1.5(b1)

8.1.5(b2)

8.1.5.1

8.1.5.2(a1)

8.1.5.2(a2)

8.1.5.2(b)

8.1.5.2(c)

8.1.5.2(d)

8.1.5.2(e)

8.1.5.2(f)

8.1.5.2(g)

8.1.5.2(h)

8.1.5.2(i)

8.1.5.2(j)

8.1.5.2(k)

8.1.5.2(l)

8.1.5.2(m)

8.1.5.2(n)

8.1.5.2(o)

Steel

Steel

...

Alloy Steel

Alloy Steel

CRES

Alloy Steel

Titanium

Titanium

Titanium

CRES

Alloy Steel

Titanium

Titanium

Alloy Steel

 or Titanium

Titanium

Titanium

Alloy Steel

Alloy Steel

...

...

...

...

Clad 2024-T3

Clad 7075-T6

Ti-6Al-4V

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

Clad 7075-T6

8-127

8-128

8-129

8-130

8-131

8-132

8-133

8-134

8-135

8-136

8-137

8-138

8-139

8-140

8-141

8-142

8-143

8-144

8-145

8-146

a In some cases entries in this table identify the subject matter in certain tables.

b MC, machine countersunk holes; D, dimpled holes.

Table 8.1.1(e).  Fastener Index for Special Fasteners

Fastener Identification
Table

Number Fastener Pin Material
Sheet or Plate

Material
Page
No.

ACRES Sleeves
MIL-B-8831/4 (MC)a

MIL-B-8831/4 (MC)

...
8.1.6.2(a)
8.1.6.2(b)

A-286
Steel Pin, Aluminum Sleeve
Steel Pin, Aluminum Sleeve

Clad 7075-T6
Clad 7075-T6
Clad 2024-T3

8-147
8-148
8-149

a MC, machine countersunk holes.
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Table 8.1.1.1.  Fastener Shear Strengths

Fsu, ksi
Examples of Current Alloys Which Meet

Levela

Current Usage

Driven
Rivets

Blind
Fasteners

Solid Shank
Fasteners

28
30
34
36
38
41
43
46
49
50
55
75
78
90
95
108
110
112
125
132
145
156
180

5056
2117
2017
2219
2017
2024 and 7050-T73
7050-T731
7075
Monel
Ti/Cb
Monel
Alloy Steel and CRES
A-286
A-286
Alloy Steel, A-286, Ti-6Al-4V
Alloy Steel and Ti-6Al-2Sn
A-286
Alloy Steel
Alloy Steel and CRES
Alloy Steel
MP35N
Alloy Steel
Alloy Steel

X
X
X
X
X
X
X

Undriven
X

Undriven
X

X
X
X
X
X

X
X

X
X

X

X

X

X
X

X
X
X
X
X
X
X
X
X

a   Different tempers and thermal treatments are used to obtain desired fastener shear strengths.
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8.1.2 SOLID RIVETS — The recommended diameter dimensions of the upset tail on solid rivets will be
at least 1.5 times the nominal shank diameter except for 2024-T4 rivets which will be at least 1.4 times the nominal
shank diameter.  Tail heights will be a minimum of 0.3 diameter.  Shear strengths for driven rivets may be based
on areas corresponding to the nominal hole diameter provided that the nominal hole diameter is not larger than the
values listed in Table 8.1.2(a). If the nominal hole diameter is larger than the listed value, the listed value will be
used.  Shear strength values for solid rivets of a number of rivet materials are given in Table 8.1.2(b).

8.1.2.1 Protruding-Head Solid Rivet Joints — The unit load at which shear or bearing type of fail-
ure occurs is calculated separately and the lower of the two governs the design.

The design bearing stress for various materials at both room and elevated temperatures is given in the
strength properties stated for each alloy or group of alloys and is applicable to riveted joints wherein cylindrical
holes are used and where t/D is greater than or equal to 0.18; where t/D is less than 0.18, tests to substantiate yield
and ultimate bearing strengths must be performed.  These bearing stresses are applicable only for the design of rigid
joints where there is no possibility of relative motion of the parts joined without deformation of such parts.  Design
bearing stresses at low temperatures will be higher than those specified for room temperature; however, no
quantitative data are available.

For convenience, “unit” sheet bearing strengths for rivets, based on a bearing stress of 100 ksi and nominal
hole diameters, are given in Table 8.1.2.1(a).

In computing protruding-head rivet design shear strengths, the shear strength values obtained from Table
8.1.2(b) should be multiplied by the correction factors given in Table 8.1.2.1(b).  This compensates for the reduction
in rivet shear strength resulting from high bearing stresses on the rivet at t/D ratios less than 0.33 for single-shear
joints and 0.67 for double-shear joints.

For those rivet material sheet material combinations where test data shows the above to be unconservative
or for rivet materials other than those shown in Table 8.1.2(b), joint allowables should be established by test in
accordance with Section 9.7. From such tests tabular presentation of ultimate load and yield load allowables are
made.

Unless otherwise specified, yield load is defined in Section 9.7.1.1 as the load which results in a joint per-
manent set equal to 0.04D, where D is the decimal equivalent of the hole diameter defined in Table 9.7.1.1(a).

Table 8.1.2.1(c) provides ultimate and yield strength data on protruding-head A-286 solid rivets in aged A-
286 sheet, for a variety of conditions of exposure.

8.1.2.2 Flush-Head Solid Rivet Joints — Tables 8.1.2.2(a) through (t) contain joint allowables for
various flush-head solid rivet/sheet material combinations.  Prior to 2003 the allowable ultimate loads were estab-
lished from test data using the average ultimate test load divided by a factor of 1.15. (See Section 9.7 for current
statistical procedures and possible variations.)  Shear strength cutoff values may be either the procurement speci-
fication shear strength (S value) of the fastener, or if no specification exists, a statistical value determined from test
results as described in Section 9.7.

Yield load allowables are established from test data.  Unless otherwise specified, the yield load is defined
as the load which results in a joint permanent set equal to 0.04D, where D is the decimal equivalent of the hole
diameter defined in Table 9.7.1.1.
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For machine countersunk joints, the sheet gage specified in the tables is that of the countersunk sheet.  When
the noncountersunk sheet is thinner than the countersunk sheet, the bearing allowable for the noncountersunk sheet-
fastener combination should be computed, compared to the table value, and the lower of the two values selected.
Increased attention should be paid to detail design in cases where t/D < 0.25 because of possibly greater incidence
of difficulty in service life.

Table 8.1.2(a).  Standard Rivet-Hole Drill Sizes and Nominal Hole Diameters

Rivet Size, in. 1/16 3/32 1/8 5/32 3/16 1/4 5/16 3/8

Drill No. . . . . . . . . . . . . . .
Nominal Hole Diameter, in.

51
0.067

41
0.096

30
0.1285

21
0.159

11
0.191

F
0.257

P
0.323

W
0.386
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 Table 8.1.2(b).  Single Shear Strength of Solid Rivetsa

Undriven Driven

Rivet
Designation

Rivet Size

Rivet
Material

Fsu (ksi)
Rivet

Material

Fsu
b (ksi) 1/16 3/32 1/8 5/32 3/16 1/4 5/16 3/8

Min   Max Driven Single Shear Strength, lbsc

5056-H32 24 n/a 5056-H321d 28e  Bf 99 203 363 556 802 1450 2290 3275

2117-T4 26 n/a 2117-T3 30e AD 106 217 389 596 860 1555 2455 3510

2017-T4 35 42 2017-T3 38e D 134 275 493 755 1085 1970 3115 4445

2024-T4 37 n/a 2024-T31 41g DD 145 297 532 814 1175 2125 3360 4795

7050-T73 41 46 7050-T731d 43e Eh 152 311 558 854 1230 2230 3520 5030

Monel 49 59 Monel 52e M 183 376 674 1030 1490 2695 4260 6085

Ti-45Cb 50 59 Ti-45Cb 53e T 187 384 687 1050 1515 2745 4340 6200

A-286 85 95 A-286 90e - 317 651 1165 1785 2575 4665 7375 10500

  a All rivets must be sufficiently driven to fill the rivet hole at the shear plane.  Driving changes the rivet strength from the undriven to the driven condition and thus 
provides the above driven shear strengths. 

  b Shear stresses are for the as driven condition on B-basis probability.
  c Based on nominal hole diameter specified in Table 8.1.2(a).
  d The temper designations last digit (1), indicates recognition of strengthening derived from driving.
  e The bucktail’s minimum diameter is 1.5 times the nominal hole diameter in Table 8.1.2(a).
  f Should not be exposed to temperatures over 150 F.
  g Driven in the W (fresh or ice box) condition to minimum 1.4D bucktail diameter.
  h E (or KE, as per NAS documents).
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     Table 8.1.2.1(a).  Unit Bearing Strength of Sheet on Rivets, Fbr = 100 ksi

Sheet thickness, in.

Unit Bearing Strength for Indicated Rivet Diameter, lbs

1/16 3/32 1/8 5/32 3/16 1/4 5/16 3/8

0.012 . . . . . . . . . .
0.016 . . . . . . . . . .
0.018 . . . . . . . . . . .
0.020 . . . . . . . . . .
0.025 . . . . . . . . . .
0.032 . . . . . . . . . .
0.036 . . . . . . . . . .
0.040 . . . . . . . . . .
0.045 . . . . . . . . . .
0.050 . . . . . . . . . .
0.063 . . . . . . . . . . .
0.071 . . . . . . . . . .
0.080 . . . . . . . . . .
0.090 . . . . . . . . . .
0.100 . . . . . . . . . .
0.125 . . . . . . . . . .
0.160 . . . . . . . . . .
0.190 . . . . . . . . . .
0.250 . . . . . . . . . .

80
107
121
134
168
214
241
268
302
335
422
476
536
603
670
838

1072
1273
1670

...

...
173
192
240
307
346
384
432
480
605
682
768
864
960

1200
1536
1824
2400

...

...

...

...
321
411
462
514
578
642
810
912

1028
1156
1285
1606
2056
2442
3210

...

...

...

...

...
509
572
636
716
795

1002
1129
1272
1431
1590
1988
2544
3021
3975

...

...

...

...

...

...
688
764
860
955

1203
1356
1528
1719
1910
2388
3056
3629
4775

...

...

...

...

...

...

...

...

...
1285
1619
1825
2056
2313
2570
3212
4112
4883
6425

...

...

...

...

...

...

...

...

...

...
2035
2293
2584
2907
3230
4038
5168
6137
8075

...

...

...

...

...

...

...

...

...

...

...
2741
3088
3474
3860
4825
6176
7334
9650
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      Table 8.1.2.1(b).  Shear Strength Correction Factors for Solid Protruding Head Rivetsa

Rivet Diameter, in. 1/16 3/32 1/8 5/32 3/16 1/4 5/16 3/8

Single-Shear Rivet Strength Factors

Sheet thickness, in.:
  0.016 . . . . . . . . .
  0.018 . . . . . . . . .
  0.020 . . . . . . . . .
  0.025 . . . . . . . . .
  0.032 . . . . . . . . .
  0.036 . . . . . . . . .
  0.040 . . . . . . . . .
  0.045 . . . . . . . . .
  0.050 . . . . . . . . .
  0.063 . . . . . . . . .
  0.071 . . . . . . . . .
  0.080 . . . . . . . . .
  0.090 . . . . . . . . .
  0.100 . . . . . . . . .
  0.125 . . . . . . . . .

0.964
0.981
0.995
1.000

...

...

...

...

...

...

...

...

...

...

...

...
0.912
0.933
0.970
1.000

...

...

...

...

...

...

...

...

...

...

...

...

...
0.920
0.964
0.981
0.995
1.000

...

...

...

...

...

...

...

...

...

...

...
0.925
0.946
0.964
0.981
0.995
1.000

...

...

...

...

...

...

...

...

...

...
0.912
0.933
0.953
0.970
1.000

...

...

...

...

...

...

...

...

...

...

...

...

...
0.920
0.961
0.979
0.995
1.000

...

...

...

...

...

...

...

...

...

...

...
0.922
0.944
0.964
0.981
0.995
1.000

...

...

...

...

...

...

...

...

...

...
0.909
0.933
0.953
0.972
1.000

Double-Shear Rivet Strength Factors

Sheet thickness, in.:
  0.016 . . . . . . . . .
  0.018 . . . . . . . . .
  0.020 . . . . . . . . .
  0.025 . . . . . . . . .
  0.032 . . . . . . . . .
  0.036 . . . . . . . . .
  0.040 . . . . . . . . .
  0.045 . . . . . . . . .
  0.050 . . . . . . . . .
  0.063 . . . . . . . . .
  0.071 . . . . . . . . .
  0.080 . . . . . . . . .
  0.090 . . . . . . . . .
  0.100 . . . . . . . . .
  0.125 . . . . . . . . .
  0.160 . . . . . . . . .
  0.190 . . . . . . . . .
  0.250 . . . . . . . . .

0.687
0.744
0.789
0.870
0.941
0.969
0.992
1.000

...

...

...

...

...

...

...

...

...

...

...
0.518
0.585
0.708
0.814
0.857
0.891
0.924
0.951
1.000

...

...

...

...

...

...

...

...

...

...

...
0.545
0.687
0.744
0.789
0.834
0.870
0.937
0.966
0.992
1.000

...

...

...

...

...

...

...

...

...
0.560
0.630
0.687
0.744
0.789
0.872
0.909
0.941
0.969
0.992
1.000

...

...

...

...

...

...

...

...
0.518
0.585
0.653
0.708
0.808
0.852
0.891
0.924
0.951
1.000

...

...

...

...

...

...

...

...

...

...

...
0.545
0.679
0.737
0.789
0.834
0.870
0.935
0.992
1.000

...

...

...

...

...

...

...

...

...

...
0.550
0.622
0.687
0.744
0.789
0.870
0.941
0.981
1.000

...

...

...

...

...

...

...

...

...

...
0.508
0.585
0.653
0.708
0.805
0.891
0.939
1.000

   a Sheet thickness is that of the thinnest sheet in single-shear joints and the middle sheet in double-shear joints.  Values based on tests

of aluminum rivets, Reference 8.1.
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Table 8.1.2.1(c).  Static Joint Strength of Protruding Head A-286 Solid Rivets in A-286 Alloy Sheet at Various
Temperatures
Rivet Type . . . . . . . . . . . . . . NAS1198 (Fsu = 90 ksi)

Sheet Material . . . . . . . . . . . A-286, solution treated and aged, Ftu = 140 ksi

Temperature . . . . . . . . . . . . .
Room Temperature 1200 F, Stabilized 15 Minutes

1200 F, Rapid Heating in
20 Seconds, Tested in 15 Seconds

Rivet Diameter, in. . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

Sheet thickness, in.: Ultimate Strengtha, lbs.

0.020 . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . .

Rivet shear strengthc . . . . . . .

 478
 590
 745
 923
1023
1131
1170

...

...

...

...

...
1170

...
 740
 932
1152
1428
1578
1660
1752
1790

...

...

...
1790

...

...
1132
1397
1677
1821
1909
2008
2118
2229
2504
2580
2580

331
426
560
682
...
...
...
...
...
...
...
...

682

...
 626
 801
1002
1044

...

...

...

...

...

...

...
1044

...

...
 962
1204
1505
1507

...

...

...

...

...

...
1507

470b

587b

752b

783
...
...
...
...
...
...
...
...

783

...
 726b

 930b

1164b

1198
...
...
...
...
...
...
...

1198

...

...
1117b

1397b

1729b

...

...

...

...

...

...

...
1729

Sheet thickness, in.: Yield Strengtha,d, lbs.

0.020 . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . .

 447
 590
 745
 867
 938
1031
1089

...

...

...

...

...

...
 695
 932
1152
1331
1447
1518
1597
1686

...

...

...

...

...
 974
1167
1407
1649
1723
1806
1898
1990
2221
2543

300
374
479
598
...
...
...
...
...
...
...
...

...
464
593
741
925
...
...
...
...
...
...
...

...

...
 713
 890
1112
1400

...

...

...

...

...

...

300
374
478
598
...
...
...
...
...
...
...
...

...
464
593
740
924
...
...
...
...
...
...
...

...

...
 712
 889
1110

...

...

...

...

...

...

...

a Test data from which the yield and ultimate strengths were derived can be found in Reference 8.1.2.1.
b Yield value is less than 2/3 of indicated ultimate.
c Rivet shear strength is documented in NAS1198 as 90 ksi.
d Permanent set at yield load:  0.005 inch.
Note:  Because of difficulties encountered upsetting countersunk head rivets in thin A-286 sheet, such conditions should be avoided in design.
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Table 8.1.2.2(a).  Static Joint Strength of 100  Flush Head Monel Solid Rivets in Machine-
Countersunk Stainless Steel Sheet

Rivet Type . . . . . . . . . . . . . . . MS20427M (Fsu = 49 ksi)

Sheet Material . . . . . . . . . . . .
AISI 302-Annealed AISI 301-¼ Hard

AISI 301-½ Hard

AISI 301-Full Hard

Rivet Diameter, in. . . . . . . . . .

(Nominal Hole Diameter, in.)

1/8

(0.1285)

5/32

(0.159)

3/16

(0.191)

1/8

(0.1285)

5/32

(0.159)

3/16

(0.191)

3/32

(0.096)

1/8

(0.1285)

5/32

(0.159)

3/16

(0.191)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 439a,b ... ... 439b ... ... 251b 439b ... ...

0.050 . . . . . . . . . . . . . . . . . 526a 673a,b ... 468 673b ... 322 447 673b ...

0.063 . . . . . . . . . . . . . . . . . 635a 820a ... 595 732 ... 355 538 688 ...

0.071 . . . . . . . . . . . . . . . . . ... 915a 1110a,b 635 830 990b ... 615 741 984b

0.080 . . . . . . . . . . . . . . . . . ... 973a 1246a ... 936 1118 ... 635 850 995

0.090 . . . . . . . . . . . . . . . . . ... ... 1380a ... 973 1255 ... ... 973 1132

0.100 . . . . . . . . . . . . . . . . . ... ... 1400 ... ... 1400 ... ... ... 1280

0.125 . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... 1400

Rivet shear strengthc . . . . . . . 635 973 1400 635 973 1400 355 635 973 1400

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 259 ... ... 368 ... ... 212 324 ... ...

0.050 . . . . . . . . . . . . . . . . . 324 402 ... 442 570 ... 293 360 498 ...

0.063 . . . . . . . . . . . . . . . . . 408 506 ... 492 686 ... 355 480 557 ...

0.071 . . . . . . . . . . . . . . . . . ... 570 685 561 714  958 ... 561 630  780

0.080 . . . . . . . . . . . . . . . . . ... 643 771 ... 764 1012 ... 635 765  848

0.090 . . . . . . . . . . . . . . . . . ... ... 865 ... 893 1062 ... ... 893 1000

0.100 . . . . . . . . . . . . . . . . . ... ... 965 ... ... 1160 ... ... ... 1160

0.125 . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... ... ... 1400

Head height (ref.), in. . . . . . . 0.048 0.061 0.077 0.048 0.061 0.077 0.042 0.048 0.061 0.077

a Yield value is less than 2/3 of the indicated ultimate strength value.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable. The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.

c Rivet shear strength is documented in MS20427M.

d Permanent set at yield load:  0.005 inch.
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Table 8.1.2.2(b).  Static Joint Strength of 100  Flush Head Monel Solid Rivets in Dimpled Stainless Steel Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . MS20427M (Fsu = 49 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . AISI 302 - annealed AISI 301 - 1/4 hard AISI 301 - 1/2 hard

Rivet Diameter, in. . . . . . . . . . . . . . . . . . . . . . 1/8 5/32 3/16 1/4 1/8 5/32 3/16 3/32 1/8 5/32 3/16

(Nominal Hole Diameter, in.) . . . . . . . . . . . . . (0.1285) (0.159) (0.191) (0.257) (0.1285) (0.159) (0.191) (0.096) (0.1285) (0.159) (0.191)

Ultimate Strength, lbs.

Sheet thickness, in.:

   0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348  ...  ...  ...  497  ...  ...  348  497  ...  ...  

   0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441  536  ...  ...  595  766  ...  355  595  766  ...  

   0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 568  698  846  ...  635  931  1163  ...  635  931  1163  

   0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 635  884  1046  1370  ...  973  1382  ...  ...  973  1382  

   0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  973  1320  1730  ...  ...  1405  ...  ...  ...  1405  

   0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  ...  1405  2240  ...  ...  ...  ...  ...  ...  ...  

   0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  ...  ...  2490  ...  ...  ...  ...  ...  ...  ...  

   0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  ...  ...  2540  ...  ...  ...  ...  ...  ...  ...  

Rivet shear strengtha . . . . . . . . . . . . . . . . . . . . 635  973  1405  2540  635  973  1405  355  635  973  1405  

Yield Strengthb, lbs.  

Sheet thickness, in.:   

   0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336  ...  ...  ...  449  ...  ...  329  449  ...  ...  

   0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427  518  ...  ...  533  681  ...  355  533  681  ...  

   0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550  679  801  ...  635  842  1049  ...  635  842  1049  

   0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 635  856  1020  1326  ...  973  1252  ...  ...  973  1252  

   0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  973  1280  1678  ...  ...  1405  ...  ...  ...  1405  

   0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  ...  1405  2140  ...  ...  ...  ...  ...  ...  ...  

   0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  ...  ...  2420  ...  ...  ...  ...  ...  ...  ...  

   0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...  ...  ...  2540  ...  ...  ...  ...  ...  ...  ...  

Head height (max.), in. . . . . . . . . . . . . . . . . . . 0.048  0.061  0.077  0.103  0.048  0.061  0.077  0.042  0.048  0.061  0.077  

a  Rivet shear strength from Table 8.1.2(b).
b  Permanent set at yield load:  0.005 inch.
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Table 8.1.2.2(c).  Static Joint Strength of 100  Flush Head Aluminum Alloy (2117-T3) Solid Rivets in Dimpled Aluminum
Alloy Sheeta,b

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . MS20426AD (Fsu = 30 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . . . .

2024-T3
2024-T42
2024-T62
2024-T81

2024-T3
2024-T42

2024-T62
2024-T81

2024-T86
7075-T6

Rivet Diameter, in. . . . . . . . . . . . . . . . . . . . 3/32 1/8 5/32 3/16 5/32 3/16 1/8 5/32 3/16

(Nominal Hole Diameter, in.) . . . . . . . . . . (0.096) (0.1285) (0.159) (0.191) (0.159) (0.191) (0.1285) (0.159) (0.191)

Ultimate Strength, lbs.

Sheet thickness, in.:

   0.016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177   ...   ...   ...   ...   ...   ...   ...   ...   

   0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209   299   ...   ...   ...   ...   302   ...   ...   

   0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217   360   474   ...   462   ...   383   462   ...   

   0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...   388   568   722   596   725   388   596   725   

   0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...   ...   596   839   ...   862   ...   ...   862   

   0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...   ...   ...   862   ...   ...   ...   ...   ...   

Rivet shear strengthc . . . . . . . . . . . . . . . . . . 217   388   596   862   596   862   388   596   862   

Yield Strengthd, lbs.

Sheet thickness, in.:   

   0.016 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154   ...   ...   ...   ...   ...   ...   ...   ...    

   0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184   257   ...   ...   ...   ...   257   ...   ...   

   0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209   315   324   ...   324   ...   315   410   ...   

   0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...   367   430   512   430   512   367   525   640   

   0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...   ...   506   644   ...   644   ...   ...   782   

   0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...   ...   ...   757   ...   ...   ...   ...   ...   

Head height (max.), in. . . . . . . . . . . . . . . . 0.036  0.042  0.055  0.070  0.055  0.070  0.042  0.055  0.070  

a These allowables apply to double dimpled sheets and to the upper sheet dimpled into a machine-countersunk lower sheet.  Sheet gage is that of the thinnest sheet for double
dimpled joints and of the upper dimpled sheet for dimpled, machine-countersunk joints.  The thickness of machine-countersunk sheet must be at least one tabulated gage thicker 
than the upper sheet.  In no case will allowables be obtained by extrapolation for gages other than those shown.

b Test data from which the yield strengths listed were derived and can be found in Reference 8.1.2.2.
c Rivet shear strength from Table 8.1.2(b).
d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.2.2(d).  Static Joint Strength of 100  Flush Head Aluminum Alloy (2017-T3) Solid Rivets in Dimpled Aluminum
Alloy Sheeta,b

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . MS20426D (Fsu = 38 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . . . . 2024-T3 and 2024-T42 2024-T86 and 7075-T6 2024-T62 and 2024-T81

Rivet Diameter, in. . . . . . . . . . . . . . . . . . . . 5/32 3/16 1/4 5/32 3/16 1/4 5/32 3/16 1/4

(Nominal Hole Diameter, in.) . . . . . . . . . . (0.159) (0.191) (0.257) (0.159) (0.191) (0.257) (0.159) (0.191) (0.257)

Ultimate Strength, lbs.

Sheet thickness, in.:

   0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419    ...    ...    530    ...    ...   419    ...    ...    

   0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 600    681    ...    672    822    ...   600    681    ...    

   0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 738    905    845    755    1000    1108   738    905    1108    

   0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 755    1090    1332    ...    1090    1508   755    1090    1508    

   0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...    ...    1695    ...    ...    1803   ...    ...    1803    

   0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...    ...    1853    ...    ...    1930   ...    ...    1930    

   0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...    ...    1970    ...    ...    1970   ...    ...    1970    

Rivet shear strengthc . . . . . . . . . . . . . . . . . . 755    1090    1970    755    1090    1970   755    1090    1970    

Yield Strengthd, lbs.

Sheet thickness, in.:   

   0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336    ...    ...    450    ...    ...     336    ...    ...    

   0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483    546    ...    581    ...    ...     483    546    ...    

   0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 589    730    845    675    705    978    589    730    845    

   0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 681    888    1187    ...    867    1508    681    888    1187    

   0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...    ...    1415    ...    1007    1803    ...    ...    1415    

   0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...    ...    1656    ...    ...    1930    ...    ...    1656    

   0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...    ...    1870    ...    ...    1970    ...    ...    1870    

Head height (max.), in. . . . . . . . . . . . . . . . . 0.055   0.070    0.095   0.055    0.070   0.095    0.055   0.070   0.095   

a These allowables apply to double dimpled sheets and to the upper sheet dimpled into a machine-countersunk lower sheet.  Sheet gage is that of the thinnest sheet for double
dimpled joints and of the upper dimpled sheet for dimpled, machine-countersunk joints.  The thickness of machine-countersunk sheet must be at least one tabulated gage thicker
than the upper sheet.  In no case will allowables be obtained by extrapolation for gages other than those shown.

b Test data from which the yield strengths listed were derived and can be found in Reference 8.1.2.2.
c Rivet shear strength from Table 8.1.2(b).
d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.2.2(e).  Static Joint Strength of 100  Flush Head Aluminum Alloy 
(2024-T31) Solid Rivets in Dimpled Aluminum Alloy Sheeta,b

Rivet Type . . . . . . . . . . . . . . . . . MS20426DD (Fsu = 41 ksi)

Sheet Material . . . . . . . . . . . . . .
2024-T3

2024-T42
2024-T62
2024-T81

2024-T86
7075-T6

Rivet Diameter, in. . . . . . . . . . . . 3/16 1/4 3/16 1/4 3/16 1/4

(Nominal Hole Diameter, in.) . . (0.191) (0.257) (0.191) (0.257) (0.191) (0.257)

Ultimate Strength, lbs.

Sheet thickness, in.:
    0.032 . . . . . . . . . . . . . . . . . . . .
    0.040 . . . . . . . . . . . . . . . . . . . .
    0.050 . . . . . . . . . . . . . . . . . . . .
    0.063 . . . . . . . . . . . . . . . . . . . .
    0.071 . . . . . . . . . . . . . . . . . . . .
    0.080 . . . . . . . . . . . . . . . . . . . .
    0.090 . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthc . . . . . . . . . .

744
941

1110
1175

 ...
 ...
...

1175

...
879

1359
1727
1883
2025
2125
2125

786
982

1152
1175

...

...

...
1175

...
1300
1705
2010
2125

...

...
2125

786
982

1152
1175

...

...

...
1175

...
1300
1705
2010
2125

...

...
2125

     Yield Strengthd, lbs.

Sheet thickness, in.:
    0.032 . . . . . . . . . . . . . . . . . . . .
    0.040 . . . . . . . . . . . . . . . . . . . .
    0.050 . . . . . . . . . . . . . . . . . . . .
    0.063 . . . . . . . . . . . . . . . . . . . .
    0.071 . . . . . . . . . . . . . . . . . . . .
    0.080 . . . . . . . . . . . . . . . . . . . .
    0.090 . . . . . . . . . . . . . . . . . . . .

582
666
738
925

...

...

...

...
879

1308
1564
1711
1928
2121

649
816
961

1068
...
...
...

...
962

1308
1564
1711

...

...

786
982

1152
1175

...

...

...

...
978

1543
1958
2125

...

...

Head height (max.), in. . . . . . . . . 0.070 0.095 0.070 0.095 0.070 0.095 

a These allowables apply to double dimpled sheets and to the upper sheet dimpled into a machine-countersunk lower sheet. 
Sheet gage is that of the thinnest sheet for double dimpled joints and of the upper dimpled sheet for dimpled,
machine-countersunk joints.  The thickness of machine-countersunk sheet must be at least one tabulated gage thicker than
the upper sheet.  In no case will allowables be obtained by extrapolation for gages other than those shown.

b Test data from which the yield strengths listed were derived and can be found in Reference 8.1.2.2.
c Rivet shear strength from Table 8.1.2(b).
d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.2.2(f).  Static Joint Strength of 100  Flush Head Aluminum Alloy Solid
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . MS20426AD (2117-T3)

(Fsu = 30 ksi)

MS20426D (2017-T3)

(Fsu = 38 ksi)

MS20426DD

(2024-T31)

(Fsu = 41 ksi)

Sheet Material . . . . . . . . . . . . . . Clad 2024-T42

Rivet Diameter, in. . . . . . . . . . . .

(Nominal Hole Diameter, in.)

3/32

(0.096)

1/8

(0.1285)

5/32

(0.159)

3/16

(0.191)

5/32

(0.159)

3/16

(0.191)

1/4

(0.257)

3/16

(0.191)

1/4

(0.257)

Ultimate Strengtha, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . 178b ... ... ... ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 193 309b ... ... ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . 206 340 479b ... 580b,c ... ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . 216 363 523 705b 657c  859b,c ...  886 b ...

0.071 . . . . . . . . . . . . . . . . . . . ... 373 542 739 690  917c ...  942 ...

0.080 . . . . . . . . . . . . . . . . . . . ... ... 560 769 720  969c ...  992 ...

0.090 . . . . . . . . . . . . . . . . . . . ... ... 575 795 746 1015 1552b,c 1035 1647b,c

0.100 . . . . . . . . . . . . . . . . . . . ... ... ... 818 ... 1054 1640c 1073 1738c

0.125 . . . . . . . . . . . . . . . . . . . ... ... ... 853 ... 1090 1773 1131 1877

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... 1891 ... 2000

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... 1970 ... 2084

Rivet shear strengthd . . . . . . . . . 217 388 596 862 755 1090 1970 1175 2125

Yield Strengtha,e, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . 132 ... ... ... ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 153 231 ... ... ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . 188 261 321 ... 345 ... ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . 213 321 402 471 401  515 ...  614 ...

0.071 . . . . . . . . . . . . . . . . . . . ... 348 453 538 481  557 ...  669 ...

0.080 . . . . . . . . . . . . . . . . . . . ... ... 498 616 562  623 ...  761 ...

0.090 . . . . . . . . . . . . . . . . . . . ... ... 537 685 633  746  861  842 1053

0.100 . . . . . . . . . . . . . . . . . . . ... ... ... 745 ...  854 1017  913 1115

0.125 . . . . . . . . . . . . . . . . . . . ... ... ... 836 ... 1018 1313 1021 1357

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... 1574 ... 1694

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... 1753 ... 1925

Head height (ref.), in. . . . . . . . . 0.036 0.042 0.055 0.070 0.055 0.070 0.095 0.070 0.095

a Test data from which the yield and ultimate strength listed were derived can be found in Reference 8.1.2.2.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Rivet shear strength is documented in MS20426.

e Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.2.2(g).  Static Joint Strength of 100  Flush Head Aluminum Alloy (5056-
H321) Solid Rivets in Machine-Countersunk Magnesium Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . MS20426B (Fsu = 28 ksi)

Sheet Material . . . . . . . . . . . . . AZ31B-H24

Rivet Diameter, in. . . . . . . . . .
(Nominal Hole Diameter, in.) .

3/32
(0.096)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . 172a,b ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 180 304a,b ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . 190 318 467a,b ... ...

0.063 . . . . . . . . . . . . . . . . . . . 203 337 490 679a,b ...

0.071 . . . . . . . . . . . . . . . . . . . ... 348 503 697a ...

0.080 . . . . . . . . . . . . . . . . . . . ... 360 519 715 ...

0.090 . . . . . . . . . . . . . . . . . . . ... 363 536 737 1244b

0.100 . . . . . . . . . . . . . . . . . . . ... ... 554 757 1271

0.125 . . . . . . . . . . . . . . . . . . . ... ... 556 802 1343

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... ... 1440

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... ... 1450

Rivet shear strengthc . . . . . . . . 203 363 556 802 1450

Yield Strengthd, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . 104 ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 127 172 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . 152 214 268 ... ...

0.063 . . . . . . . . . . . . . . . . . . . 186 259 334 409 ...

0.071 . . . . . . . . . . . . . . . . . . . ... 287 369 459 ...

0.080 . . . . . . . . . . . . . . . . . . . ... 318 406 504 ...

0.090 . . . . . . . . . . . . . . . . . . . ... 353 450 555  792

0.100 . . . . . . . . . . . . . . . . . . . ... ... 491 606  856

0.125 . . . . . . . . . . . . . . . . . . . ... ... 556 735 1030

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... ... 1273

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... ... 1450

Head height (ref.), in. . . . . . . . 0.036 0.042 0.055 0.070 0.095

a Yield value is less than 2/3 of the indicated ultimate strength value.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Rivet shear strength is documented in MS20426.

d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.2.2(h).  Static Joint Strength of 100  Flush Head Monel Solid Rivets in
Machine-Countersunk Titanium Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . MS20427M (Fsu = 49 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . Commercially Pure Titanium, Ftu = 80 ksi

Rivet Diameter, in. . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . .

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . . . 531a ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . . 573 818a ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . . 626 885 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . . 635 926 1242a ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . . ... 973 1302 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1360 ...

0.100 . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1400 2260a

0.125 . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2460

0.160 . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2540

Rivet shear strengthb . . . . . . . . . . . . . 635 973 1400 2540

Yield Strengthc, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . . . 376 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . . 472 582 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . . 598 736 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . . 635 835  933 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . . ... 945 1130 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1268 ...

0.100 . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1400 1860

0.125 . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2340

0.160 . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2540

Head height (max.), in. . . . . . . . . . . . 0.048 0.061 0.077 0.103

a Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.

b Rivet shear strength is documented in MS20427.

c Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.2.2(i).  Static Joint Strength of 120  Flush Shear Head Aluminum Alloy
(2017-T3) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . BRFS-Da (Fsu = 38 ksi)

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)b .

3/32
(0.096)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . 139 ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . . 176 233 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 226 300 367 ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 275 378 465  552 ...

0.050 . . . . . . . . . . . . . . . . . . . . ... 477 585 697  930

0.063 . . . . . . . . . . . . . . . . . . . . ... 494 741  886 1182

0.071 . . . . . . . . . . . . . . . . . . . . ... ... 755 1005 1338

0.080 . . . . . . . . . . . . . . . . . . . . ... ... ... 1090 1513

0.090 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1711

0.100 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1902

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1970

Rivet shear strengthc . . . . . . . . . 275 494 755 1090 1970

Yield Strengthd, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . 137 ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . . 171 229 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 207 294 359 ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 231 357 453 547 ...

0.050 . . . . . . . . . . . . . . . . . . . . ... 398 550 680  918

0.063 . . . . . . . . . . . . . . . . . . . . ... 451 614 814 1149

0.071 . . . . . . . . . . . . . . . . . . . . ... ... 655 857 1295

0.080 . . . . . . . . . . . . . . . . . . . . ... ... ... 914 1430

0.090 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1513

0.100 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1592

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1790

Head height (ref.), in. . . . . . . . . 0.018 0.023 0.030 0.039 0.049

a Data supplied by Briles Rivet Corp.

b Fasteners installed in hole diameters of 0.0975, 0.1285, 0.1615, 0.1945, 0.257, +0.0005, -0.001, respectively.

c Shear strength based on Table 8.1.2(b) and Fsu = 38 ksi.

d Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.2.2(j).  Static Joint Strength of 120  Flush Shear Head Aluminum Alloy
(2117-T3) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . BRFS-ADa (Fsu = 30 ksi)

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.)b .

3/32
(0.096)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . 119 ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . . 144 201 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 171 250 316 ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 204 292 386 474 ...

0.050 . . . . . . . . . . . . . . . . . . . . 217 343 451 571  806

0.063 . . . . . . . . . . . . . . . . . . . . ... 388 536 675  987

0.071 . . . . . . . . . . . . . . . . . . . . ... ... 596 737 1073

0.080 . . . . . . . . . . . . . . . . . . . . ... ... ... 812 1169

0.090 . . . . . . . . . . . . . . . . . . . . ... ... ... 862 1278

0.100 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1371

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1550

Rivet shear strengthc . . . . . . . . . . 217 388 596 862 1550

Yield Strengthd, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . 119 ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . . 144 201 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 171 250 316 ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 204 292 386 474 ...

0.050 . . . . . . . . . . . . . . . . . . . . 217 343 451 571  806

0.063 . . . . . . . . . . . . . . . . . . . . ... 388 536 675  987

0.071 . . . . . . . . . . . . . . . . . . . . ... ... 596 737 1073

0.080 . . . . . . . . . . . . . . . . . . . . ... ... ... 812 1169

0.090 . . . . . . . . . . . . . . . . . . . . ... ... ... 862 1278

0.100 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1371

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 1550

Head height (ref.), in. . . . . . . . . 0.018 0.023 0.030 0.039 0.049

a Data supplied by Briles Rivet Corp.

b Fasteners installed in hole diameters of 0.0975, 0.1285, 0.1615, 0.1945, 0.257, +0.0005, -0.001, respectively.

c Shear strength based on Table 8.1.2(b) and Fsu = 38 ksi.

d Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.2.2(k).  Static Joint Strength of 120  Flush Shear Head Aluminum Alloy (2024-
T31) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . BRFS-DDa (Fsu = 41 ksi)

Sheet Material . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . . . .

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . .  598 ...

0.050 . . . . . . . . . . . . . . . . . . . . . . .  772 1000

0.063 . . . . . . . . . . . . . . . . . . . . . . .  994 1300

0.071 . . . . . . . . . . . . . . . . . . . . . . . 1130 1480

0.080 . . . . . . . . . . . . . . . . . . . . . . . 1180 1690

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... 1920

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 2120

Rivet shear strengthc . . . . . . . . . . . . 1180 2120

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . .  598 ...

0.050 . . . . . . . . . . . . . . . . . . . . . . .  772 1000

0.063 . . . . . . . . . . . . . . . . . . . . . . .  949 1300

0.071 . . . . . . . . . . . . . . . . . . . . . . . 1000 1480

0.080 . . . . . . . . . . . . . . . . . . . . . . . 1060 1680

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... 1760

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 1850

Head height (ref.), in. . . . . . . . . . . . 0.039 0.049

a  Data supplied by Briles Rivet Corp.
b  Fasteners installed in hole diameters of 0.1935 and 0.257, ±0.0005.
c  Shear strength based on Table 8.1.2(b) and Fsu = 41 ksi.
d  Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.2.2(l).  Static Joint Strength of 120  Flush Shear Head Ti-45 Cb Solid Rivets in
Machine-Countersunk Aluminum Alloy and Titanium Sheet

Rivet Type . . . . . . . . . . . . . . . . BRFS-Ta (Fsu = 53 ksi)

Sheet Material . . . . . . . . . . . . . Clad 7075-T6 Annealed Ti-6Al-4V

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)b

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

Ultimate Strength, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 288 ... ... 400 ... ...

0.032 . . . . . . . . . . . . . . . . . . . 369  456 ... 513  635 ...

0.040 . . . . . . . . . . . . . . . . . . . 461  572  685 564  796  952

0.050 . . . . . . . . . . . . . . . . . . . 577  713  858 602  867 1190

0.063 . . . . . . . . . . . . . . . . . . . 610  891 1080 650  927 1270

0.071 . . . . . . . . . . . . . . . . . . . 628  914 1220 680  964 1310

0.080 . . . . . . . . . . . . . . . . . . . 649  939 1300 687 1005 1360

0.090 . . . . . . . . . . . . . . . . . . . 671  967 1330 ... 1050 1420

0.100 . . . . . . . . . . . . . . . . . . . 687  996 1370 ... ... 1470

0.125 . . . . . . . . . . . . . . . . . . . ... 1050 1450 ... ... 1520

0.160 . . . . . . . . . . . . . . . . . . . ... ... 1520 ... ... ...

Rivet shear strengthc . . . . . . . . 687 1050 1520 687 1050 1520

Yield Strengthd, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 288 ... ... 400 ... ...

0.032 . . . . . . . . . . . . . . . . . . . 369  456 ... 513  635 ...

0.040 . . . . . . . . . . . . . . . . . . . 461  572  685 564  796  952

0.050 . . . . . . . . . . . . . . . . . . . 577  713  858 602  867 1190

0.063 . . . . . . . . . . . . . . . . . . . 610  891 1080 650  927 1270

0.071 . . . . . . . . . . . . . . . . . . . 628  914 1220 680  964 1310

0.080 . . . . . . . . . . . . . . . . . . . 649  939 1300 687 1005 1360

0.090 . . . . . . . . . . . . . . . . . . . 671  967 1330 ... 1050 1420

0.100 . . . . . . . . . . . . . . . . . . . 687  996 1370 ... ... 1470

0.125 . . . . . . . . . . . . . . . . . . . ... 1050 1450 ... ... 1520

0.160 . . . . . . . . . . . . . . . . . . . ... ... 1520 ... ... ...

Head height (ref.), in. . . . . . . . 0.023 0.030 0.039 0.023 0.030 0.039

a Data supplied by Briles Rivet Corp.

b Allowables developed from tests with hole diameters noted, except 5/32 and 3/16 diameters were 0.161 and 0.1935 ±0.0005,

respectively.

c Rivet shear strength based on Table 8.1.2(b) and Fsu = 53 ksi.

d Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.2.2(m).  Static Joint Strength of 120  Flush Shear Head Aluminum Alloy
(7050-T731) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . MS14218Ea (Fsu = 43 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)b

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

7/32
(0.228)

1/4
(0.257)

9/32
(0.290)

5/16
(0.323)

Ultimate Strength, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 215c ... ... ... ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 307 346c ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 434 478  529c ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . 508 673  732  806 c ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . 536 781 1045 1135 1200 1285c ...

0.071 . . . . . . . . . . . . . . . . . . . 554 803 1110 1365 1445 1530 1630c

0.080 . . . . . . . . . . . . . . . . . . . 558 827 1140 1565 1735 1835 1930

0.090 . . . . . . . . . . . . . . . . . . . ... 854 1175 1605 1990 2200 2320

0.100 . . . . . . . . . . . . . . . . . . . ... ... 1205 1645 2030 2525 2725

0.125 . . . . . . . . . . . . . . . . . . . ... ... 1230 1740 2140 2650 3205

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... 1755 2230 2820 3400

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 2840 3525

Rivet shear strengthd . . . . . . . . 558 854 1230 1755 2230 2840 3525

Yield Strengthe, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 215 ... ... ... ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 307 346 ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 388 478  529 ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . 487 601  721  806 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . 536 760  912 1085 1200 1285 ...

0.071 . . . . . . . . . . . . . . . . . . . 552 803 1030 1225 1377 1530 1630

0.080 . . . . . . . . . . . . . . . . . . . 558 827 1140 1385 1554 1755 1930

0.090 . . . . . . . . . . . . . . . . . . . ... 854 1175 1560 1750 1970 2200

0.100 . . . . . . . . . . . . . . . . . . . ... ... 1205 1645 1950 2200 2445

0.125 . . . . . . . . . . . . . . . . . . . ... ... 1230 1735 2140 2650 3060

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... 1755 2230 2810 3400

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 2840 3525

Head height (ref.), in. . . . . . . . 0.027 0.035 0.044 0.053 0.061 0.069 0.077

a Data supplied by Briles Rivet Corp.

b Allowables developed from tests with hole diameters noted, except 5/32, 3/16, and 5/16 diameters were 0.161, 0.1935,

and 0.316, respectively.  Hole tolerances were +0.0005, -0.001 inch.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of

knife-edge condition in design of military aircraft requires specific approval of the procuring agency.

d Shear strength based on Table 8.1.2(b) and Fsu = 43 ksi.

e Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.2.2(n).  Static Joint Strength of 100  Flush Shear Head Aluminum Alloy
(7050-T73) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . NAS1097-Ea (Fsu = 41 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T3 Clad 7075-T6

Nominal Rivet Diameter, in. . .
(Nominal Hole Diameter, in.)b .

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 227c ... ... ... 278c ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 326 367c ... ... 354 441c ... ...

0.040 . . . . . . . . . . . . . . . . . . . 437 505  561c ... 439 547  661c ...

0.050 . . . . . . . . . . . . . . . . . . . 466 679  773  908c 456 674  823 1120c

0.063 . . . . . . . . . . . . . . . . . . . 485 717 1005 1275 477 700  980 1330

0.071 . . . . . . . . . . . . . . . . . . . 497 731 1025 1500 490 716  999 1570

0.080 . . . . . . . . . . . . . . . . . . . 507 747 1045 1750 505 734 1020 1760

0.090 . . . . . . . . . . . . . . . . . . . 521 765 1065 1840 520 754 1045 1790

0.100 . . . . . . . . . . . . . . . . . . . 531 781 1085 1870 531 774 1070 1825

0.125 . . . . . . . . . . . . . . . . . . . ... 814 1135 1935 ... 814 1130 1905

0.160 . . . . . . . . . . . . . . . . . . . ... ... 1175 2030 ... ... 1175 2020

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... 2110 ... ... ... 2115

0.250 . . . . . . . . . . . . . . . . . . . ... ... ... 2125 ... ... ... 2125

Rivet shear strengthd . . . . . . . . 531 814 1175 2125 531 814 1175 2125

Yield Strengthe, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 192 ... ... ... 222 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 283 311 ... ... 307 356 ... ...

0.040 . . . . . . . . . . . . . . . . . . . 349 439  479 ... 372 475  542 ...

0.050 . . . . . . . . . . . . . . . . . . . 398 538  674  767 398 572  724  894

0.063 . . . . . . . . . . . . . . . . . . . 462 617  799 1105 431 612  836 1205

0.071 . . . . . . . . . . . . . . . . . . . 497 665  857 1310 451 638  867 1400

0.080 . . . . . . . . . . . . . . . . . . . 507 720  921 1400 474 666  900 1490

0.090 . . . . . . . . . . . . . . . . . . . 521 765  995 1500 499 698  938 1540

0.100 . . . . . . . . . . . . . . . . . . . 531 781 1065 1595 525 729  976 1595

0.125 . . . . . . . . . . . . . . . . . . . ... 814 1135 1835 ... 808 1070 1720

0.160 . . . . . . . . . . . . . . . . . . . ... ... 1175 2030 ... ... 1175 1895

0.190 . . . . . . . . . . . . . . . . . . . ... ... ... 2110 ... ... ... 2050

0.250 . . . . . . . . . . . . . . . . . . . ... ... ... 2125 ... ... ... 2125

Head height (ref.), in. . . . . . . . 0.029 0.037 0.046 0.060 0.029 0.037 0.046 0.060

a Data supplied by Lockheed-Georgia Company.

b Fasteners installed in hole diameters of 0.130, 0.158, 0.191, and 0.254 ± 0.003 inch, respectively.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.

d Shear strength based on Table 8.1.2(b) and Fsu = 41 ksi.

e Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.2.2(o).  Static Joint Strength of 120  Flush Shear Head Aluminum Alloy (2117-
T3) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . MS14218ADa (Fsu = 30 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)b .

3/32
(0.096)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

7/32
(0.228)

1/4
(0.257)

Ultimate Strength, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . 125c ... ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . 153 212c ... ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 188 263 334c ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 216 322 408 498c ... ...

0.050 . . . . . . . . . . . . . . . . . . . 217 380 498 609  740c 849c

0.063 . . . . . . . . . . . . . . . . . . . ... 388 588 751  910 1040

0.071 . . . . . . . . . . . . . . . . . . . ... ... 596 817 1015 1155

0.080 . . . . . . . . . . . . . . . . . . . ... ... ... 842 1125 1290

0.090 . . . . . . . . . . . . . . . . . . . ... ... ... 862 1205 1425

0.100 . . . . . . . . . . . . . . . . . . . ... ... ... ... 1225 1520

0.125 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 1555

Rivet shear strengthd . . . . . . . . 217 388 596 862 1225 1555

Yield Strengthe, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . 125 ... ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . 153 212 ... ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 188 263 334 ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . 216 319 408 498 ... ...

0.050 . . . . . . . . . . . . . . . . . . . 217 370 492 609  740  849

0.063 . . . . . . . . . . . . . . . . . . . ... 388 574 733  910 1040

0.071 . . . . . . . . . . . . . . . . . . . ... ... 596 794 1005 1155

0.080 . . . . . . . . . . . . . . . . . . . ... ... ... 842 1090 1275

0.090 . . . . . . . . . . . . . . . . . . . ... ... ... 862 1180 1380

0.100 . . . . . . . . . . . . . . . . . . . ... ... ... ... 1225 1480

0.125 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 1555

Head height (ref.), in. . . . . . . . 0.022 0.027 0.035 0.044 0.053 0.061

a Data supplied by Briles Rivet Corp.

b Load allowables developed from tests with hole diameters noted, except 3/32, 5/32, and 3/16 diameters were 0.098, 0.161,

and 0.1935, respectively.  Hole tolerance was +0.0005, -0.001 inch.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.

d  Shear strength based on Table 8.1.2(b) and Fsu = 30 ksi.

e  Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.2.2(p).  Static Joint Strength of 120  Flush Tension Type Head Aluminum Alloy
(7050-T731) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . MS14219 Ea (Fsu = 43 ksi)

Sheet Material . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . .
(Nominal Hole Diameter, in.)b

3/32
(0.096)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

7/32
(0.228)

1/4
(0.257)

9/32
(0.290)

5/16
(0.523)

Ultimate Strength, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . 210c ... ... ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . 279 339c ... ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . 310 473 527c ... ... ... ... ...

0.063 . . . . . . . . . . . . . . . . 311 538 743  819c ... ... ... ...

0.071 . . . . . . . . . . . . . . . . ... 558 788  979 1065c ... ... ...

0.080 . . . . . . . . . . . . . . . . ... ... 834 1105 1280 ... ... ...

0.090 . . . . . . . . . . . . . . . . ... ... 854 1165 1520 1625c ... ...

0.100 . . . . . . . . . . . . . . . . ... ... ... 1230 1605 1890 2020c 2120c

0.125 . . . . . . . . . . . . . . . . ... ... ... ... 1755 2145 2580 2965

0.160 . . . . . . . . . . . . . . . . ... ... ... ... ... 2230 2840 3415

0.190 . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... 3525

Rivet shear strengthd . . . . . . 311 588 854 1230 1755 2230 2840 3525

Yield Strengthe, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . 210 ... ... ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . 277 339 ... ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . 301 468 527 ... ... ... ... ...

0.063 . . . . . . . . . . . . . . . . 309 538 728  819 ... ... ... ...

0.071 . . . . . . . . . . . . . . . . ... 543 788  979 1065 ... ... ...

0.080 . . . . . . . . . . . . . . . . ... ... 823 1100 1280 ... ... ...

0.090 . . . . . . . . . . . . . . . . ... ... 833 1165 1490 1625 ... ...

0.100 . . . . . . . . . . . . . . . . ... ... ... 1190 1605 1875 2020 2120

0.125 . . . . . . . . . . . . . . . . ... ... ... ... 1705 2145 2580 2945

0.160 . . . . . . . . . . . . . . . . ... ... ... ... ... 2200 2765 3390

0.190 . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... 3455

Head height (ref.), in. . . . . . 0.034 0.041 0.053 0.068 0.077 0.090 0.100 0.104

a Data supplied by Briles Rivet Corp.
b Load allowables developed from tests with hole diameters noted, except 5/32, 3/16, and 5/16 diameter were 0.161, 0.1935,

and 0.316, respectively.  Hole tolerances were + 0.0005, -0.001 inch.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.
d Rivet shear strength based on Table 8.1.2(b) and Fsu = 43 ksi.
e Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.2.2(q).  Static Joint Strength of 120  Flush Tension Type Head Aluminum Alloy
(7050-T731) Solid Rivets in Machine-Countersunk Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . MS14219 Ea (Fsu = 43 ksi)

Sheet Material . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . .
(Nominal Hole Diameter, in.)b

3/32
(0.096)

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

7/32
(0.228)

1/4
(0.257)

9/32
(0.290)

5/16
(0.523)

Ultimate Strength, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . 272c ... ... ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . 297 455c ... ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . 311 522 704c ... ... ... ... ...

0.063 . . . . . . . . . . . . . . . . ... 558 803 1065c ... ... ... ...

0.071 . . . . . . . . . . . . . . . . ... ... 832 1140 1435c ... ... ...

0.080 . . . . . . . . . . . . . . . . ... ... 854 1180 1600
...

... ...

0.090 . . . . . . . . . . . . . . . . ... ... ... 1220 1650 2030c ... ...

0.100 . . . . . . . . . . . . . . . . ... ... ... 1230 1700 2090 2565c 2860c

0.125 . . . . . . . . . . . . . . . . ... ... ... ... 1755 2230 2740 3295

0.160 . . . . . . . . . . . . . . . . ... ... ... ... ... ... 2840 3525

Rivet shear strengthd . . . . . . 311 558 854 1230 1755 2230 2840 3525

Yield Strengthe, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . 272 ... ... ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . 296 455 ... ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . 308 522 704 ... ... ... ... ...

0.063 . . . . . . . . . . . . . . . . ... 550 802 1065 ... ... ... ...

0.071 . . . . . . . . . . . . . . . . ... ... 823 1140 1435 ... ... ...

0.080 . . . . . . . . . . . . . . . . ... ... 845 1170 1600 ... ... ...

0.090 . . . . . . . . . . . . . . . . ... ... ... 1205 1650 2030 ... ...

0.100 . . . . . . . . . . . . . . . . ... ... ... 1220 1685 2090 2565 2860

0.125 . . . . . . . . . . . . . . . . ... ... ... ... 1740 2195 2715 3295

0.160 . . . . . . . . . . . . . . . . ... ... ... ... ... ... 2815 3480

Head height (ref.), in. . . . . . 0.034 0.041 0.053 0.068 0.077 0.090 0.100 0.104

a Data supplied by Briles Rivet Corp.
b Allowables developed from tests with hole diameters noted, except 3/32, 5/32, 3/16, and 5/16 diameters were 0.098, 0.161,

0.1935, and 0.316, respectively.  Hole tolerances were +0.0005, -0.001 inch.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.
d Rivet shear strength based on Table 8.1.2(b) and Fsu = 43 ksi.
e Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.2.2(r).  Static Joint Strength of Solid 100o Flush Head Aluminum Alloy
(7050-T73) Solid Rivets in Machine Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . MS20426E  (Fsu = 41 ksi)a

Sheet Material . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . . . . 1/8 5/32 3/16 1/4

(Nominal Hole Diameter, in.) b . . . . . . . (0.1285) (0.159) (0.191) (0.257)

Ultimate Strength, lbs

Sheet thickness, in.:
    0.040 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.050 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.063 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.071 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.080 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.090 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.100 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.125 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.160 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.190 . . . . . . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthd

386c

419
463
491
521
531
 ...
 ...
 ...
 ...

531

 ...
592c

647
680
718
760
802
814
 ...
 ...

814

 ...
 ...

870c

910
955
1005
1055
1175

...

...
1175

 ...
 ...
 ...
 ...
 ...

1610c

1680
1845
2085
2125
2125

Yield Strengthe, lbs

Sheet thickness, in.:
    0.040 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.050 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.063 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.071 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.080 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.090 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.100 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.125 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.160 . . . . . . . . . . . . . . . . . . . . . . . . .
    0.190 . . . . . . . . . . . . . . . . . . . . . . . . .

262
327
412
464
517
531
 ...
 ...
 ...
 ...

 ...
404
510
574
647
728
794
814
 ...
 ...

 ...
 ...

612
690
777
875
972

1160
...
...

 ...
 ...
 ...
 ...
 ...

1175
1310
1635
2070
2125

Head Height (ref.), in. 0.042 0.055 0.070 0.095 

a Data supplied by Lockheed Ga. Co. and Air Force Materials Laboratory.
b Load allowables developed from tests with hole diameters of 0.130, 0.158, 0.191, and 0.256 ± 0.003 inch.
c The values in the table above the horizontal line in each column are for knife-edge condition and the use of fasteners in this

condition is undesirable. The use of knife-edge condition in design of military aircraft requires the specific approval of the
procuring agency.

d Shear strength based on area computed from nominal hole diameters in Table 8.1.2(b) and Fsu = 41 ksi.
e Permanent set at yield load: 4% of the nominal hole diameter.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-35

Table 8.1.2.2 (s).  Static Joint Strength of Solid 100o  Flush Head Alumunim Alloy 
(7050-T73) Solid Rivets in Machine Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . MS20426E  (Fsu = 41 ksi)a

Sheet Material . . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . . . . 1/8 5/32 3/16 1/4

(Nominal Hole Diameter, in.)b . . . (0.1285) (0.159) (0.191) (0.257)

Ultimate Strength, lbs

Sheet thickness, in.:
    0.040 . . . . . . . . . . . . . . . . . . . . .
    0.050 . . . . . . . . . . . . . . . . . . . . .
    0.063 . . . . . . . . . . . . . . . . . . . . .
    0.071 . . . . . . . . . . . . . . . . . . . . .
    0.080 . . . . . . . . . . . . . . . . . . . . .
    0.090 . . . . . . . . . . . . . . . . . . . . .
    0.100 . . . . . . . . . . . . . . . . . . . . .
    0.125 . . . . . . . . . . . . . . . . . . . . .
    0.160 . . . . . . . . . . . . . . . . . . . . .
    0.190 . . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthd

318c

393
440
469
502
531
 ...
 ...
 ...
 ...

531

 ...
492c

606
642
683
728
773
814
 ...
 ...

814

 ...
 ...

745c

840
898
952

1005
1140
1175

 ...
1175

 ...
 ...
 ...
 ...
 ...

1430c

1570
1755
2010
2125
2125

Yield Strengthe, lbs

Sheet thickness, in.:

    0.040 . . . . . . . . . . . . . . . . . . . . . 257  ...  ...  ...

    0.050 . . . . . . . . . . . . . . . . . . . . . 330 399  ...  ...

    0.063 . . . . . . . . . . . . . . . . . . . . . 423 515 607  ...

    0.071 . . . . . . . . . . . . . . . . . . . . . 469 586 693  ...

    0.080 . . . . . . . . . . . . . . . . . . . . . 502 666 789  ...

    0.090 . . . . . . . . . . . . . . . . . . . . . 531 728 896 1175 

    0.100 . . . . . . . . . . . . . . . . . . . . .  ... 773 1005 1320 

    0.125 . . . . . . . . . . . . . . . . . . . . .  ... 814 1140 1680 

    0.160 . . . . . . . . . . . . . . . . . . . . .  ...  ... 1175 2010 

    0.190 . . . . . . . . . . . . . . . . . . . . .  ...  ...  ... 2125

Head height (ref.), in. 0.042 0.055 0.070 0.095 

a Data supplied by Lockheed Ga. Co., Air Force Materials Laboratory, Allfast, Cherry Fasteners, Douglas Aircraft Co., and
Huck  Mfg. Co.

b Load allowables developed from tests with hole diameters of 0.130, 0.158, 0.191, and 0.256 ± 0.003 inch.
c The values in the table above the horizontal line in each column are for knife-edge condition and the use of fasteners in

this  condition is undesirable. The use of knife-edge condition in design of military aircraft requires the specific approval
of the  procuring agency.

d Shear strength based on area computed from nominal hole diameters in Table 8.1.2(b) and Fsu = 41 ksi.
e Permanent set at yield load:  4% of the nominal hole diameter.
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Table 8.1.2.2(t).  Static Joint Strength of 105 degree Flush Shear Head Aluminum Alloy
(7050) Solid Rivet in 100 degree Machine-Countersunk Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . AL 905 KEa (Fsu = 41 ksi)

Sheet Material . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . .

1/8
(0.1285)

5/32
(0.159)

3/16
(0.191)

1/4
(0.257)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . .

   325c

396
452
498
526
531
---
---
---

---
   502c

612
696
731
771
814
---
---

---
---

   750c

923
980

1030
1080
1175

---

---
---
---

   1280c

1425
1585
1735
1985
2125

Rivet Shear Strengthd . . . . . . . . . . . . 531 814 1175 2125

Yield Strength, lbse

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . .

268
326
399
493
526
531
---
---
---

---
415
504
620
692
771
814
---
---

---
---

619
759
845
942

1050
1175

---

---
---
---

1060
1175
1305
1450
1955
2125

Head height [ref.],f in. . . . . . . . 0.029 0.037 0.046 0.060

a Data supplied by Ateliers De La Haute Garonne SARL.
b Loads developed from tests with hole diameters of 0.1285, 0.161, 0.193, and 0.257, +/- 0.001 inch.
c The values above the horizontal line in each column are for knife-edge condition and the use of fasteners in this condition

is undesirable.  The use of knife-edge condition in design of military aircraft requires specific approval of the procuring
activity.

d Rivet shear strength is based upon Table 8.1.2(b) and Fsu = 41 ksi.
e Permanent set at yield load: 4% of nominal diameter.
f Head height values reflect driven rivet configuration.
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8.1.3 BLIND FASTENERS — The strengths shown in the following tables are applicable only for the grip
lengths and hole tolerances recommended by the respective fastener manufacturers.  For some fastener
systems, permanent set at yield load may be increased if hole sizes greater than those listed in the applicable
table are used.  This condition may exist even though the test hole size lies within the manufacturer’s
recommended hole size range.

The strength values were established from test data and are applicable to “joints” with e/D  2.0.  For
joints with e/D ratios less than 2.0, tests to substantiate the use of yield and ultimate strength allowables must
be made.  Ultimate strength values of protruding- and flush-head blind fasteners were obtained as described
in Section 9.7.  The analyses prior to 2003 included dividing the average ultimate load from test data by 1.15.
This factor was not applicable to shear strength cutoff values which represented either the procurement spe-
cification shear strength (S values) of the fastener, or if no specification existed, a statistical value determined
from test results as described in Chapter 9.

Unless otherwise specified, prior to 2003 the yield load was defined as the load which resulted in a joint
permanent set equal to 0.04D, where D is the decimal equivalent of the hole or fastener shank diameter, as
defined in Table 9.7.1.1.  Some tables are footnoted to show the previous criteria used for those particular
tables.

For machine countersunk joints, the sheet gage specified in the tables is that of the countersunk sheet.
When the noncountersunk sheet is thinner than the countersunk sheet, the bearing allowable for the
noncountersunk sheet-fastener combination should be computed, compared to the table value, and the lower
of the two values selected.  Increased attention should be paid to detail design in cases where t/D < 0.25
because of the possibility of unsatisfactory service life.

Joint allowable strengths of blind fasteners in double-dimpled or dimpled into machine countersunk
applications should be established on the basis of specific tests acceptable to the procuring or certifying
agency. 

Reference should be made to the requirements of the applicable procuring or certifying agency relative
to the use of blind fasteners such as the limitations of usage in design standard MS33522.

8.1.3.1 Protruding-Head Blind Fasteners

8.1.3.1.1 Friction-Lock Blind Rivets — Tables 8.1.3.1.1(a) through 8.1.3.1.1(e) contain joint allow-
ables for various protruding-head, friction-lock blind rivet/sheet material combinations.

8.1.3.1.2 Mechanical-Lock Spindle Blind Rivets — Tables 8.1.3.1.2(a) through (t) contain joint
allowables for various protruding-head, mechanical-lock spindle blind rivet/sheet material combinations.

8.1.3.2 Flush-Head Blind Fasteners

8.1.3.2.1 Friction-Lock Blind Rivets — Tables 8.1.3.2.1(a) through (g) contain joint allowables for
various flush-head, friction-lock blind rivet/sheet material combinations.

8.1.3.2.2 Mechanical-Lock Spindle Blind Rivets — Tables 8.1.3.2.2(a) through (aa) contain joint
allowables for various flush-head, mechanical-lock spindle blind rivet/sheet material combinations.

8.1.3.2.3 Flush-Head Blind Bolts — Tables 8.1.3.2.3(a) through (h) contain joint allowables for
various flush-head blind bolt/sheet material combinations.
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Table 8.1.3.1.1(a).  Static Joint Strength of Blind Protruding Head A-286 Rivets in Alloy
Steels, Titanium Alloy and A-286 Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . CR 6636a (Fsu = 75 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . .
Alloy Steel, Ftu = 125 ksi, Titanium Alloys, Ftu = 120 ksi,

and A-286 Alloy, Ftu = 140 ksi

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strengthb, lbs

Sheet thickness, in.:

0.008 . . . . . . . . . . . . . . . . . . . . . . . . . 169 ... ... ...

0.012 . . . . . . . . . . . . . . . . . . . . . . . . . 290 341 ... ...

0.016 . . . . . . . . . . . . . . . . . . . . . . . . . 412 493 566 ...

0.020 . . . . . . . . . . . . . . . . . . . . . . . . . 532  645  748  924

0.025 . . . . . . . . . . . . . . . . . . . . . . . . . 688  816  967 1221

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . 796 1050 1278 1650

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . 879 1233 1570 2129

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . 945 1354 1807 2673

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . 970 1461 1980 3168

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . ... 1490 2062 3350

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 2150 3515

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3663

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3779

0.112 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3890

Rivet shear strengthc . . . . . . . . . . . . . . 970 1490 2150 3890

a Data supplied by Cherry Fasteners.
b Yield strength is in excess of 80% of ultimate.  This is based on a previous Navy “BuAer” definition that yield strength would

not be considered to be critical if it exceeded 1.15 x 2.3 of design ultimate strength.  There was no requirement for submission
of the yield data for inclusion in ANC-5.

c Shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 75 ksi.
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Table 8.1.3.1.1(b).  Static Joint Strength of Protruding Head Monel Rivets in Stainless
Steel Sheet
Rivet Type . . . . . . . . . . . . . . . . . MS20600M (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . ANSI 301-Annealed AISI 301-½ Hard

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.) . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.154)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.010 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 195 ... ... ...

0.012 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 225  287 ... ...

0.016 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 290  367  453 ...

0.020 . . . . . . . . . . . . . . . . . . . . 332a ... ... ... 358  450  552  774

0.025 . . . . . . . . . . . . . . . . . . . . 396a  494a ... ... 440  552  675  940

0.032 . . . . . . . . . . . . . . . . . . . . 472a  627a  768a ... 522  690 1040 1163

0.040 . . . . . . . . . . . . . . . . . . . . 526a  729a  942a 1290a 580  810 1200 1430

0.050 . . . . . . . . . . . . . . . . . . . . 594a  810a 1070a 1585a 635  903 1325 1760

0.063 . . . . . . . . . . . . . . . . . . . . 681a  919a 1280a 1875a 678  980 1385 2090

0.071 . . . . . . . . . . . . . . . . . . . . 700a  984a 1370a 1980a 701 1013 1438 2220

0.080 . . . . . . . . . . . . . . . . . . . . 713 1055a 1470a 2110a 713 1050 1486 2340

0.090 . . . . . . . . . . . . . . . . . . . . ... 1080a 1530a 2240a ... 1081 1540 2450

0.100 . . . . . . . . . . . . . . . . . . . . ... 1090 1580 2380a ... 1090 1580 2540

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... 2700a ... ... ... 2710

0.160 . . . . . . . . . . . . . . . . . . . . ... ... ... 2855 ... ... ... 2855

Rivet shear strengthb . . . . . . . . . 713 1090 1580 2855 713 1090 1580 2855

Yield Strengthc, lbs

Sheet thickness, in.:

0.010 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 195 ... ... ...

0.012 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 225  287 ... ...

0.016 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 290  367  453 ...

0.020 . . . . . . . . . . . . . . . . . . . . 128 ... ... ... 358  450  551  774

0.025 . . . . . . . . . . . . . . . . . . . . 160 199 ... ... 440  552  675  940

0.032 . . . . . . . . . . . . . . . . . . . . 205 254 306 ... 522  690  836 1163

0.040 . . . . . . . . . . . . . . . . . . . . 257 318 382  514 580  810 1040 1430

0.050 . . . . . . . . . . . . . . . . . . . . 321 397 477  642 635  903 1200 1760

0.063 . . . . . . . . . . . . . . . . . . . . 405 501 601  810 678  980 1325 2090

0.071 . . . . . . . . . . . . . . . . . . . . 456 564 678  912 701 1013 1385 2220

0.080 . . . . . . . . . . . . . . . . . . . . 514 635 764 1025 713 1050 1438 2340

0.090 . . . . . . . . . . . . . . . . . . . . ... 715 860 1155 ... 1081 1486 2450

0.100 . . . . . . . . . . . . . . . . . . . . ... 795 955 1285 ... 1090 1540 2540

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... 1605 ... ... ... 2710

0.160 . . . . . . . . . . . . . . . . . . . . ... ... ... 2055 ... ... ... 2855

a Yield value is less than 2/3 of the indicated ultimate strength value.
b Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 55 ksi.
c Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.1.1(c).  Static Joint Strength of Blind Protruding Head Monel Rivets in
Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . . MS20600M (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . 2024-T3 7075-T6

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . 268  ... ... ... 297  ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 365  429  ... ... 405  472  ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 478  569  650 ... 485  631  720 ...

0.050 . . . . . . . . . . . . . . . . . . . . 545  738  860 1070 545  747  955 1190

0.063 . . . . . . . . . . . . . . . . . . . . 622  844 1110 1430 622  844 1110 1590

0.071 . . . . . . . . . . . . . . . . . . . . 652  903 1180 1665 652  903 1180 1840

0.080 . . . . . . . . . . . . . . . . . . . . 684  968 1255 1910 684  968 1255 1940

0.090 . . . . . . . . . . . . . . . . . . . . 713 1010 1345 2060 713 1010 1345 2060

0.100 . . . . . . . . . . . . . . . . . . . . ... 1050 1415 2180 ... 1050 1415 2180

0.125 . . . . . . . . . . . . . . . . . . . . ... 1090 1545 2480 ... 1090 1545 2480

0.160 . . . . . . . . . . . . . . . . . . . . ... ... 1580 2735 ... ... 1580 2735

0.190 . . . . . . . . . . . . . . . . . . . . ... ... ... 2855 ... ... ... 2855

Rivet shear strengtha . . . . . . . . . 713 1090 1580 2855 713 1090 1580 2855

Yield Strengthb, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . 234 ... ... ... 272 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 297 370  ... ... 343 430  ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 368 460  556 ... 425 533  644 ...

0.050 . . . . . . . . . . . . . . . . . . . . 458 570  688  936 492 657  797 1090

0.063 . . . . . . . . . . . . . . . . . . . . 529 715  863 1170 529 759 996 1350

0.071 . . . . . . . . . . . . . . . . . . . . 552 786  970 1315 552 786 1075 1520

0.080 . . . . . . . . . . . . . . . . . . . . 577 818 1090 1470 577 818 1110 1700

0.090 . . . . . . . . . . . . . . . . . . . . 605 853 1155 1650 605 853 1155 1915

0.100 . . . . . . . . . . . . . . . . . . . . ... 888 1200 1830 ... 888 1200 1970

0.125 . . . . . . . . . . . . . . . . . . . . ... 976 1300 2110 ... 976 1300 2110

0.160 . . . . . . . . . . . . . . . . . . . . ... ... 1450 2310 ... ... 1450 2310

0.190 . . . . . . . . . . . . . . . . . . . . ... ... ... 2480 ... ... ... 2480

a Shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 55 ksi.

b Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.1.1(d).  Static Joint Strength of Blind Protruding Head Alloy (2117-T3) Rivets
in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . MS20600AD and MS20602AD (Fsu = 30 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . Clad 2024 T3

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . . . . 233 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . 277 368 ...  ...

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . 321 425 544 ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . 388 506 643  961

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . ... 596 753 1110

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 823 1200

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 862 1305

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1415

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1550

Rivet shear strengtha . . . . . . . . . . . . . . 388 596 862 1550

Yield Strengthb, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . . . . 226 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . 264 356 ...  ...

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . 304 406 523 ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . 362 475 610  925

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . 388 560 709 1058

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . ... 596 771 1135

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 862 1230

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1330

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1450

a  Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 30 ksi.

b  Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.1.1(e).  Static Joint Strength of Blind Protruding Head Aluminum Alloy
(5056) Rivets in Magnesium Alloy Sheet

Rivet Type . . . . . . . . . . . . . . MS20600B (Fsu = 28 ksi)

Sheet Material . . . . . . . . . . . AZ31B-H24

Rivet Diameter, in. . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strengtha, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . 178 ... ... ...

0.032 . . . . . . . . . . . . . . . . . 218 282 ... ...

0.040 . . . . . . . . . . . . . . . . . 256 339 420 ...

0.050 . . . . . . . . . . . . . . . . . 290 392 502  714

0.063 . . . . . . . . . . . . . . . . . 330 449 584  870

0.071 . . . . . . . . . . . . . . . . . 352 481 627  942

0.080 . . . . . . . . . . . . . . . . . 363 512 667 1025

0.090 . . . . . . . . . . . . . . . . . ... 550 714 1090

0.100 . . . . . . . . . . . . . . . . . ... 556 757 1160

0.125 . . . . . . . . . . . . . . . . . ... ... 802 1315

0.160 . . . . . . . . . . . . . . . . . ... ... ... 1450

Rivet shear strengthb . . . . . . 363 556 802 1450

a Yield strength is in excess of 80% of ultimate.  This is based on a previous Navy “Bureau of Aeronautics” definition that

yield strength was not considered to be critical if it exceeded 1.15 x 2/3 of design ultimate strength.  There was no

requirement for submission of the yield data for inclusion in ANC-5.

b Shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 28 ksi.
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Table 8.1.3.1.2(a).  Static Joint Strength of Blind Protruding Head Locked Spindle A-286
Rivets in Alloy Steel Sheet

Rivet Type . . . . . . . . . . . . . . . .
NAS1398Ca and NAS1398C,

Code Ab (Fsu = 75 ksi) CR 2643a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . Alloy Steel Ftu = 180 ksi

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strengthc, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 697 ... ...  697 ... ...

0.032 . . . . . . . . . . . . . . . . . . . 785 1112 ...  807  1112 ...

0.040 . . . . . . . . . . . . . . . . . . . 860 1211 1628  911  1246 1639

0.050 . . . . . . . . . . . . . . . . . . . 956 1325 1772 1043 1406 1833

0.063 . . . . . . . . . . . . . . . . . . . 970 1480 1958 1215 1615 2090

0.071 . . . . . . . . . . . . . . . . . . . ... 1490 2070 1230 1748 2240

0.080 . . . . . . . . . . . . . . . . . . . ... ... 2150 ... 1885 2420

0.090 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 2610

0.100 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 2720

Rivet shear strength . . . . . . . . . 970d 1490d 2150d 1230e 1885e 2720e

a Data supplied by Cherry Fasteners.

b Confirmatory data supplied by Olympic Fastening Systems, Inc.

c Yield strength is in excess of 80% of ultimate.  This is based on a previous Navy “Bureau of Aeronautics” definition that yield

strength would not be considered to be critical if it exceeded 1.15 x 2/3 of design ultimate strength.  There was no requirement

for submission of the yield data for inclusion in ANC-5.

d Rivet shear strength is documented in NAS1400.

e Shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 95 ksi.
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Table 8.1.3.1.2(b).  Static Joint Strength of Blind Protruding Head Locked Spindle
Monel Rivets in Stainless Steel Sheet

Rivet Type . . . . . . . . . . . . . . . .
NAS1398 MS or MWa and NAS1398 MS or MW, Code Ab

(Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . AISI 301-½ Hard

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strengthc, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 462 ... ...

0.032 . . . . . . . . . . . . . . . . . . . 568  734 ...

0.040 . . . . . . . . . . . . . . . . . . . 594  870 1094

0.050 . . . . . . . . . . . . . . . . . . . 632  915 1270

0.063 . . . . . . . . . . . . . . . . . . . 678  971 1335

0.071 . . . . . . . . . . . . . . . . . . . 706 1009 1380

0.080 . . . . . . . . . . . . . . . . . . . 710 1048 1428

0.090 . . . . . . . . . . . . . . . . . . . ... 1090 1532

0.100 . . . . . . . . . . . . . . . . . . . ... ... 1580

Rivet shear strengthd . . . . . . . . 710 1090 1580

a Data supplied by Cherry Fasteners.

b Confirmatory data supplied by Olympic Fastening Systems, Inc.

c Yield strength is in excess of 80% of ultimate strength.  This is based on a previous Navy “Bureau of Aeronautics” definition

that yield strength was not considered to be critical if it exceeded 1.15 x 2/3 of design ultimate strength.  There was no

requirement for submission of the yield strength data for inclusion in ANC-5.

d Rivet shear strength is documented in NAS1400.
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Table 8.1.3.1.2(c).  Static Joint Strength of Blind Protruding Head Locked Spindle Monel
Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . .
NAS1398 MS or MWa and NAS1398 MS or MW, Code Ab

(Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in.  . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strengthc, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . . 318 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . . 404  506 ...

0.040 . . . . . . . . . . . . . . . . . . . . . . . 466  624  774

0.050 . . . . . . . . . . . . . . . . . . . . . . . 546  720  922

0.063 . . . . . . . . . . . . . . . . . . . . . . . 647  845 1072

0.071 . . . . . . . . . . . . . . . . . . . . . . . 710  921 1168

0.080 . . . . . . . . . . . . . . . . . . . . . . . ... 1009 1272

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... 1090 1387

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... ... 1507

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... ... 1580

Rivet shear strengthd  . . . . . . . . . . . 710 1090 1580

a Data supplied by Cherry Fasteners.

b Confirmatory data supplied by Olympic Fastening Systems, Inc.

c Yield strength is in excess of 80% of ultimate.  This is based on a previous Navy “Bureau of Aeronautics” definition that yield

strength would not be considered to be critical if it exceeded 1.15 x 1/3 of design ultimate strength.  There was no requirement

for submission of the yield data for inclusion in ANC-5.

d Rivet shear strength is documented in NAS1400.
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Table 8.1.3.1.2(d1).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . NAS1398Ba (Fsu = 30 ksi) NAS1398Da (Fsu = 38 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . 228 ... ...  ... 228 ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . 289 364 412  ... 304 364 ... ...

0.040 . . . . . . . . . . . . . . . . . . . 337 448 553  670 355 470  553 ...

0.050 . . . . . . . . . . . . . . . . . . . 388 521 662  914 418 548  696  914

0.063 . . . . . . . . . . . . . . . . . . . ... 596 781 1145 494 647  816 1205

0.071 . . . . . . . . . . . . . . . . . . . ... ... 854 1240 ... 710  894 1303

0.080 . . . . . . . . . . . . . . . . . . . ... ... 862 1350 ... 755  975 1420

0.090 . . . . . . . . . . . . . . . . . . . ... ... ... 1475 ... ... 1069 1545

0.100 . . . . . . . . . . . . . . . . . . . ... ... ... 1550 ... ... 1090 1670

0.125 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... 1970

Rivet shear strengthb . . . . . . . . 388 596 862 1550 494 755 1090 1970

a  Data supplied by Cherry Fasteners.
b  Rivet shear strength documented in NAS1400.
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Table 8.1.3.1.2(d2).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . NAS1738B and NAS1738Ea (Fsu = 34 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 267 305  330

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368 428  473

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427 567  636

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480 650  815

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 547b 735  912

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 554b 785b  976

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 837b 1042b

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1115b

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1128b

Rivet shear strengthc . . . . . . . . . . . . . . . . . . . . . . . 554 837 1128

Yield Strengthd, lbs

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185 213 228

0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242 285 317

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298 386 433

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 453 568

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336 489 625

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336 508 680

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336 508 684

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 508 684

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 684

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 684

a Data supplied by Cherry Fasteners.

b Yield value is less than 2/3 of the indicated ultimate.

c Rivet shear strength was documented in NAS1740 prior to Revision (1), dated January 15, 1974.

d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.1.2(e).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Magnesium Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . NAS1398Ba (Fsu = 30 ksi)
NAS1738B and NAS1738Ea

(Fsu = 34 ksi)

Sheet Material . . . . . . . . . . . . . . AZ31B-H24

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . 163 ... ... ... 202 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 208 256 310  ... 261 321  372

0.040 . . . . . . . . . . . . . . . . . . . . 255 324 388  519 325 401  465

0.050 . . . . . . . . . . . . . . . . . . . . 298 394 485  654 372 501  579

0.063 . . . . . . . . . . . . . . . . . . . . 352 461 588  822 425 570  708

0.071 . . . . . . . . . . . . . . . . . . . . 385 501 639  924 458 609  756

0.080 . . . . . . . . . . . . . . . . . . . . 388 550 695 1020 495 656  809

0.090 . . . . . . . . . . . . . . . . . . . . ... 596 755 1109 536b 709  866

0.100 . . . . . . . . . . . . . . . . . . . . ... ... 820 1191 554b 759  925

0.125 . . . . . . . . . . . . . . . . . . . . ... ... 862 1397 ... 837b 1072b

0.160 . . . . . . . . . . . . . . . . . . . . ... ... ... 1550 ... ... 1128b

Rivet shear strength . . . . . . . . . . 388c 596c 862c 1550c 554d 837d 1128d

Yield Strengthe, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 155 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 198 243 282

0.040 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 248 304 353

0.050 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 302 380 441

0.063 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 325 460 556

0.071 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 336 478 614

0.080 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 336 499 638

0.090 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 336 508 664

0.100 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 336 508 684

0.125 . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 508 684

0.160 . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... 684

a  Data supplied by Cherry Fasteners.
b  Yield value is less than 2/3 of the indicated ultimate strength value.
c  Rivet shear strength is documented in NAS1400.
d  Rivet shear strength was documented in NAS1740 prior to Revision (1), dated January 15, 1974.
e  Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.1.2(f).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy (2219) Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . CR 2A63a (Fsu = 36 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T81

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.) .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.

0.025 . . . . . . . . . . . . . . . . . . 256 ... ...

0.032 . . . . . . . . . . . . . . . . . . 295 404  ...

0.040 . . . . . . . . . . . . . . . . . . 340 458  592

0.050 . . . . . . . . . . . . . . . . . . 395 527  675

0.063 . . . . . . . . . . . . . . . . . . 467 617  783

0.071 . . . . . . . . . . . . . . . . . . 478 672  848

0.080 . . . . . . . . . . . . . . . . . . ... 734  922

0.090 . . . . . . . . . . . . . . . . . . ... 741 1005

0.100 . . . . . . . . . . . . . . . . . . ... ... 1063

Rivet shear strengthb . . . . . . . . 478 741 1063

Yield Strengthc, lbs

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . 256 ... ...

0.032 . . . . . . . . . . . . . . . . . . 295 404 ...

0.040 . . . . . . . . . . . . . . . . . . 336 458 592

0.050 . . . . . . . . . . . . . . . . . . 383 521 675

0.063 . . . . . . . . . . . . . . . . . . 440 598 770

0.071 . . . . . . . . . . . . . . . . . . 445 646 827

0.080 . . . . . . . . . . . . . . . . . . ... 683 890

0.090 . . . . . . . . . . . . . . . . . . ... 690 963

0.100 . . . . . . . . . . . . . . . . . . ... ... 984

a  Data supplied by Cherry Fasteners.

b  Shear strength values based on indicated nominal hole diameters and Fsu = 36 ksi.

c  Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.3.1.2(g).  Static Joint Strength of Blind Protruding Head Locked Spindle A-286
Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . CR4623a (Fsu = 75 ksi)

Sheet Material . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . .
(Nominal Hole Diameter, in.)b

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Sheet thickness, in.: Ultimate Strength, lbs.

 0.020 . . . . . . . . . . . . . . . . . . .
 0.025 . . . . . . . . . . . . . . . . . . .
 0.032. . . . . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . .
Rivet shear strengthc . . . . . . . .

237
298
385
486
610
772
856
903
956
995
...
...
...
...

995

...
367
478
601
757
958

1080
1220
1340
1405
1545

...

...

...
1545

...

...
566
714
902

1145
1290
1455
1645
1830
2055
2215

...

...
2215

...

...

...
939

1185
1505
1705
1925
2175
2425
3035
3570
3885
3920
3920

Sheet thickness, in.: Yield Strengthd, lbs.

 0.020 . . . . . . . . . . . . . . . . . . .
 0.025 . . . . . . . . . . . . . . . . . . .
 0.032 . . . . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . .

237
296
381
478
596
690
747
812
857
879
...
...
...
...

...
367
475
594
745
932

1005
1085
1175
1265
1365

...

...

...

...

...
565
709
890

1125
1270
1385
1495
1600
1870
1995

...

...

...

...

...
938

1180
1490
1680
1895
2140
2360
2715
3215
3425
3690

a Data supplied by Cherry Fasteners.
b Allowable loads developed from test with hole diameters as listed.
c Fastener shear strength based on nominal hole diameters and Fsu = 75 ksi from data analysis.
d Permanent set at yield load: 4% of nominal hole diameter.
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Table 8.1.3.1.2(h).  Static Joint Strength of Blind Protruding Head Locked Spindle Monel Rivets
in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . CR 4523a (Fsu = 65 ksi)

Sheet Material . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in . . . . . . . . .
(Nominal Hole Diameter, in.)b

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Sheet thickness, in.: Ultimate Strength, lbs.

 0.020 . . . . . . . . . . . . . . . . . . .
 0.025 . . . . . . . . . . . . . . . . . . .
 0.032 . . . . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . .
Rivet shear strengthc . . . . . . . .

221
284
373
475
602
701
729
760
796
831
863
...
...
...

863

...
344
456
582
740
945

1055
1095
1140
1180
1290
1340

...

...
1340

...

...
533
684
875

1120
1270
1440
1540
1590
1725
1905
1920

...
1920

...

...

...
878

1130
1455
1655
1885
2135
2390
2760
3005
3215
3400
3400

Sheet thickness, in.: Yield Strengthd, lbs.

 0.020 . . . . . . . . . . . . . . . . . . .
 0.025 . . . . . . . . . . . . . . . . . . .
 0.032 . . . . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . .

221
279
360
453
569
659
707
729
752
776
834
...
...
...

...
344
447
561
706
893
965

1035
1105
1135
1205
1305

...

...

...

...
530
667
841

1065
1205
1340
1430
1520
1645
1765
1870

...

...

...

...
878

1110
1405
1590
1795
2030
2260
2590
2880
3015
3290

a Data supplied by Cherry Fasteners.
b Allowable loads developed from test with hole diameters as listed.
c Fastener shear strength based on nominal hole diameters and Fsu = 65 ksi from data analysis.
d Permanent set at yield load: 4% of nominal hole diameter.
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Table 8.1.3.1.2(i).  Static Joint Strength of Blind Protruding Head Locked Spindle Aluminum
Alloy (7050) Rivets in Aluminum Alloy Sheet 

Rivet Type . . . . . . . . . . . . . . . . . . . . . NAS 1720KE and NAS 1720KE( )La,b (Fsu = 33 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)c . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Sheet thickness, in.: Ultimate Strength, lbs.

 0.020 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.025 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.032 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthd . . . . . . . . . . . . .

174
219
282
354
376
392
402
413
425
437
450
...

450

...
272
350
440
552
585
597
611
626
641
680
700
700

...

...
417
525
659
816
831
847
866
884
929
950
950

Sheet thickness, in.: Yield Strengthe, lbs.

 0.020 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.025 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.032 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . . . . .

174
215
261
314
366
382
391
402
414
426
450
...

...
272
340
406
489
570
582
595
610
625
662
700

...

...
417
504
603
732
809
825
843
861
905
950

a Data supplied by Avdel Corp.
b Fasteners should not be used for structural applications where the t/D is less than 0.15.
c Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +0.0005, -0.0000 inch.
d Rivet shear strength is documented in NAS 1722.
e Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.1.2(j).  Static Joint Strength of Blind Protruding Head Locked
Spindle A-286 Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . .

Sheet Material . . . . . . . . . . . . . .

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.)c . .

NAS1720C and NAS1720C( )La,b (Fsu = 75 ksi)

Clad 7075-T6

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Sheet thickness, in:
Ultimate Strength, lbs.

0.025 . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . .

Rivet shear strengthd . . . . . . . . .

 329
 399
 499
 625
 789
 847
 870
 896
 921
 985
1000

...
1000

 ...
 528
 621
 778
 982
1105
1245
1320
1350
1430
1500

...
1500

...
 ...

 799
 930
1170
1320
1490
1680
1865
1955
2090
2200
2200

Sheet thickness, in.:
Yield Strengthe, lbs.

0.025 . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . .

 329
 390
 453
 531
 632
 687
 701
 717
 733
 773
 829

...

...
 386
 607
 704
 831
 909
 996
1070
1090
1140
1210

...

...

...
 779
 895
1045
1140
1245
1360
1475
1575
1655
1730

a Data supplied by Avdel Corp.
b Fasteners should not be used for structural applications where the t/D is less than 0.15.
c Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, ±.0001 inch.
d Rivet shear strength is documented in NAS1722.
e Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.1.2(k).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . AF3243 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

242
302
371
456
538
556
577
600
622
679
759

---
382
467
572
710
795
828
856
885
955
---

---
453
551
674
834
932

1040
1110
1140
1225
1335

Rivet shear strengthc . . . . . . . . . . . . . . . 814 1245 1685

Yield Strength, lbsd

Sheet thickness, in.:
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

242
302
371
456
538
556
577
600
622
679
759

---
382
467
572
710
795
828
856
885
955
---

---
453
551
674
834
932

1040
1110
1140
1225
1335

a Data supplied by Allfast Fastening Systems Inc.
b Loads developed from tests with hole diameters of 0.144, 0.178, and 0.207, +/-0.001 inch.
c Rivet shear strength is documented on AF3243 standards drawing.
d Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.1.2(l).  Static Joint Strength of Blind Protruding Head Locked Spindle Aluminum
Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . HC3213 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

225
265
320
383
461
538
558
581
607
632
664
---
---

---
351
419
498
596
723
801
840
872
904
983

1030
---

---
---

527
621
738
891
985

1090
1180
1220
1315
1445
1480

Rivet shear strengthc . . . . . . . . . . . . . . . 664 1030 1480

Yield Strength, lbsd

Sheet thickness, in.:
0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

182
222
278
343
423
436
444
453
463
473
497
---
---

---
284
354
434
534
658
668
679
691
704
734
777
---

---
---

431
527
647
803
898
951
965
980

1015
1065
1110

a Data supplied by Huck International Inc.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c Rivet shear strength is documented on HC3213 standards drawing.
d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.1.2(m).  Static Joint Strength of Protruding Head Locked Spindle
Aluminum Alloy Blind Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . HC6223a (Fsu = 50 ksi) Nominal

Sheet and Plate Material . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.:

0.016 . . . . . . . . . . . . . . . . . . . . . ... ... ...

0.020 . . . . . . . . . . . . . . . . . . . . . ...  ... ...

0.025 . . . . . . . . . . . . . . . . . . . . . 272  ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . 367  437 ...

0.040 . . . . . . . . . . . . . . . . . . . . . 427  573  661

0.050 . . . . . . . . . . . . . . . . . . . . . 476  664  864

0.063 . . . . . . . . . . . . . . . . . . . . . 539  743  975

0.071 . . . . . . . . . . . . . . . . . . . . . 578  792 1033

0.080 . . . . . . . . . . . . . . . . . . . . . 622  846 1099

0.090 . . . . . . . . . . . . . . . . . . . . . 664  907 1171

0.100 . . . . . . . . . . . . . . . . . . . . . ...  967 1244

0.125 . . . . . . . . . . . . . . . . . . . . . ... 1030 1425

0.160 . . . . . . . . . . . . . . . . . . . . . ... ... 1480

0.190 . . . . . . . . . . . . . . . . . . . . . ... ... ...

Rivet shear strengthb . . . . . . . . . . . . 664 1030 1480

Yield Strengthc, lbs

Sheet thickness, in.:

0.016 . . . . . . . . . . . . . . . . . . . . . ... ... ...

0.020 . . . . . . . . . . . . . . . . . . . . . ...  ... ...

0.025 . . . . . . . . . . . . . . . . . . . . . 255  ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . 320  406  ...

0.040 . . . . . . . . . . . . . . . . . . . . . 394  498  605

0.050 . . . . . . . . . . . . . . . . . . . . . 417  613  743

0.063 . . . . . . . . . . . . . . . . . . . . . 437 648  901

0.071 . . . . . . . . . . . . . . . . . . . . . 449 664  920

0.080 . . . . . . . . . . . . . . . . . . . . . 463 681  940

0.090 . . . . . . . . . . . . . . . . . . . . . 478 700  963

0.100 . . . . . . . . . . . . . . . . . . . . . ... 720  986

0.125 . . . . . . . . . . . . . . . . . . . . . ... 768 1044

0.160 . . . . . . . . . . . . . . . . . . . . . ... ... 1125

0.190 . . . . . . . . . . . . . . . . . . . . . ... ... ...

a Data supplied by Huck International, Inc.
b Rivet shear strength is documented in MIL-R-7885D.
c Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.3.1.2(n).  Static Joint Strength of Protruding Head Locked Spindle
Aluminum Alloy Blind Rivets in Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . . . . HC6253a (Fsu = 50 ksi)

Sheet Material . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs

Sheet thickness, in.:

0.016 . . . . . . . . . . . . . . . . . . . . ... ... ...

0.020 . . . . . . . . . . . . . . . . . . . . ...  ... ...

0.025 . . . . . . . . . . . . . . . . . . . . ...  ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 344  419 ...

0.040 . . . . . . . . . . . . . . . . . . . . 436  532  613

0.050 . . . . . . . . . . . . . . . . . . . . 513  674  777

0.063 . . . . . . . . . . . . . . . . . . . . 559  789  992

0.071 . . . . . . . . . . . . . . . . . . . . 588  824 1055

0.080 . . . . . . . . . . . . . . . . . . . . 620  864 1101

0.090 . . . . . . . . . . . . . . . . . . . . 656  908 1152

0.100 . . . . . . . . . . . . . . . . . . . . 691  952 1204

0.125 . . . . . . . . . . . . . . . . . . . . 781 1063 1332

0.160 . . . . . . . . . . . . . . . . . . . . 814 1217 1512

0.190 . . . . . . . . . . . . . . . . . . . . ... 1245 1666

0.250 . . . . . . . . . . . . . . . . . . . . ... ... 1685

Rivet shear strengthb . . . . . . . . . . . . 814 1245 1685

Yield Strengthc, lbs

Sheet thickness, in.:

0.016 . . . . . . . . . . . . . . . . . . . . ... ... ...

0.020 . . . . . . . . . . . . . . . . . . . . ...  ... ...

0.025 . . . . . . . . . . . . . . . . . . . . ...  ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 344d  419d ...

0.040 . . . . . . . . . . . . . . . . . . . . 403  532d  613d

0.050 . . . . . . . . . . . . . . . . . . . . 462 619  731

0.063 . . . . . . . . . . . . . . . . . . . . 523 715  879

0.071 . . . . . . . . . . . . . . . . . . . . 541 774  948

0.080 . . . . . . . . . . . . . . . . . . . . 560 805  1025

0.090 . . . . . . . . . . . . . . . . . . . . 583 832  1079

0.100 . . . . . . . . . . . . . . . . . . . . 605 859  1110

0.125 . . . . . . . . . . . . . . . . . . . . 660 928  1190

0.160 . . . . . . . . . . . . . . . . . . . . 738 1024  1302

0.190 . . . . . . . . . . . . . . . . . . . . ... 1245  1397

0.250 . . . . . . . . . . . . . . . . . . . . ... ...  1588

a Data supplied by Huck International, Inc.

b Rivet shear strength is documented in MIL-R-7885D.

c Permanent set at yield load:  4% of nominal hole diameter.

d Calculated yield reduced to match ultimate strength.
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Table 8.1.3.1.2(o).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . AF3213 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

223
262
317
380
411
441
459
480
503
526
583
---
---

---
347
416
494
592
640
663
689
717
746
818
918
---

---
---

522
616
733
875
902
933
968

1000
1085
1205
1310

Rivet shear strengthc . . . . . . . . . . . . . . . 664 1030 1480

Yield Strength, lbsd

Sheet thickness, in.:
0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

223
262
317
362
378
398
411
425
441
457
496
---
---

---
347
416
494
562
588
604
622
641
661
710
779
---

---
---

522
616
733
814
833
854
878
901
960

1040
1110

a Data supplied by Allfast Fastening Systems Inc.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c Rivet shear strength is documented on AF3213 standards drawing.
d Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.1.2(p).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . CR3213 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

250
280
322
370
430
492
513
536
562
587
652

---
389
441
501
576
673
733
769
801
833
913

---
---

576
648
737
853
925

1005
1080
1115
1215

Rivet shear strengthc . . . . . . . . . . . . . . . . . . . . . 664 1030 1480

Yield Strength, lbsd

Sheet thickness, in.:
0.020 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

214
238
272
298
315
338
351
367
384
401
445

---
332
375
424
463
491
508
527
549
570
624

---
---

491
550
623
672
692
716
741
767
831

a Data supplied by Textron Aerospace Fasteners.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c Rivet shear strength is documented on CR3213 standards drawing.
d Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-60

Table 8.1.3.1.2(q).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . CR3243 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

317
366
421
489
579
623
640
660
679
728

---
494
562
647
758
826
902
957
981

1040

---
617
696
795
924

1000
1090
1190
1280
1350

Rivet shear strengthc . . . . . . . . . . . . . . . 814 1245 1685

Yield Strength, lbsd

Sheet thickness, in.:
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

272
317
368
432
451
462
475
489
503
538

---
425
488
567
664
677
693
710
728
771

---
527
600
692
811
884
911
931
951

1000

a Data supplied by Textron Aerospace Fasteners.
b Loads developed from tests with hole diameters of 0.144, 0.178, and 0.207, +/-0.001 inch.
c Rivet shear strength is documented on CR3243 standards drawing.
d Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.1.2(r).  Static Joint Strength of Blind Protruding Head Locked Spindle Aluminum
Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . HC3243 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

252
312
380
465
546
576
610
647
685
779
814
---
---

---
397
481
586
723
803
844
891
937

1050
1215
1245

---

---
473
571
693
852
950

1060
1125
1175
1310
1500
1665
1685

Rivet shear strengthc . . . . . . . . . . . . . . . 814 1245 1685

Yield Strength, lbsd

Sheet thickness, in.:
0.025 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

252
312
371
401
440
464
491
521
551
626
730
---
---

---
397
481
569
617
646
680
717
754
846
976

1085
---

---
473
571
693
790
824
863
906
949

1055
1205
1335
1595

a Data supplied by Huck International Inc.
b Loads developed from tests with hole diameters of 0.144, 0.178, and 0.207, +/-0.001 inch.
c Rivet shear strength is documented on HC3243 standards drawing.
d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.1.2(s).  Static Joint Strength of Blind Protruding Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . . . . . AF3223 (Fsu = 50 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . 272 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . 331 431 ...

0.040 . . . . . . . . . . . . . . . . . . . . . . 390 516 640

0.050 . . . . . . . . . . . . . . . . . . . . . . 421 606 767

0.063 . . . . . . . . . . . . . . . . . . . . . . 461  656 883

0.071 . . . . . . . . . . . . . . . . . . . . . . 486  687  920

0.080 . . . . . . . . . . . . . . . . . . . . . . 514  722  962 

0.090 . . . . . . . . . . . . . . . . . . . . . . 545  760 1005  

0.100 . . . . . . . . . . . . . . . . . . . . . . 576 799 1050

0.125 . . . . . . . . . . . . . . . . . . . . . . 653 896 1170

0.160 . . . . . . . . . . . . . . . . . . . . . . 664 1030  1330  

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ...  1460  

Rivet shear strengthc . . . . . . . . . . . . . 664 1030  1460  

Yield Strengthd, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . 243 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . 312 387 ...

0.040 . . . . . . . . . . . . . . . . . . . . . . 390 485 580

0.050 . . . . . . . . . . . . . . . . . . . . . . 421  606 727

0.063 . . . . . . . . . . . . . . . . . . . . . . 448  656  883 

0.071 . . . . . . . . . . . . . . . . . . . . . . 463  678  920 

0.080 . . . . . . . . . . . . . . . . . . . . . . 481  700  958 

0.090 . . . . . . . . . . . . . . . . . . . . . . 500  723  987 

0.100 . . . . . . . . . . . . . . . . . . . . . . 519  747  1015   

0.125 . . . . . . . . . . . . . . . . . . . . . . 566 806 1085  

0.160 . . . . . . . . . . . . . . . . . . . . . . 633 889 1185  

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 1270   

a Data supplied by Allfast Fastening Systems Inc.

b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.

c Rivet shear strength as documented in Allfast Fastening Systems Inc P-127.

d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.1.2(t).  Static Joint Strength of Protruding Head 5056 Aluminum Alloy
Rivets in Clad Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . . . . . CR3223 (Fsu = 50 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . 257 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . 316 408 ...

0.040 . . . . . . . . . . . . . . . . . . . . . . 383 492 606

0.050 . . . . . . . . . . . . . . . . . . . . . . 450 596 731

0.063 . . . . . . . . . . . . . . . . . . . . . . 486 701 894

0.071 . . . . . . . . . . . . . . . . . . . . . . 509 729 987

0.080 . . . . . . . . . . . . . . . . . . . . . . 534 760 1025

0.090 . . . . . . . . . . . . . . . . . . . . . . 562 795 1065

0.100 . . . . . . . . . . . . . . . . . . . . . . 590 830 1105

0.125 . . . . . . . . . . . . . . . . . . . . . . 659c 917 1210

0.160 . . . . . . . . . . . . . . . . . . . . . . 664c 1030c 1355c

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 1480c

Rivet shear strengthd . . . . . . . . . . . . 664 1030 1480

Yield Strengthe, lbs.

Sheet thickness, in.:

0.025 . . . . . . . . . . . . . . . . . . . . . . 221 ... ...

0.032 . . . . . . . . . . . . . . . . . . . . . . 279 351 ...

0.040 . . . . . . . . . . . . . . . . . . . . . . 321 434 525

0.050 . . . . . . . . . . . . . . . . . . . . . . 333 498 649

0.063 . . . . . . . . . . . . . . . . . . . . . . 350 519 720

0.071 . . . . . . . . . . . . . . . . . . . . . . 360 531 736

0.080 . . . . . . . . . . . . . . . . . . . . . . 371 545 752

0.090 . . . . . . . . . . . . . . . . . . . . . . 384 561 771

0.100 . . . . . . . . . . . . . . . . . . . . . . 396 577 790

0.125 . . . . . . . . . . . . . . . . . . . . . . 428 616 837

0.160 . . . . . . . . . . . . . . . . . . . . . . 472 671 903

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 959

a Data supplied by Textron Aerospace Fasteners.

b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.0005 inch.

c Yield value is less than 2/3 of indicated ultimate strength value.

d Rivet shear strength as documented in Textron Aerospace Fasteners PS-CMR-3000.

e Permanent set at yield load: 4% of nominal diameter.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-64

Table 8.1.3.2.1(a).  Static Joint Strength of Blind 100  Flush Head A-286 Rivets in
Machine-Countersunk Alloy Steel, Titanium Alloy, and A-286 Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . CR 6626a (Fsu = 75 ksi)

Sheet Material . . . . . . . . . . . . . . . . . .
Alloy Steel, Ftu = 125 ksi, Titanium Alloy, Ftu = 120 ksi, and

A-286 Alloy, Ftu = 140 ksi

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 582b,c ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 693  898b,c ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 842 1082 1351b,c ...

0.071 . . . . . . . . . . . . . . . . . . . . . . 891 1189 1478 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . 949 1303 1633 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . 970 1379 1798 2558b,c

0.100 . . . . . . . . . . . . . . . . . . . . . . ... 1461 1916 2772

0.112 . . . . . . . . . . . . . . . . . . . . . . ... 1490 2026 3036

0.125 . . . . . . . . . . . . . . . . . . . . . . ... ... 2150 3333

0.140 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3531

0.160 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3795

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3890

Rivet shear strengthd . . . . . . . . . . . . . 970 1490 2150 3890

Yield Strengthe, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 355 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 499  557 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 681  784  858 ...

0.071 . . . . . . . . . . . . . . . . . . . . . . 771  923 1031 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . 858 1082 1223 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . 920 1202 1424 1700

0.100 . . . . . . . . . . . . . . . . . . . . . . ... 1297 1643 1997

0.112 . . . . . . . . . . . . . . . . . . . . . . ... 1417 1779 2327

0.125 . . . . . . . . . . . . . . . . . . . . . . ... ... 1925 2690

0.140 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3053

0.160 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3432

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 3845

Head height (ref.), in. . . . . . . . . . . . . . 0.042 0.055 0.070 0.095

a Data supplied by Cherry Fasteners.

b Yield value is less than 2/3 of the indicated ultimate strength value.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 75 ksi.

e Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



M
IL

-H
D

B
K

-5
J

3
1

 J
a

n
u

a
ry

 2
0

0
3

8
-6

5

Table 8.1.3.2.1(b).  Static Joint Strength of Blind 100  Flush Head Monel Rivets in Machine-Countersunk
Stainless Steel
Rivet Type ............................. MS20601M (R.T. Fsu = 55 ksi)

Sheet Material ........................ 17-7PH, TH 1050

Temperature ........................... Room 500 F 700 F

Rivet Diameter, in. ................
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 ............................... 373a,b ... ... ... 373a,b ... ... ... 373a,b ... ... ...

0.050 ............................... 429  574a,b ... ... 429 574a,b ... ... 429 574a,b ... ...

0.063 ............................... 495  664  866a,b ... 495 664  866a,b ... 495 664  866a,b ...

0.071 ............................... 535  714  924 ... 535 714  924 ... 535 714  924 ...

0.080 ............................... 579   771  991 ... 579 771  991 ... 574 771  991 ...

0.090 ............................... 630  833 1065 1615a,b 625 833 1065 1615a,b 590 833 1065 1615a,b

0.100 ............................... ...  896 1140 1720 ... 896 1140 1720 ... 884 1140 1720

0.125 ............................... ... ... 1325 1970 ... ... 1325 1970 ... 904 1290 1970

0.160 ............................... ... ... ... 2320 ... ... ... 2320 ... ... 1305 2300

0.180 ............................... ... ... ... 2520 ... ... ... 2500 ... ... ... 2360

Rivet shear strengthc ............. 713 1090 1580 2855 648 993 1430 2590 590 904 1305 2360

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 ............................... 213 ... ... ... 213 ... ... ... 213 ... ... ...

0.050 ............................... 303 332 ... ... 303 332 ... ... 303 332 ... ...

0.063 ............................... 439 476  518 ... 439 476  518 ... 439 476  518 ...

0.071 ............................... 528 569  621 ... 528 569  621 ... 528 569  621 ...

0.080 ............................... 579 696  741 ... 579 696  741 ... 574 696  741 ...

0.090 ............................... 630 833  910 1030 625 833  910 1030 590 833  910 1030

0.100 ............................... ... 896 1075 1212 ... 896 1075 1212 ... 884 1075 1212

0.125 ............................... ... ... 1325 1731 ... ... 1325 1731 ... 904 1290 1731

0.160 ............................... ... ... ... 2320 ... ... ... 2320 ... ... 1305 2300

0.180 ............................... ... ... ... 2520 ... ... ... 2500 ... ... ... 2360

Head height (ref.), in. ............ 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095

a Yield value is less than 2/3 of the indicated ultimate strength value.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge condition in design of military

aircraft requires specific approval of the procuring agency.

c Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu values at 55 ksi, 50 ksi, and 45 ksi at room temperature,

500 F and 700 F, respectively.

d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.1(c).  Static Joint Strength of Blind 100  Flush Head Monel Rivets in
Dimpled Stainless Steel Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . MS20601M (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . AISI 301-Annealed AISI 301-1/4 Hard

Rivet Diameter, in. . . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.010 . . . . . . . . . . . . . . . . . . . . . . . 224 ... ... ... 277 377 ... ...

0.012 . . . . . . . . . . . . . . . . . . . . . . . 254 338 ... ... 302 428  560 ...

0.016 . . . . . . . . . . . . . . . . . . . . . . . 313 412  519 ... 358 485  632 ...

0.020 . . . . . . . . . . . . . . . . . . . . . . . 375 486  610 ... 415 542  705 1135

0.025 . . . . . . . . . . . . . . . . . . . . . . . 447 576  722 1045 482 642  808 1230

0.032 . . . . . . . . . . . . . . . . . . . . . . . 516 705  876 1255 543 750  963 1400

0.040 . . . . . . . . . . . . . . . . . . . . . . . 536 793 1055 1490 585 833 1110 1660

0.050 . . . . . . . . . . . . . . . . . . . . . . . 565 825 1150a 1790 628 910 1240 1930

0.063 . . . . . . . . . . . . . . . . . . . . . . . ... 868 1200a 2065 ... 964 1330 2175

0.071 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2100 ... 973 1375 2275

0.080 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2150 ... ... 1405 2340

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2200 ... ... ... 2440

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... 2510

Rivet shear strengtha 635 973 1405 2540 635 973 1405 2540

Yield Strengthb, lbs.

Sheet thickness, in.:

0.010 . . . . . . . . . . . . . . . . . . . . . . . 188 ... ... ... 244 291 ... ...

0.012 . . . . . . . . . . . . . . . . . . . . . . . 214 281 ... ... 259 335  423 ...

0.016 . . . . . . . . . . . . . . . . . . . . . . . 270 352  438 ... 333 428  535 ...

0.020 . . . . . . . . . . . . . . . . . . . . . . . 328 422  518 ... 398 528  639  896

0.025 . . . . . . . . . . . . . . . . . . . . . . . 397 506  627  873 443 612  774 1080

0.032 . . . . . . . . . . . . . . . . . . . . . . . 498 627  770 1070 505 689  912 1330

0.040 . . . . . . . . . . . . . . . . . . . . . . . 536 772  939 1310 576 779 1015 1590

0.050 . . . . . . . . . . . . . . . . . . . . . . . 565 825 1150 1590 619 883 1145 1770

0.063 . . . . . . . . . . . . . . . . . . . . . . . ... 868 1200 1970 ... 954 1305 2000

0.071 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2100 ... 973 1350 2140

0.080 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2150 ... ... 1400 2305

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2200 ... ... ... 2395

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ... ... 2475

Head height (ref.), in. . . . . . . . . . . . . . . 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095

a   Rivet shear strength from Table 8.1.2(b).
b Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.1(d1).  Static Joint Strength of Blind 100  Flush Head Monel Rivets in
Machine-Countersunk Stainless Steel Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . MS20601M (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . . . . AISI 301-Annealed

Rivet Diameter, in. . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 469a,b ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 555a 721a,b ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . ... 864a 1075a,b ...

0.071 . . . . . . . . . . . . . . . . . . . . . . ... ... 1187a ...

0.080 . . . . . . . . . . . . . . . . . . . . . . ... ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 2040b

Rivet shear strengthc . . . . . . . . . . . . 713 1090 1580 2855

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 231 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 321 359 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . ... 500 566 ...

0.071 . . . . . . . . . . . . . . . . . . . . . . ... ... 678 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . ... ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1135

Head height (ref.), in. . . . . . . . . . . . 0.042 0.055 0.070 0.095

a Yield value is less than 2/3 of the indicated ultimate strength value.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 55 ksi.

d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.1(d2).  Static Joint Strength of Blind 100  Flush Head Monel Rivets in Machine-Countersunk Stain-
less Steel Sheet
Rivet Type . . . . . . . . . . . . . . . MS20601M (R.T. Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . AISI 301-¼ Hard

Temperature . . . . . . . . . . . . . . Room 500 F 700 F

Rivet Diameter, in. . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 373a,b ... ... ... 373a,b ... ... ... 373a,b ... ... ...

0.050 . . . . . . . . . . . . . . . . . 450  574a,b ... ... 450a 574a,b ... ... 450a 574a,b ... ...

0.063 . . . . . . . . . . . . . . . . . 538  704  866a,b ... 538 704a  866a,b ... 538 704a  866a,b ...

0.071 . . . . . . . . . . . . . . . . . 584  773  960 ... 584 773  960a ... 584 773  960a ...

0.080 . . . . . . . . . . . . . . . . . 637  838 1065 ... 637 838 1065a ... 590 838 1065a ...

0.090 . . . . . . . . . . . . . . . . . 695  910 1155 1645b 648 910 1155 1645a,b ... 904 1155 1645a,b

0.100 . . . . . . . . . . . . . . . . . 713  984 1240 1800 ... 984 1240 1800a ... ... 1240 1800a

0.125 . . . . . . . . . . . . . . . . . ... 1090 1460 2135 ... 993 1430 2135 ... ... 1305 2135

0.160 . . . . . . . . . . . . . . . . . ... ... 1580 2550 ... ... ... 2550 ... ... ... 2360

0.180 . . . . . . . . . . . . . . . . . ... ... ... 2780 ... ... ... 2590 ... ... ... ...

Rivet shear strengthc . . . . . . . 713 1090 1580 2855 648 993 1430 2590 590 904 1305 2360

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 231 ... ... ... 192 ... ... ... 192 ... ... ...

0.050 . . . . . . . . . . . . . . . . . 336  359 ... ... 279 298 ... ... 279 298 ... ...

0.063 . . . . . . . . . . . . . . . . . 459  531  566 ... 425 440  471 ... 425 440  471 ...

0.071 . . . . . . . . . . . . . . . . . 530  625  698 ... 525 546  576 ... 525 546  576 ...

0.080 . . . . . . . . . . . . . . . . . 607  725  835 ... 607 683  690 ... 590 683  690 ...

0.090 . . . . . . . . . . . . . . . . . 693  832  966 1135 648 832  872  945 ... 832  872  945

0.100 . . . . . . . . . . . . . . . . . 713  943 1095 1345 ... 943 1060 1115 ... ... 1060 1115

0.125 . . . . . . . . . . . . . . . . . ... 1090 1420 1815 ... 993 1420 1670 ... ... 1305 1670

0.160 . . . . . . . . . . . . . . . . . . ... ... 1580 2430 ... ... ... 2430 ... ... ... 2360

0.180 . . . . . . . . . . . . . . . . . . ... ... ... 2775 ... ... ... 2590 ... ... ... ...

Head height (ref.), in. . . . . . . 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095

a Yield value is less than 2/3 of the indicated ultimate strength value.
b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge condition in design of military aircraft requires

specific approval of the procuring agency.
c Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 55 ksi at R.T., Ftu = 50 ksi at 500 F, and Fsu = 45 ksi at 700 F.
d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.1(d3).  Static Joint Strength of Blind 100  Flush Head Monel Rivets in Machine-Countersunk Stain-
less Steel Sheet
Rivet Type . . . . . . . . . . . . . . . MS20601M (R.T. Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . AISI 301-½ Hard

Temperature . . . . . . . . . . . . . . Room 500 F 700 F

Rivet Diameter, in. . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 350a,b ... ... ... 350a,b ... ... ... 350a,b ... ... ...

0.050 . . . . . . . . . . . . . . . . . 444  540a,b ... ... 444 540a,b ... ... 444 540a,b ... ...

0.063 . . . . . . . . . . . . . . . . . 538  694  821b ... 538 694  821b ... 538 694  821b ...

0.071 . . . . . . . . . . . . . . . . . 584  773  935 ... 584 773  935 ... 575 773  935 ...

0.080 . . . . . . . . . . . . . . . . . 637  838 1065 ... 624 838 1065 ... 586 838 1065 ...

0.090 . . . . . . . . . . . . . . . . . 695  910 1155 1585b 648 910 1155 1585b 590 886 1155 1585b

0.100 . . . . . . . . . . . . . . . . . 713  984 1240 1780 ... 962 1240 1780 ... 904 1240 1780

0.125 . . . . . . . . . . . . . . . . . ... 1090 1460 2135 ... 993 1410 2135 ... ... 1305 2135

0.160 . . . . . . . . . . . . . . . . . ... ... 1580 2550 ... ... 1430 2500 ... ... ... 2345

0.180 . . . . . . . . . . . . . . . . . ... ... ... 2780 ... ... ... 2590 ... ... ... 2360

Rivet shear strengthc . . . . . . . 713 1090 1580 2855 648 993 1430 2590 590 904 1305 2360

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 231 ... ... ... 231 ... ... ... 231 ... ... ...

0.050 . . . . . . . . . . . . . . . . . 336  359 ... ... 336 359 ... ... 336 359 ... ...

0.063 . . . . . . . . . . . . . . . . . 459  531  566 ... 459 531  566 ... 459 531  566 ...

0.071 . . . . . . . . . . . . . . . . . 530  625  698 ... 530 625  698 ... 530 625  698 ...

0.080 . . . . . . . . . . . . . . . . . 607  725  835 ... 607 725  835 ... 586 725  835 ...

0.090 . . . . . . . . . . . . . . . . . 693  832  966 1135 648 832  966 1135 590 832  966 1135

0.100 . . . . . . . . . . . . . . . . . 713  943 1095 1345 ... 943 1095 1345 ... 904 1095 1345

0.125 . . . . . . . . . . . . . . . . . ... 1090 1420 1815 ... 993 1410 1815 ... ... 1305 1815

0.160 . . . . . . . . . . . . . . . . . ... ... 1580 2430 ... ... 1430 2430 ... ... ... 2345

0.180 . . . . . . . . . . . . . . . . . ... ... ... 2775 ... ... ... 2590 ... ... ... 2360

Head height (ref.), in. . . . . . . . 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095 0.042 0.055 0.070 0.095

a Yield value is less than 2/3 of the indicated ultimate strength value.
b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge condition in design of military aircraft requires

specific approval of the procuring agency.
c Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 55 ksi at R.T., Fsu = 50 ksi at 500 F, and Fsu = 45 ksi at 700 F.
d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.1(e).  Static Joint Strength of Blind 100  Flush-Head Monel Rivets in
Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . MS20601M (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . . . . 7075-T6

Rivet Diameter, in. . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . .
0.071  . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . .

Rivet shear strengthc . . . . . . . . . . . .

320a,b

393
487
545
565
587
610

...

...

...
713

 ...
494a,b

 612a

 684 
 766 
 840 
 867 
 937 

...

...
1090

...
 ...
        747a,b

 832a

 930a

1040
1150
1270
1385

...
1580

...

...
  ...

...

...
1425a,b

1570a

1940
2260
2390
2855

Yield Strengthd, lbs

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . .
0.071  . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . .

146
228
395
496
526
561
595
...
...
...

...
226
369
495
640
769
811
918
...
...

 ...
 ...

 343
 444
 615
 806
1000
1195
1375

...

...

...

...

...

...
 660
 912
1560
2105
2310

Head height (ref.), in.  . . . . . . . . . . . 0.042 0.055 0.070 0.095

a Yield value is less than 2/3 of the indicated ultimate strength value.
b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
c Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 55 ksi.
d Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-71

Table 8.1.3.2.1(f).  Static Joint Strength of Blind 100  Flush Head Aluminum Alloy
(2117-T3) Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . MS20601AD and MS20603AD (Fsu = 30 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . . 159a ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . 236 258a ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 327 369 398a ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . 360 439 485 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . 388 511 577 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... 561 684  795a

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 596 768  945

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... ... 862 1270

Rivet shear strengthb . . . . . . . . . . . . . 388 596 862 1550

Yield Strengthc, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . . 110 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . 198 185 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 300 308 296 ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . 336 384 391 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . 377 468 497 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . ... 524 614  621

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 592 709  793

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... ... 862 1150

Head height (ref.), in. . . . . . . . . . . . . . 0.042 0.055 0.070 0.095

a Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

b Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 30 ksi.

c Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.1(g).  Static Joint Strength of Blind 100  Flush Head Aluminum Alloy
(5056-H321) Rivets in Machine-Countersunk Magnesium Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . MS20601B (Fsu = 28 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . AZ31B-H24

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . . 167a ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . 208 257a ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 262 324 390a ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . 295 366 440 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . 333 413 495 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . 363 464 557  749a

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 516 620  833

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... 556 774 1040

0.160 . . . . . . . . . . . . . . . . . . . . . . . ... ... 802 1332

0.190 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1450

Rivet shear strengthb . . . . . . . . . . . . . 363 556 802 1450

Yield Strengthc, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . . 158 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . 197 244 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 248 308 370 ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . 279 346 417 ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . 315 391 469 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . 354 440 527  710

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 489 587  789

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... 556 734  986

0.160 . . . . . . . . . . . . . . . . . . . . . . . ... ... 802 1262

0.190 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1450

Head height (ref.), in. . . . . . . . . . . . . 0.042 0.055 0.070 0.095

a Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

b Rivet shear strength based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 28 ksi.

c Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.2(a).  Static Joint Strength of Blind 100  Flush Head Locked Spindle A-286
Rivets in Machine-Countersunk Alloy Steel Sheet

Rivet Type . . . . . . . . . . . . . . . . . NAS1399Ca (Fsu = 75 ksi) CR 2642a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . Alloy Steel, Ftu = 180 ksi

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . 380b,c ... ...  380b,c ... ...

0.050 . . . . . . . . . . . . . . . . . . . 475b  588b,c ...  475  588b,c ...

0.063 . . . . . . . . . . . . . . . . . . . 698  741b  890b,c  698  741  890b,c

0.071 . . . . . . . . . . . . . . . . . . . 840  908 1004b  840  908 1004b

0.080 . . . . . . . . . . . . . . . . . . . 970 1108 1171b 1002 1108 1171

0.090 . . . . . . . . . . . . . . . . . . . ... 1333 1438 1185 1333 1438

0.100 . . . . . . . . . . . . . . . . . . . ... 1490 1710 1230 1559 1710

0.125 . . . . . . . . . . . . . . . . . . . ... ... 2150 ... 1885 2380

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 2720

Rivet shear strength . . . . . . . . . . 970d 1490d 2150d 1230e 1885e 2720e

Yield Strengthf, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . 137 ... ...  180 ... ...

0.050 . . . . . . . . . . . . . . . . . . . 292  219 ...  320  278 ...

0.063 . . . . . . . . . . . . . . . . . . . 494  468  387  536  513  432

0.071 . . . . . . . . . . . . . . . . . . . 614  620  570  665  675  628

0.080 . . . . . . . . . . . . . . . . . . . 755  793  776  816  860  847

0.090 . . . . . . . . . . . . . . . . . . . ...  983 1003  981 1063 1090

0.100 . . . . . . . . . . . . . . . . . . . ... 1176 1236 1144 1267 1337

0.125 . . . . . . . . . . . . . . . . . . . ... ... 1809 ... 1777 1950

0.160 . . . . . . . . . . . . . . . . . . . ... ... ... ... ... 2720

Head height (ref.), in. . . . . . . . . . 0.042 0.055 0.070 0.042 0.055 0.070

a Data supplied by Cherry Fasteners.
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Rivet shear strength is documented in NAS1400.
e Shear strength is based on areas computed from nominal hole diameters in Table 8.1.2(a) and Fsu = 95 ksi.
f Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.2(b).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
Monel Rivets in Machine-Countersunk Stainless Steel Sheet

Rivet Type . . . . . . . . . . . . . . . . . NAS1399 MS or MWa (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . AISI 301-1/2 Hard

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . 287b,c ... ...

0.050 . . . . . . . . . . . . . . . . . . . 363  445b,c ...

0.063 . . . . . . . . . . . . . . . . . . . 491  569  671b,c

0.071 . . . . . . . . . . . . . . . . . . . 569  668  755b

0.080 . . . . . . . . . . . . . . . . . . . 657  776  886

0.090 . . . . . . . . . . . . . . . . . . . 710  898 1032

0.100 . . . . . . . . . . . . . . . . . . . ... 1019 1182

0.125 . . . . . . . . . . . . . . . . . . . ... 1090 1580

Rivet shear strengthd . . . . . . . . . 710 1090 1580

Yield Strengthe, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . 163 ... ...

0.050 . . . . . . . . . . . . . . . . . . . 243  253 ...

0.063 . . . . . . . . . . . . . . . . . . . 348  384  401

0.071 . . . . . . . . . . . . . . . . . . . 413  463  496

0.080 . . . . . . . . . . . . . . . . . . . 487  554  606

0.090 . . . . . . . . . . . . . . . . . . . 568  655  726

0.100 . . . . . . . . . . . . . . . . . . . ...  753  846

0.125 . . . . . . . . . . . . . . . . . . . ... 1004 1156

Head height (ref.), in. . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Cherry Fasteners.

b Yield value is less than 2/3 of the indicated ultimate strength value.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Rivet shear strength is documented in NAS1400.

e Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.2(c).  Static Joint Strength of 100  Flush Head Locked Spindle A-286
Blind Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . NAS1921Ca (Fsu = 80 ksi)

Sheet Material . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.

0.050 . . . . . . . . . . . . . . . . . .  612b ... ...

0.063 . . . . . . . . . . . . . . . . . .  749b  956b ...

0.071 . . . . . . . . . . . . . . . . . .  831b 1060b ...

0.080 . . . . . . . . . . . . . . . . . .  923b 1180b 1450b

0.090 . . . . . . . . . . . . . . . . . . 1110b 1305b 1605b

0.100 . . . . . . . . . . . . . . . . . . 1090b 1435b 1755b

0.125 . . . . . . . . . . . . . . . . . . ... 1670b 2130b

0.160 . . . . . . . . . . . . . . . . . . ... ... 2400b

Rivet shear strengthc . . . . . . . . 1090 1670 2400

Yield Strengthd, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . . 365 ... ...

0.063 . . . . . . . . . . . . . . . . . . 466  571 ...

0.071 . . . . . . . . . . . . . . . . . . 528  649 ...

0.080 . . . . . . . . . . . . . . . . . . 598  737  873

0.090 . . . . . . . . . . . . . . . . . . 639  835  990

0.100 . . . . . . . . . . . . . . . . . . 686  931 1105

0.125 . . . . . . . . . . . . . . . . . . 804 1065 1325

0.160 . . . . . . . . . . . . . . . . . . ... ... 1605

Head height (ref.), in. . . . . . . . 0.042 0.055 0.070

a Data supplied by Huck Manufacturing Company.

b Yield value is less than 2/3 of indicated ultimate strength value.

c Rivet shear strength is documented in NAS1900.

d Permanent set at yield load:  4% of nominal diameter (revised May 1, 1985 from the greater of 0.012 inch or  4% of

nominal diameter).
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Table 8.1.3.2.2(d).  Static Joint Strength of Blind 100  Flush Head Locked Spindle Monel
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . NAS1399 MS or MWa (Fsu = 55 ksi)

Sheet Material . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . 323b,c ... ...

0.050 . . . . . . . . . . . . . . . . . . . 404b  499b,c ...

0.063 . . . . . . . . . . . . . . . . . . . 500b  631b  757b,c

0.071 . . . . . . . . . . . . . . . . . . . 557  703b  855b

0.080 . . . . . . . . . . . . . . . . . . . 610  784  958b

0.090 . . . . . . . . . . . . . . . . . . . 636  873 1065b

0.100 . . . . . . . . . . . . . . . . . . . 662  937 1175

0.125 . . . . . . . . . . . . . . . . . . . 710 1015 1370

0.160 . . . . . . . . . . . . . . . . . . . ... 1090 1505

0.190 . . . . . . . . . . . . . . . . . . . ... ... 1580

Rivet shear strengthd . . . . . . . . . 710 1090 1580

Yield Strengthe, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . 139 ... ...

0.050 . . . . . . . . . . . . . . . . . . . 223 218 ...

0.063 . . . . . . . . . . . . . . . . . . . 331 353  351

0.071 . . . . . . . . . . . . . . . . . . . 397 436  451

0.080 . . . . . . . . . . . . . . . . . . . 472 529  563

0.090 . . . . . . . . . . . . . . . . . . . 556 633  687

0.100 . . . . . . . . . . . . . . . . . . . 562 737  811

0.125 . . . . . . . . . . . . . . . . . . . 574 873 1120

0.160 . . . . . . . . . . . . . . . . . . . ... 894 1260

0.190 . . . . . . . . . . . . . . . . . . . ... ... 1280

Head height (ref.), in. . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Cherry Fasteners.
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Rivet shear strength is documented in NAS1400.
e Permanent set at yield load:  4% of nominal diameter  (revised May 1, 1985, from the greater of 0.005 inch or 2.5% of

nominal diameter).
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Table 8.1.3.2.2(e).  Static Joint Strength of 100  Flush Head Locked Spindle Monel
Blind Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . NAS 1921 Ma (Fsu = 75 ksi)

Sheet Material . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.

0.050 . . . . . . . . . . . . . . . . . .  595b ... ...

0.063 . . . . . . . . . . . . . . . . . .  732b  927b ...

0.071 . . . . . . . . . . . . . . . . . .  816b 1035b ...

0.080 . . . . . . . . . . . . . . . . . .  913b 1158b 1400b

0.090 . . . . . . . . . . . . . . . . . .  946b 1289b 1570b

0.100 . . . . . . . . . . . . . . . . . .  980b 1415b 1720b

0.125 . . . . . . . . . . . . . . . . . . 1020 1525b 2055b

0.160 . . . . . . . . . . . . . . . . . . ... 1565b 2245b

0.190 . . . . . . . . . . . . . . . . . . ... ... 2260

Rivet shear strengthc  . . . . . . . . 1020 1565 2260

Yield Strengthd, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . . 354 ... ...

0.063 . . . . . . . . . . . . . . . . . . 447  554 ...

0.071 . . . . . . . . . . . . . . . . . . 504  625 ...

0.080 . . . . . . . . . . . . . . . . . . 569  707  843

0.090 . . . . . . . . . . . . . . . . . . 607  796  952

0.100 . . . . . . . . . . . . . . . . . . 626  885 1060

0.125 . . . . . . . . . . . . . . . . . . 686  972 1265

0.160 . . . . . . . . . . . . . . . . . . ... 1080 1430

0.190 . . . . . . . . . . . . . . . . . . ... ... 1540

Head height (ref.), in. . . . . . . . 0.042 0.055 0.070

a Data supplied by Huck Manufacturing Company.

b Yield value is less than 2/3 of indicated ultimate strength value.

c Rivet shear strength is documented in NAS 1900.

d Permanent set at yield load:  4% of nominal diameter  (revised May 1, 1985 from the greater of 0.012 inch or  4% of

nominal diameter).
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Table 8.1.3.2.2(f).  Static Joint Strength of Blind 100  Flush Head Aluminum Alloy
(2219) Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . CR 2A62a (Fsu = 36 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T81

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.

0.050 . . . . . . . . . . . . . . . . . .  203 ... ...

0.063 . . . . . . . . . . . . . . . . . .  289  319 ...

0.071 . . . . . . . . . . . . . . . . . .  342  385 ...

0.080 . . . . . . . . . . . . . . . . . .  393  461  503

0.090 . . . . . . . . . . . . . . . . . .  416  542  603

0.100 . . . . . . . . . . . . . . . . . .  439  610  701

0.125 . . . . . . . . . . . . . . . . . .  478  682  894

0.160 . . . . . . . . . . . . . . . . . . ...  741 1013

0.190 . . . . . . . . . . . . . . . . . . ... ... 1063

Rivet shear strengthb . . . . . . . .  478  741 1063

Yield Strengthc, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . . 169 ... ...

0.063 . . . . . . . . . . . . . . . . . . 247  267 ...

0.071 . . . . . . . . . . . . . . . . . . 295  326 ...

0.080 . . . . . . . . . . . . . . . . . . 349  394  423

0.090 . . . . . . . . . . . . . . . . . . 409  468  514

0.100 . . . . . . . . . . . . . . . . . .  424  544  603

0.125 . . . . . . . . . . . . . . . . . .  448  658  827

0.160 . . . . . . . . . . . . . . . . . . ...  670  960

0.190 . . . . . . . . . . . . . . . . . . ... ... 1002

Head height (ref.), in. . . . . . . . 0.042 0.055 0.070

a Data supplied by Cherry Fasteners. 

b Shear strength values are based on indicated nominal hole diameters and Fsu = 36 ksi.

c Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.2(g).  Static Joint Strength of Blind 100 degree Flush Head Locked Aluminum
Alloy Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . .
NAS1921B0()-0(), NAS1921B0()S0(),

NAS1921B0()S0()Ua (Fsu = 36 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in.
(Nominal Hole Diameter, in.) . . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . .

   171b

232
313
360
416
477
494
---
---

---
   267b

366
427
498
571
647
755
---

---
---

   411b

484
566
658
748
978

1090

Rivet shear strengthc . . . . . . . . . . . . 495 755 1090

Yield Strength, lbsd

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . .

110
161
247
303
354
373
393
---
---

---
171
254
315
395
484
549
610
---

---
---

270
330
399
506
611
803
906

Head height [ref.], in. . . . . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Huck Manufacturing Company.
b Values above the horizontal line in each column are for knife-edge condition and the use of fasteners in this condition

is undesirable.  The use of knife-edge condition in design of military aircraft requires specific approval of the procuring
activity.

c Rivet shear strength is documented in NAS1900.
d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.2.2(h).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
Aluminum Alloy Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . NAS1399Ba (5056) (Fsu = 30 ksi) NAS1399Da (2017) (Fsu = 36 ksi)

Sheet Material . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . 149b,c ... ... 149b,c ... ...

0.050 . . . . . . . . . . . . . . . . . . 223b 230b,c ... 223b 230b,c ...

0.063 . . . . . . . . . . . . . . . . . . 310b 349b 356b,c 319b 349b  356b,c

0.071 . . . . . . . . . . . . . . . . . . 366 415b 448b 379b 420b  448b

0.080 . . . . . . . . . . . . . . . . . . 388 492b 544b 423 506b  547b

0.090 . . . . . . . . . . . . . . . . . . ... 578 646b 459 600b  660b

0.100 . . . . . . . . . . . . . . . . . . ... 596 751b 494 652  775b

0.125 . . . . . . . . . . . . . . . . . . ... ... 862 ... 755  969

0.160 . . . . . . . . . . . . . . . . . . ... ... ... ... ... 1090

Rivet shear strengthd . . . . . . . . 388 596 862 494 755 1090

Yield Strengthe, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . .  72 ... ...  72 ... ...

0.050 . . . . . . . . . . . . . . . . . . 114 113 ... 114 113 ...

0.063 . . . . . . . . . . . . . . . . . . 197 182 170 197 182  170

0.071 . . . . . . . . . . . . . . . . . . 247 245 220 247 245  220

0.080 . . . . . . . . . . . . . . . . . . 304 316 304 304 316  304

0.090 . . . . . . . . . . . . . . . . . . ... 396 399 367 396  399

0.100 . . . . . . . . . . . . . . . . . . ... 473 493 431 473  493

0.125 . . . . . . . . . . . . . . . . . . ... ... 729 ... 672  729

0.160 . . . . . . . . . . . . . . . . . . ... ... ... ... ... 1060

Head height (ref.), in. . . . . . . . . 0.042 0.055 0.070 0.042 0.055 0.070

a Data supplied by Cherry Fasteners.
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.
d Rivet shear strength is documented in NAS1900.
e Permanent set at yield load:  4% of nominal diameter  (revised May 1, 1985, from the greater of 0.005 inch or 2.5% of

nominal diameter).

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-81

Table 8.1.3.2.2(i).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
Aluminum Alloy Rivets in Machine-Countersunk and Dimpled Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . .
NAS1739Ba and NAS1739Ea,b

(Fsu = 34 ksi)
NAS1739Bc and NAS1739Eb,c

(Fsu = 34 ksi)

Sheet Material . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . ... ... ... 246 334  418

0.025 . . . . . . . . . . . . . . . . . . . . ... ... ... 281 376  465

0.032 . . . . . . . . . . . . . . . . . . . . 212d ... ... 330 436  536

0.040 . . . . . . . . . . . . . . . . . . . . 266 326d ... 386 506  616

0.050 . . . . . . . . . . . . . . . . . . . . 344 410 ... 456 592  716

0.063 . . . . . . . . . . . . . . . . . . . . 441 533  606d 546 703  845

0.071 . . . . . . . . . . . . . . . . . . . . 504 608  696 ... 771  926

0.080 . . . . . . . . . . . . . . . . . . . . 554 693  794 ... 837 1015

0.090 . . . . . . . . . . . . . . . . . . . . ... 787  900 ... ... 1110

0.100 . . . . . . . . . . . . . . . . . . . . ... 837 1015 ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . . ... ... 1128 ... ... ...

Rivet shear strengthe . . . . . . . . . . . 554 837 1128 554 837 1128

Yield Strengthf, lbs.

Sheet thickness, in.:

0.020 . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

0.025 . . . . . . . . . . . . . . . . . . . . ... ... ... ... ... ...

0.032 . . . . . . . . . . . . . . . . . . . . 159 ... ... ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 212 247 ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . 279 331 ... ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . 365 437 492 ... ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 418 503 568 ... ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 448 577 654 ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . . ... 659 750 ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . . ... 689 845 ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . . ... ... 960 ... ... ...

Head height (ref.), in. . . . . . . . . . . 0.035 0.047 0.063 0.035 0.047 0.063

a Machine-countersunk holes.
b Data supplied by Cherry Fasteners.  Confirmatory data for machine-countersunk holes provided by Allfast Fastening

Systems, Inc.
c Dimpled holes.  These allowables apply to double dimpled sheets and to the upper sheet dimpled into a machine-

countersunk lower sheet.  Sheet gauge is that of the thinnest sheet for double dimpled joints and of the upper dimpled,
machine-countersunk joints.  The thickness of the machine-countersunk sheet must be at least one tabulated gauge thicker
than the upper sheet.  In no case will allowables be obtained by extrapolation for gauges other than those shown.

d The values in the table above the horizontal line in each column are for knife-edge condition and the use of fasteners in this
condition is undesirable.  The use of knife-edge condition in design of military aircraft requires specific approval of the
procuring  agency.

e Rivet shear strength is documented in NAS1740.
f Permanent set at yield load:  4% of nominal diameter (revised May 1, 1985, from the greater of 0.005 inch or 2.5% of

nominal diameter).
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Table 8.1.3.2.2(j).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
Aluminum Alloy Rivets in Machine-Countersunk Magnesium Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . NAS1399Ba (Fsu = 30 ksi)
NAS1739B and NAS
1739Ea (Fsu = 34 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . AZ31B-H24

Rivet Diameter, in. . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... 188b,c ... ...

0.040 . . . . . . . . . . . . . . . . . . . . . . . 178b,c ... ... ... 235b 292b,c ...

0.050 . . . . . . . . . . . . . . . . . . . . . . . 223b 274b,c ... ... 295 362b ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 292b 349b 418b,c ... 371 457  530b,c

0.071 . . . . . . . . . . . . . . . . . . . . . . . 334b 399b 471b ... 418 514  600b

0.080 . . . . . . . . . . . . . . . . . . . . . . . 383b 459b 536b ... 471 580  671

0.090 . . . . . . . . . . . . . . . . . . . . . . . 388 526b 613b  803b,c 531 651  756

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 593b 693b 892b 554 725b  843

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... 596 862 1153b ... 837b 1052b

0.160 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 1532b ... ... ...

Rivet shear strength . . . . . . . . . . . . . . 388d 596d 862d 1550d 554e 837e 1128e

Yield Strengthf, lbs.

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... 106 ... ...

0.040 . . . . . . . . . . . . . . . . . . . . . . .  49 ... ... ... 147 164 ...

0.050 . . . . . . . . . . . . . . . . . . . . . . .  94  76 ... ... 197 227 ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 158 152 128 ... 262 307 340

0.071 . . . . . . . . . . . . . . . . . . . . . . . 197 200 186 ... 300 355 399

0.080 . . . . . . . . . . . . . . . . . . . . . . . 242 254 250 ... 314 414 462

0.090 . . . . . . . . . . . . . . . . . . . . . . . 291 315 323 277 330 459 534

0.100 . . . . . . . . . . . . . . . . . . . . . . . ... 375 396 376 336 478 608

0.125 . . . . . . . . . . . . . . . . . . . . . . . ... 530 580 621 ... 508 667

0.160 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 968 ... ... ...

Head height (ref.), in. . . . . . . . . . . . . . 0.042 0.055 0.070 0.095 0.035 0.047 0.063

a Data supplied by Cherry Fasteners.
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Rivet shear strength is documented in NAS1400.
e Rivet shear strength is documented in NAS1740 dated March 1968.
f Permanent set at yield load:  the greater of 0.005 inch or 2.5% of nominal diameter.
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Table 8.1.3.2.2(k).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
A-286 Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . CR 4622a (Fsu = 75 ksi)

Sheet Material . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . 595c ... ... ...

0.063 . . . . . . . . . . . . . . . . . 733c  932c ... ...

0.071 . . . . . . . . . . . . . . . . . 817c 1035c ... ...

0.080 . . . . . . . . . . . . . . . . . 913 1160c 1410c ...

0.090 . . . . . . . . . . . . . . . . . 947 1290c 1570c ...

0.100 . . . . . . . . . . . . . . . . . 982 1420 1725c 2360c

0.125 . . . . . . . . . . . . . . . . . 995 1525 2060 2880c

0.160 . . . . . . . . . . . . . . . . . ... 1545 2215 3605

0.190 . . . . . . . . . . . . . . . . . ... ... ... 3810

0.250 . . . . . . . . . . . . . . . . . ... ... ... 3920

Rivet shear strengthd . . . . . . . . 995 1545 2215 3920

Yield Strengthe, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . 211 ... ... ...

0.063 . . . . . . . . . . . . . . . . . 348  339 ... ...

0.071 . . . . . . . . . . . . . . . . . 489  470 ... ...

0.080 . . . . . . . . . . . . . . . . . 608  620  574 ...

0.090 . . . . . . . . . . . . . . . . . 664  787  774 ...

0.100 . . . . . . . . . . . . . . . . . 720  947  970  853

0.125 . . . . . . . . . . . . . . . . . 860 1120 1400 1505

0.160 . . . . . . . . . . . . . . . . . ... 1365 1695 2410

0.190 . . . . . . . . . . . . . . . . . ... ... ... 2740

0.250 . . . . . . . . . . . . . . . . . ... ... ... 3405

Head height (ref.), in. . . . . . . . 0.041 0.054 0.069 0.095

a Data supplied by Cherry Fasteners.

b Allowable loads developed from test with nominal hole diameters as listed.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Fastener shear strength based upon nominal hole diameters and Fsu = 75 ksi from data analysis.

e Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.2(l).  Static Joint Strength of Blind 100  Flush Head Locked Spindle Monel
Rivets in Machine-Countersunk Aluminum Alloy Sheet and Plate

Rivet Type . . . . . . . . . . . . . . . . CR 4522a (Fsu = 65 ksi)

Sheet and Plate Material . . . . . Clad 7075-T6 and T651

Rivet Diameter . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

1/4
(0.258)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.050 . . . . . . . . . . . . . . . . . 529c ... ... ...

0.063 . . . . . . . . . . . . . . . . . 632c  828c ... ...

0.071 . . . . . . . . . . . . . . . . . 694c  906c ... ...

0.080 . . . . . . . . . . . . . . . . . 754  995c 1240c ...

0.090 . . . . . . . . . . . . . . . . . 776 1095 1360c ...

0.100 . . . . . . . . . . . . . . . . . 797 1170 1475c ...

0.125 . . . . . . . . . . . . . . . . . 852 1240 1695 2485c

0.160 . . . . . . . . . . . . . . . . . 863 1335 1810 2975

0.190 . . . . . . . . . . . . . . . . . ... 1340 1910 3105

0.250 . . . . . . . . . . . . . . . . . ... ... 1920 3365

0.312 . . . . . . . . . . . . . . . . . ... ... ... 3400

Rivet shear strengthd . . . . . . . . 863 1340 1920 3400

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.050 . . . . . . . . . . . . . . . . . 169 ... ... ...

0.063 . . . . . . . . . . . . . . . . . 346  273 ... ...

0.071 . . . . . . . . . . . . . . . . . 454  408 ... ...

0.080 . . . . . . . . . . . . . . . . . 561  562  483 ...

0.090 . . . . . . . . . . . . . . . . . 621  732  688 ...

0.100 . . . . . . . . . . . . . . . . . 682  874  888 ...

0.125 . . . . . . . . . . . . . . . . . 833 1060 1300 1355

0.160 . . . . . . . . . . . . . . . . . 863 1325 1615 2225

0.190 . . . . . . . . . . . . . . . . . ... 1340 1885 2585

0.250 . . . . . . . . . . . . . . . . . ... ... 1920 3300

0.312 . . . . . . . . . . . . . . . . . ... ... ... 3400

Head height (ref.), in. . . . . . . . 0.042 0.055 0.070 0.095

a Data supplied by Cherry Fasteners.

b Allowable loads developed from test with nominal hole diameters as listed.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Fastener shear strength based upon nominal hole diameters and Fsu = 65 ksi from data analysis.

e Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.2(m).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
Aluminum Alloy (7050) Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . NAS1721KE and NAS1721KE ( )La (Fsu = 33 ksi)

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . .

Rivet shear strengthe . . . . . . . . . .

221c,d

277d

351
396
448
450
...
...

450

...
342c,d

435d

491d

555
626
697
700
700

...

...
518c,d

586d

662d

747
832
950
950

Yield Strengthf, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . .

 62
150
263
333
386
403
...
...

...
 99
240
327
425
534
600
653

...

...
182
287
404
534
665
874

Head height (ref.), in. . . . . . . . . 0.042 0.055 0.070

a Data supplied by Avdel Corp.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, ±0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in this

condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires the specific approval of
the procuring agency.

d Yield value is less than 2/3 of indicated ultimate value.
e Rivet shear strength is documented in NAS1722.
f Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.2(n).  Static Joint Strength of Blind 100  Flush Head Locked Spindle
A-286 Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . NAS1721C and NAS1721C( )La (Fsu = 75 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . .

Rivet shear strengthe . . . . . . . . . . . . . . . . .

454c, d

585d

 751d

 853d

 881d

 896 
 912 
 951 
1000

...

...
1000

...
707c,d

 919d

1045d

1190d

1345d

1365d

1415
1485
1500

...
1500

...

...
1075c,d

1230d

1405d

1595d

1785d

1970
2055
2125
2200
2200

Yield Strengthf, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . .

 77
220
375
470
578
615
641
707
799
...
...

...
 122
 352
 471
 604
 753
 902
 997
1110
1210

...

...

...
 246
 425
 585
 763
 942
1330
1470
1585
1820

Head height (ref.), in. . . . . . . . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Avdel Corp.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, ±0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions and the use of

fasteners in this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires
the specific approval of the procuring agency.

d Yield value is less than 2/3 of indicated ultimate value.
e Rivet shear strength is documented in NAS1722.
f Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.2(o).  Static Joint Strength of Blind Flush Head Locked Aluminum Alloy Rivets
in Machine-Countersunk Aluminum Alloy Sheets

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . HC3212 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . .

   280c,d

318
367
397
431
469
507
602
664
---
---

---
   436c,d

497
535
577
624
671
789
954
1030

---

---
---

   643c,d

688
739
795
851
992
1190
1355
1480

Rivet shear strengthe . . . . . . . . . . . . . . 664 1030 1480

Yield Strength, lbsf

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . .

151
244
366
397
431
454
476
532
610
---
---

---
236
387
480
577
624
671
740
837
921
---

---
---

382
494
619
758
851
979
1095
1195
1395

Head height [ref.], in. . . . . . . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Huck International Inc.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions and the use of fasteners

in this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires specific
approval of the procuring activity.

d Yield value is less than 2/3 of indicated ultimate strength value.
e Rivet shear strength is documented on HC3212 standards drawing.
f Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.2.2(p).  Static Joint Strength of Blind 100  Flush Head Locked Spindle 2014
Aluminum Alloy Rivets in Machine Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . .  MBC 4807 and 4907 (Fsu = 33 ksi approx.)a

Sheet Material . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . 1/8 5/32 3/16

(Nominal Hole Diameter, in.)b (0.130) (0.162) (0.194)

            Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 183c ... ...

0.050 . . . . . . . . . . . . . . . . . 243 286c ...

0.063 . . . . . . . . . . . . . . . . . 320 382 437c

0.071 . . . . . . . . . . . . . . . . . 368 441     508 

0.080 . . . . . . . . . . . . . . . . . 412 508 588 

0.090 . . . . . . . . . . . . . . . . . 435 582 677 

0.100 . . . . . . . . . . . . . . . . . 450 641 766 

0.125 . . . . . . . . . . . . . . . . . ... 700 937 

0.160 . . . . . . . . . . . . . . . . . ... ... 950

Rivet shear strengthd . . . . . . . 450 700 950

Yield Strength, lbs.e

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . 102 ... ...

0.050 . . . . . . . . . . . . . . . . . 173 160 ...

0.063 . . . . . . . . . . . . . . . . . 264 274 263 

0.071 . . . . . . . . . . . . . . . . . 309 345 347 

0.080 . . . . . . . . . . . . . . . . . 333 423 441 

0.090 . . . . . . . . . . . . . . . . . 360 486 546 

0.100 . . . . . . . . . . . . . . . . . 387 519 651 

0.125 . . . . . . . . . . . . . . . . . ... 602 765 

0.160 . . . . . . . . . . . . . . . . . ... ... 904

Head height (ref.), in. . . . . . . . 0.041 0.053 0.068 

a Data supplied by Avdel Systems Ltd.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in this

condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires the specific approval of the
procuring agency.

d Rivet shear strength is documented in NAS 1722, and rivets meet the requirements of NAS 1721.
e Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.2(q).  Static Joint Strength of Blind Protruding Head Locked Spindle 2014
Aluminum Alloy Rivets in Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . MBC 4801 and 4901 (Fsu = 33 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)b . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.: 
     0.025 . . . . . . . . . . . . . . . . . . .
     0.032 . . . . . . . . . . . . . . . . . . .
     0.040 . . . . . . . . . . . . . . . . . . .
     0.050 . . . . . . . . . . . . . . . . . . .
     0.063 . . . . . . . . . . . . . . . . . . .
     0.071 . . . . . . . . . . . . . . . . . . .
     0.080 . . . . . . . . . . . . . . . . . . .
     0.090 . . . . . . . . . . . . . . . . . . .
     0.100 . . . . . . . . . . . . . . . . . . .
     0.125 . . . . . . . . . . . . . . . . . . .
Rivet shear strengthc . . . . . . . . .

247
284
326
378
415
437
450
...
...
...

450

...
389
441
507
589
617
649
684
700
...

700

...

...
571
650
751
814
864
906
948
950
950

Yield Strength, lbs.d

Sheet thickness, in.:
     0.025 . . . . . . . . . . . . . . . . . . .
     0.032 . . . . . . . . . . . . . . . . . . .
     0.040 . . . . . . . . . . . . . . . . . . .
     0.050 . . . . . . . . . . . . . . . . . . .
     0.063 . . . . . . . . . . . . . . . . . . .
     0.071 . . . . . . . . . . . . . . . . . . .
     0.080 . . . . . . . . . . . . . . . . . . .
     0.090 . . . . . . . . . . . . . . . . . . .
     0.100 . . . . . . . . . . . . . . . . . . .
     0.125 . . . . . . . . . . . . . . . . . . .

238
277
321
368
381
389
399
...
...
...

...
375
431
500
572
583
594
607
619
...

...

...
552
635
743
810
828
843
858
896

a Data supplied by Avdel Systems Ltd.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, ±0.001 inch.
c Rivet shear strength is documented in NAS 1722, and rivets meet the requirements of NAS 1720.
d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.2.2(r).  Static Joint Strength of 100  Flush Head Locked Spindle
Aluminum Alloy Blind Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . HC6222a (Fsu = 50 ksi) Nominal

Sheet Material . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . 270b ... ... 

0.050 . . . . . . . . . . . . . . . . . . . . 317  420b ...

0.063 . . . . . . . . . . . . . . . . . . . . 377  496 624b

0.071 . . . . . . . . . . . . . . . . . . . . 414  542 680 

0.080 . . . . . . . . . . . . . . . . . . . . 456  594 743 

0.090 . . . . . . . . . . . . . . . . . . . . 503  652 812 

0.100 . . . . . . . . . . . . . . . . . . . . 550  711 882 

0.125 . . . . . . . . . . . . . . . . . . . . 664  856 1055 

0.160 . . . . . . . . . . . . . . . . . . . . ... 1030 1299 

0.190 . . . . . . . . . . . . . . . . . . . . ...  ... 1480

0.250 . . . . . . . . . . . . . . . . . . . . ...  ...  ...

Rivet shear strengthd . . . . . . . . . . 664 1030 1480 

Yield Strengthe, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . 196 237c ...

0.050 . . . . . . . . . . . . . . . . . . . . 252 306 ...

0.063 . . . . . . . . . . . . . . . . . . . . 323 395  464

0.071 . . . . . . . . . . . . . . . . . . . . 368 451  530

0.080 . . . . . . . . . . . . . . . . . . . . 417 512  605

0.090 . . . . . . . . . . . . . . . . . . . . 445 581  687

0.100 . . . . . . . . . . . . . . . . . . . . 459 650  770

0.125 . . . . . . . . . . . . . . . . . . . . 494 714  972

0.160 . . . . . . . . . . . . . . . . . . . . ... 775 1045

0.190 . . . . . . . . . . . . . . . . . . . . ... ... 1108

0.250 . . . . . . . . . . . . . . . . . . . . ... ... ...

Head height (ref.), in. . . . . . . . . . 0.042 0.055  0.070

a Data supplied by Huck International, Inc.
b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The

use of knife-edge condition in design of military aircraft requires specific approval of the procuring agency.
c Yield value is less than 2/3 of the indicated ultimate.
d Rivet shear strength is documented in MIL-R-7885D.
e Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.3.2.2(s).  Static Joint Strength of 100  Flush Head Locked Spindle
Aluminum Alloy Blind Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . HC6252a (Fsu = 50 ksi)

Sheet Material . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Hole Diameter, in.) . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . . 265 b,c ...  ... 

0.040 . . . . . . . . . . . . . . . . . . . . 304   408 b,c ... 

0.050 . . . . . . . . . . . . . . . . . . . . 352   467    ... 

0.063 . . . . . . . . . . . . . . . . . . . . 414    544    665 c

0.071 . . . . . . . . . . . . . . . . . . . . 452    591    720 

0.080 . . . . . . . . . . . . . . . . . . . . 495    645    782 

0.090 . . . . . . . . . . . . . . . . . . . . 543    704    851 

0.100 . . . . . . . . . . . . . . . . . . . . 591    763    920 

0.125 . . . . . . . . . . . . . . . . . . . . 701    911    1092 

0.160 . . . . . . . . . . . . . . . . . . . . 814   1097    1332 

0.190 . . . . . . . . . . . . . . . . . . . . ...  1237    1505 

0.250 . . . . . . . . . . . . . . . . . . . . ...  1245    1685 

Rivet shear strengthd . . . . . . . . . . 814   1245    1685 

Yield Strengthe, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . . 154 ... ...

0.040 . . . . . . . . . . . . . . . . . . . . 214  240 ...

0.050 . . . . . . . . . . . . . . . . . . . . 288  332 ...

0.063 . . . . . . . . . . . . . . . . . . . . 384  451  500

0.071 . . . . . . . . . . . . . . . . . . . . 444  524  586

0.080 . . . . . . . . . . . . . . . . . . . . 494  607  682

0.090 . . . . . . . . . . . . . . . . . . . . 513  698  788

0.100 . . . . . . . . . . . . . . . . . . . . 531  758  895

0.125 . . . . . . . . . . . . . . . . . . . . 576  814 1048

0.160 . . . . . . . . . . . . . . . . . . . . 640  893 1139

0.190 . . . . . . . . . . . . . . . . . . . . ...  961 1218

0.250 . . . . . . . . . . . . . . . . . . . . ... 1096 1376

Head height (ref.), in. . . . . . . . . . 0.035 0.047  0.063

a Data supplied by Huck International, Inc.
b Yield value is less than 2/3 of the indicated ultimate.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The

use of knife-edge condition in design of military aircraft requires specific approval of the procuring activity.
d Rivet shear strength is documented in MIL-R-7885D.
e Permanent set at yield load:  4% of nominal hole diameter.
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Table 8.1.3.2.2(t1).  Static Joint Strength of 100  Flush Shear Head Locked
Spindle Aluminum Alloy Blind Rivets in Machine-Countersunk Aluminum
Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . HC6224a (Fsu = 50 ksi) Nominal

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . .
(Nominal Hole Diameter, in.)b . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . 230   294c

0.040 . . . . . . . . . . . . . . . . . . . 282   358   437c

0.050 . . . . . . . . . . . . . . . . . . . 347   439    534  

0.063 . . . . . . . . . . . . . . . . . . . 431    544    660  

0.071 . . . . . . . . . . . . . . . . . . . 456    608    737 

0.080 . . . . . . . . . . . . . . . . . . . 493    681    824 

0.090 . . . . . . . . . . . . . . . . . . . 535    716    921 

0.100 . . . . . . . . . . . . . . . . . . . 576    768    979 

0.125 . . . . . . . . . . . . . . . . . . . 664    897    1135 

0.160 . . . . . . . . . . . . . . . . . . .  ...   1030    1350 

0.190 . . . . . . . . . . . . . . . . . . . ...   ...    1480 

Rivet shear strengthd . . . . . . . . . 664   1030    1480 

Yield Strengthe, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . 185  209

0.040 . . . . . . . . . . . . . . . . . . . 248  288 320

0.050 . . . . . . . . . . . . . . . . . . . 328  387 438

0.063 . . . . . . . . . . . . . . . . . . . 431  516  592

0.071 . . . . . . . . . . . . . . . . . . . 448  595  687

0.080 . . . . . . . . . . . . . . . . . . . 457  681  794

0.090 . . . . . . . . . . . . . . . . . . . 467  697  912

0.100 . . . . . . . . . . . . . . . . . . . 477  710  979

0.125 . . . . . . . . . . . . . . . . . . . 503  742 1030

0.160 . . . . . . . . . . . . . . . . . . . ...  786 1080

0.190 . . . . . . . . . . . . . . . . . . . ...  ... 1125

Head height (ref.), in. . . . . . . . . 0.028 0.037  0.046

a Data supplied by Huck International, Inc.

b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194 ± 0.0002.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The

use of knife-edge condition in design of military aircraft requires specific approval of the procuring activity.

d Rivet shear strength is documented in MIL-R-7885D.

e Permanent set at yield load:  4% of nominal hole diameter.
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TABLE 8.1.3.2.2(t2).  Static Joint Strength of 100  Flush Shear Head Locked Spindle
Aluminum Alloy Blind Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . HC3214a(Fsu = 50 ksi)Nominal

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in . . . . . . . . . . . . . . . . . . . . . 1/8 5/32 3/16

(Nominal Hole Diameter, in) . . . . . . . . . . . . . (0.130) (0.162) (0.194)

Ultimate Strength, lbs.

Sheet thickness, in:

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214 272b

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264 333 405b

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 410 497

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406 511 617

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427 572 691

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464 621 774

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504 671 856

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 544 721 916

0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 644 846 1066

0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 664 1020 1275

0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 1030 1455

0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1480

Rivet shear strengthc . . . . . . . . . . . . . . . . . . . . 664 1030 1480

Yield Strengthd, lbs

Sheet thickness, in:

0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196 230

0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256 305 348

0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 399 461

0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406 511 607

0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427 572 691

0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453 621 774

0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475 678 856

0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497 705 916

0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552 773 1030

0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 628 868 1140

0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... 950 1240

0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... ... 1435

Head height (ref), in . . . . . . . . . . . . . . . . . . . . 0.028 0.037 0.046

a Data supplied by Huck International Inc.

b Values above the horizontal line in each column are for knife-edge conditions, the use of fasteners in this condition is undesirable.

The use of knife-edge conditions in the design of military aircraft requires the specific approval of the procuring activity.

c Rivet shear strength is based upon nominal hole diameter and Fsu = 50 ksi.

d Permanent set at yield: 4% of nominal hole diameter.
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Table 8.1.3.2.2(u).  Static Joint Strength of Blind Flush Head Locked Spindle Aluminum Alloy
Rivets in Machine-Countersunk Aluminum Alloy Sheets

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . AF3212 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

143c

247
383
414
435
457
480
537
616
---
---

---
224c

393
497
614
647
676
746
846
931
---

---
---

370c

494
634
790
902
987

1105
1205
1410

Rivet shear strengthd . . . . . . . . . . . . . . . 664 1030 1480

Yield Strength, lbse

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

143
235
310
330
353
379
404
468
557
---
---

---
224
371
431
486
518
549
629
740
835
---

---
---

370
491
572
662
713
808
914

1055
1280

Head height [ref.], in. . . . . . . . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Allfast Fastening Systems Inc.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in

this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires specific approval
of the procuring activity.

d Rivet shear strength is documented on AF3212 standards drawing.
e Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.2.2(v).  Static Joint Strength of Blind Flush Head Locked Spindle Aluminum Alloy
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . CR3212 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

297c, d

342d

401d

437d

477
513
536
594

---
462c, d

535d

580d

630d

687d

743
834

---
---

683c, d

737d

798d

865d

932
1100

Rivet shear strengthe . . . . . . . . . . . . . . . 664 1030 1480

Yield Strength, lbsf

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

131
181
247
287
333
361
371
394

---
204
286
336
393
456
518
576

---
---

317
377
444
520
595
783

Head height [ref.], in. . . . . . . . . . . . . . . . 0.042 0.055 0.070

a Data supplied by Textron Aerospace Fasteners.
b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in 

this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires specific approval 
of the procuring activity.

d Yield value is less than 2/3 of indicated ultimate strength value.
e Rivet shear strength is documented on CR3212 standards drawing.
f Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.2.2(w).  Static Joint Strength of Blind Flush Head Locked Spindle Aluminum Alloy
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . AF3242 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

193c

250
321
414
470
524
550
577
643
736
814

---
299c

387
501
571
651
738
804
886

1000
---

---
---
---

573c

654
746
849
951

1120
1250
1365

Rivet shear strengthd . . . . . . . . . . . . . . . 814 1245 1685

Yield Strength, lbse

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

192
250
321
414
470
524
550
577
643
736
814

---
298
387
501
571
651
738
804
886

1000
---

---
---
---

573
654
746
849
951

1120
1250
1365

Head height (ref.), in. 0.035 0.047 0.063

a Data supplied by Allfast Fastening Systems Inc.
b Loads developed from tests with hole diameters of 0.144, 0.178, and 0.207, +/-0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in 

this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires the specific 
approval of the procuring activity.

d Rivet shear strength is documented on AF3242 standards drawing.
e Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.2.2(x).  Static Joint Strength of Blind Flush Head Locked Spindle Aluminum Alloy
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . CR3242 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.)b . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  245c,d

302
374
467
568
584
602
620
664

---
  378c,d

467
582
653
732
872
894
950

---
---
---

 681c

764
856
959

1165
1230

Rivet shear strengthe . . . . . . . . . . . . . . . 814 1245 1685

Yield Strength, lbsf

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

158
206
265
330
361
395
434
473
569

---
245
318
413
471
514
562
609
729

---
---
---

472
540
616
678
734
873

Head height (ref.), in. . . . . . . . . . . . . . . . . . . . . 0.035 0.047 0.063

a Data supplied by Textron Aerospace Fasteners.
b Loads developed from tests with hole diameters of 0.144, 0.178, and 0.207, +/-0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in 

this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires the specific 
approval of the procuring activity.

d Yield value is less than 2/3 of indicated ultimate strength value.
e Rivet shear strength is documented on CR3242 standards drawing.
f Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE

SHEET GAGES SHOWN IN THIS TABLE.  DESIGN DATA

FOR SHEET GAGES OR DIAMETERS OTHER THAN

THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.2.2(y).  Static Joint Strength of Blind Flush Head Locked Spindle Aluminum Alloy
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . HC3242 (Fsu = 51 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in.
(Nominal Hole Diameter, in.b . . . . . . . . . . . . . .

1/8
(0.144)

5/32
(0.178)

3/16
(0.207)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

 267c,d

310
363
433
475
522
560
597
690
814
---
---

---
  411c,d

477
563
616
675
741
803
918

1075
1215

---

---
---
---

 682c

744
813
889
966

1130
1320
1480
1685

Rivet shear strengthe . . . . . . . . . . . . . . . 814 1245 1685

Yield Strength, lbsf

Sheet thickness, in.:
0.032 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

138
218
317
433
475
510
527
543
585
644
---
---

---
217
340
500
598
675
741
781
833
906
968
---

---
---
---

529
643
772
889
966

1075
1160
1235
1375

Head height (ref.), in. . . . . . . . . . . . . . . . . . . . . 0.035 0.047 0.063

a Data supplied by Huck International Inc.
b Loads developed from tests with hole diameters of 0.144, 0.178, and 0.207, +/-0.001 inch.
c The values in the table above the horizontal line in each column are for knife-edge conditions, and the use of fasteners in 

this condition is undesirable.  The use of knife-edge conditions in the design of military aircraft requires the specific 
approval of the procuring activity.

d Yield value is less than 2/3 of indicated ultimate strength value.
e Rivet shear strength is documented on HC3242 standards drawing.
f Permanent set at yield load: 4% of nominal diameter.

THIS FASTENER HAS ONLY BEEN TESTED IN THE SHEET GAGES SHOWN

IN THIS TABLE.  DESIGN DATA FOR SHEET GAGES OR DIAMETERS

OTHER THAN THOSE SHOWN HERE CANNOT BE EXTRAPOLATED.
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Table 8.1.3.2.2(z).  Static Joint Strength of Blind Flush Head Locked Spindle
Aluminum Alloy Rivets in Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . . . . . AF3222 (Fsu = 50 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 202c ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 287 316c ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 388  452   492c

0.071 . . . . . . . . . . . . . . . . . . . . . . 412  536     593  

0.080 . . . . . . . . . . . . . . . . . . . . . . 439  608     706   

0.090 . . . . . . . . . . . . . . . . . . . . . . 469  645    832 

0.100 . . . . . . . . . . . . . . . . . . . . . . 498 683   891 

0.125 . . . . . . . . . . . . . . . . . . . . . . 573 775   1000   

0.160 . . . . . . . . . . . . . . . . . . . . . . 664 905   1155  

0.190 . . . . . . . . . . . . . . . . . . . . . . ... 1015     1290  

0.250 . . . . . . . . . . . . . . . . . . . . . . ... 1030     1480  

Rivet shear strengthd . . . . . . . . . . . . 664 1030    1480   

Yield Strengthe, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 160 ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 216  249 ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 290  341  383

0.071 . . . . . . . . . . . . . . . . . . . . . . 335  397  451

0.080 . . . . . . . . . . . . . . . . . . . . . . 379  460  527

0.090 . . . . . . . . . . . . . . . . . . . . . . 421  531  611

0.100 . . . . . . . . . . . . . . . . . . . . . . 462  591  696

0.125 . . . . . . . . . . . . . . . . . . . . . . 566 720 880

0.160 . . . . . . . . . . . . . . . . . . . . . . 664 901 1095

0.190 . . . . . . . . . . . . . . . . . . . . . . ... 1015  1280   

0.250 . . . . . . . . . . . . . . . . . . . . . . ... 1030  1480   

Head height (ref.), in. . . . . . . . . . . . . 0.042 0.055 0.070  

a Data supplied by Allfast Fastening Systems Inc.

b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.001 inch.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in the design of military aircraft requires specific approval of the procuring agency.

d Rivet shear strength as documented in Allfast Fastening Systems Inc. P-127.

e Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.2.2(aa).  Static Joint Strength of Flush Head 5056 Aluminum Alloy Rivets
in Clad Aluminum Alloy Sheet
Rivet Type . . . . . . . . . . . . . . . . . . . . CR3222 (Fsu = 50 ksi approx.)a

Sheet Material . . . . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . . . . .
(Nominal Hole Diameter, in.)b . . . . .

1/8
(0.130)

5/32
(0.162)

3/16
(0.194)

Ultimate Strength, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . .  286c,d ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . .               328d     445c,d  ...

0.063 . . . . . . . . . . . . . . . . . . . . . .               382d                 513d 658c,d

0.071 . . . . . . . . . . . . . . . . . . . . . . 416                  555d               708d

0.080 . . . . . . . . . . . . . . . . . . . . . . 454                  602d               764d

0.090 . . . . . . . . . . . . . . . . . . . . . . 496    654                  827d

0.100 . . . . . . . . . . . . . . . . . . . . . . 528  706   889   

0.125 . . . . . . . . . . . . . . . . . . . . . . 589  821   1045     

0.160 . . . . . . . . . . . . . . . . . . . . . . 664  928   1215    

0.190 . . . . . . . . . . . . . . . . . . . . . . ... 1020     1325    

0.250 . . . . . . . . . . . . . . . . . . . . . . ... 1030     1480    

Rivet shear strengthe . . . . . . . . . . . . . 664  1030     1480    

Yield Strengthf, lbs.

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 158 ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 199  247 ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 252  313  373

0.071 . . . . . . . . . . . . . . . . . . . . . . 285  354  422

0.080 . . . . . . . . . . . . . . . . . . . . . . 322  399  476

0.090 . . . . . . . . . . . . . . . . . . . . . . 362  450  537

0.100 . . . . . . . . . . . . . . . . . . . . . . 384  501  598

0.125 . . . . . . . . . . . . . . . . . . . . . . 425 597 750

0.160 . . . . . . . . . . . . . . . . . . . . . . 483 669    881

0.190 . . . . . . . . . . . . . . . . . . . . . . ...   731     955   

0.250 . . . . . . . . . . . . . . . . . . . . . . ... 854 1100  

Head height (ref.), in. . . . . . . . . . . . . 0.041 0.054 0.069  

a Data supplied by Textron Aerospace Fasteners.

b Loads developed from tests with hole diameters of 0.130, 0.162, and 0.194, +/- 0.0005 inch.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in the design of military aircraft requires the specific approval of the procuring agency.

d Yield values is less than 2/3 of indicated ultimate strength value.

e Rivet shear strength as documented in Textron Aerospace Fasteners PS-CMR-3000.

f Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.3.2.3(a).  Static Joint Strength of Blind 100  Flush Head A-286 Bolts in
Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . MS21140a (Fsu = 95 ksi)

Sheet and Plate Material . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . .
(Nominal Shank Diameter, in.)

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

5/16
(0.311)

3/8
(0.373)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . . 1165b,c ... ... ... ...

0.080 . . . . . . . . . . . . . . . . . . 1330b 1600b,c ... ... ...

0.090 . . . . . . . . . . . . . . . . . . 1515b 1805b ... ... ...

0.100 . . . . . . . . . . . . . . . . . . 1700b 2020b 2615b,c ... ...

0.125 . . . . . . . . . . . . . . . . . . 1980b 2595b 3295b 3935b,c ...

0.160 . . . . . . . . . . . . . . . . . . ... 2925b 4335b 5080b  6010b,c

0.190 . . . . . . . . . . . . . . . . . . ... ... 5005b 6150b  7205b

0.200 . . . . . . . . . . . . . . . . . . ... ... ... 6520b  6580b

0.250 . . . . . . . . . . . . . . . . . . ... ... ... 7215b  9810b

0.312 . . . . . . . . . . . . . . . . . . ... ... ... ... 10380b

Fastener shear strengthd . . . . . . . 1980 2925 5005 7215 10380

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . .  478 ... ... ... ...

0.080 . . . . . . . . . . . . . . . . . .  584  627 ... ... ...

0.090 . . . . . . . . . . . . . . . . . .  702  730 ... ... ...

0.100 . . . . . . . . . . . . . . . . . .  819  901 1025 ... ...

0.125 . . . . . . . . . . . . . . . . . . 1115 1260 1435 1540 ...

0.160 . . . . . . . . . . . . . . . . . . ... 1760 2090 2285 2430

0.190 . . . . . . . . . . . . . . . . . . ... ... 2655 2965 3235

0.200 . . . . . . . . . . . . . . . . . . ... ... ... 3190 3510

0.250 . . . . . . . . . . . . . . . . . . ... ... ... 4320 4860

0.312 . . . . . . . . . . . . . . . . . . ... ... ... ... 6460

Head height (ref.), in. . . . . . . . . 0.074 0.082 0.108 0.140 0.168

a Data supplied by Huck Manufacturing Company.
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Fastener shear strength is documented in MIL-F-8975.
e Permanent set at yield load:  4% of nominal diameter (revised May 1, 1986, from the greater of 0.012 inch or 4% of

nominal diameter).
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Table 8.1.3.2.3(b1).  Static Joint Strength of Blind 100  Flush Head Alloy Steel
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . MS90353, MS90353S, and MS90353Ua (Fsu = 112 ksi)

Sheet and Plate Material . . . . . . Clad 2024-T3 and T351

Fastener Diameter, in. . . . . . . . .
(Nominal Shank Diameter, in.) .

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

5/16
(0.311)

3/8
(0.373)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . . 1120b,c ... ... ... ...

0.080 . . . . . . . . . . . . . . . . . . 1305b 1480b,c ... ... ...

0.090 . . . . . . . . . . . . . . . . . . 1510b 1735b ... ... ...

0.100 . . . . . . . . . . . . . . . . . . 1740b 2000b 2380b,c ... ...

0.125 . . . . . . . . . . . . . . . . . . 2080b 2670b 3210b 3625b,c ...

0.160 . . . . . . . . . . . . . . . . . . 2340b 3195b 4440b 5060b  5700b,c

0.190 . . . . . . . . . . . . . . . . . . ... 3450b 5090b 6310b  7180b

0.250 . . . . . . . . . . . . . . . . . . ... ... 5900b 7860b  9890b

0.312 . . . . . . . . . . . . . . . . . . ... ... ... 8500b 11600b

0.375 . . . . . . . . . . . . . . . . . . ... ... ... ... 12200b

Fastener shear strengthd . . . . . . . 2340 3450 5900 8500 12200

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . .  403 ... ... ... ...

0.080 . . . . . . . . . . . . . . . . . .  513  501 ... ... ...

0.090 . . . . . . . . . . . . . . . . . .  636  652 ... ... ...

0.100 . . . . . . . . . . . . . . . . . .  759  799 1045 ... ...

0.125 . . . . . . . . . . . . . . . . . .  989 1170 1525 1620 ...

0.160 . . . . . . . . . . . . . . . . . . 1170 1510 2200 2430 2610

0.190 . . . . . . . . . . . . . . . . . . ... 1700 2700 3120 3440

0.250 . . . . . . . . . . . . . . . . . . ... ... 3330 4170 5095

0.312 . . . . . . . . . . . . . . . . . . ... ... ... 4955 6175

0.375 . . . . . . . . . . . . . . . . . . ... ... ... ... 7135

Head height (ref.), in. . . . . . . . . 0.072 0.080 0.105 0.137 0.165

a Data supplied by Huck Manufacturing Company.

b Yield strength value is less than 2/3 of indicated ultimate strength value.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Fastener shear strength is documented in MIL-F-81177.

e Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.3(b2).  Static Joint Strength of Blind 100  Flush Head Alloy Steel
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate

Rivet Type . . . . . . . . . . . . . . . . MS90353a (Fsu = 112 ksi)

Sheet and Plate Material . . . . . Clad or Bare 7075-T6 and T651

Fastener Diameter, in. . . . . . . .
(Nominal Hole Diameter, in.) .

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

5/16
(0.311)

3/8
(0.373)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . 1360b,c ... ... ... ...

0.080 . . . . . . . . . . . . . . . . . 1535c 1830b,c ... ... ...

0.090 . . . . . . . . . . . . . . . . . 1710c 2090c ... ... ...

0.100 . . . . . . . . . . . . . . . . . 1880c 2330c 2970b,c ... ...

0.125 . . . . . . . . . . . . . . . . . 2200c 2825c 3805c 4490b,c ...

0.160 . . . . . . . . . . . . . . . . . 2340 3365 4760c 5850c  6960b,c

0.190 . . . . . . . . . . . . . . . . . ... 3450 5370c 6790c  8310c

0.250 . . . . . . . . . . . . . . . . . ... ... 5900 8290c 10450c

0.312 . . . . . . . . . . . . . . . . . ... ... ... 8500 12200

0.375 . . . . . . . . . . . . . . . . . ... ... ... ... 12200

Fastener shear strengthd . . . . . . 2340 3450 5900 8500 12200

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . .  557 ... ... ... ...

0.080 . . . . . . . . . . . . . . . . .  666  757 ... ... ...

0.090 . . . . . . . . . . . . . . . . .  787  875 ... ... ...

0.100 . . . . . . . . . . . . . . . . .  909 1025 1240 ... ...

0.125 . . . . . . . . . . . . . . . . . 1215 1395 1640 1860 ...

0.160 . . . . . . . . . . . . . . . . . 1640 1910 2315 2590 2850

0.190 . . . . . . . . . . . . . . . . . ... 2355 2895 3290 3675

0.250 . . . . . . . . . . . . . . . . . ... ... 4055 4680 5345

0.312 . . . . . . . . . . . . . . . . . ... ... ... 6125 7075

0.375 . . . . . . . . . . . . . . . . . ... ... ... ... 8830

Head height (ref.), in. . . . . . . . 0.072 0.080 0.105 0.137 0.165

a Data supplied by Huck Manufacturing Company.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of

knife-edge condition in design of military aircraft requires specific approval of the procuring agency.

c Yield value is less than 2/3 of indicated ultimate strength value.

d Fastener shear strength is documented in MIL-F-81177.

e Permanent set at yield load:  4% of nominal diameter revised May 1, 1986, from the greater of 0.012 inch or 4% of

nominal diameters.
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Table 8.1.3.2.3(c).  Static Joint Strength of Blind 100  Flush Head Alloy Steel Fasteners
in Machine-Countersunk Aluminum Alloy Sheet and Plate
Fastener Type . . . . . . . . . . . . . . FF-200a FF-260a FF-312a

Sheet and Plate Material . . . . .
Clad

2024-T42
Clad

7075-T6
Clad

2024-T42
Clad

7075-T6
Clad

2024-T42
Clad

7075-T6

Fastener Diameter, in. . . . . . . .
(Nominal Shank Diameter, in.)

3/16
(0.198)

3/16
(0.198)

1/4
(0.259)

1/4
(0.259)

5/16
(0.311)

5/16
(0.311)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . 1220b,c 1360b,c ... ... ... ...

0.080 . . . . . . . . . . . . . . . . . 1380b 1500b ... ... ... ...

0.090 . . . . . . . . . . . . . . . . . 1520b 1620b ... ... ... ...

0.100 . . . . . . . . . . . . . . . . . 1650b 1740b 2250b,c 2700b,c ... ...

0.125 . . . . . . . . . . . . . . . . . 1890b 1960 2940b 3220b 2720c 3080b,c

0.160 . . . . . . . . . . . . . . . . . 2160 2200 3390b 3570b 3600b 3940b

0.190 . . . . . . . . . . . . . . . . . 2400 2420 3730b 2860b 4490b 4810b

0.250 . . . . . . . . . . . . . . . . . 2620 2620 4260b 4320 5550b 6000b

0.312 . . . . . . . . . . . . . . . . . ... ... 4500 4500 6000b ...

Fastener shear strengthd 2620 2620 4500 4500 6000 6000

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . .  685  850 ... ... ... ...

0.080 . . . . . . . . . . . . . . . . .  770  930 ... ... ... ...

0.090 . . . . . . . . . . . . . . . . .  870 1025 ... ... ... ...

0.100 . . . . . . . . . . . . . . . . .  980 1130 1120 1280 ... ...

0.125 . . . . . . . . . . . . . . . . . 1200 1350 1380 1600 1440 1540

0.160 . . . . . . . . . . . . . . . . . 1500 1640 1700 2050 1820 1980

0.190 . . . . . . . . . . . . . . . . . 1800 1960 2010 2470 2200 2520

0.250 . . . . . . . . . . . . . . . . . 2400 2550 2600 3190 2950 3710

0.312 . . . . . . . . . . . . . . . . . ... ... 3200 3880 3690 ...

Head height (ref.), in. . . . . . . . 0.077 0.102 0.134

a Data supplied by Monogram Aerospace Fasteners.
b Yield value is less than 2/3 of indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Fastener shear strength is documented in NAS1675.
e Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.3.2.3(d).  Static Joint Strength of Blind 100  Flush Head Alloy Steel Fasteners
in Machine-Countersunk Aluminum Alloy Sheet
Fastener Type . . . . . . . . . . . . . . NS 100a

Sheet Material . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . .
(Nominal Shank Diameter, in.)

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

Ultimate Strength, lbs

Sheet thickness, in.:

0.063 . . . . . . . . . . . . . . . . . 1085b,c ... ...

0.071 . . . . . . . . . . . . . . . . . 1295b 1400b,c ...

0.080 . . . . . . . . . . . . . . . . . 1525b 1710b ...

0.090 . . . . . . . . . . . . . . . . . 1695b 2020b ...

0.100 . . . . . . . . . . . . . . . . . 1830b 2335b 2715b,c

0.125 . . . . . . . . . . . . . . . . . 2170b 2745b 3765b

0.160 . . . . . . . . . . . . . . . . . 2190 3325b 4615b

0.190 . . . . . . . . . . . . . . . . . ... 3325b 5280b

0.250 . . . . . . . . . . . . . . . . . ... ... 5690b

Fastener shear strengthd . . . . . . 2190 3325 5690

Yield Strengthe, lbs

Sheet thickness, in.:

0.063 . . . . . . . . . . . . . . . . .  516 ... ...

0.071 . . . . . . . . . . . . . . . . .  602  690 ...

0.080 . . . . . . . . . . . . . . . . .  698  805 ...

0.090 . . . . . . . . . . . . . . . . .  804  936 ...

0.100 . . . . . . . . . . . . . . . . .  911 1065 1300

0.125 . . . . . . . . . . . . . . . . . 1180 1390 1725

0.160 . . . . . . . . . . . . . . . . . 1500 1835 2320

0.190 . . . . . . . . . . . . . . . . . ... 2165 2830

0.250 . . . . . . . . . . . . . . . . . ... ... 3725

Head height (ref.), in. . . . . . . . 0.069 0.077 0.102

a Data supplied by Monogram Aerospace Fasteners.
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Fastener shear strength values are A basis from analysis of test data.
e Permanent set at yield load:  4% of nominal diameter (revised May 1, 1985, from the greater of 0.012 inch or 4% of

nominal diameter).
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Table 8.1.3.2.3(e).  Static Joint Strength of Blind 100  Flush Head Aluminum Alloy
Fasteners in Machine-Countersunk Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . . . . SSHFA-200a (Fsu = 50 ksi) SSHFA-260a (Fsu = 50 ksi)

Sheet Material . . . . . . . . . . . . . . . . . . Clad 2024-T42 Clad 7075-T6 Clad 2024-T42 Clad 7075-T6

Fastener Diameter, in. . . . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . . .

3/16
(0.198)

3/16
(0.198)

1/4
(0.259)

1/4
(0.259)

Ultimate Strength, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . . . . . .  500b  590b ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . .  640  750 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . .  790  880 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . . 1040 1060 1310b 1480b

0.090 . . . . . . . . . . . . . . . . . . . . . . 1270 1270 1480 1650

0.100 . . . . . . . . . . . . . . . . . . . . . . 1450 1450 1680 1850

0.125 . . . . . . . . . . . . . . . . . . . . . . 1550 1550 2010 2250

0.160 . . . . . . . . . . . . . . . . . . . . . . ... ... 2300 2650

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 2520 ...

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... 2650 ...

Fastener shear strengthc . . . . . . . . . . . 1550 1550 2650 2650

Yield Strengthd, lbs

Sheet thickness, in.:

0.050 . . . . . . . . . . . . . . . . . . . . . .  500  520 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . .  630  700 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . .  740  800 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . .  860  915  940 1160

0.090 . . . . . . . . . . . . . . . . . . . . . .  990 1040 1080 1300

0.100 . . . . . . . . . . . . . . . . . . . . . . 1130 1180 1230 1460

0.125 . . . . . . . . . . . . . . . . . . . . . . 1340 1420 1550 1790

0.160 . . . . . . . . . . . . . . . . . . . . . . ... ... 1980 2240

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 2420 ...

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... 2650 ...

Head height (ref.), in. . . . . . . . . . . . . 0.061 0.061 0.088 0.088

a Data supplied by Monogram Aerospace Fasteners.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Fastener shear strength is documented in NAS1675.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.3.2.3(f).  Static Joint Strength of Blind 100  Flush Head Alloy Steel Fasteners
in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . . . .
PLT-150a (Fsu = 112 ksi)

(H-11 Nut and screw, Inconel X-750 or A-286 Sleeve)

Sheet or Plate Material . . . . . . . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . . .

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

3/8
(0.373)

Ultimate Strength, lbs

Sheet or plate thickness, in.:
0.063 . . . . . . . . . . . . . . . . . . . . . . 1120b,c ... ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . 1320b 1470b,c ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . . 1550b 1755b ... ...
0.090 . . . . . . . . . . . . . . . . . . . . . . 1730b 2060b ... ...
0.100 . . . . . . . . . . . . . . . . . . . . . . 1885b 2350b 2820b,c ...

0.125 . . . . . . . . . . . . . . . . . . . . . . 2300b 2850b 3825b ...
0.160 . . . . . . . . . . . . . . . . . . . . . . 2340b 3450b 4790b  6695b,c

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 5570b  8440b

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... 5900b 10700b

0.312 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 12250b

Fastener shear strengthd . . . . . . . . . . . 2340 3450 5900 12250

Yield Strengthe, lbs

Sheet or plate thickness, in.:
0.063 . . . . . . . . . . . . . . . . . . . . . .  534 ... ... ...
0.071 . . . . . . . . . . . . . . . . . . . . . .  615  730 ... ...
0.080 . . . . . . . . . . . . . . . . . . . . . .  705  830 ... ...
0.090 . . . . . . . . . . . . . . . . . . . . . .  805  953 ... ...
0.100 . . . . . . . . . . . . . . . . . . . . . .  906 1075 1345 ...
0.125 . . . . . . . . . . . . . . . . . . . . . . 1235 1390 1750 ...
0.160 . . . . . . . . . . . . . . . . . . . . . . 1545 1910 2310 3160
0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 2965 3850
0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... 3840 5395
0.312 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 6985

Head height (ref.), in. . . . . . . . . . . . . . 0.069 0.077 0.102 0.160

a Data supplied by Voi-Shan Industries (Inconel X-750 Sleeve) and Monogram Aerospace Fasteners (A-286 Sleeve).

b Yield value is less than 2/3 of the indicated ultimate strength value.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Fastener shear strength based on area computed from nominal shank diameter in Table 9.4.1.2(a) and Fsu = 112 ksi.

e Permanent set at yield load:  4% of nominal diameter (revised May 1, 1985, from the greater of 0.012 inch or 4% of

nominal diameter).
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Table 8.1.3.2.3(g).  Static Joint Strength of Blind 100  Flush Head Alloy Steel
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate
Fastener Type . . . . . . . . . . . . . . NAS1670-La

Sheet and Plate Material . . . . . Clad 7075-T6 and T651

Fastener Diameter, in.b . . . . . . .
(Nominal Shank Diameter, in.)

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

5/16
(0.311)

3/8
(0.373)

Ultimate Strength, lbs

Sheet or plate thickness, in.:
0.063 . . . . . . . . . . . . . . . . . 1110c,d ... ... ... ...

0.071 . . . . . . . . . . . . . . . . . 1230c 1530c,d ... ... ...

0.080 . . . . . . . . . . . . . . . . . 1365c 1700c ... ... ...
0.090 . . . . . . . . . . . . . . . . . 1525c 1885c ... ... ...
0.100 . . . . . . . . . . . . . . . . . 1678c 2065c 2800c,d ... ...

0.125 . . . . . . . . . . . . . . . . . 1678 2530c 3400c 4165c,d ...

0.160 . . . . . . . . . . . . . . . . . 1678 2620c 4255c 5190c    6350c,d

0.190 . . . . . . . . . . . . . . . . . ... 2620 4500c 6000c 7395c

0.250 . . . . . . . . . . . . . . . . . ... ... 4500 6000 9625c

0.312 . . . . . . . . . . . . . . . . . ... ... ... ... 9750
0.375 . . . . . . . . . . . . . . . . . ... ... ... ... 9750

Fastener shear strengthe . . . . . . 1678 2620 4500 6000 9750

Yield Strengthf, lbs

Sheet or plate thickness, in.:
0.063 . . . . . . . . . . . . . . . . .  500 ... ... ... ...
0.071 . . . . . . . . . . . . . . . . .  601  647 ... ... ...
0.080 . . . . . . . . . . . . . . . . .  711  788 ... ... ...
0.090 . . . . . . . . . . . . . . . . .  802  941 ... ... ...
0.100 . . . . . . . . . . . . . . . . .  887 1085 1255 ... ...
0.125 . . . . . . . . . . . . . . . . . 1105 1340 1770 1930 ...
0.160 . . . . . . . . . . . . . . . . . 1405 1700 2250 2720 3055
0.190 . . . . . . . . . . . . . . . . . ... 2020 2655 3200 3890
0.250 . . . . . . . . . . . . . . . . . ... ... 3480 4185 5020
0.312 . . . . . . . . . . . . . . . . . ... ... ... ... 6280
0.375 . . . . . . . . . . . . . . . . . ... ... ... ... 7520

Head height (ref.), in. . . . . . . . 0.069 0.077 0.102 0.134 0.160

a Data supplied by Monogram Aerospace Fasteners.

b Fasteners installed in 0.165/0.166, 0.200/0.201, 0.261/0.262, 0.312/0.313, 0.375/0.376 inch holes.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of

knife-edge condition in design of military aircraft requires specific approval of the procuring agency.

e Fastener shear strength is documented in NAS1675.

f Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.3.2.3(h).  Static Joint Strength of Blind 100  Flush Head Aluminum Alloy
Fasteners in Machine-Countersunk Aluminum Alloy Sheet
Fastener Type . . . . . . . . . . . . . . NAS1674-La

Sheet Material . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . .
(Nominal Shank Diameter, in.)b

5/32
(0.163)

3/16
(0.198)

1/4
(0.259)

Ultimate Strength, lbs

Sheet thickness, in.:
0.050 . . . . . . . . . . . . . . . . . 548c ... ...
0.063 . . . . . . . . . . . . . . . . . 756c  853 ...
0.071 . . . . . . . . . . . . . . . . . 882c 1010 ...
0.080 . . . . . . . . . . . . . . . . . 960 1185 ...
0.090 . . . . . . . . . . . . . . . . . ... 1375 1645
0.100 . . . . . . . . . . . . . . . . . ... 1550 1900
0.125 . . . . . . . . . . . . . . . . . ... ... 2535
0.160 . . . . . . . . . . . . . . . . . ... ... 2650

Fastener shear strengthd . . . . . . 960 1550 2650

Yield Strengthe, lbs

Sheet thickness, in.:
0.050 . . . . . . . . . . . . . . . . . 356 ... ...
0.063 . . . . . . . . . . . . . . . . . 481  666 ...
0.071 . . . . . . . . . . . . . . . . . 561  774 ...
0.080 . . . . . . . . . . . . . . . . . 650  892 ...
0.090 . . . . . . . . . . . . . . . . . ... 1025 1275
0.100 . . . . . . . . . . . . . . . . . ... 1155 1450
0.125 . . . . . . . . . . . . . . . . . ... ... 1880
0.160 . . . . . . . . . . . . . . . . . ... ... 2480

Head height (ref.), in. . . . . . . . 0.049 0.061 0.088

a Data supplied by Monogram Aerospace Fasteners.

b Fasteners installed in 0.165/0.166, 0.199/0.200, 0.260/0.261 inch holes.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Fastener shear strength is documented in NAS1675.

e Permanent set at yield load:  4% of nominal diameter.
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8.1.4 SWAGED COLLAR/UPSET-PIN FASTENERS — The strengths shown in the following tables are
applicable only when grip lengths and hole tolerances are as recommended by respective fastener
manufacturers.  For some fastener systems, permanent set at yield load may be increased if hole sizes greater
than those listed in the applicable table are used.  This condition may exist even though the test hole size lies
within the manufacturer’s recommended hole size range (refer to Section 9.4.1.3.3).

The ultimate allowable shear load for lockbolts and lockbolt stumps may be obtained from Table
8.1.4 for the appropriate shear stress level.  Tensile strengths of lockbolts and lockbolt stumps also are
contained in Table 8.1.4.

For lockbolts under combined loading of shear and tension installed in material having a thickness
large enough to make the shear cutoff strength critical for shear loading, the following interaction equations
are applicable:

Steel lockbolts, Rt + Rs
10 = 1.0

7075-T6 lockbolts, Rt + Rs
5 = 1.0

where Rt and Rs are the ratios of applied load to allowable load in tension and shear, respectively.

Unless otherwise specified, yield load is defined in Section 9.4.1.3.3 as the load which results in a
joint permanent set equal to 4% D, where D is the decimal equivalent of the fastener shank diameter, as
defined in 9.4.1.2(a).

8.1.4.1 Protruding-Head Swaged Collar Fastener Joints — Tables 8.1.4.1(a) and (b)
contain joint allowables for various protruding-head swaged collar fastener/sheet material combinations.  It
has been shown that protruding shear head (representative configurations are NAS 2406 to NAS 2412 and
M43859/1) fastener joints may not develop the full bearing strength of joint material.  Therefore, static
allowable loads for protruding shear head fasteners must be established from test data using the criteria
specified in Section 9.4.1. For shear joints with protruding tension head fasteners, the load per fastener at
which shear or bearing type of failure occurs is calculated separately and the lower of the two governs the
design.  Allowable shear loads are obtained from Table 8.1.4.

The design bearing stresses for various materials at room and other temperatures are given in strength
properties stated for each alloy or group of alloys, and are applicable to joints with pins in cylindrical holes
and where t/D > 0.18. Where t/D < 0.18, tests to substantiate yield and ultimate bearing strengths must be
performed.  These bearing stresses are applicable only for design of rigid joints where there is no possibility
of relative motion of the parts joined without deformation of such parts.

For convenience, “unit” sheet bearing strengths for pins, based on bearing stress of 100 ksi and
nominal fastener diameters, are given in Table 8.1.5.1. The strength for a specific combination of fastener,
sheet thickness, and sheet material is obtained by multiplying the proper “unit” strength by the ratio of
material allowable bearing stress (ksi) to 100.

8.1.4.2 Flush-Head Swaged Collar Fastener Joints — Tables 8.1.4.2(a) through (j) contain
joint allowables for various flush-head swaged collar fastener/sheet material combinations.  The allowable
loads for flush-head swaged collar fasteners were established from test data using the following criteria,
unless otherwise noted in the footnotes of individual tables.

Ultimate Load — Design allowable ultimate load as defined in Section 9.7.1.5.  Prior to 2003 this
value was computed as the average ultimate test load divided by a factor of 1.15. This factor is not applicable
to shear strength cutoff values which may be either the procurement specification shear strength (S value) of
the fastener or, if no specification exists, a statistical value determined from test results.
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The allowable loads shown for flush-head swaged collar fasteners are applicable to joints having e/D
equal to or greater than 2.0.

For machine countersunk joints, the sheet gage specified in the tables is that of countersunk sheet.
When the noncountersunk sheet is thinner than the countersunk sheet, the bearing allowable for the
noncountersunk sheet-fastener combination should be computed, compared to the table value, and the lower
of the two values selected.
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Table 8.1.4.  Ultimate Single-Shear and Tensile Strengths of Lockbolts and Lockbolt Stumpsa

Nominal Diameter
(inches)

Heat Treated Alloy Steelb(160 ksi) 7075-T6c

Single-Shear
Strength, lbs. Tensile Strength, lbs.

Single-Shear
Strength, lbs.

Tensile
Strength, lbs.

Tensile Typed Shear Typee Tensile Typed

NAS 1456 thru 1462
NAS 1465 thru 1472
NAS 1475 thru 1482
NAS 1486 thru 1492
NAS 1496 thru 1502

NAS 1414 thru 1422
NAS 1424 thru 1432
NAS 1436 thru 1442
NAS 1446 thru 1452

NAS 1516 thru 1522
NAS 1525 thru 1532
NAS 1535 thru 1542
NAS 1546 thru 1552
NAS 1556 thru 1562

5/32 . . . . . . . . .
3/16 . . . . . . . . .
1/4 . . . . . . . . . .
5/16 . . . . . . . . .
3/8 . . . . . . . . . .

2007f/1822g

2623
4660
7290
10490

1100f

2210
4080
6500d

10100h

705g

1105
2040
3250
5050

960f

1260
2185
3450
4970

740f

1195
2200
3500
5455

a Lockbolts are pull-gun driven; lockbolt stumps are hammer or squeeze driven.
b Used with 2024-T4 aluminum alloy collar, NAS 1080.
c Used with 6061-T6 aluminum alloy collar.
d Tensile type have a higher head and more grooves than the shear type and can be either protruding or 100  flush head.  

Strength value listed refers to lowest strength fastener configuration within this type.
e Shear type have shorter head and less grooves than the tensile type and can be either protruding or 100  flush head.  

Strength values listed refer to lowest strength fastener configuration within this type.
f Available as lockbolt only (0.164 dia. for #8 lockbolts).
g Available as lockbolt stump only (0.156 dia. for 5/32 stumps).
h Five groove design on lockbolts.
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Table 8.1.4.1(a).  Static Joint Strength of Protruding Shear Head Ti-6Al-4V
Cherrybuck Fasteners in Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . CSR 925a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . . .
(Nominal Shank Diameter, in.)b . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs.

Sheet thickness, in.: 
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 Fastener shear strengthc . . . . . . . . .

995
1227
1371
1532
1711
1890
2007

...

...
2007

...
1442
1607
1792
2001
2205
2694

...

...
2694

...

...

...
2415
2688
2960
3641
4595
4660
4660

Yield Strengthd, lbs.

Sheet thickness, in.:
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .

861
1013
1107
1213
1331
1448
1741

...

...

...
1225
1334
1455
1592
1727
2068

...

...

...

...

...
2067
2246
2425
2873
3499
4036

a Data supplied by Cherry Fasteners.
b Fasteners installed in clearance holes (0.0005" - 0.002").
c Fastener shear strength based on area computed from nominal shank diameters in Table 9.7.1.1 and Fsu = 95 ksi.
d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.1(b).  Static Joint Strength of Protruding Shear Head Ti-6Al-4V
Cherrybuck Fasteners in Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . CSR 925a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . Clad 2024-T3

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.)b . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs.

Sheet thickness, in.: 
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . .
 Fastener shear strengthc . . . . . . .

807
1020
1150
1300
1465
1630
2007

...

...
2007

...
1180
1335
1505
1695
1885
2360
2694

...
2694

...

...

...
1970
2220
2470
3095
3975
4660
4660

Yield Strengthd, lbs.

Sheet thickness, in.:
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . .

619
747
827
916

1015
1115
1360

...

...

...
889
981

1085
1200
1315
1600
2000

...

...

...

...
1495
1645
1795
2175
2705
3155

a Data supplied by Cherry Fasteners.
b Fasteners installed in clearance holes (0.0005" - 0.002").
c Fastener shear strength based on area computed from nominal diameters in Table 9.7.1.1 and Fsu = 95 ksi.
d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(a).  Static Joint Strength of 100  Flush Shear Head Alloy Steel Lockbolt
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . NAS 1436-1442a (Fsu = 95 ksi)

Sheet and Plate Material . . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.) . .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . . . 1684  ... ... ...

0.080 . . . . . . . . . . . . . . . . . . . 1875  ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . 2077 ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . 2286 3075 ... ...

0.125 . . . . . . . . . . . . . . . . . . . 2620 3750 4811 ...

0.160 . . . . . . . . . . . . . . . . . . . ... 4625 5994b  7350

0.190 . . . . . . . . . . . . . . . . . . . ... 4650 6993  8554

0.250 . . . . . . . . . . . . . . . . . . . ... ... 7300 10435

0.312 . . . . . . . . . . . . . . . . . . . ... ... ... 10500

Fastener shear strengthc . . . . . . . . 2620 4650 7300 10500

Yield Strengthd, lbs

Sheet or plate thickness, in.:

0.071 . . . . . . . . . . . . . . . . . . . 1405 ... ... ...

0.080 . . . . . . . . . . . . . . . . . . . 1598 ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . 1717 ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . 1850 2395 ... ...

0.125 . . . . . . . . . . . . . . . . . . . 2232 2790 3327 ...

0.160 . . . . . . . . . . . . . . . . . . . ... 3415 3851 5656

0.190 . . . . . . . . . . . . . . . . . . . ... 3765 4666 6342

0.250 . . . . . . . . . . . . . . . . . . . ... ... 5248 7910

0.312 . . . . . . . . . . . . . . . . . . . ... ... ... 8946

Head height (max.), in. . . . . . . . . 0.049 0.063 0.071 0.081

a Data supplied by Huck Manufacturing Company.

b Yield value is less than 2/3 of the indicated ultimate strength value.

c Fastener shear strength is documented in NAS 1413.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.4.2(b).  Static Joint Strength of 100  Flush Shear/Tension Head Alloy Steel
Lockbolt Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate
Fastener Type . . . . . . . . . . . . . NAS 7024-7032a,b (Fsu = 108 ksi)

Sheet and Plate Material . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . .
(Nominal Shank Diameter, in.) .

1/8
(0.125)

5/32
(0.156)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . .  563c ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . .  846d  881c 1071c ... ... ...

0.063 . . . . . . . . . . . . . . . . . 1040d 1341d 1398 ... ... ...

0.071 . . . . . . . . . . . . . . . . . 1147 1494d 1743d 2001c ... ...

0.080 . . . . . . . . . . . . . . . . . 1231 1645d 2083d 2256 ... ...

0.090 . . . . . . . . . . . . . . . . . 1289 1813 2288d 2823 3071c ...

0.100 . . . . . . . . . . . . . . . . . 1325 1921 2493d 3390d 3425  4225c

0.125 . . . . . . . . . . . . . . . . . ... 2070 2878 4140d 5200d  5500

0.160 . . . . . . . . . . . . . . . . . ... ... 3060 4930 6490  8080d

0.190 . . . . . . . . . . . . . . . . . ... ... ... 5280 7530  8725d

0.250 . . . . . . . . . . . . . . . . . ... ... ... 5300 7870 10010

0.312 . . . . . . . . . . . . . . . . . ... ... ... ... 8220 11270

0.324 . . . . . . . . . . . . . . . . . ... ... ... ... 8280 11340

0.375 . . . . . . . . . . . . . . . . . ... ... ... ... ... 11620

0.433 . . . . . . . . . . . . . . . . . ... ... ... ... ... 11930

Fastener shear strengthe . . . . . . 1325 2070 3060 5300 8280 11930

Yield Strengthf, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . .  426 ... ... ... ... ...

0.050 . . . . . . . . . . . . . . . . .  537  666  804 ... ... ...

0.063 . . . . . . . . . . . . . . . . .  682  846 1024 ... ... ...

0.071 . . . . . . . . . . . . . . . . .  770  957 1159 1508 ... ...

0.080 . . . . . . . . . . . . . . . . .  870 1082 1311 1708 ... ...

0.090 . . . . . . . . . . . . . . . . .  981 1221 1430 1931 2392 ...

0.100 . . . . . . . . . . . . . . . . . 1092 1360 1649 2152 2669 3177

0.125 . . . . . . . . . . . . . . . . . ... 1705 2071 2709 3363 4010

0.160 . . . . . . . . . . . . . . . . . ... ... 2595 3486 4340 4975

0.190 . . . . . . . . . . . . . . . . . ... ... ... 4050 5170 5760

0.250 . . . . . . . . . . . . . . . . . ... ... ... 4140 6210 7340

0.312 . . . . . . . . . . . . . . . . . ... ... ... ... 7040 8730

0.324 . . . . . . . . . . . . . . . . . ... ... ... ... 7200 8810

0.375 . . . . . . . . . . . . . . . . . ... ... ... ... ... 9160

0.433 . . . . . . . . . . . . . . . . . ... ... ... ... ... 9560

Head height (ref.), in. . . . . . . . 0.042 0.050 0.060 0.077 0.094 0.111

a Data supplied by Huck Manufacturing Company.

b Used with NAS1080K aluminum alloy collar.

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Yield value is less than 2/3 of indicated ultimate strength value.

e Fastener shear strength is documented in NAS1413.

f Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.4.2(c).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Cherrybuck
Fasteners in Machine-Countersunk Aluminum Alloy Sheet 

Fastener Type . . . . . . . . . . . . . . . . CSR 924a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.)b . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs.

Sheet thickness, in.: 
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . .
 Fastener shear strengthb . . . . . . . .

941
1207
1385
1557
1775
1876
1950
2007

...

...
2007

...
1383
1588
1779
2050
2263
2542
2660
2694

...
2694

...

...

...
2281
2594
2919
3765
4387
4525
4660
4660

Yield Strengthc, lbs.

Sheet thickness, in.:
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .  
 0.090 . . . . . . . . . . . . . . . . . . . . . .  
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . .

659
887

1022
1116
1189
1257
1393
1608

...

...

...
985

1148
1325
1480
1545
1733
1978
2191

...

...

...

...
1625
1894
2162
2619
2950
3231
3794

Head height (ref.), in. . . . . . . . . . . 0.034 0.046 0.060

   a Data supplied by Cherry Fasteners.
   b Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and Fsu = 95 ksi.
   c Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(d).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Cherrybuck
Fasteners in Machine-Countersunk Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . . CSR 924a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . Clad 2024-T3

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.)b . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs.

Sheet thickness, in.: 
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . .
 Fastener shear strengthd . . . . . . . .

737
1019
1152
1279c

1419c

1560c

1898c

2007c

...

...
2007

...
1118
1319
1509
1673c

1834c

2242c

2680c

2694
...

2694

...

...

...
1837
2168
2500
3036c

3786c

4404c

4660
4660

Yield Strengthe, lbs.

Sheet thickness, in.:
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . .

511
712
786
840
900
960

1110
1321

...

...

...
778
922

1039
1109
1178
1352
1596
1805

...

...

...

...
1276
1513
1750
1979
2300
2575
3125

Head height (ref.), in. . . . . . . . . . . 0.034 0.046 0.060

  a Data supplied by Cherry Fasteners.
  b Fasteners installed in clearance holes (0.0005 - 0.002).
  c Yield load is less than 2/3 of indicated ultimate.
  d Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and Fsu = 95 ksi.
  e Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(e).  Static Joint Strength of 100  Flush Shear Head A-286 Rivets in
Machine-Countersunk Aluminum Alloy Sheet 

Fastener Type . . . . . . . . . . . . . . . . HSR201a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . 7075-T6

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.)b . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs.

Sheet thickness, in.: 
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
Fastener shear strengthc . . . . . . . .

1055
1330
1500
1690
1900
2007

...

...
2007

1095
1545
1740
1955
2200
2445
2694

...
2694

...
2030
2285
2575
2895
3220
4025
4660
4660

Yield Strengthd, lbs.

Sheet thickness, in.:
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .

835
1055
1185
1340
1505
1675

...

...

870
1225
1380
1550
1745
1940
2420

...

...
1605
1810
2040
2295
2550
3190
4180

Head height (nom.), in. . . . . . . . . 0.040 0.046 0.060

   a Data supplied by Hi-Shear Corporation.
   b Hole Size:  Fastener installed in 0.000 interference to 0.005 clearance.
   c Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and Fsu = 95 ksi.
   d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(f).  Static Joint Strength of 100  Flush Shear Head Ti-8Mo-8V-2Fe-3Al
Rivets in Machine-Countersunk Aluminum Alloy Sheet

Rivet Type . . . . . . . . . . . . . . . . . . HSR101a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . 7075-T6

Rivet Diameter, in. . . . . . . . . . . . .
(Nominal Shank Diameter, in.)b . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs.

Sheet thickness, in.: 
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .
 Rivet shear strengthc . . . . . . . . . .

1040
1310
1480
1665
1875
2007

...

...
2007

1205
1520
1715
1930
2170
2410
2694

...
2694

...
2000
2255
2540
2855
3175
3965
4660
4660

Yield Strengthd, lbs.

Sheet thickness, in.:
 0.050 . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . .

797
1005
1130
1275
1435
1595

...

...

921
1165
1310
1475
1660
1845
2310

...

...
1530
1725
1945
2185
2430
3035
3885

Head height (nom.), in. . . . . . . . . 0.040 0.046 0.060

     a Data supplied by Hi-Shear Corporation.
     b Hole Size:  Fastener installed in 0.000 interference to 0.005 clearance.
     c Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and 1/4 = 0.250

and Fsu = 95 ksi.
     d Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(g).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Lockbolt
Fasteners in Machine-Countersunk Aluminum Alloy Sheet 

Rivet Type . . . . . . . . . . . . . . . . . . . GPL3SC-V Pina,b (Fsu = 95 ksi), 2SC-3C Collar

Sheet Material . . . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . . . . .
(Nominal Shank Diameter, in)c . . .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs.

Sheet thickness, in.:
0.050 . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthe . . . . . . . . . . . .

1105
1500
1740
2020
2200
2355
2694

...

...

...
2694

...
1800d

2125
2485
2885
3310
3945
4660

...

...
4660

     ...
   ...
2430
2865
3365
3865
5135
6245
7010
7290
7290

...

...

...
3170d

3780
4390
5880
8005
8955

10490
10490

Yield Strengthf, lbs.

Sheet thickness, in.:
0.050 . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . .

948
1160
1290
1435
1600
1760
2095

...

...

...

...
1585
1755
1945
2160
2375
2910
3585

...

...

...

...
2265
2500
2765
3030
3705
4640
5440
6270

...

...

...
3090
3415
3740
4535
5670
6635
8230

Head height (ref.), in. . . . . . . . . . . . 0.048 0.063 0.070 0.081

a Data supplied by Huck Manufacturing Company and Voi-Shan Industries.
 b Aluminum coated per NAS 4006.
 c Hole Size:  Fastener installed in 0.005" interference to 0.0005" clearance.
 d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
e Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and 1/4 = 0.250 and

Fsu = 95 ksi.
f Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(h).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Lockbolt
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate 

Rivet Type . . . . . . . . . . . . . . . . . GPL3SC-V Pina,b (Fsu = 95 ksi), 2SC-3C Collar

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Shank Diameter, in.)c .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Sheet thickness, in.: Ultimate Strength, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .

938
1255

...
1535d

...
 ... 

...

...

 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .

1455
1680

1795
2085

2085
2440

...
2740f

 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . . .
 Rivet shear strengthf . . . . . . . . .

1920e

2080e

2460e

2694
...
...
...
...

2694

2410
2735
3470e

4175e

4590e

4660
...
...

4660

2845
3245
4270
5505e

6260e

7230
7290

...
7290

3230
3725
4930
6645
7885e

9705e

10490
...

10490

Sheet thickness, in.: Yield Strengthg, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .

777
945

1050
1140
1230
1320
1545
1860

...

...

...

...
1285
1435
1590
1760
1910
2205
2620
2975
3685

...

...

...
1810
2030
2260
2475
2975
3495
3935
4820
5740

...

...

...
2440
2750
3065
3705
4475
5010
6075
7175

Head height (ref.), in. . . . . . . . . . 0.048 0.063 0.070 0.081

a Data supplied by Huck Manufacturing Company and Voi-Shan Industries.
b Aluminum coated per NAS 4006.
c Hole size: Fasteners installed in 0.005" interference to 0.0005" clearance.
d Values above line are for knife-edge condition and the use of fasteners in this condition is undersirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
e Yield load is less than 2/3 of indicated ultimate.
f Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and Fsu = 95 ksi.
g Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(i).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Lockbolt
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate 

Rivet Type . . . . . . . . . . . . . . . . . LGPL2SC-V Pina,b (Fsu = 95 ksi), 3SLC-C Collar

Sheet Material . . . . . . . . . . . . . . Clad 7075-T6

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Shank Diameter, in.)c .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Sheet thickness, in.: Ultimate Strength, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .

1040
1370

...
1710d

        ...
...

...

...

 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .

1575
1805

1980
2280

2345
2715

...
3105d

 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .
 Rivet shear strengthe . . . . . . . . .

2060
2315
2590
2694

...

...

...
2694

2615
2950
3790
4430
4660

...

...
4660

3130
3550
4605
6070
6750
7290

...
7290

3620
4130
5375
7150
8660

10154
10490
10490

Sheet thickness, in.: Yield Strengthf, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .

948
1160
1290
1435
1600
1760
2095
2395

...

...

...

...
1585
1755
1945
2160
2375
2910
3585
3900

...

...

...

...
2265
2500
2765
3030
3705
4640
5440
6270

...

...

...

...
3090
3415
3740
4535
5670
6635
8230
9255

Head height (ref.), in.  . . . . . . . . 0.048 0.063 0.070 0.081

a Data supplied by Huck Manufacturing Company and Voi-Shan Industries.
b Aluminum coated per NAS 4006.
c Hole size:  Fasteners installed in 0.005" interference to 0.0005" clearance.
d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
e Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and Fsu = 95 ksi.
f Permanent set at yield load: 4% of nominal diameter.
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Table 8.1.4.2(j).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Lockbolt
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate 

Rivet Type . . . . . . . . . . . . . . . . . LGPL2SC-V Pina,b (Fsu = 95 ksi), 3SLC-C Collar

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Rivet Diameter, in. . . . . . . . . . . .
(Nominal Shank Diameter, in.)c .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Sheet thickness, in.: Ultimate Strength, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .

836
1180

...
1350d

...

...
...
...

 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .

1395
1640

1630
1950

1775
2155

...
2270d

 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . . .
 Rivet shear strengthf . . . . . . . . .

1900e

2115e

2340
2655
2694

...

...

...
2694

2300
2650
3530e

4000
4355
4660

...

...
4660

2595
3035
4140
5645e

6085
6965
7290

...
7290

       2800
3335
4640
6500
8080e

9180
10270
10490
10490

Sheet thickness, in.: Yield Strengthg, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . . .

733
901

1005
1125
1250
1380
1640
1910
2140

...

...

...

...
1220
1360
1515
1685
1855
2280
2795
3100
3700

...

...

...

...
1745
1930
2140
2355
2895
3640
4230
4985
5760

...

...

...

...
2270
2635
2895
3530
4430
5200
6440
7375
8325

Head height (ref.), in. . . . . . . . . . 0.048 0.063 0.070 0.081

a Data supplied by Huck Manufacturing Company and Voi-Shan Industries.
b Aluminum coated per NAS 4006.
c Hole size:  Fasteners installed in 0.0005" interference to 0.0005" clearance.
d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge

condition in design of military aircraft requires specific approval of the procuring agency.
e Yield load is less than 2/3 of indicated ultimate.
f Fastener shear strength based on area computed from nominal shank diameter in Table 9.7.1.1 and Fsu = 95 ksi.
g Permanent set at yield load: 4% of nominal diameter.
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8.1.5 THREADED FASTENERS — The strengths shown in the following tables are applicable only
when grip lengths and hole tolerances are as recommended by the respective fastener manufacturers.  For
some fastener systems, permanent set at yield load may be increased if hole sizes greater than those listed in
the applicable table are used.  This condition may exist even though the test hole size lies within the
manufacturer’s recommended hole size range (refer to Section 9.7.1.1).

The ultimate single shear strength of threaded fasteners at full diameter is shown in Table 8.1.5(a).
The ultimate tensile strength of threaded fasteners is shown in Tables 8.1.5(b1) and (b2).  In both tables values
shown are a product of the indicated strength and area, with the area based on the following:

Shear — Based on basic shank diameter.

Tension — Based on the nominal minor diameter of the thread as published in Table 2.21 of
Handbook H-28.

For any given threaded fastener the allowable load will be chosen using an appropriate category
corresponding to minimum tensile strength, shear strength, or other requirements of the pertinent procurement
specification.

It is recognized that some procurement specifications may provide higher tensile strengths than those
reported in Tables 8.1.5(b1) and (b2), since they may be based on a larger effective area than shown in the
table.  The values listed herein have been judged acceptable for design, acknowledging that they may be
slightly conservative since they are based on the nominal minor diameter area.

Unless otherwise specified, the yield load is defined in Section 9.7.1.1 for threaded fasteners as the
load at which the joint permanent is set equal to 0.04D, where D is the decimal equivalent of the fastener
shank diameter as defined in Table 9.4.1.2(a).

8.1.5.1 Protruding-Head Threaded Fastener Joints — It has been shown that protruding
shear head (representative configuration is NAS 1982) fastener joints may not develop the full bearing
strength of the joint material.  Therefore, static allowable loads for protruding shear head fasteners must be
established from test data using the criteria specified in Section 9.7.  For shear joints with protruding tension
head fasteners, the load per fastener at which shear or bearing type of failure occurs is separately calculated,
and the lower of the two values so determined governs the design.  Allowable shear loads may be obtained
from Table 8.1.5(a).

The design bearing stresses for various materials at room and other temperatures are given in the
properties for each alloy or group of alloys, and are applicable to joints with fasteners in cylindrical holds and
where t/D  0.18.  Where t/D < 0.18, tests to substantiate yield and ultimate bearing strengths must be
performed.  These bearing stresses are applicable only for design of rigid joints where there is no possibility
of relative motion of the parts joined without deformation of such parts.

For convenience, “unit” sheet bearing strengths for threaded fasteners, based on a strength of
100 ksi and nominal fastener diameters, are given in Table 8.1.5.1.  The strength for a specific combination
of fasteners, sheet thickness, and sheet material is obtained by multiplying the proper “unit” strength by the
ratio of material allowable bearing stress (ksi) to 100.

The following interaction formula is applicable to AN3 series bolts under combined shear and tension
loading:  Rs

3 + Rt
2 = 1.0, where Rs and Rt are ratios of applied load to allowable load in shear and tension,

respectively.
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8.1.5.2 Flush-Head Threaded Fastener Joints — Tables 8.1.5.2(a) through (o) contain joint
allowables for various flush-head threaded fastener/sheet material combinations.  Unless otherwise noted, the
allowable loads for flush-head threaded fasteners were established from test data using the following criteria;

Ultimate Load — Design allowable ultimate load as defined in Section 9.7.1.5.  Prior to 2003 this
value was computed as the average ultimate test load divided by a factor of 1.15.  This factor is not applicable
to shear strength cutoff values which may be either procurement specification shear strength (S value) of the
fastener or, if no specification exists, a statistical value determined from test results.  It should coincide with
shear values from Table 8.1.5(a).

The allowables shown for flush-head threaded fasteners are applicable to joints having e/D equal to
or greater than 2.0.

For machine countersunk joints, the sheet gage specified in the tables is that of the countersunk sheet.
When the noncountersunk sheet is thinner than the countersunk sheet, the bearing allowable for the
noncountersunk sheet-fastener combination should be computed, compared to the table value, and the lower
of the two values selected.
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Table 8.1.5(a).  Ultimate Single Shear Strength of Threaded Fasteners

Shear Stress of Fastener, ksi 35 38 75 90 95 108 125 132 145 156

Fastener Diameter
Basic
Shank

in. Sizea Area Ultimate Single Shear Strength, lbs.

0.112 #4 0.0098520 345 374 739 887 936 1060 1230 1300 1425 1535

0.125 1/8 0.012272 430 466 920 1105 1165 1325 1530 1620 1775 1910

0.138 #6 0.014957 523 568 1120 1345 1420 1615 1870 1970 2165 2330

0.156 5/32 0.019175 671 729 1435 1725 1820 2070 2395 2530 2780 2990

0.164 #8 0.021124 739 803 1580 1900 2005 2280 2640 2785 3060 3295

0.188 3/16 0.027612 966 1045 2070 2485 2620 2980 3450 3645 4005 4310

0.190 #10 0.028353 992 1075 2125 2550 2690 3060 3540 3740 4110 4420

0.216 #12 0.036644 1280 1390 2745 3295 3480 3955 4580 4840 5315 5720

0.219 7/32 0.037582 1315 1425 2815 3380 3570 4060 4700 4960 5445 5860

0.250 1/4 0.049087 1715 1865 3680 4420 4660 5300 6140 6480 7115 7660

0.312 5/16 0.076699 2680 2915 5750 6900 7290 8280 9590 10100 11100 11950

0.375 3/8 0.11045 3865 4200 8280 9935 10450 11900 13800 14550 16000 17200

0.438 7/16 0.15033 5260 5710 11250 13500 14250 16200 18750 19800 21750 23450

0.500 1/2 0.19635 6870 7460 14700 17650 18650 21200 24500 25900 28450 30600

0.562 9/16 0.24850 8700 9440 18600 22350 23600 26800 31050 32800 36000 38750

0.625 5/8 0.30680 10700 11650 23000 27600 29150 33100 38350 40500 44500 47900

0.750 3/4 0.44179 15450 16750 33100 39750 42000 47700 55200 58300 64000 68900

0.875 7/8 0.60132 21050 22850 45100 54100 57100 64900 75200 79400 87200 93800

1.000 1 0.78540 27450 29850 58900 70700 74600 84800 98200 103500 113500 122500

1.125 1-1/8 0.99402 34750 37750 74600 89500 94400 107000 124000 131000 144000 155000

1.250 1-1/4 1.2272 43000 46600 92000 110000 116500 132500 153000 162000 177500 191000

1.375 1-3/8 1.4849 52000 56400 111000 133500 141000 160000 185500 196000 215000 231500

1.500 1-1/2 1.7671 61800 67100 132500 159000 167500 190500 220500 233000 256000 275500

a  Fractional equivalent or screw number.
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Table 8.1.5(b1).  Ultimate Tensile Strength of Threaded Fasteners

Tensile Stress of Fastener, ksi 55 62 62.5 125 140 160 180

Nominal
MIL-S-7742

Ultimate Tensile Strength, lbs.c,d

Fastener Diameter Minor

in. Sizea Areab

0.112 4-40 0.0050896 280 316 318 636 713 814 916
0.138 6-32 0.0076821 423 476 480 960 1075 1225 1380

0.164 8-32 0.012233 673 758 765 1525 1710 1955 2200

0.190 10-32 0.018074 994 1120 1130 2255 2530 2890 3250
0.250 1/4-28 0.033394 1835 2070 2085 4170 4680 5340 6010
0.312 5/16-24 0.053666 2950 3325 3350 6710 7510 8590 9660
0.375 3/8-24 0.082397 4530 5110 5150 10300 11500 13150 14800
0.438 7/16-20 0.11115 6110 6890 6950 13850 15550 17750 20000

0.500 1/2-20 0.15116 8310 9370 9450 18900 21150 24150 27200
0.562 9/16-18 0.19190 10550 11900 11950 23950 26850 30700 34500
0.625 5/8-18 0.24349 13350 15100 15200 30400 34050 38950 43800
0.750 3/4-16 0.35605 19550 22050 22250 44500 49800 57000 64100
0.875 7/8-14 0.48695 26750 30150 30400 60900 68200 77900 87700

1.000 1-12 0.63307 34800 39250 39550 79100 88600 101000 114000
1.125 1-1/8-12 0.82162 45200 50900 51400 102500 115000 131500 147500
1.250 1-1/4-12 1.0347 56900 64200 64700 129000 144500 165500 186000
1.375 1-3/8-12 1.2724 70000 78900 79500 159000 178000 203500 229000
1.500 1-1/2-12 1.5345 84400 95100 95900 191500 214500 245500 276000

a  Fractional equivalent or number and threads per inch.
b  The tension fastener allowables above are based on the nominal minor diameter thread area for MIL-S-7742 threads from Table 2.2.1 of 

Handbook H-28.  
c Values shown above heavy line are for 2A threads, all other values are for 3A threads.
d  Nuts and fastener heads designed to develop the ultimate tensile strength of the fastener are required to develop the tabulated tension loads.
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Table 8.1.5(b2).  Ultimate Tensile Strength of Threaded Fasteners (Continued) 

Tensile Stress of Fastener, ksi 160 180 220 260

Maximum

MIL-S-8879
Ultimate Tensile Strength, lbs.c,d

Fastener Diameter Minor

in. Sizea Areab

0.112 4-40 0.0054367 869 979 1195 1410
0.138 6-32 0.0081553 1305 1465 1790 2120
0.164 8-32 0.012848 2055 2310 2825 3340
0.190 10-32 0.018602 2975 3345 4090 4840
0.250 1/4-28 0.034241 5480 6160 7530 8900

0.312 5/16-24 0.054905 8780 9880 12050 14250
0.375 3/8-24 0.083879 13400 15100 18450 21800
0.438 7/16-20 0.11323 18100 20350 24900 29400
0.500 1/2-20 0.15358 24550 27600 33750 39900
0.562 9/16-18 0.19502 31200 35100 42900 50700

0.625 5/8-18 0.24700 39500 44500 54300 64200
0.750 3/4-16 0.36082 57700 64900 79400 93800
0.875 7/8-14 0.49327 78900 88800 108500 128000
1.000 1-12 0.64156 102500 115500 141000 166500
1.125 1-1/8-12 0.83129 133000 149500 182500 216000

1.250 1-1/4-12 1.0456 167000 188000 230000 271500
1.375 1-3/8-12 1.2844 205500 231000 282500 333500
1.500 1-1/2-12 1.5477 247500 278500 340500 402000

a Fractional equivalent or number and threads per inch.
b The tension fastener allowables above are based on the maximum minor diameter thread area for MIL-S-8879

threads from Tables II and III of MIL-S-8879.
c Values are for 3A threads.
d Nuts and fastener heads designed to develop the ultimate tensile strength of the fastener are required to develop the

tabulated tension loads.
.
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Table 8.1.5.1.  Unit Bearing Strength of Sheet and Plate in Joints With Threaded Fasteners or Pins; Fbr = 100 ksi

Unit Bearing Strength of Sheet for Fastener Diameter Indicated, lbs.a

Fastener, Diameter, in. 0.156 0.164 0.188 0.190 0.250 0.312 0.375 0.438 0.500 0.562 0.625 0.750 0.875 1.000

Thickness, in.
 0.032 . . . . . . . . . . . . . . . .
 0.036 . . . . . . . . . . . . . . . .
 0.040 . . . . . . . . . . . . . . . .
 0.045 . . . . . . . . . . . . . . . .
 0.050 . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . .
 0.200 . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . .
 0.500 . . . . . . . . . . . . . . . .
 0.625 . . . . . . . . . . . . . . . .
 0.750 . . . . . . . . . . . . . . . .
 0.875 . . . . . . . . . . . . . . . .
 1.000 . . . . . . . . . . . . . . . .

500
563
625
704
781
985
1110
1250
1407
1562
1953
2500
3125
3916
4867
5850
7800
9750
11700
13650
15600

525
590
656
738
820
1033
1164
1312
1476
1640
2050
2624
3280
4100
5117
6150
8200
10250
12300
14350
16400

...
675
750
845
940
1180
1330
1500
1690
1875
2340
3000
3750
4688
5866
7050
9400
11750
14100
16450
18800

...
684
760
855
950
1197
1349
1520
1710
1900
2375
3040
3800
4750
5928
7125
9500
11875
14250
16625
19000

...

...

...

...
1250
1575
1775
2000
2250
2500
3125
4000
5000
6250
7800
9375
12500
15625
18750
21875
25000

...

...

...

...

...
1969
2219
2500
2812
3125
3906
5000
6250
7812
9734
11700
15600
19500
23400
27300
31200

...

...

...

...

...

...
2662
3000
3375
3750
4688
6000
7500
9375
11700
14063
18750
23440
28125
32810
37600

...

...

...

...

...

...

...
3500
3938
4375
5469
7000
8750
10940
13670
16425
21900
27375
32850
38325
43800

...

...

...

...

...

...

...

...
4500
5000
6250
8000
10000
12500
15600
18750
25000
31250
37500
43750
50000

...

...

...

...

...

...

...

...

...

...
7030
9000
11250
14060
17530
21075
28100
35125
42150
49175
56200

...

...

...

...

...

...

...

...

...

...
7812
10000
12500
15625
19500
23400
31250
39062
46875
56690
62500

...

...

...

...

...

...

...

...

...

...

...
12000
15000
18750
23400
28125
37500
46875
56250
65625
75000

...

...

...

...

...

...

...

...

...

...

...

...
17500
21875
27300
32810
43750
54690
65625
76560
87500

...

...

...

...

...

...

...

...

...

...

...

...
20000
25000
31200
37500
50000
62500
75000
87500
100000

 a  Bearing strengths shown are based on nominal fastener diameter.
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Table 8.1.5.2(a1).  Static Joint Strength of 100  Flush Head Alloy Steel Screws in
Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . AN509a steel screw (Fsu = 75 ksi) w/MS20365 or equiv. steel nut

Sheet and Plate Material . . . . . . Clad 2024-T3 and T351

Fastener Diameter, in. . . . . . . . .
(Nominal Shank Diameter, in.) .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

½
(0.500)

Ultimate Strengthe, lbs

Sheet or plate thickness, in.:

0.080 . . . . . . . . . . . . . . . . . . . . 1576b,c ... ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . 1726b ... ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . 1877b 2567b,c ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . 2126b 3054b 3922b,c 4579b,c ...

0.160 . . . . . . . . . . . . . . . . . . . ... 3536b 4722b 5878b ...

0.190 . . . . . . . . . . . . . . . . . . . ... 3682 5405b 6872b  9408b,c

0.250 . . . . . . . . . . . . . . . . . . . ... ... 5750 8280b 12201b

0.312 . . . . . . . . . . . . . . . . . . . ... ... ... 8280b 14141b

0.375 . . . . . . . . . . . . . . . . . . . ... ... ... ... 14730

Fastener shear strengthd . . . . . . . 2126 3682 5750 8280 14730

Yield Strengthe,f, lbs

Sheet or plate thickness, in.:

0.080 . . . . . . . . . . . . . . . . . . .  903 ... ... ... ...

0.090 . . . . . . . . . . . . . . . . . . .  989 ... ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . 1084 1490 ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . 1296 1748 2001 2559 ...

0.160 . . . . . . . . . . . . . . . . . . . 1615 2116 2334 2939 ...

0.190 . . . . . . . . . . . . . . . . . . . ... 2484 2702 3361 6012

0.250 . . . . . . . . . . . . . . . . . . . ... ... 3404 4197 7306

0.312 . . . . . . . . . . . . . . . . . . . ... ... ... 5092 8452

0.375 . . . . . . . . . . . . . . . . . . . ... ... ... ... 9996

Head height (ref.), in. . . . . . . . . 0.080 0.106 0.133 0.159 0.213

a This fastener is no longer manufactured; do not specify for new designs. 
b Yield value is less than 2/3 of the indicated ultimate strength value.
c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.
d Fastener shear strength based on area computed from nominal shank diameters in Table 9.7.1.1 and Fsu = 75 ksi.
e Test data from which the yield and ultimate strengths were derived can be found in Reference 8.1.5.2.
f Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(a2).  Static Joint Strength of 100  Flush Head Alloy Steel Screws in
Machine-Countersunk Aluminum Alloy Sheet and Plate
Fastener Type . . . . . . . . . . . . . . AN509a steel screw (Fsu = 75 ksi) w/MS20365 or equiv. steel nut

Sheet and Plate Material . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . .
(Nominal Shank Diameter, in.) .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

½
(0.500)

Ultimate Strengthb, lbs

Sheet or plate thickness, in.:
0.080 . . . . . . . . . . . . . . . . . . . 1632c,d ... ... ... ...

0.090 . . . . . . . . . . . . . . . . . . . 1762c ... ... ... ...
0.100 . . . . . . . . . . . . . . . . . . . 1892 2723c,d ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . 2126 3109c 4180c,d 5216c,d ...

0.160 . . . . . . . . . . . . . . . . . . . ... 3551c 4858c 6193c ...
0.190 . . . . . . . . . . . . . . . . . . . ... 3682 5433c 6996c ...
0.250 . . . . . . . . . . . . . . . . . . . ... ... 5750 8280c 12421c,d

0.312 . . . . . . . . . . . . . . . . . . . ... ... ... 8280 14185c

0.375 . . . . . . . . . . . . . . . . . . . ... ... ... ... 14730
Fastener shear strengthe . . . . . . . 2126 3682 5750 8280 14730

Yield Strengthb,f, lbs

Sheet or plate thickness, in.:
0.080 . . . . . . . . . . . . . . . . . . .  965 ... ... ... ...
0.090 . . . . . . . . . . . . . . . . . . . 1063 ... ... ... ...
0.100 . . . . . . . . . . . . . . . . . . . 1179 1600 ... ... ...
0.125 . . . . . . . . . . . . . . . . . . . 1462 1895 2098 2699 ...
0.160 . . . . . . . . . . . . . . . . . . . ... 2363 2501 3088 ...
0.190 . . . . . . . . . . . . . . . . . . . ... 2926 3018 3601 ...
0.250 . . . . . . . . . . . . . . . . . . . ... ... 4312 4868  8041
0.312 . . . . . . . . . . . . . . . . . . . ... ... ... 6624  9437
0.375 . . . . . . . . . . . . . . . . . . . ... ... ... ... 11686

Head height (ref.), in. . . . . . . . . 0.080 0.106 0.133 0.159 0.213

a This fastener is no longer manufactured; do not specify for new designs.

b Test data from which the yield and ultimate strengths were derived can be found in Reference 8.1.5.2.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

e Fastener shear strength based on area computed from nominal shank diameters in Table 9.7.1.1 and Fsu = 75 ksi.

f Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-133

Table 8.1.5.2(b).  Static Joint Strength of 100  Flush Head Stainless Steel (PH13-8Mo-
H1000) Fasteners in Machine-Countersunk Titanium Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . . . PBF 11a (Fsu = 125 ksi)

Sheet and Plate Material . . . . . . . . . Annealed Ti-6Al-4V

Rivet Diameter, in. . . . . . . . . . . . . .
(Nominal Shank Diameter, in.)b . . .

5/32
(0.164)

1/4
(0.250)

3/8
(0.375)

1/2
(0.500)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 1535c ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 1963 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 2528 3656 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . 2640 4213 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . . ... 4813  6820 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . ... 5438  7818 ...

0.100 . . . . . . . . . . . . . . . . . . . . . . ... 6140  8775 11250c

0.125 . . . . . . . . . . . . . . . . . . . . . . ... ... 11264 14575

0.160 . . . . . . . . . . . . . . . . . . . . . . ... ... 13810 19250

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 23200

0.200 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 24540

Fastener shear strengthd . . . . . . . . . . 2640 6140 13810 24540

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . 1237 ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . 1543 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 1947 2969 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . 2049 3350 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . . ... 3756  5667 ...

0.090 . . . . . . . . . . . . . . . . . . . . . . ... 4219  6370 ...

0.100 . . . . . . . . . . . . . . . . . . . . . . ... 4600  7101  9500

0.125 . . . . . . . . . . . . . . . . . . . . . . ... ...  8789 11825

0.160 . . . . . . . . . . . . . . . . . . . . . . ... ... 10645 15025

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 17825

0.200 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 18400

Head height (nom.), in. . . . . . . . . . . 0.040 0.060 0.077 0.101

a Data supplied by Huck Manufacturing Company and PB Fasteners.

b Fasteners installed in clearance holes (0.0025-0.0030).

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Fastener shear strength based on areas computed from indicated nominal shank diameter Fsu = 125 ksi.

e Permanent set at yield load:  4% of nominal diameter.
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Table 8.1.5.2(c).  Static Joint Strength of 100  Flush Head Tapered Alloy Steel Fasteners
in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . TL 100a (Fsu = 108 ksi)

Sheet and Plate Material . . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.) . .

3/16
(0.1969)

1/4
(0.2585)

5/16
(0.3214)

3/8
(0.3860)

7/16
(0.4490)

½
(0.5122)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.100 . . . . . . . . . . . . . . . . . . . . 2435 ... ... ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . . 2913 3745 4443 ... ... ...

0.160 . . . . . . . . . . . . . . . . . . . . 3290 4831 6017  7016  7993 ...

0.190 . . . . . . . . . . . . . . . . . . . . ... 5269 7017  8511  9737 10900

0.250 . . . . . . . . . . . . . . . . . . . . ... 5670 8148 11120 13220 14890

0.285 . . . . . . . . . . . . . . . . . . . . ... ... 8760 11360 15000 17240

0.312 . . . . . . . . . . . . . . . . . . . . ... ... ... 11570 15280 19000

0.344 . . . . . . . . . . . . . . . . . . . . ... ... ... 11800 15560 19800

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 12030 15820 20110

0.500 . . . . . . . . . . . . . . . . . . . . ... ... ... 12640 16870 21320

Fastener shear strengthb . . . . . . . . 3290 5670 8760 12640 17100 22250

Yield Strengthc, lbs

Sheet or plate thickness, in.:

0.100 . . . . . . . . . . . . . . . . . . . . 1960 ... ... ... ... ...

0.125 . . . . . . . . . . . . . . . . . . . . 2350 2990 3818 ... ... ...

0.160 . . . . . . . . . . . . . . . . . . . . 2840 3550 4650  5650  6703 ...

0.190 . . . . . . . . . . . . . . . . . . . . ... 3970 5308  6596  7806  9045

0.250 . . . . . . . . . . . . . . . . . . . . ... 4830 6450  8209  9903 11560

0.285 . . . . . . . . . . . . . . . . . . . . ... ... 7060  9090 10930 12840

0.312 . . . . . . . . . . . . . . . . . . . . ... ... ...  9680 11780 13930

0.344 . . . . . . . . . . . . . . . . . . . . ... ... ... 10010 12710 14930

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 10430 13200 16000

0.500 . . . . . . . . . . . . . . . . . . . . ... ... ... ... 15160 18490

Head height (max.), in. . . . . . . . . 0.048 0.063 0.070 0.081 0.100 0.110

a Data supplied by Briles Manufacturing Company.

b Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 108 ksi.

c Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(d).  Static Joint Strength of 100  Flush Head Tapered STA Ti-6Al-4V
Fasteners in Machine-Countersunk Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . . . TLV 10a (Fsu = 95 ksi)

Sheet Material . . . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . .

1/8
(0.1437)

5/32
(0.1688)

3/16
(0.1965)

1/4
(0.2583)

Ultimate Strength, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . . . .  488b ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . . . .  610  713b  826b ...

0.050 . . . . . . . . . . . . . . . . . . . . . .  768  896 1050 ...

0.063 . . . . . . . . . . . . . . . . . . . . . .  967 1145 1312 1730b

0.071 . . . . . . . . . . . . . . . . . . . . . . 1120 1290 1491 1960

0.080 . . . . . . . . . . . . . . . . . . . . . . 1260 1470 1690 2223

0.090 . . . . . . . . . . . . . . . . . . . . . . 1377 1670 1910 2505

0.100 . . . . . . . . . . . . . . . . . . . . . . 1441 1845 2130 2800

0.125 . . . . . . . . . . . . . . . . . . . . . . 1530 2010 2580 3540

0.160 . . . . . . . . . . . . . . . . . . . . . . 1540 2125 2800 4410

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 2880 4750

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 4980

Fastener shear strengthc . . . . . . . . . . 1540 2125 2880 4980

Yield Strengthd, lbs

Sheet thickness, in.:

0.032 . . . . . . . . . . . . . . . . . . . . . .  488 ... ... ...

0.040 . . . . . . . . . . . . . . . . . . . . . .  610  713  826 ...

0.050 . . . . . . . . . . . . . . . . . . . . . .  753  890 1050 ...

0.063 . . . . . . . . . . . . . . . . . . . . . .  925 1118 1301 1730

0.071 . . . . . . . . . . . . . . . . . . . . . . 1035 1240 1467 1960

0.080 . . . . . . . . . . . . . . . . . . . . . . 1138 1377 1637 2192

0.090 . . . . . . . . . . . . . . . . . . . . . . 1238 1522 1806 2455

0.100 . . . . . . . . . . . . . . . . . . . . . . 1321 1639 1976 2711

0.125 . . . . . . . . . . . . . . . . . . . . . . 1480 1880 2331 3304

0.160 . . . . . . . . . . . . . . . . . . . . . . 1540 2111 2683 3986

0.190 . . . . . . . . . . . . . . . . . . . . . . ... ... 2880 4437

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 4980

Head height (max.), in. . . . . . . . . . . 0.033 0.041 0.048 0.063

a Data supplied by Lockheed Georgia Company.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 95 ksi.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of fractional diameter.
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Table 8.1.5.2(e).  Static Joint Strength of 70  Flush Head Tapered Ti-6Al-4V Fasteners
in Non-Matching Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . HPB-Va (Fsu = 95 ksi)

Sheet and Plate Material . . . . . . . Clad 7075-T6 and T651

Fastener Diameter . . . . . . . . . . . .
(Nominal Shank Diameter, in.)b . . . .

3/16
(0.1976)

1/4
(0.2587)

5/16
(0.3211)

3/8
(0.3850)

Sheet Countersink Angle . . . . . . 82 82 82 75

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.063 . . . . . . . . . . . . . . . . . . . . 1355 ... ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 1554 2041 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 1710 2296 ... ...

0.090 . . . . . . . . . . . . . . . . . . . . 1847 2583 3207 ...

0.100 . . . . . . . . . . . . . . . . . . . . 1984 2864 3567  4269

0.125 . . . . . . . . . . . . . . . . . . . . 2319 3293 4454  5336

0.160 . . . . . . . . . . . . . . . . . . . . 2792 3908 5176  6611

0.190 . . . . . . . . . . . . . . . . . . . . 2913 4444 5836  7396

0.250 . . . . . . . . . . . . . . . . . . . . ... 4993 7155  8968

0.312 . . . . . . . . . . . . . . . . . . . . ... ... 7692 10613

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 11058

0.500 . . . . . . . . . . . . . . . . . . . . ... ... ... 11058

Fastener shear strengthc . . . . . . . . 2913 4993 7692 11058

Yield Strengthd, lbs

Sheet or plate thickness, in.:

0.063 . . . . . . . . . . . . . . . . . . . . 1269 ... ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 1429 1874 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 1613 2108 ... ...

0.090 . . . . . . . . . . . . . . . . . . . . 1812 2376 2949 ...

0.100 . . . . . . . . . . . . . . . . . . . . 1984 2637 3279  3928

0.125 . . . . . . . . . . . . . . . . . . . . 2319 3299 4093  4906

0.160 . . . . . . . . . . . . . . . . . . . . 2718 3908 5176  6285

0.190 . . . . . . . . . . . . . . . . . . . . 2913 4397 5836  7396

0.250 . . . . . . . . . . . . . . . . . . . . ... 4993 6980  8968

0.312 . . . . . . . . . . . . . . . . . . . . ... ... 7692 10257

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 11058

0.500 . . . . . . . . . . . . . . . . . . . . ... ... ... 11058

Head height (max.), in. . . . . . . . . 0.057 0.067 0.076 0.086

a Data supplied by PB Fasteners.

b Fasteners installed in interference holes (0.0015-0.0048).

c Fastener shear strength based on areas computed from the indicated nominal shank diameter and Fsu = 95 ksi.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(f).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Fasteners
in Machine-Countersunk Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . KLBHV Pin (Fsu = 95 ksi), KFN 600 Nuta

Sheet Material . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.)b .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.3125)

3/8
(0.375)

Ultimate Strength, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . .  748c ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . .  987 1112 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . 1291 1462 1813c ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 1428 1679 2100 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 1571 1888 2438 2902 ...

0.090 . . . . . . . . . . . . . . . . . . . . 1722 2058 2794 3322  3867

0.100 . . . . . . . . . . . . . . . . . . . . 1883 2231 3150 3810  4402

0.125 . . . . . . . . . . . . . . . . . . . . 2007 2694 3725 4924  5724

0.160 . . . . . . . . . . . . . . . . . . . . ... ... 4531 4901  7397

0.190 . . . . . . . . . . . . . . . . . . . . ... ... 4660 6790  8452

0.200 . . . . . . . . . . . . . . . . . . . . ... ... ... 7083  8789

0.250 . . . . . . . . . . . . . . . . . . . . ... ... ... 7290 10490

Fastener shear strengthd . . . . . . . . 2007 2694 4660 7290 10490

Yield Strengthe, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . .  594 ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . .  740  859 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . .  931 1079 1419 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 1049 1213 1600 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 1176 1368 1806 2267 ...

0.090 . . . . . . . . . . . . . . . . . . . . 1283 1534 2031 2540 3052

0.100 . . . . . . . . . . . . . . . . . . . . 1375 1675 2250 2824 3375

0.125 . . . . . . . . . . . . . . . . . . . . 1606 1942 2813 3517 4219

0.160 . . . . . . . . . . . . . . . . . . . . ... ... 3306 4455 5386

0.190 . . . . . . . . . . . . . . . . . . . . ... ... 3725 4983 6385

0.200 . . . . . . . . . . . . . . . . . . . . ... ... ... 5168 6581

0.250 . . . . . . . . . . . . . . . . . . . . ... ... ... 6038 7636

Head height (ref.), in. . . . . . . . . . 0.043 0.048 0.063 0.070 0.081

a Data supplied by Kaynar Manufacturing Co., Inc.

b Fasteners installed in interference holes (0.003-0.055).

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 95 ksi.

e Permanent set at yield load:  4% of the nominal diameter.
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Table 8.1.5.2(g).  Static Joint Strength of 100  Flush Shear AISI 431a Hi-Lok Fasteners
in Aluminum Alloy Sheet and Plate

Rivet Type . . . . . . . . . . . . . . . . . . HL 61 Pin (Fsu = 125 ksi), HL 70 Collarb

Sheet and Plate Material . . . . . . . Clad 7075-T6 and T651

Rivet Diameter . . . . . . . . . . . . . .
(Nominal Shank Diameter, in.) . .

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.090 . . . . . . . . . . . . . . . . . . . . 2327 ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . . 2430 3740 ... ...

0.125 . . . . . . . . . . . . . . . . . . . . 2695 4080 ... ...

0.160 . . . . . . . . . . . . . . . . . . . . 3070 4560 6500c ...

0.190 . . . . . . . . . . . . . . . . . . . . 3390 4970 7160  9100

0.250 . . . . . . . . . . . . . . . . . . . . 3544 5800 8320 10230

0.312 . . . . . . . . . . . . . . . . . . . . ... 6140 9590 11390

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 12580

0.500 . . . . . . . . . . . . . . . . . . . . ... ... ... 13810

Fastener shear strengthd . . . . . . . . 3544 6140 9590 13810

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.090 . . . . . . . . . . . . . . . . . . . . 1840 ... ... ...

0.100 . . . . . . . . . . . . . . . . . . . . 1943 2900 ... ...

0.125 . . . . . . . . . . . . . . . . . . . . 2195 3240 ... ...

0.160 . . . . . . . . . . . . . . . . . . . . 2540 3700 4030 ...

0.190 . . . . . . . . . . . . . . . . . . . . 2840 4020 5430  7120

0.250 . . . . . . . . . . . . . . . . . . . . 3110 4870 6590  8500

0.312 . . . . . . . . . . . . . . . . . . . . ... 5350 7580  9700

0.375 . . . . . . . . . . . . . . . . . . . . ... ... 7890 10410

0.500 . . . . . . . . . . . . . . . . . . . . ... ... ... 12070

Head height (max.), in. . . . . . . . . 0.049 0.063 0.077 0.051

a AISI 431 is prohibited from use in Air Force and Navy structure by MIL-STD-1568 and SD-24, respectively, because of its

sensitivity to heat treatment.  Use of fasteners made of this material in design of military aerospace structures requires the

specific approval of the procuring agency.

b Data supplied by Hi-Shear Corporation.

c Yield value is less than 2/3 of the indicated ultimate strength value.

d Fastener shear strength based on areas computed from the indicated nominal shank diameter and Fsu = 125 ksi.

e Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(h).  Static Joint Strength of 100  Flush Shear Head Alloy Steel Hi-Lok
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . HL 719 Pin (Fsu = 108 ksi), HL 79 Collara

Sheet and Plate Material . . . . . . . 7075-T6 and T651

Fastener Diameter, in. . . . . . . . . .
(Nominal Shank Diameter, in.)b . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . .  734c ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . 1044 1131 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . 1384 1565 1813 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 1518 1820 2216 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 1668 1998 2594 2916 ...

0.090 . . . . . . . . . . . . . . . . . . . . 1764 2193 3015 3532  3724

0.100 . . . . . . . . . . . . . . . . . . . . 1825 2345 3338 4059  4516

0.125 . . . . . . . . . . . . . . . . . . . . 1979 2524 3980 5229  6167

0.160 . . . . . . . . . . . . . . . . . . . . 2195 2774 4350 6347  7928

0.190 . . . . . . . . . . . . . . . . . . . . ... 2989 4634 6702  9087

0.250 . . . . . . . . . . . . . . . . . . . . ... 3062 5200 7512  9985

0.312 . . . . . . . . . . . . . . . . . . . . ... ... 5300 8146 10870

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 8280 11760

Fastener shear strengthd . . . . . . . . 2281 3062 5300 8280 11930

Yield Strengthe, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . .  690 ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . .  861 1000 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . 1086 1261 1664 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . 1224 1421 1876 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . 1346 1601 2114 2647 ...

0.090 . . . . . . . . . . . . . . . . . . . . 1478 1771 2378 2978  3578

0.100 . . . . . . . . . . . . . . . . . . . . 1610 1924 2642 3309  3976

0.125 . . . . . . . . . . . . . . . . . . . . 1845 2308 3210 4136  4970

0.160 . . . . . . . . . . . . . . . . . . . . 2022 2583 3920 5124  6362

0.190 . . . . . . . . . . . . . . . . . . . . ... 2750 4344 5886  7330

0.250 . . . . . . . . . . . . . . . . . . . . ... 3062 4785 6925  9160

0.312 . . . . . . . . . . . . . . . . . . . . ... ... ... 7496 10130

0.375 . . . . . . . . . . . . . . . . . . . . ... ... ... 8158 10820

Head height (nom.), in. . . . . . . . . 0.040 0.046 0.060 0.067 0.077

a Data supplied by Hi-Shear Corporation.

b Fasteners installed in interference holes (0.001-0.002).

c Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

d Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 108 ksi.

e Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(i).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-4V Fasteners in
Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . . . HL 11 Pin (Fsu = 95 ksi), HL 70 Collara

Sheet and Plate Material . . . . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . .  734b  837b ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . .  941 1083 1343b ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 1207 1393 1762 2170b

0.071 . . . . . . . . . . . . . . . . . . . . . . 1385 1588 2012 2463

0.080 . . . . . . . . . . . . . . . . . . . . . . 1557 1779 2281 2823

0.090 . . . . . . . . . . . . . . . . . . . . . . 1775 2050 2594 3193

0.100 . . . . . . . . . . . . . . . . . . . . . . 1876 2263 2919 3631

0.125 . . . . . . . . . . . . . . . . . . . . . . 1950 2542 3765 4594

0.160 . . . . . . . . . . . . . . . . . . . . . . 2007 2660 3970 5890

0.190 . . . . . . . . . . . . . . . . . . . . . . ... 2694 4165 6105

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... 4530 6580

0.312 . . . . . . . . . . . . . . . . . . . . . . ... ... 4660 7050

0.375 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 7290

Fastener shear strengthc . . . . . . . . . . 2007 2694 4660 7290

Yield Strengthd, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . .  674  794 ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . .  835  982 1325 ...

0.063 . . . . . . . . . . . . . . . . . . . . . . 1038 1230 1655 2141

0.071 . . . . . . . . . . . . . . . . . . . . . . 1130 1355 1813 2338

0.080 . . . . . . . . . . . . . . . . . . . . . . 1230 1480 2062 2620

0.090 . . . . . . . . . . . . . . . . . . . . . . 1342 1625 2250 2880

0.100 . . . . . . . . . . . . . . . . . . . . . . 1440 1750 2470 3420

0.125 . . . . . . . . . . . . . . . . . . . . . . 1670 2020 2930 3860

0.160 . . . . . . . . . . . . . . . . . . . . . . 1891 2360 3480 4620

0.190 . . . . . . . . . . . . . . . . . . . . . . ... 2560 3840 5150

0.250 . . . . . . . . . . . . . . . . . . . . . . ... ... 4440 6170

0.312 . . . . . . . . . . . . . . . . . . . . . . ... ... 4660 6900

0.375 . . . . . . . . . . . . . . . . . . . . . . ... ... ... 7290

Head height (nom.), in. . . . . . . . . . . 0.040 0.046 0.060 0.067

a Data supplied by Hi-Shear Corporation.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 95 ksi.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(j).  Static Joint Strength of 100  Flush Shear Head Ti-6Al-6V-2Sn
Fasteners in Machine-Countersunk Aluminum Alloy Sheet and Plate
Fastener Type . . . . . . . . . . . . . . . . . . HL 911 Pin (Fsu = 108 ksi), HL 70 Collara

Sheet and Plate Material . . . . . . . . . . Clad 7075-T6 and T651

Fastener Diameter, in. . . . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . .  780b ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . .  982 1137 1456b ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 1264 1458 1863 2287b ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . 1426 1642 2094 2570  3096b

0.080 . . . . . . . . . . . . . . . . . . . . . . . 1622 1866 2425 2920  3473

0.090 . . . . . . . . . . . . . . . . . . . . . . . 1740 2105 2750 3339  3965

0.100 . . . . . . . . . . . . . . . . . . . . . . . 1794 2310 3063 3777  4415

0.125 . . . . . . . . . . . . . . . . . . . . . . . 1915 2455 3875 4770  5666

0.160 . . . . . . . . . . . . . . . . . . . . . . . 2098 2660 4219 6181  7339

0.190 . . . . . . . . . . . . . . . . . . . . . . . 2252 2840 4450 6483  8788

0.250 . . . . . . . . . . . . . . . . . . . . . . . 2281 3062 4925 7067  9589

0.312 . . . . . . . . . . . . . . . . . . . . . . . ... ... 5300 7670 10362

0.375 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 8280 11079

0.500 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... 11930

Fastener shear strengthc . . . . . . . . . . . 2281 3062 5300 8280 11930

Yield Strengthd, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . . . .  734 ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . . .  882 1044 1394 ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . . . 1076 1300 1750 2190 ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . 1184 1406 1938 2472  2995

0.080 . . . . . . . . . . . . . . . . . . . . . . . 1320 1540 2188 2774  3332

0.090 . . . . . . . . . . . . . . . . . . . . . . . 1392 1680 2375 3066  3768

0.100 . . . . . . . . . . . . . . . . . . . . . . . 1480 1810 2569 3358  4120

0.125 . . . . . . . . . . . . . . . . . . . . . . . 1700 2085 3031 4010  5019

0.160 . . . . . . . . . . . . . . . . . . . . . . . 1870 2380 3563 4818  6074

0.190 . . . . . . . . . . . . . . . . . . . . . . . 1978 2530 3937 5354  6749

0.250 . . . . . . . . . . . . . . . . . . . . . . . 2178 2740 4375 6269  8183

0.312 . . . . . . . . . . . . . . . . . . . . . . . ... ... 4687 6883  9209

0.375 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 7418  9870

0.500 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... ... 11039

Head height (nom.), in. . . . . . . . . . . . 0.040 0.046 0.060 0.067 0.077

a Data supplied by Hi-Shear Corporation.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 108 ksi.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(k).  Static Joint Strength of 100  Flush Head Ti-6Al-6V-2Sn or Alloy Steel,
Shear Type Fasteners in Machine-Countersunk Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . . . .
NAS 4452S and KS 100-FV Pinsa (Fsu = 108 ksi),

NAS 4445DD Nut

Sheet Material . . . . . . . . . . . . . . . . . . 7075-T6

Fastener Diameter, in. . . . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . . .

1/8
(0.138)

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

Ultimate Strength, lbs

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . .  644 ... ... ...
0.050 . . . . . . . . . . . . . . . . . . . . . . .  857  976 1065 ...
0.063 . . . . . . . . . . . . . . . . . . . . . . . 1131 1305 1458 1750b

0.071 . . . . . . . . . . . . . . . . . . . . . . . 1268 1512 1697 2062
0.080 . . . . . . . . . . . . . . . . . . . . . . . 1428 1703 1964 2406
0.090 . . . . . . . . . . . . . . . . . . . . . . . 1499 1910 2227 2794
0.100 . . . . . . . . . . . . . . . . . . . . . . . 1539 2084 2458 3181
0.125 . . . . . . . . . . . . . . . . . . . . . . . 1615 2200 2848 4063
0.160 . . . . . . . . . . . . . . . . . . . . . . . ... 2281 3036 4900
0.190 . . . . . . . . . . . . . . . . . . . . . . . ... ... 3062 5113
0.250 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 5300

Fastener shear strengthc . . . . . . . . . . . 1615 2281 3062 5300

Yield Strengthd, lbs

Sheet thickness, in.:
0.040 . . . . . . . . . . . . . . . . . . . . . . .  609 ... ... ...
0.050 . . . . . . . . . . . . . . . . . . . . . . .  766  906 1029 ...
0.063 . . . . . . . . . . . . . . . . . . . . . . .  946 1157 1325 1706
0.071 . . . . . . . . . . . . . . . . . . . . . . . 1044 1278 1505 1956
0.080 . . . . . . . . . . . . . . . . . . . . . . . 1152 1412 1668 2219
0.090 . . . . . . . . . . . . . . . . . . . . . . . 1261 1555 1848 2500
0.100 . . . . . . . . . . . . . . . . . . . . . . . 1320 1694 2014 2762
0.125 . . . . . . . . . . . . . . . . . . . . . . . 1444 1904 2397 3350
0.160 . . . . . . . . . . . . . . . . . . . . . . . ... 2106 2661 4100
0.190 . . . . . . . . . . . . . . . . . . . . . . . ... ... 2845 4419
0.250 . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 4925

Head height (max.), in. . . . . . . . . . . . 0.037 0.040 0.049 0.063

a Data supplied by Huck Manufacturing Company.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Fastener shear strength is documented in NAS 4444.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(l).  Static Joint Strength of 70  Flush Head Straight Shank Ti-6Al-4V
Fasteners in Non-Matching Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . . . . . HPT-Va (Fsu = 95 ksi)

Sheet and Plate Material . . . . . . . . . . . Clad 7075-T6 and T651

Fastener Diameter . . . . . . . . . . . . . . . .
(Nominal Shank Diameter, in.)b . . . . . .

3/16
(0.193)

1/4
(0.255)

5/16
(0.3175)

3/8
(0.380)

Sheet Countersink Angle . . . . . . . . . . 82 82 82 75

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.063 . . . . . . . . . . . . . . . . . . . . . . . . 1348 ... ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . . 1546 1970 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . . 1704 2275 ... ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . . 1814 2580 3125 ...

0.100 . . . . . . . . . . . . . . . . . . . . . . . . 1948 2873 3528  4100

0.125 . . . . . . . . . . . . . . . . . . . . . . . . 2265 3282 4465  5270

0.160 . . . . . . . . . . . . . . . . . . . . . . . . 2700 3868 5171  6642

0.190 . . . . . . . . . . . . . . . . . . . . . . . . 2779 4361 5826  7393

0.250 . . . . . . . . . . . . . . . . . . . . . . . . ... 4851 7056  8880

0.312 . . . . . . . . . . . . . . . . . . . . . . . . ... ... 7521 10396

0.375 . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 10774

Fastener shear strengthc . . . . . . . . . . . . 2779 4851 7521 10774

Yield Strengthd, lbs

Sheet or plate thickness, in.:

0.063 . . . . . . . . . . . . . . . . . . . . . . . . 1180 ... ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . . . . 1378 1651 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . . . . 1590 1944 ... ...

0.090 . . . . . . . . . . . . . . . . . . . . . . . . 1702 2321 2631 ...

0.100 . . . . . . . . . . . . . . . . . . . . . . . . 1818 2620 3024  3350

0.125 . . . . . . . . . . . . . . . . . . . . . . . . 2112 3055 4133  4664

0.160 . . . . . . . . . . . . . . . . . . . . . . . . 2496 3601 4848  6209

0.190 . . . . . . . . . . . . . . . . . . . . . . . . 2734 4062 5413  6902

0.250 . . . . . . . . . . . . . . . . . . . . . . . . ... 4745 6552  8288

0.312 . . . . . . . . . . . . . . . . . . . . . . . . ... ... 7378 9631

0.375 . . . . . . . . . . . . . . . . . . . . . . . . ... ... ... 10584

Head height (max.), in. . . . . . . . . . . . . 0.060 0.070 0.080 0.090

a Data supplied by PB Fasteners.

b Fasteners installed in interference holes (0.0045-0.0055).

c Fastener shear strength based on areas computed from the indicated nominal shank diameter and Fsu = 95 ksi.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(m).  Static Joint Strength of 100  Flush Shear Head STA Ti-6Al-4V
Fasteners in Machine-Countersunk Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . . NAS 4452V Pin (Fsu = 95 ksi), NAS 4445D Nuta

Sheet Material . . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . . .
(Nominal Shank Diameter, in.) . . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

3/8
(0.375)

Ultimate Strength, lbs

Sheet or plate thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . .  766b ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . . 1092 1173 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . 1450 1639 1886b ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . 1633 1889 2290 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . 1805 2136 2710 3028 ...

0.090 . . . . . . . . . . . . . . . . . . . . . 1955 2368 3135 3651 ...

0.100 . . . . . . . . . . . . . . . . . . . . . 2007 2557 3515 4230  4669

0.125 . . . . . . . . . . . . . . . . . . . . . ... 2694 4273 5485  6428

0.160 . . . . . . . . . . . . . . . . . . . . . ... ... 4660 6776  8426

0.190 . . . . . . . . . . . . . . . . . . . . . ... ... ... 7290  9708

0.250 . . . . . . . . . . . . . . . . . . . . . ... ... ... ... 10490

Fastener shear strengthc . . . . . . . . . 2007 2694 4660 7290 10490

Yield Strengthd, lbs

Sheet thickness, in.:

0.040 . . . . . . . . . . . . . . . . . . . . .  712 ... ... ... ...

0.050 . . . . . . . . . . . . . . . . . . . . .  891 1034 ... ... ...

0.063 . . . . . . . . . . . . . . . . . . . . . 1103 1295 1712 ... ...

0.071 . . . . . . . . . . . . . . . . . . . . . 1223 1445 1932 ... ...

0.080 . . . . . . . . . . . . . . . . . . . . . 1349 1604 2169 2715 ...

0.090 . . . . . . . . . . . . . . . . . . . . . 1475 1768 2420 3056 ...

0.100 . . . . . . . . . . . . . . . . . . . . . 1489 1920 2658 3383 4082

0.125 . . . . . . . . . . . . . . . . . . . . . ... 2241 3196 4145 5072

0.160 . . . . . . . . . . . . . . . . . . . . . ... ... 3812 5076 6321

0.190 . . . . . . . . . . . . . . . . . . . . . ... ... ... 5746 7265

0.250 . . . . . . . . . . . . . . . . . . . . . ... ... ... ... 8802

Head height (max.), in. . . . . . . . . . 0.040 0.049 0.063 0.077 0.091

a Data supplied by Huck Manufacturing Company.

b Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-

edge condition in design of military aircraft requires specific approval of the procuring agency.

c Fastener shear strength is documented in NAS 4444.

d Permanent set at yield load:  the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(n).  Static Joint Strength of Protruding Shear Head Alloy Steel Hi-Lok
Fasteners in Aluminum Alloy Sheet

Fastener Type . . . . . . . . . . . . . . . . . HL 18 Pin (Fsu = 95 ksi), HL 70 Collara

Sheet Material . . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . . .
(Nominal Shank Diameter, in.)b . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

Sheet thickness, in.: Ultimate Strength, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthc . . . . . . . . . . . .

1078
1353
1520
1718
1890
1930
2007

...

...

...
2007

...
1559
1776
1957
2224
2473
2580
2694

...

...
2694

...

...

...
2593
2937
3250
4063
4450
4620
4660
4660

...

...

...

...

...
4050
5075
6509
6880
7290
7290

Sheet thickness, in.: Yield Strengthd, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . . .

976
1251
1430
1589
1746
1875

...

...

...

...
1426
1624
1848
2065
2242
2563

...

...

...

...

...
2344
2687
3031
3750
4406

...

...

...

...

...

...
3660
4734
6051
6686

a Data supplied by Hi-Shear Corporation.
b Fasteners installed in clearance holes (0.0005-0.0025).
c Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 95 ksi.
d Permanent set at yield load: the greater of 0.012 inch or 4% of nominal diameter.
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Table 8.1.5.2(o).  Static Joint Strength of 100  Flush Shear Head Alloy Steel Hi-Lok
Fasteners in Machine-Countersunk Aluminum Alloy Sheet 

Fastener Type . . . . . . . . . . . . . . . . . HL 19 Pin (Fsu = 95 ksi), HL 70 Collara

Sheet Material . . . . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . . . . .
(Nominal Shank Diameter, in.)b . . .

5/32
(0.164)

3/16
(0.190)

1/4
(0.250)

5/16
(0.312)

Sheet thickness, in.: Ultimate Strength, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthc . . . . . . . . . . . .

968
1251
1400
1595
1815
1903
2005

...

...

...
2007

...
1408
1606
1823
2050
2300
2570
2694

...

...
2694

...

...

...
2344
2675
3000
3781
4420
4625
4660
4660

...

...

...

...

...
3660
4685
6051
6832
7290
7290

Sheet thickness, in.: Yield Strengthd, lbs.
 0.050 . . . . . . . . . . . . . . . . . . . . . . .
 0.063 . . . . . . . . . . . . . . . . . . . . . . .
 0.071 . . . . . . . . . . . . . . . . . . . . . . .
 0.080 . . . . . . . . . . . . . . . . . . . . . . .
 0.090 . . . . . . . . . . . . . . . . . . . . . . .
 0.100 . . . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . . . .

839
1031
1141
1279
1416
1540
1807

...

...

...

...
1191
1336
1480
1632
1805
2173
2545

...

...

...

...

...
2013
2219
2420
3000
3670
4144

...

...

...

...

...

...
3143
3777
4800
5514
6686

Head height (nom.), in. . . . . . . . . . 0.040 0.046 0.060 0.067

a Data supplied by Hi-Shear Corporation.
b Fasteners installed in clearance holes (0.0005-0.0025).
c Fastener shear strength based on areas computed from indicated nominal shank diameter and Fsu = 95 ksi.
d Permanent set at yield load: the greater of 0.012 inch or 4% of nominal diameter.
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8.1.6 SPECIAL FASTENERS — Due to the special nature of this classification of fastener, care must
be exercised in their application.  Consideration should be given to the proposed fastener application and its
compatibility with data presented in this section.  In particular, test and analysis methods used for fasteners
in this section may necessarily be different than those used in preceding sections.

8.1.6.1 Fastener Sleeves — Fastener sleeves are precision-formed, tubular elements designed
to replace oversize fasteners used in the repair of damaged or enlarged holes.

8.1.6.1.1 A-286 ACRES Sleeves in 7075-T6 Aluminum Alloy Sheet and Plate — Analysis
of static lap joint data indicates that a single 100  low profile head, A-286 [ACRES Sleeve (part number
JK5512C)] installed with titanium or steel Hi-Loks and alloy steel lockbolts (up to 108 ksi Fsu) provided static
joint allowable shear loads equivalent to those developed by the above-noted fasteners when tested without
sleeves.  Fasteners and sleeves were installed to the same comparable hole tolerance and fit condition as
fasteners when tested alone.  The analysis was restricted to static lap joint data (in accordance with MIL-STD-
1312 Test 4) and equivalency to fastener systems other than those listed above is not implied.  Other
properties such as tensile strength, preload, fatigue strength, and corrosion characteristics should be verified
by test data.  When using sleeves, knife-edge conditions should be avoided.

8.1.6.2 Sleeve Bolts — Tables 8.1.6.2(a) and (b) contain  joint allowables for various sleeve
bolt/sheet material combinations.  Sleeve bolts are made of precision-formed aluminum alloy sleeve elements
assembled on standard taper shank bolts.  When the assembly is placed in a cylindrical hole and the bolt is
drawn into the sleeve, the sleeve expands, thus filling the hole and causing an interference-fit condition.

The allowable loads were established from test data using the following criteria:

Ultimate Load — Design allowable ultimate load as defined in Section 9.7.1.5.  Prior to 2003 this
value was computed as the average ultimate test load divided by a factor of 1.15.   This factor is not
applicable to shear strength cutoff values which are defined by the procurement specification.

Yield Load — Design allowable yield load as defined in Section 9.7.1.5.  Prior to 2003 this value was
computed as the average yield test load or the load which results in a joint permanent set equal to 0.04D,
where D is the hole size.

The allowable loads shown for flush-head fasteners are applicable to joints having e/D equal to
or greater than 2.0.

For machine countersunk joints, the sheet gage specified in the tables herein is that of the countersunk
sheet.  When the noncountersunk sheet is thinner than the countersunk sheet, the bearing allowable for the
noncountersunk sheet-fastener combination should be computed, compared to the table value, and the lower
of the two values selected.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-148

Table 8.1.6.2(a).  Static Joint Strength of 100  Reduced Flush Head, Alloy Steel Pin,
Aluminum Alloy Sleeve, Fastener in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . MIL-B-8831/4a (Fsu = 108 ksi)

Sheet Material . . . . . . . . . . . . . Clad 7075-T6

Fastener Diameter, in. . . . . . . .
(Nominal Hole Diameter, in.)b,c

3/16
(0.2390)

1/4
(0.3032)

5/16
(0.3695)

3/8
(0.4350)

7/16
(0.5022)

½
(0.5735)

Sheet thickness, in.: Ultimate Strength, lbs.
 0.100 . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . .
 0.500 . . . . . . . . . . . . . . . . . . . .
Rivet shear strengthd . . . . . . . .

2585
3205
3290

...

...

...

...

...
3290

...
4100
5205
5670

...

...

...

...
5670

...
5035
6385
7535
8760

...

...

...
8760

...

...
7560
8925
11640
12395
12640

...
12640

...

...
8790
10360
13495
16195
16625
17100
17100

...

...

...
11900
15480
19180
21265
22250
22250

Sheet thickness, in.: Yield Strengthe, lbs.
 0.100 . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . .
 0.500 . . . . . . . . . . . . . . . . . . . .

2080
2570
3255

...

...

...

...

...

...
3300
4170
4915

...

...

...

...

...
4075
5135
6040
7855

...

...

...

...

...
6105
7175
9310
11520
12355

...

...

...
7125
8360
10825
13375
15620

...

...

...

...
9635
12450
15360
18320
21570

Sleeve head height (ref.), in. . . 0.062 0.075 0.082 0.093 0.115 0.120

a Data supplied by P.B. Fasteners.

b Nominal hole diameter based on  + min. hole using larger expanded diameter from   MIL-B-8831/4max. expanded sleeve min. hole

2

dated 23 August 1982.
c Fasteners installed to interference levels of 0.0025-0.008 in.
d Fastener shear strength is documented in NAS 1724 as 108 ksi.
e Permanent set at yield load: 4% of nominal hole diameter.
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Table 8.1.6.2(b).  Static Joint Strength of 100  Reduced Flush Head, Alloy Steel Pin,
Aluminum Alloy Sleeve, Fastener in Machine-Countersunk Aluminum Alloy Sheet and Plate

Fastener Type . . . . . . . . . . . . . . . MIL-B-8831/4a (Fsu = 108 ksi)

Sheet Material . . . . . . . . . . . . . . Clad 2024-T3

Fastener Diameter, in. . . . . . . . .
(Nominal Hole Diameter, in.)b,c .

3/16
(0.2390)

1/4
(0.3032)

5/16
(0.3695)

3/8
(0.4350)

7/16
(0.5022)

1/2
(0.5735)

Sheet thickness, in.: Ultimate Strength, lbs.

 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . . .
 0.500 . . . . . . . . . . . . . . . . . . . . .
 0.625 . . . . . . . . . . . . . . . . . . . . .
 0.750 . . . . . . . . . . . . . . . . . . . . .
 0.875 . . . . . . . . . . . . . . . . . . . . .
 1.000 . . . . . . . . . . . . . . . . . . . . .
 Rivet shear strengthd . . . . . . . . .

2175
2720
3290

...

...

...

...

...

...

...

...

...
3290

...
3450
4415
5240
5480
5655
5670

...

...

...

...

...
5670

...
4205
5380
6390
7945
8165
8385
8760

...

...

...

...
8760

...

...
6335
7525
9895

11085
11345
11865
12385
12640

...

...
12640

...

...
7315
8685

11425
14260
14845
15445
16045
16645
17100

...
17100

...

...

...
9920

13050
16285
19070
19755
20440
21225
21805
22250
22250

Sheet thickness, in.: Yield Strengthe, lbs.

 0.100 . . . . . . . . . . . . . . . . . . . . .
 0.125 . . . . . . . . . . . . . . . . . . . . .
 0.160 . . . . . . . . . . . . . . . . . . . . .
 0.190 . . . . . . . . . . . . . . . . . . . . .
 0.250 . . . . . . . . . . . . . . . . . . . . .
 0.312 . . . . . . . . . . . . . . . . . . . . .
 0.375 . . . . . . . . . . . . . . . . . . . . .
 0.500 . . . . . . . . . . . . . . . . . . . . .
 0.625 . . . . . . . . . . . . . . . . . . . . .
 0.750 . . . . . . . . . . . . . . . . . . . . .
 0.875 . . . . . . . . . . . . . . . . . . . . .
 1.000 . . . . . . . . . . . . . . . . . . . . .

1575
1880
2310

...

...

...

...

...

...

...

...

...

...
2505
3050
3515
4450
5055
5560

...

...

...

...

...

...
3200
3865
4435
5570
6745
7460
8680

...

...

...

...

...

...
4720
5395
6735
8115
9525

11010
12385
12640

...

...

...

...
5655
6430
7980
9580

11205
13655
15315
16645
17100

...

...

...

...
7595
9360

11185
13040
16720
18625
20520
21805
22250

Sleeve head height (ref.), in. . . . 0.062 0.075 0.082 0.093 0.115 0.120

a Data supplied by P.B. Fasteners.

b Nominal hole diameter based on + min. hole using larger expanded diameter from max. expanded sleeve min. hole

2

MIL-B-8831/4 dated 23 August 1982.

c Fasteners installed to interference levels of 0.002-0.008 in.

d Fastener shear strength is documented in NAS 1724 as 108 ksi.

e Permanent set at yield load: 4% of nominal hole diameter.
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Figure 8.2.1.  Schematic diagram of weld and parent metal.

8.2 METALLURGICAL JOINTS

In the design of metallurgical joints, the strength of the joining material (for example, weld metal)
and the adjacent parent material must be considered.  The joint should be analyzed on the basis of its loading,
the specified allowable strengths, dimensions and geometry.

8.2.1 INTRODUCTION AND DEFINITIONS — The allowable strength for both the adjacent parent
metal and the weld metal is given below in the particular section dealing with the method of forming used,
and the material being joined.  The following subparagraphs define certain joining processes.

Welding — Welding consists of joining two or more pieces of metal by applying heat, pressure or
both, with or without filler material, to produce a localized union through fusion or recrystallization across
the joint interface.  Examples of common welding processes include: fusion [inert-gas, shielded-arc welding
with tungsten electrode (TIG) and inert-gas shielded metal-arc welding using covered electrodes (MIG)],
resistance (spot and seam), and flash.  Several terms used in describing various sections of a welded joint are
illustrated in Figure 8.2.1.

Brazing — Brazing consists of joining metals by the application of heat causing the flow of a thin
layer, capillary thickness, of nonferrous filler metal into the space between the pieces.  Bonding results from
the intimate contact produced by the dissolution of a small amount of base metal in the molten filler metal,
without fusion of the base metal.

8.2.2 WELDED JOINTS — The weld metal section of a joint should be analyzed on the basis of its
loading, specified allowable strength, dimensions and geometry.  The effects of the parent metal are to be
accounted for as specified herein.
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Table 8.2.2.1.1(a).  Strength of Fusion Welded Joints of Steel Alloys

Material
Heat Treatment

Subsequent to Welding
Welding Rod
or Electrode Fsu, ksi

Ftu,
ksi

Carbon and alloy steels . . None . . . . . . . . . . . . . . . . . AMS 6457 . . . . . . . . . . . . . . . .
AWSA5.1 classes E6010
  and E6013 . . . . . . . . . . . . . . .

32

32

 51

 51

Alloy steels . . . . . . . . . . . . None . . . . . . . . . . . . . . . . AMS 6452 . . . . . . . . . . . . . . . . 43  72

Alloy steels . . . . . . . . . . . . Stress relieved . . . . . . . . . AWSA5.5 class E10013 . . . . . .
MIL-E-22200/10, classes MIL-
10018-M1

50  85

Table 8.2.2.1.1(b).  Allowable Ultimate Tensile Stresses Near Fusion
Welds in 4130, 4140, or 8630 Steelsa

Section Thickness ¼ inch or less

Type of Joint Ultimate Tensile Stress, ksi

Tapered joints of 30  or lessb . . . . . . . . . . . . . . . . . . . . . .
All others . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

90
80

a  Welded after heat treatment or normalized after weld.

b  Gussets or plate inserts considered 0  taper with centerline.

Table 8.2.2.1.1(c).   Allowable Bending Modulus of Rupture Near Fusion
Weld in 4130, 4140, 4340, or 8630 Steelsa

Type of Joint Bending Modulus of Rupture, ksi

Tapered joints of 30  or lessb . . . . . .

All others . . . . . . . . . . . . . . . . . . . . .

Fb from Figure 2.8.1.1 for Ftu = 90 ksi

0.9 of the values of Fb from Figure

  2.8.1.1 for Ftu = 90 ksi

a  Welded after heat treatment or normalized after weld.
b  Gussets or plate inserts considered 0  taper with centerline.

8.2.2.1 Fusion Welding—Arc and Gas — Section 9.4.2 contains a detailed discussion of one
acceptable method of establishing fusion welding allowables.  As stated in that section, other methods can
be employed as approved by certifying agencies.  The following subsections contain specific information for
a number of materials.

8.2.2.1.1 Strength of Fusion Welded Joints of Steel Alloys — Allowable fusion weld-metal
strengths of steel alloys are shown in Table 8.2.2.1.1(a).  Design allowable stresses for the weld metal are
based on 85 percent of the respective minimum tensile ultimate test values.

For steel joints welded after heat treatment, the allowable strengths near the weld are given in Tables
8.2.2.1.1(b) and (c).
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For materials heat treated after welding, the  allowable strength in the parent metal near a welded joint
may equal the allowable strength for the material in the heat treated condition as given in the tables of design
mechanical properties of the specific alloys; however, it should be noted that the weld metal allowables are
based on 85 percent of these values.

8.2.2.2 Flash and Pressure Welding — The ultimate tensile allowable strength and bending
allowable modulus of rupture for flash and pressure welds are given in Tables 8.2.2.2(a) and (b).  A higher
efficiency may be permitted in special cases by the applicable procuring or certifying agency upon approval
of the manufacturer’s process specification.

8.2.2.3  Spot and Seam Welding — Permission to use spot and seam welding on structural
parts is governed by the requirements of the procuring or certifying agency.  Table 8.2.2.3 gives the
recommended allowable edge distance for spot and seam welds.

8.2.2.3.1 Design Shear Strengths for Spot and Seam Welds in Uncoated Steels and Nickel
and Cobalt Alloys — The design shear strength for spot welds for these materials are given in Tables
8.2.2.3.1(a) and (b).  The thickness ratio of the thickest sheet to the thinnest outer sheet in the combination
should not exceed 4:1.

8.2.2.3.1.1  Effects of Spot-Welds on the Parent Metal Strength of 300 Series Stainless Steel
— In applications of spot welding where ribs, intercostals, or doublers are attached to sheet, either at splices
or at other joints on the sheet panels, the allowable ultimate strength of the spot-welded stainless steel sheet
will be determined by multiplying the ultimate tensile strength of the sheet (A or S-value) by the appropriate
efficiency factors shown in Figures 8.2.2.3.1.1(a) through (c).  Efficiencies for gages under 0.012 will be
determined by test.

8.2.2.3.2  Design Shear Strengths for Spot and Seam Weldings in Aluminum Alloys — The
acceptable aluminum and aluminum alloy combinations for spot and seam welding are given in Table
8.2.2.3.2(a).

Design shear-strength for spot welds in aluminum alloys are given in Tables 8.2.2.3.2(b) and (c).  The
thickness ratio of the thickest to the thinnest outer sheet in the combination should not exceed 4:1.

Design shear-strength for spot-welded joints, based on tearing of the sheet, is given in Table
8.2.2.3.2(d) for some aluminum alloys, together with the “maximum” pitches that permit attainment of these
strengths.  Joints having larger pitches fail in the spot welds rather than by tearing of the sheet, and are
governed by Tables 8.2.2.3.2(b) and (c).  The design shear strengths listed are also applicable to seam welds.

8.2.2.3.2.1  Effects of Spot Welds on Parent Metal Strength of Aluminum Alloys — In applications
of spot welding other than splices, where ribs, intercostals, or doublers are attached to sheet, the allowable
ultimate strength of the spot-welded sheet may be determined by multiplying the ultimate tensile strength of
the sheet (A or S-values) by the appropriate efficiency factor shown on Figure 8.2.2.3.2.1.  Efficiencies for
gages under 0.020 will be determined by test.

8.2.2.3.2.2  Fatigue Strength of Spot-Welded Joints in Aluminum Alloys — The fatigue strength of
spot-welded joints in aluminum alloy are given in Figures 8.2.2.3.2.2(a) through 8.2.2.3.2.2(e).

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-153

8.2.2.3.3 Design Shear Strengths for Spot and Seam Welds in Magnesium Alloys — Design
shear-strength for spot welds in magnesium alloys are given in Table 8.2.2.3.3.  The thickness ratio of the
thickest sheet to the thinnest outer sheet in the combination should not exceed 4:1.

8.2.2.3.4 Design Shear Strengths for Spot and Seam Welds in Titanium and Titanium
Alloys — Design shear strength for spot welds in titanium and titanium alloys are given in Tables 8.2.2.3.4(a)
and (b).  The thickness ratio of the thickest sheet to the thinnest outer sheet in the combination should not
exceed 4:1.

Table 8.2.2.2(a).  Allowable Ultimate Tensile Stress for Flash Welds in Steel Tubing

Tubing Allowable Ultimate Tensile Stress of Welds

Normalized tubing — not heat treated (including normalizing) after welding 1.0 Ftu (based on Ftu of normalized tubing)

Heat-treated tubing welded after heat treatment . . . . . . . . . . . . . . . . . . . . . . 1.0 Ftu (based on Ftu of normalized tubing)

Tubing heat treated (including normalizing) after welding. Ftu of unwelded
 material in heat-treated condition:
   < 100 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
   100 to 150 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
   > 150 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.9 Ftu

0.6 Ftu + 30
0.8 Ftu

Table 8.2.2.2(b).  Allowable Bending Modulus of Rupture for Flash Welds in Steel Tubing

Tubing

Allowable Bending Modulus of Rupture of
Welds (Fb from Figure 2.8.1.1 using values

of Ftu listed)

Normalized tubing — not heat treated (including normalizing after welding 1.0 Ftu (based on Ftu of normalized tubing)

Heat-treated tubing welded after heat treatment . . . . . . . . . . . . . . . . . . . . . . 1.0 Ftu (based on Ftu of normalized tubing)

Tubing heat treated (including normalizing) after welding. Ftu of unwelded
 material in heat-treated condition:
   < 100 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
   100 to 150 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
   > 150 ksi . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0.9 Ftu

0.6 Ftu + 30
0.8 Ftu

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

8-154

      Table 8.2.2.3.  Recommended Minimum Edge Distance and Spacing for 
       Spot-Welded Jointsa

Nominal Thicknessb

of Thinner Sheet, inch
Minimum Lap Jointc,d

Edge Distance, inch Minimum Spacinge, inch

0.016
0.020
0.025
0.032
0.040
0.050
0.063
0.071
0.080
0.090
0.100
0.125
0.160

0.19
0.20
0.22
0.25
0.28
0.31
0.38
0.41
0.44
0.47
0.50
0.56
0.69

0.19
0.30
0.38
0.46
0.52
0.58
0.67
0.73
0.79
0.89
1.00
1.25
1.60

a Reference Aluminum Association and American Welding Society Handbook.
b Intermediate gages will require interpolation between adjacent gages.
c Edge distances are measured materials in contact; this can be to a free edge or to a sheet metal radius 

where one material bends away from another.  Edge distances less than those specified above may be 
used provided there is no expulsion of weld material or bulging of the edge of the sheet; however, these 
joints may have less static strength and shorter fatigue life.

d Minimum contacting overlap is twice the minimum edge distance.
e Less than minimum recommended spacing may cause shunting that leads to deterioration of weld 

strengths and joint life.
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Xm

Ns
(K) Nr Xr

Table 8.2.2.3.1(a).  Spot-Weld Design Shear Strengtha,b in Thin Sheet and Foil for
Uncoated Steelsc and Nickel and Cobalt Alloys (Welding Specification MIL-W-6858)

Thickness of
Thinnest Outer

Sheet, in.

Spots/inch Material Ultimate Tensile Strength, ksi

Standard
(Ns)d Rangee,f

Above 185 150 to 185 90 to 149 Below 90

Design Shear Strength, pounds per linear inch (Xm)

0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008

40
20
12
10
 9
 7
 6
 5

1-50
1-30
1-17
1-14
1-13
1-10
1-8
1-7

 72
144
240
324
392
432
504
552

 64
128
208
280
340
380
440
488

 52
104
164
228
272
304
352
392

 36
 72
120
152
188
220
256
284

a Strength based on 80 percent of minimum values specified in Specification MIL-W-6858.
b The allowable tensile strength of spot-welds is 25 percent of the design shear strength.  Higher values may be used,

however, if these are substantiated by tests acceptable to the procuring or certifying agency.
c Refers to plain carbon steels containing not more than 0.15 percent carbon, austenitic, heat and corrosion resistant, and

precipitation hardening steels.  The reduction in strength of spot-welds due to the cumulative effects of time-temperature-
stress factors is not greater than the reduction in strength of the parent metal.

d When the number of spots per inch is within 15 percent of the standard spot per inch requirement, the design shear
strengths tabulated above will apply.

e When the number of spots differs from the standard spots per inch by 15 percent or greater, but does not exceed the noted
range of spots per inch, applicable design strength will be determined as noted below:

where

Xm  = design shear strength in accordance with the above table
Ns  = standard spots per inch in accordance with the above table

   Nr  = required spots per inch (production part)
Xr  = actual design shear strength requirement

     K  = 1.15 when number of spots per inch is reduced more than 15 percent of the standard spacing of the above
table

    K  = 0.90 when number of spots is increased more than 15 percent of the standard spacing but within range of the
tabular spacing.

f When the number of spots per inch is above the range indicated in the table, the design shear strength will remain
constant at the value obtained at the top of the range.
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Table 8.2.2.3.1(b).  Spot-Weld Design Shear Strengtha,b in Panels for Uncoated Steelsc

and Nickel and Cobalt Alloys (Welding Specification MIL-W-6858)

Material Ultimate
Tensile Strength, ksi

Design Shear Strength, pounds per spot

Above
185

150 to
185

90 to
149

Below
90

Nominal thickness of
thinner sheet, in.: 
0.009..............................
0.010..............................
0.012..............................
0.016..............................
0.018..............................
0.020..............................
0.022..............................
0.025..............................
0.028..............................
0.032..............................
0.036..............................
0.040..............................
0.045..............................
0.050..............................
0.056..............................
0.063..............................
0.071..............................
0.080..............................
0.090..............................
0.100..............................
0.112..............................
0.125..............................

 160
 196
 280
 384
 472
 508
 584
 696
 820
1000
1200
1400
1680
1960
2304
2840
3360
3880
4480
5040
5600
6228

 140
 164
 220
 320
 392
 424
 488
 580
 684
 836
1004
1168
1436
1700
2040
2472
2984
3528
4072
4576
5092
5664

 104
 128
 160
 236
 272
 312
 360
 424
 508
 620
 736
 852
1028
1204
1416
1688
2028
2404
2812
3200
3636
4052

  80
  92
 120
 172
 200
 224
 264
 320
 372
 452
 552
 652
 804
 956
1168
1408
1664
1964
2308
2640
3036
3440

a Strength based on 80 percent of minimum values specified in Specification MIL-W-6858.
b The allowable tensile strength of spot-welds is 25 percent of the design shear strength.  Higher values may be

used, however, if these are substantiated by tests acceptable to the procuring or certifying agency.
c Refers to plain carbon steels containing not more than 0.15 percent carbon and to austenitic heat and corrosion 

resistant, precipitation hardening steels.  The reduction in strength of spot-welds due to the cumulative effects of 
time-temperature-stress factors is not greater than the reduction in strength of the parent metal.
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Figure 8.2.2.3.1.1(a).  Efficiency of the parent metal in tension for spot-welded
AISI 301-A, and AISI 347-A, and AISI 301-1/4 stainless steel.

Figure 8.2.2.3.1.1(b).  Efficiency of the parent metal in tension for spot-welding AISI
301-1/2H stainless steel.
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Figure 8.2.2.3.1.1(c).  Efficiency of the parent metal in tension for spot-welded
AISI 301-H stainless steel.
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Table 8.2.2.3.2(a).  Acceptable Aluminum and Aluminum Alloy Combinationa for Spot and Seam Welding

Specification . . . . . . . . . . . . . . . . . .
AMS-
QQ-A-
250/1

AMS-
4029b

AMS-
QQ-A-
250/3

AMS-
QQ-A-
250/4b

AMS-
QQ-A-
250/5

AMS-
QQ-A-
250/2

AMS-
QQ-A-
250/8

AMS-
QQ-A-
250/11

AMS-
QQ-A-
250/12b

AMS-
QQ-A-
250/13c

Material . . . . . . . . . . . . . . . . . . . . .
1100

Bare
2014

Clad
2014

Bare
2024

Clad
2024 3003 5052 6061

Bare
7075

Clad
7075

  Specification    Material

AMS-QQ-A-250/1
AMS-4029
AMS-QQ-A-250/3
AMS-QQ-A-250/4
AMS-QQ-A-250/5
AMS-QQ-A-250/2
AMS-QQ-A-250/8
AMS-QQ-A-250/11
AMS-QQ-A-250/12
AMS-QQ-A-250/13

1100
Bare 2014b

Clad 2014
Bare 2024b

Clad 2024
3003
5052
6061
Bare 7075b

Clad 7075b

...

...

...

...

...

...

...

...

...

...

...
*
*
*
...
...
...
...
*
...

...
*
...
*
...
...
...
...
*
...

...
*
*
*
...
...
...
...
*
...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...
*
*
*
...
...
...
...
*
...

...

...

...

...

...

...

...

...

...

...

a The various aluminum and aluminum-alloy materials referred to in this table may be spot-welded in any combinations except the combinations indicated by the
asterisk(*) in the table.  The combinations indicated by the asterisk (*) may be spot-welded only with the specific approval of the  procuring or certifying agency.

b This table applies to construction of land- and carrier-based aircraft only.  The welding of bare, high-strength alloys in construction of seaplanes and amphibians
is prohibited unless specifically authorized by the procuring or certifying agency.

c Clad heat-treated and aged 7075 material in thicknesses less than 0.020 inch will not be welded without specific approval of the procuring or certifying agency.
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XM

Ns
(K) Nr Xr

Table 8.2.2.3.2(b).  Spot-Weld Design Shear Strength in Thin Sheet and Foil for
Bare and Clad Aluminum Alloysa,b,c (Welding Specification MIL-W-6858)

Thickness of
Thinnest Outer

Sheet, in.

Spots/inch Material Ultimate Tensile Strength, ksi

Standard
(Ns)d Rangee,f

56 and Above Below 56

Design Shear Strength, pounds per
linear inch (Xm)

0.001....................
0.002....................
0.003....................
0.004....................
0.005....................
0.006....................
0.007....................
0.008....................

40
20
12
10
 9
 7
 6
 5

1-50
1-30
1-17
1-14
1-13
1-10
1-8
1-7

 24
 48
 80
108
132
148
168
188

 16
 32
 52
 72
 92
100
112
128

a The reduction in strength of spot-welds due to the cumulative effects of time-temperature-stress factors is not greater than
the reduction in strength of the parent metal.

b Strength based on 80 percent of minimum values specified in Specification MIL-W-6858.
c The allowable tensile strength of spot-welds is 25 percent of the design shear strength.  Higher values may be used,

however, if these are substantiated by tests acceptable to the procuring or certifying agency.
d When the number of spots per inch is within 15 percent of the standard spot per inch requirement, the design shear

strengths tabulated above will apply.
e When the number of spots differs from the standard spots per inch by 15 percent or greater, but does not exceed the noted 

range of spots per inch, applicable design strength will be determined as noted below:

where

Xm =  design shear strength in accordance with the above table
Ns =  standard spots per inch in accordance with the above table

   Nr =  required spots per inch (production part)
Xr =  actual design shear strength requirement

     K =  1.15 when number of spots per inch is reduced more than 15 percent of the
   standard spacing of the above table

    K =  0.90 when number of spots is increased more than 15 percent of the standard spacing
   but within range of the tabular spacing.

f When the number of spots per inch is above the range indicated in the table, the design shear strength will remain
constant at the value obtained at the top of the range.
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Table 8.2.2.3.2(c).  Spot-Weld Design Shear Strength in Panels for Bare and
Clad Aluminum Alloysa,b,c (Welding Specification MIL-W-6858)

Material Ultimate Tensile Strength, ksi...

Design Shear Strength, pounds per spot

56 and
Above 35 to 56

19.5 to
34.9 Below 19.5

Nominal thickness of thinner sheet, in.:

0.010 . . . . . . . . . . . . . . . . . . . . . . .
0.012 . . . . . . . . . . . . . . . . . . . . . . .
0.016 . . . . . . . . . . . . . . . . . . . . . . .
0.018 . . . . . . . . . . . . . . . . . . . . . . .
0.020 . . . . . . . . . . . . . . . . . . . . . . .
0.022 . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . .
0.028 . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . .
0.036 . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . .
0.045 . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . .
0.056 . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . .
0.112 . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . .
0.140 . . . . . . . . . . . . . . . . . . . . . . .
0.160 . . . . . . . . . . . . . . . . . . . . . . .
0.180 . . . . . . . . . . . . . . . . . . . . . . .
0.190 . . . . . . . . . . . . . . . . . . . . . . .
0.250 . . . . . . . . . . . . . . . . . . . . . . .

  48
  60
  88
 100
 112
 128
 148
 172
 208
 244
 276
 324
 372
 444
 536
 660
 820
1004
1192
1424
1696
2020
2496
2980
3228
5880

  40
  52
  80
  92
 108
 124
 140
 164
 188
 220
 248
 296
 344
 412
 488
 576
 684
 800
 936
1072
1300
1538
1952
2400
2592
5120

...
 24
 56
 68
 80
 96
116
140
168
204
240
280
320
380
456
516
612
696
752
800
840
...
...
...
...
...

...
 16
 40
 52
 64
 76
 88
108
132
156
180
208
236
272
316
360
420
476
540
588
628
...
...
...
...
...

a The reduction in strength of spot-welds due to the cumulative effects of time-temperature-stress factors is not greater than
the reduction in strength of the parent metal.

b Strength based on 80 percent of minimum values specified in Specification MIL-W-6858.
c The allowable tensile strength of spot-welds is 25 percent of the design shear strength.  Higher values may be used,

however, if these are substantiated by tests acceptable to the procuring or certifying agency.
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Table 8.2.2.3.2(d).  Maximum Static Strength of Spot-Welded Joints in Aluminum Alloys and Corresponding
Maximum Design Spot-Weld Pitcha,b

Material..........

Single Row Joints Multiple Row Joints

7075-T6 clad 2024-T3 clad 6061-T6 7075-T6 clad 2024-T3 clad 6061-T6

Thickness of 
Thinnest Sheet,

in.
Strength,

lbs/in.
Pitch,

in.
Strength,

lbs/in.
Pitch,

in.
Strength,

lbs/in.
Pitch,

in.
Strength,

lbs/in.

Pitch÷No.
of Rows,

in.
Strength,

lbs/in.
Pitch÷No.

of Rows, in.
Strength,

lbs/in.

Pitch÷No.
of Rows,

in.

0.010...........
0.012...........
0.016...........
0.020...........
0.025...........
0.032...........
0.040...........
0.050...........
0.063...........
0.071...........
0.080...........
0.090...........
0.100...........
0.112...........
0.125...........

 288
 346
 461
 577
 721
 923
1059
1230
1452
1589
1742
1913
2084
2289
2511

0.167
0.173
0.191
0.194
0.205
0.225
0.261
0.302
0.369
0.415
0.471
0.525
0.572
0.622
0.675

 250
 300
 400
 500
 625
 800
 918
1067
1259
1378
1511
1660
1808
1986
2179

0.192
0.200
0.220
0.224
0.237
0.260
0.301
0.349
0.426
0.479
0.543
0.605
0.659
0.717
0.788

 210
 252
 336
 420
 525
 672
 778
 910
1082
1187
1306
1438
1580
1728
1900

0.190
0.206
0.238
0.257
0.267
0.280
0.319
0.378
0.451
0.485
0.524
0.556
0.596
0.620
0.684

 438
 526
 701
 876
1095
1402
1752
2190
2759
3110
3504
3942
4380
4906
5475

0.110
0.114
0.126
0.128
0.135
0.148
0.158
0.170
0.194
0.212
0.234
0.255
0.272
0.290
0.310

 384
 461
 614
 768
 960
1229
1536
1920
2419
2726
3072
3456
3840
4301
4800

0.125
0.130
0.143
0.146
0.154
0.169
0.180
0.194
0.222
0.242
0.267
0.290
0.310
0.331
0.353

 329
 395
 526
 658
 822
1053
1316
1645
2073
2336
2632
2961
3290
3685
4112

0.122
0.132
0.152
0.164
0.170
0.179
0.188
0.209
0.235
0.247
0.260
0.270
0.284
0.291
0.316

a  For multiple row joints row spacing is at minimum and same pitch in all rows.
b  For pitches greater than those shown, strength is governed by Tables 8.2.2.3.2(b) and (c).
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Figure 8.2.2.3.2.1.  Efficiency of the parent metal in tension for spot-welded
aluminum alloys.
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Figure 8.2.2.3.2.2(a).  Fatigue strength of spot-welded joints in aluminum alloy
sheet. Load Ratio = 0.05 (static failure by tearing sheet).
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Figure 8.2.2.3.2.2(b).  Fatigue strength of spot-welded joints in aluminum alloy sheet.
Load Ratio = 0.05 (static failure by shear in the spot welds).
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Figure 8.2.2.3.2.2(c).  Fatigue strength of triple row spot-welded lap joints in 6061-T6
aluminum alloy sheet.  Load Ratio = 0.05.
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Figure 8.2.2.3.2.2(d).  Fatigue strength of spot-welded multiple row joints in
aluminum alloy sheet.  Load Ratio = 0.05 (static failure by shear in the spot
welds).
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Figure 8.2.2.3.2.2(e).  Fatigue strength of triple row spot-welded lap joints in 6061-T6
aluminum alloy sheet.  Load Ratio = 0.05 (static failure by tear in sheets).
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Table 8.2.2.3.3.  Spot-Weld Design Shear Strength in Panels for Magnesium
Alloysa,b,c (Welding Specification MIL-W-6858)

Material Ultimate Tensile Strength, ksi...

Design Shear Strength, pounds per spot

Greater than 19.5 Less than 19.5

Nominal thickness of thinner sheet, in.:
0.012 . . . . . . . . . . . . . . . . . . . . . .
0.016 . . . . . . . . . . . . . . . . . . . . . .
0.018 . . . . . . . . . . . . . . . . . . . . . .
0.020 . . . . . . . . . . . . . . . . . . . . . .
0.022 . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . .
0.028 . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . .
0.036 . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . .
0.045 . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . .
0.056 . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . .
0.112 . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . .

 24
 56
 68
 80
 96
116
140
168
204
240
280
320
380
456
516
612
696
752
800
840

 16
 40
 52
 64
 76
 88
108
132
156
180
208
236
272
316
360
420
476
540
588
628

a Strength based on 80 percent of minimum values specified in Specification MIL-W-6858.
b The allowable tensile strength of spot-welds is 25 percent of the design shear strength.  Higher values may be used,

however, if these are  substantiated by tests acceptable to the procuring or certifying agency.
c Magnesium alloys AZ31B and HK31A may be spot-welded in any combination.
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Table 8.2.2.3.4(a).  Spot-Weld Design Shear Strength in Thin Sheet and Foils for
Titanium and Titanium Alloysa,b,c (Welding Specification MIL-W-6858)

Thickness of
Thinnest Outer

Sheet, in.

Spots/inch Materials Ultimate Tensile Strength, ksi

Standard
(Ns)d Rangee,f

Above 185 150 to 185 90 to 149 Below 90

Design Shear Strength, pounds per linear inch (Xm)

0.001 . . . . .
0.002 . . . . .
0.003 . . . . .
0.004 . . . . .
0.005 . . . . .
0.006 . . . . .
0.007 . . . . .
0.008 . . . . .

40
20
12
10
 9
 7
 6
 5

1-50
1-30
1-17
1-14
1-13
1-10
1-8
1-7

 72
144
240
324
392
432
504
552

 64
128
208
280
340
380
440
488

 52
104
164
228
272
304
352
392

 36
 72
120
152
188
220
256
284

a The reduction in strength of spot-welds due to the cumulative effects of time-temperature-stress factors is not greater
than the reduction in strength of the parent metal.

b Strength based on 80 percent of minimum values specified in Specification MIL-W-6858.
c The allowable tensile strength of spot-welds is 25 percent of the design shear strength.  Higher values may be used,

however, if these are substantiated by tests acceptable to the procuring or certifying agency.
d When the number of spots per inch is within 15 percent of the standard spot per inch requirement, the design shear

strengths tabulated above will apply.
e When the number of spots differs from the standard spots per inch by 15 percent or greater, but does not exceed the

noted range of spots per inch, applicable design strength will be determined as noted below:

XM/Ns(K)Nr = Xr

where

Xm =  design shear strength in accordance with the above table
Ns =  standard spots per inch in accordance with the above table

   Nr =  required spots per inch (production part)
Xr =  actual design shear strength requirement

     K =  1.15 when number of spots per inch is reduced more than 15 percent of the standard spacing of
the above table

    K =  0.90 when number of spots is increased more than 15 percent of the standard spacing but within
range of the tabular spacing.

f When the number of spots per inch is above the range indicated in the table, the design shear strength will remain
constant at the value obtained at the top of the range.
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Table 8.2.2.3.4(b).  Spot-Weld Design Shear Strength in Panels for Titanium and
Titanium Alloya,b,c (Welding Specification MIL-W-6858)

Material Ultimate Tensile Strength, ksi . . . . . . .

Design Shear Strength, pounds per spot

Above 100 100 and Below

Nominal thickness of thinner sheet, in.:

0.010 . . . . . . . . . . . . . . . . . . . . . . . . .
0.012 . . . . . . . . . . . . . . . . . . . . . . . . .
0.016 . . . . . . . . . . . . . . . . . . . . . . . . .
0.018 . . . . . . . . . . . . . . . . . . . . . . . . .
0.020 . . . . . . . . . . . . . . . . . . . . . . . . .
0.022 . . . . . . . . . . . . . . . . . . . . . . . . .
0.025 . . . . . . . . . . . . . . . . . . . . . . . . .
0.028 . . . . . . . . . . . . . . . . . . . . . . . . .
0.032 . . . . . . . . . . . . . . . . . . . . . . . . .
0.036 . . . . . . . . . . . . . . . . . . . . . . . . .
0.040 . . . . . . . . . . . . . . . . . . . . . . . . .
0.045 . . . . . . . . . . . . . . . . . . . . . . . . .
0.050 . . . . . . . . . . . . . . . . . . . . . . . . .
0.056 . . . . . . . . . . . . . . . . . . . . . . . . .
0.063 . . . . . . . . . . . . . . . . . . . . . . . . .
0.071 . . . . . . . . . . . . . . . . . . . . . . . . .
0.080 . . . . . . . . . . . . . . . . . . . . . . . . .
0.090 . . . . . . . . . . . . . . . . . . . . . . . . .
0.100 . . . . . . . . . . . . . . . . . . . . . . . . .
0.112 . . . . . . . . . . . . . . . . . . . . . . . . .
0.125 . . . . . . . . . . . . . . . . . . . . . . . . .

 164
 220
 320
 392
 424
 488
 580
 684
 836
1004
1168
1438
1702
2040
2400
2702
3048
3430
3810
4260
4760

 128
 160
 236
 272
 312
 360
 424
 508
 620
 736
 852
1028
1204
1416
1688
1914
2160
2435
2702
3030
3380

a The reduction in strength of spot-welds due to the cumulative effects of time-temperature-stress factors is not greater
than the reduction in strength of the parent metal.

b Strength based on 80 percent of minimum value specified in Specification MIL-W-6858.
c The allowable tensile strength of spot-wells is 25 percent of the design shear strength.  Higher values may be used,

however, if these are substantiated by tests acceptable to the procuring or certifying agency.
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Material Allowable Strength

Heat-treated material (including normalized)
used in “as-brazed” condition

Heat-treated material (including normalized)
reheat-treated during or after brazing

Mechanical properties of normalized
material

Mechanical properties corresponding
to heat treatment performed

8.2.3 BRAZING

8.2.3.1 Copper Brazing — The allowable shear strength for copper brazing of steel alloys will
be 15 ksi, for all conditions of heat treatment. Higher values may be allowed upon approval of the procuring
or certifying agency.

The effect of the brazing process on the strength of the parent or base metal of steel alloys will be
considered in the structural design.  Where copper furnace brazing is employed, the calculated allowable
strength of the base metal which is subjected to the temperatures of the brazing process will be in accordance
with the following:

8.2.3.2 Silver Brazing — Silver-brazed areas should not be subjected to temperatures exceeding
900 F.  Silver brazing alloys are listed in specification QQ-B-654.  Deviation from this specification may
be allowed upon approval of the procuring or certifying agency.

The allowable shear strength for silver brazing of steel alloys will be 15 ksi, provided that clearances
or gaps between parts to be brazed do not exceed 0.010 in.  Deviation from this specified allowable value may
be allowed upon approval of the procuring or certifying agency.

The effect of silver brazing on the strength of the parent or base metal is the same as shown for
copper brazing in Section 8.2.3.1.

8.3 BEARINGS, PULLEYS, AND WIRE ROPE

Bearings — Design, strengths, selection criteria, and other data for plain and antifriction bearings
are found in AFSC Design Handbook AFSC DH-2-1, Chapters 3 and 6.

Pulleys — Pulley strengths and design data are to be utilized in accordance with Specification MIL-P-
7034.

Wire Rope — Strengths and design data for wire rope are to be selected from the following
specifications, whichever is appropriate:  MIL-W-83420 or MIL-W-87161.
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CHAPTER 9

GUIDELINES FOR THE PRESENTATION OF DATA

This chapter contains Guidelines for judging adequacy of data, procedures for analyzing data in
determining property values for inclusion in previous chapters, and formats for submitting results of analyses
to the MIL-HDBK-5 Coordination Group for approval.  The index that follows should be helpful in locating
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9.1 GENERAL INFORMATION

This section of the Guidelines covers general information.  Information specific to individual proper-
ties can be found in pertinent sections.  Abbreviations, symbols, and definitions can be found in Appendix A.

9.1.1 INTRODUCTION — Design properties in MIL-HDBK-5 are used in the design of aerospace
structures and elements.  Thus, it is exceedingly important that the values presented in MIL-HDBK-5 reflect
as accurately as possible the actual properties of the products covered.

Throughout the Guidelines, many types of statistical computations are referenced.  Since these may
not be familiar to all who may be analyzing data in the preparation of MIL-HDBK-5 proposals, a detailed
description of each operation is required.  To present the detailed description in the individual sections,
however, would unnecessarily complicate the orderly presentation of the overall computational procedures.
Therefore, the detailed description of the statistical techniques have been covered in Sections 9.5, 9.6, and 9.7.

9.1.2 APPLICABILITY — Minimum data requirements and analytical procedures defined in these
Guidelines for establishment of MIL-HDBK-5 design properties and elevated temperature curves for these
properties should be used to obtain approval of such values or curves when proposed to the MIL-HDBK-5
Coordination Group or a certifying agency.  However, the minimum data requirements and analytical
procedures are not mandatory; to the extent of precluding use of other analytical procedures which can be
substantiated.  Any exceptions or deviations must be reported when requesting approval of these values or
curves by the Coordination Group or certifying agency.

9.1.3 APPROVAL PROCEDURES — The MIL-HDBK-5 Coordination Group (a voluntary, joint
Government-Industry activity) meets twice yearly.  At each meeting, this group acts upon proposed changes
or additions to the document submitted in writing in advance of the meeting.  The agenda is normally mailed
to attendees four weeks prior to the meeting date, and the minutes four weeks following the meeting.
Attachments for either the agenda or the minutes should be delivered to the Secretariat well in advance  of the
mailing date.

Attachments containing proposed changes or additions to the document will include specific nota-
tions of changes or additions to be made; adequate documentation of supporting data; analytical procedures
used; discussion of analysis of data; and a listing of exceptions or deviations from the requirements of these
Guidelines.

Approval procedures for establishment of MIL-HDBK-5 equivalent design values are defined by the
individual certifying agency.

9.1.4 DOCUMENTATION REQUIREMENTS — The purpose of adequate documentation of proposals
submitted to the MIL-HDBK-5 Coordination Group is to permit an independent evaluation of proposals by
each interested attendee and to provide a historical record of actions of the Coordination Group.  For this
reason, both supporting data and a description of analytical procedures employed must be made available to
attendees, either as an integral portion of an attachment to the agenda or minutes, or by reference to other
documents that may reasonably be expected to be in the possession of MIL-HDBK-5 Meeting attendees.  A
specific example of the latter would be certain reports of Government-sponsored research or material
evaluations for which distribution included the MIL-HDBK-5 attendance list.  In some cases involving large
quantities of supporting data, it may suffice (at the discretion of the Coordination Group) to furnish a single
copy of these data to the Secretariat, from whom they would be available to interested attendees.
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All relevant reference documents (specifications, testing standards, data submissions, etc.) for
proposals must be provided in English, to facilitate interpretation and evaluation by the MIL-HDBK-5
Coordination Group.  If metric units are used as the primary system of units in these documents, they should
be supplied along with a soft conversion to English units.  The following English units are standard within
MIL-HDBK-5:

• Coefficient of thermal expansion, 10-6 in./in./F
• Density, lb./in3

• Fracture toughness, ksi-in1/2

• Frequency, Hz (cycles per second), or cpm (cycles per minute)
• Load, lbs., or kips (103 lbs.)
• Modulus of elasticity (Tension and Compression), 103 ksi
• Shear Modulus, 103 ksi
• Specific heat, Btu/(lb.)(F)
• Strain, in./in.
• Stress or strength, ksi
• Temperature, F
• Thermal conductivity, Btu/[(hr)(ft2)(F)/ft]
• Thickness, in.
• Time, hrs.

Refer to Section 9.2.3.1 for the terminology used within MIL-HDBK-5 for mechanical properties.

9.1.5 SUMMARY — The objective of this summary is to provide a global overview of Chapter 9
without defining specific statistical details.  This overview will be most helpful to those unfamiliar with the
statistical procedures used in MIL-HDBK-5 and to those who would like to learn more about the philosophy
behind the MIL-HDBK-5 guidelines.

Chapter 9 is the “rule book” for MIL-HDBK-5.  Since 1966, these guidelines have described statisti-
cal procedures used to calculate mechanical properties for alloys included in the Handbook.  Recommended
changes in the guidelines are reviewed first by the Guidelines Task Group (GTG) and later approved by the
entire coordination committee.  Recommended changes in statistical procedures within the guidelines are
evaluated first by the Statistics Working Group (SWG), which supports the GTG.  Similarly, recommended
changes in fastener analysis procedures are examined by the Fastener Task Group (FTG) before approval by
the coordination committee.

Chapter 9 is divided into subchapters that cover the analysis methods used to define room and
elevated temperature properties.  The room temperature mechanical properties are tensile, compression,
bearing, shear, fatigue, fracture toughness, elongation and elastic modulus.  The elevated temperature
properties are the same, except that creep and stress rupture properties are added to the list.  Analysis proce-
dures for fatigue, fatigue crack growth and mechanically fastened joints are also covered since these data are
commonly used in aircraft design.  The presentation of these data varies depending upon the data type.  For
instance, the room temperature mechanical properties (tensile, compression, bearing, shear, elongation, elastic
modulus, and fracture toughness) are provided in a tabular format, while the fatigue, elevated temperature
properties, and typical stress-strain curves are presented in graphical format.

The majority, by far, of the data in MIL-HDBK-5 are room temperature design properties: including
tensile (Ftu, Fty), shear (Fsu), compression (Fcy), bearing ultimate and yield strengths (Fbru and Fbry), elongation
and elastic modulus.  Room temperature design properties are the primary focus in the Handbook because
most aircraft, commercial and military, typically operate at near-ambient temperatures and because most
material specifications include only room temperature property requirements.
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Many different statistical techniques may be useful in analysis of mechanical-property data.  Brief
descriptions of procedures that will be used most frequently in this application are given in Section 9.5, 9.6,
and 9.7.  More detailed descriptions of these and other statistical techniques and tables in their various forms
can be found in a number of workbooks and texts; Reference 9.1.5 is a particularly useful one.

Before an alloy can be considered for inclusion in MIL-HDBK-5, it must be covered by a commercial
or government specification.  There are two main reasons for this: (1) the alloy, and its method of manu-
facture, must be “reduced to standard practice” to increase confidence that the material, if obtained from
different suppliers, will still demonstrate similar mechanical properties, and (2) specification minimum
properties are included in MIL-HDBK-5 tables as design properties in situations where there are insufficient
data to determine statistically based material design values.

Design minimum mechanical properties tabulated in MIL-HDBK-5 are calculated either by “direct”
or “indirect” statistical procedures.  The minimum sample size required for the direct computation of T99 and
T90 values (from which A and B-basis design properties are established) is 100.  These 100 observations must
include data from at least 10 heats and lots (as defined in the next paragraph).  A T99 value is a statistically
computed, one-sided lower tolerance limit, representing a 95 percent confidence lower limit on the first
percentile of the distribution.  Similarly, a T90 value is a statistically computed, one-sided lower tolerance
limit, representing a 95 percent lower confidence limit on the tenth percentile of the distribution.  If the
sample cannot be described by a Pearson1 or Weibull distribution, the T99 and T90 values must be computed
by nonparametric (distribution free) means, which can only be done if there are at least 299 observations.
(In most cases, only minimum tensile ultimate and yield strength values are determined by the direct method.)
T90 values are not computed if there are insufficient data to compute T99 values, even though a much smaller
sample size is required to compute nonparametric T90 values.  This is because the general consensus within
the MIL-HDBK-5 committee has been that a large number of observations (in the realm of 100) are needed
from a large number of heats and lots (e.g. 10) for a particular material to properly characterize the variability
in strength of that product.

A lot represents all of the material of a specific chemical composition, heat treat condition or temper,
and product form that has passed through all processing operations at the same time.  Multiple lots can be
obtained from a single heat.  A heat of material, in the case of batch melting, is all of the material that is cast
at the same time from the same furnace and is identified with the same heat number.  In the case of continuous
melting, a single heat of material is generally poured without interruption.  The exception is for ingot
metallurgy wrought aluminum products, where a single heat is commonly cast in sequential aluminum ingots,
which are melted from a single furnace charge and poured in one or more drops without changes in the
processing parameters.

Minimum compression, bearing, and shear strengths are typically determined through the indirect
method.  This is done to reduce cost, because as few as 10 data points (from 3 heats and 10 lots) can be used,
in combination with “paired” direct properties to compute a design minimum value.  In this indirect method,
the compression, bearing, and shear strengths are paired with tensile values determined in the same region
of the product to produce a ratio.  Statistical analyses of these ratios are conducted to obtain lower bound
estimates of the relationship between the primary property and the ratioed property.  These ratios are then
multiplied with the appropriate Ftu or Fty in the Handbook to obtain the Fsu, Fcy, Fbru, Fbry values for shear, com-
pression, and bearing (ultimate and yield), respectively.

When procedures other than those described are employed in preparation of data proposals, they
should be described adequately in the proposal.
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Many mechanical property tables in the Handbook include data for specific grain directions and
thickness ranges.  This is done to better represent anisotropic materials, such as wrought products, that often
display variations in mechanical properties as a function of grain direction and/or product thickness.  There-
fore, it is common practice to test for variability in mechanical properties as a function of product thickness.
This is done through the use of regression analysis for both direct and indirect properties.  If a regression is
found to be significant, properties may be computed separately (without regression) for reduced thickness
ranges.

To compliment the mechanical property tables, the Handbook also contains typical stress-strain
curves.  These curves are included to illustrate each material’s yield behavior and to graphically display
differences in yield behavior for different grain directions, tempers, etc.  These curves are identified as typical
because they are based upon only a few test points.  Typical curves are shown for both tension and
compression and are extended to just beyond the 0.2 percent yield stress.  Each typical curve also contains
a shape factor called the Ramberg-Osgood number (n).  These numbers can be used in conjunction with a
material’s elastic modulus to empirically develop a stress-strain curve.  Typical tensile full-range stress-strain
curves are also provided that illustrate deformation behavior from the proportional limit to fracture.  In
addition, compression tangent-modulus curves are provided to describe compression instability.

Effect of temperature and thermal exposure curves are included throughout the Handbook.  The
curves are presented as a percentage of the room temperature design value.  For these curves, there is a
minimum data requirement and statistical procedures have been established to construct the curves.  The creep
rupture plots are shown as typical isothermal curves of stress versus time.  The physical properties are shown
as a function of temperature for each property, i.e., specific heat, thermal conductivity, etc.  Physical
properties are reported as average actual values, not a percentage of a room temperature value.

In addition to the mechanical properties, statistically based S/N fatigue curves are provided in the
Handbook, since many airframe structures experience dynamic loading conditions.  The statistical procedures
are fairly rigorous.  For example, the procedure describes how to treat outliers and run-outs (discontinued
tests), and which models to use to best-fit a specific set of data.  Each fatigue figure includes relevant
information such as Kt, R value, material properties, sample size and equivalent stress equation.  Each figure
should be closely examined by the user to properly identify the fatigue curves required for a particular design.

Design properties for mechanical fasteners and mechanically fastened elements are also included in
MIL-HDBK-5.  A unique analysis procedure has been developed for mechanical fasteners because fasteners
generally do not develop the full bearing strength of materials in which they are installed.  Joint allowables
are determined from test data using the statistical analysis procedures described in section 9.7.

9.1.6 Data Basis —There are four types of room-temperature mechanical properties included in
MIL-HDBK-5.  They are listed here, in order, from the least statistical confidence to the highest statistical
confidence, as follows:

Typical Basis — A typical property value is an average value and has no statistical assurance
associated with it.

S-Basis — This designation represents the specification minimum value specified by the governing
industry specification (as issued by standardization groups such as SAE Aerospace Materials Division,
ASTM, etc.) or federal or military standards for the material.  (See MIL-STD-970 for order of preference of
specifications.)  For certain products heat treated by the user (for example, steels hardened and tempered to
a designated Ftu), the S-basis value may reflect a specified quality-control requirement.   Traditionally, the
statistical assurance of S-basis values has not been known.  However, the statistical assurance associated with
S-basis values established since 1975 is known within the limitations of the qualification sample and the
analysis method used to evaluate the data.  Within those constraints S-basis values established since 1975 may
be viewed as estimated A-basis values.
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Wherever possible, the statistical validity of these estimated A-basis (S-basis) values should be
verified as soon as sufficient heats and lots of material are available from the major producers to establish
more rigorous A-basis properties by the methods described in MIL-HDBK-5.  If the more rigorous A-basis
property exceeds the S-basis value, the major suppliers and users of the material may benefit from updating
or replacing the specification because then they will be able to take full advantage of the capabilities of the
material within the design allowable tables in MIL-HDBK-5.

In the opposite (and fortunately infrequent) situation where the more rigorous A-basis property falls
well below the S-basis value, the repercussions may be greater for both the user and producer.  Actual design
margins (as compared to originally perceived design margins) on primary structure may be reduced below
desirable levels if the S-basis value must be downgraded to a lower A-basis value.  The perceived adequacy
of a material for a particular application may be reduced if the S-basis value is reduced to match a lower A-
basis value.  However, under most circumstances, the S-basis value should be reduced to match the A-basis
value if process improvements cannot be instituted to raise the A-basis value to the level of the original S-
basis value.

B-Basis — This designation indicates that at least 90 percent of the population of values is expected
to equal or exceed the statistically calculated mechanical property value, with a confidence of 95 percent.
This statistically calculated number is computed using the procedures specified in Section 9.5.

A-Basis — The lower value of either the statistically calculated number T99, or the specification
minimum (S-basis).  The statistically calculated number indicates that at least 99 percent of the population
is expected to equal or exceed the statistically calculated mechanical property value with a confidence of
95 percent.  This statistically calculated number is computed using the procedures specified in Section 9.5.

Sections 9.2.4.2 and 9.5.1.1 contain discussions of data requirements for direct computation of design
properties based on current process capability of the majority of suppliers of a given material and product
form.  To assure that the A- and B-basis values, defined above, represent true current process capability of
a material, all available original test data for current material that is produced and supplied to the appropriate
government, industry, or equivalent company specifications are included in calculating these values.
(However, to be considered for inclusion in MIL-HDBK-5, a material must be covered by an industry,
Federal, or Military specification per Section 9.1.6.)  Only positive proof of improper processing or testing
is cause for exclusion of original test data, except that the number of tests per lot will not exceed the usual
frequency of testing for the product.  It is recognized, however, that extensive acceptance testing resulting
in elimination of low-strength material from the population may justify establishment of higher mechanical
property values for the remaining material.  Since this is a function of both the type of product and the nature
and frequency of the acceptance tests practiced by each company, it is impractical to attempt to include these
considerations in this document.

Usually, only tensile ultimate and yield strengths in a specified testing direction are determined in
such a manner that they can be termed A- and B-basis values, in accordance with definitions given above.
Only tensile ultimate strength, tensile yield strength, elongation, and reduction of area (for some alloys) are
normally specified in the governing specifications and can be termed S-basis values.  However, ratioing
procedures (described in Section 9.5.4) have  been established, by which  other property values such as
compression, shear, and bearing are computed to have approximately the same assurance levels as A-, B-,
or S-basis values for tensile ultimate and yield strength.  Property values determined in this manner are
presented as having the same data basis as tensile ultimate and yield strengths in the same column of the table.

Current practice regarding the use of the above data bases in the presentation of room-temperature
design properties is as follows:

(1) Room-temperature design properties for tensile ultimate and yield strengths are presented as A-
and B- or S-basis values.  Calculated T99 values that are higher than corresponding S-basis
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values are presented as footnotes in MIL-HDBK-5 property tables, and these T99 values are not
qualified for general use in design unless the specification requirements are increased to equal
the T99 value.  However, T99 values that are equal to or lower than corresponding S-basis values
replace S-basis values as the A-basis values in the document.

(2) The S-basis value is used for elongation and reduction of area.

(3) If an A-basis value is presented for a strength property, the corresponding B-basis value is also
presented.

(4) A- and B-basis values, when available, replace S-basis values, based upon item (1) conditions.

(5) A- and B-basis values, based upon data representing samples of material supplied in the
annealed, solution treated, or as-fabricated conditions, which were heat treated to demonstrate
response to heat treatment by suppliers, are incorporated into MIL-HDBK-5 with an
explanatory footnote. It is recognized that structural fabrication and processing can alter
mechanical properties.  The use of A- and B-basis values for structural design requires
consideration of such effects.  These material property values are derived from the statistically
computed T99 and T90 values defined earlier.

(6) Strength at room temperature after thermal exposure is presented graphically as a percentage
of the tabulated design property.

(7) Design data for all other properties, such as elastic modulus, Poisson’s ratio, creep, fatigue, and
physical properties, are presented on a typical basis unless indicated otherwise.

9.1.7 Rounding Procedures —When the lower tolerance bound (T99 or T90) results in a frac-
tional number, the actual mechanical property value used in the room temperature tables is determined by
rounding according to Section 6.4 of ASTM E29, Standard Practice for Using Significant Digits in Test Data
to Determine Conformance with Specifications.  However, if the S value is lower, it is shown in the table and
the rounded T99 value is included in a footnote.
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9.2 MATERIAL, SPECIFICATION, TESTING, AND DATA REQUIREMENTS

9.2.1 MATERIAL REQUIREMENTS — The product used for the determination of minimum design
values for incorporation into MIL-HDBK-5 must be production material.  The material  must  have been
produced using production facilities and standard fabrication and processing procedures.  If a test program
to determine requisite mechanical properties is initiated before a public specification describing this product
is available, precautionary measures must  be taken to ensure that the product supplied for the test program
conforms to the specification, when published, and represents production material.  

Dimensionally discrepant castings or special test configurations may be used for the development
of derived properties with prior approval by the MIL-HDBK-5 Coordination Group, providing these castings
meet the requirements of the applicable material specification.  Design values for separately cast test speci-
mens  are not  presented in MIL-HDBK-5.

9.2.2 SPECIFICATION REQUIREMENTS — To be considered for inclusion in MIL-HDBK-5, a
product must be covered by an industry specification (AMS specification issued by SAE Aerospace Materials
Division or an ASTM standard published by the American Society for Testing and Materials), or a
government specification (Military or Federal).  If a public specification for the product is not available,
action should be initiated to prepare a draft specification.  Standard manufacturing procedures will have been
established for the fabrication and processing of production material before a draft specification is prepared.
The draft specification will describe a product which is commercially available on a production basis.  An
AMS draft specification should be submitted to the SAE Aerospace Materials Division and an ASTM
standard should be transmitted to the American Society for Testing and Materials for publication.  See Section
9.4 for requirements to substantiate the S-basis properties.

9.2.3 REQUIRED TEST METHODS/PROCEDURES — Testing standards used in MIL-HDBK-5 are
summarized in Table 9.2.3.  In most cases, testing standards maintained by the American Society for Testing
and Materials, ASTM, are referenced.  The primary exception is fastener testing, where NASM-1312 is used
as the reference standard.  The mostly recently approved version of each standard is used as the baseline for
all test data reviewed for inclusion in MIL-HDBK-5.
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Table 9.2.3. Summary of Required Testing Standards within MIL-HDBK-5

Property to be

Determined or Procedure

to be Followed

Designation Title of Testing Standard Relevant

Section(s) within

Guidelines

Bearing ASTM E 238 Method for Pin-Type Bearing Test of Metallic Materials 9.2.3.2, 1.4.7.1,
3.1.2

Classification of
Extensometers

ASTM E 83 Method of Verification and Classification of Extensometers 9.1.3.3, 9.2.4.4.2

Coefficient of Thermal
Expansion

ASTM E 228 Test Method for Linear Thermal Expansion of Solid Materials with a
Vitreous Silica Dilatometer

9.2.3.4

Compression ASTM E 9 Compression Testing of Metallic Materials 1.7.1

Creep and Rupture ASTM E 139 Rec. Practice for Conducting Creep, Creep-Rupture, & Stress-Rupture
Tests of Metallic Materials

9.2.3.9

Density ASTM C 693 Test Method for Density of Glass by Buoyancy 9.2.3.4

Elastic Modulus –
Compression

ASTM E 111 Test Method for Young's Modulus, Tangent Modulus, and Chord
Modulus

9.2.3.3, 9.8.1.3.1

Elastic Modulus – Shear ASTM E 143 Test Method for Shear Modulus at Room Temperature 9.8.1.3.1

Elastic Modulus – Tension ASTM E 111 Test Method for Young's Modulus, Tangent Modulus, and Chord
Modulus

9.2.3.3, 9.8.1.3.1

Elongation ASTM E 8 Test Method for Tension Testing of Metallic Materials 1.4.3.5

Exfoliation Corrosion ASTM G 34 Test Method for Exfoliation Corrosion Susceptibility in 2XXX and
7XXX Series Aluminum Alloys (EXCO Test)

3.1.2.3.1

Fastener Mechanical
Properties

NASM-1312 Fastener Test Methods 9.2.3.10.1

Fatigue - Load Control ASTM E 466 Recommended Practice for Constant Amplitude Axial Fatigue Tests of
Metallic Materials

9.6.1

Fatigue - Strain Control ASTM E 606 Recommended Practice for Constant Amplitude Low Cycle Fatigue
Testing

9.6.1

Fatigue Crack Growth ASTM E 647 Test Method for Measurement of Fatigue Crack Growth Rates 9.2.3.6
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Table 9.2.3. Summary of Required Testing Standards within MIL-HDBK-5, Continued

Property to be Determined

or Procedure to be

Followed

Designation Title of Testing Standard Relevant

Section(s) within

Guidelines

Fracture Toughness - Plane
Strain

ASTM E 399 Test Method for Plane-Strain Fracture Toughness of Metallic Materials
9.6.3

Fracture Toughness - Plane
Stress

ASTM E 561 Recommended Practice for R Curve Determination
9.6.3

Poisson's Ratio ASTM E 132 Test Method for Poisson's Ratio at Room Temperature 9.8.1.3.1

Reduction in Area ASTM E 8 Test Method for Tension Testing of Metallic Materials 1.4.3.5

Shear – Pin ASTM B 769 Test Method for Shear Testing of Aluminum Alloys 9.2.3.2, 3.1.2

Shear – Slotted ASTM B 831 Standard Test Method for Shear Testing of
Thin Aluminum Alloy Products

9.2.2

Specific Heat ASTM D 2766 Test Method for Specific Heat of Liquids and Solids 9.2.3.4

Stress Corrosion Cracking ASTM G 47 Test Method for Determining Susceptibility to Stress-Corrosion
Cracking of High Strength Aluminum Alloy Products

3.1.2.3.1

Tension ASTM E 8 Test Method for Tension Testing of Metallic Materials 1.4.4.1

ASTM A 370 Standard Test Methods and Definitions for Mechanical Testing of Steel
Products

1.4.4.1

ASTM B 557 Test Methods of Tension Testing Wrought
and Cast Aluminum- and Magnesium-Alloy Products

1.4.4.1

Tension - Elevated
Temperatures

ASTM E 21 Recommended Practice for Elevated Temperature Tension Tests of
Metallic Materials

1.4.4.1

Thermal Conductivity ASTM C 714 Test Method for Thermal Diffusivity of Carbon and Graphite by a
Thermal Pulse Method

9.2.3.4
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9.2.3.1  Mechanical-Property Terms — Mechanical properties that are presented as room-
temperature design properties are listed in Table 9.2.3.1.  It is important that use of a subscripted, capital letter
“F” should be limited to designation of minimum values.  Its use to designate an individual test value can
lead to confusion and should be avoided in MIL-HDBK-5 data proposals.

The absence of a directionality symbol implies that the property value is applicable to each of the
grain directions when the product dimensions exceed approximately 2.5 inches.

Table 9.2.3.1.  Mechanical Property Terms

Property Units

Symbol

Room-Temperature
Minimum Value

Individual or
Typical Value

Tensile Ultimate Strength ksi Ftu TUS
Tensile Yield Strength ksi Fty TYS
Compressive Yield Strength ksi Fcy CYS
Shear Ultimate Strength ksi Fsu SUS
Shear Yield Strength* ksi Fsy SYS
Bearing Ultimate Strength ksi Fbru BUS
Bearing Yield Strength ksi Fbry BYS
Elongation percent e elong.
Total Strain at Failure* percent et strain at failure
Reduction of Area percent RA red. of area

*  As applicable.

The listed mechanical property symbols should be followed by one of the following additional
symbols for wrought alloys, not castings.

L — Longitudinal direction; parallel to the principal direction of flow in a worked metal.

T — Transverse direction; perpendicular to the principal direction of flow in a worked metal;
may be further defined as LT or ST.

LT  — Long-transverse direction; the transverse direction having the largest dimension, often
called the “width” direction.

ST — Short-transverse direction; the transverse direction having the smallest dimension, often
called the “thickness” direction.

Values of Fbru and Fbry should indicate the appropriate edge distance/hole diameter (e/D) ratio.
Design properties are presented for two such ratios: e/D = 1.5 and e/D = 2.0.

Data for use in establishing these properties should be based on ASTM standard testing practices.
The test practice and any deviations therefrom should be reported when submitting proposals to the MIL-
HDBK-5 Coordination Group for consideration.

9.2.3.2 Testing Direction and Specimen Location — Table  9.2.3.2 lists the primary testing
direction for various products. When performing derived property test programs it is imperative that the test
specimens be taken from the same sheet, plate, bar, extrusion, forging, or casting.  Derived property test
specimens must also be located in close proximity.  If derived property coupons or specimens are  machined
prior to heat treatment, all specimens representing a lot must be heat treated simultaneously in the same heat
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treat load through all heat treating operations.  This procedure is necessary to provide precise mechanical
property relationships (ratios).

Table 9.2.3.2.  Primarya Testing Direction for Various Alloy Systems

Product Form
Carbon and Low

Alloy Steels

Non-Heat Treat-
able Alum.

Alloys
Heat Treatable
Alum. Alloys

Magnesium
Alloys

Titanium
Alloys

Corrosion and
Heat Resistant

Alloys
Other
Alloys

Sheet and
Plate

LT L LT L
c

LT
b

Bar L L L L
c

L
b

Tubing L L L L L L
b

Extrusion L L L L
c

L
b

Die Forging
b

L L L
c b b

Hand Forging
b

LT LT LT
c b b

a Although material specifications may contain mechanical-property requirements for two or three grain directions, the
primary test direction indicates the grain direction which is tested regularly.

b See applicable material specification.
c Since there is no primary test direction for titanium alloys, mechanical property ratios will be formed using strength

values which represent the same grain directions in the numerator and denominator.  The design allowable is computed
as the product of the reduced ratio and the Fty or Ftu value for the grain direction represented by the reduced ratio.

Test specimens  must be located within the cross section of the product in accordance with the applicable
material specification, or applicable sampling specification, such as AMS 2355, AMS 2370, and AMS 2371
(See list of references at the end of Chapter 9).  Subsize tensile and compressive test specimens may be used
if necessary.    Specimen drawings should be provided along with each data proposal, with English units
included.  The applicable testing standard should be identified along with the specimen drawings.  If the
standard is not routinely available in English, an English translation of the standard should be provided.

Test specimens must be excised in longitudinal, long transverse, and short transverse (when applica-
ble) grain directions.  Mechanical properties  must also be obtained in the 45  grain direction for materials
that have significantly different properties in this direction than the standard grain directions.  For some
product configurations, it may be impractical to obtain transverse bearing specimens.  For aluminum die
forgings, the longitudinal grain direction is defined as orientations parallel, within ±15 , to the predominate
grain flow.  The preferred definition for long transverse grain direction is perpendicular, within ±15 , to the
longitudinal (predominate) grain direction and parallel, within ±15 , to the parting plane.  (Both conditions
must be met to satisfy this definition.)  The short transverse grain direction is defined as perpendicular, within
±15 , to the longitudinal (predominate) grain direction and perpendicular, within ±15 , to the parting plane.
(Both conditions must be met.) 

9.2.3.3 Tension, Compression, Shear and Bearing — All tests must be performed in
accordance with applicable ASTM specifications, or their equivalent.  Tensile (ASTM E8, A370, and B557),
compression (ASTM E9), shear (ASTM B769), and bearing (ASTM E238) tests  must be conducted at room
temperature to determine tensile yield and ultimate strengths, compressive yield strength, shear ultimate
strength, and bearing yield and ultimate strengths for e/D = 1.5 and e/D = 2.0 for each grain direction and
each lot of material.  All data must be identified by lot, or heat, or melt.  For materials used exclusively in
high temperature applications, such as gas turbine or rocket engines, the determination of design values for
compression, shear, and bearing strengths may be waived by the MIL-HDBK-5 Coordination Group.  In lieu
of data for these properties, sufficient elevated temperature data for tensile yield and ultimate strengths, as
well as modulus of elasticity, will be submitted so that elevated temperature curves can be constructed.  Data
should be submitted for the useful temperature range of the product.  See Section 9.2.4.4.3 for data
requirements for elevated temperature curves.
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The pin shear testing of aluminum alloys should be done in conformance to ASTM B 769, or an
equivalent public specification.  Grain orientations and loading directions for shear specimens must be
defined  in accordance with  ASTM B 769, or an equivalent specification.  Slotted shear testing of thin
aluminum alloys should be done in conformance to ASTM B 831.  Bearing tests for products from all alloy
systems will be conducted in accordance with  ASTM E 238, or an equivalent public specification, using
“clean pin” test procedures.  For aluminum alloy plate, bearing specimens are oriented flatwise and for
aluminum alloy die and hand forgings, bearing specimens must be oriented edgewise, as described in Section
3.1.2.1.1.

9.2.3.4 Other Static Properties

9.2.3.4.1 Modulus and Poisson’s Ratio — Tensile and compressive modulus of elasticity values
must be determined using a Class B-1 or better extensometer.  Measurements must be made on at least three
lots of material.  The method of determining or verifying the classification of extensometers is identified in
ASTM E 83.  ASTM E 111 is the standard test method for the determination of Young’s Modulus, tangent
modulus, and chord modulus of structural materials. A modulus value will also be obtained for the 45 degree
grain orientation for materials that are anticipated to have significantly different properties in this direction
than the standard grain directions.  Modulus values are “typical”.  Poisson’s ratio values must be determined
in accordance with ASTM E132.

9.2.3.4.2 Physical Properties — Density, specific heat, thermal conductivity, and mean coefficient
of thermal expansion are physical properties normally included in MIL-HDBK-5.  Physical properties are
presented in the room-temperature property tables if they are not presented in effect-of-temperature curves
(see Section  9.8.3.3).  The basis for physical properties is “typical”.  Table 9.2.3.4.2 displays units and
symbols used in MIL-HDBK-5, and also shows recommended ASTM test procedures for measuring these
properties.  Since other procedures are sometimes employed in measuring physical properties, the methods
actually used to develop the values proposed for inclusion in MIL-HDBK-5 should be reported in the
supporting data proposal.  For specific heat and thermal conductivity values reported in the room temperature
property table, the reference temperature of measurement is also shown [for example, for 2017 aluminum the
specific heat is 0.23 (at 212 F)].  For tabulated values of mean thermal expansion, temperature range of the
coefficient is shown [for example, 12.5 (70 to 212 F)].  The reference temperature of 70 F is  used as the
standard for mean coefficient of thermal expansion curves shown in MIL-HDBK-5.

Table 9.2.3.4.2.  Units, Symbols, and ASTM Test Procedures Used to Compute and Present
Physical Property Data in MIL-HDBK-5

Property Units Symbol Recommended ASTM Test Procedures

Density lb/in.3 C 693

Specific heat Btu/lb- F C D 2766

Thermal conductivity Btu(hr-ft2- F/ft) K C 714a

Mean coefficient of thermal expansion 10-6(in./in./ F) E 228

a  ASTM C 714 is a test for thermal diffusivity from which thermal conductivity can be computed.

9.2.3.5 Dynamic and Time Dependent Properties

9.2.3.5.1  Fatigue — Both strain-controlled and load-controlled axial fatigue data are included in
MIL-HDBK-5.  Constant amplitude test data are the primary focus.  Well-documented, initial and/or periodic
overstrain data may also be included.  Data obtained under strain control are considered only  for unnotched,
uniform-gage-length specimens, while both notched and unnotched specimens are considered for load-control
conditions.  The relevant standards for strain and load control fatigue testing are ASTM E606 and ASTM
E466, respectively.
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K S a g(a,w) ,    [9.2.3.5.2(b)]

Figure 9.2.3.5.2.  Analytical definition of crack-growth rate calculation.

9.2.3.5.2 Fatigue Crack Growth — Fatigue-crack-propagation data may be generated by several
types of fracture mechanics test specimens as described in ASTM E647.  The principal criteria for acceptance
of data are twofold.  One is that a valid stress-intensity-factor formulation be available for the specimen; the
other is that nominal net-section stresses, as calculated by concepts of elementary strength of materials, be
less than eighty percent (80%) of the tensile yield strength of the material.

Basic data are generated as crack lengths, a, and associated cycle counts, N.  These data are inter-
preted as crack-growth rates determined as slopes, or average slopes, of sequential subsets of data.  For
MIL-HDBK-5, da/dN is calculated as the weighted average incremental slope approximation

from the measured crack-growth data as illustrated in Figure 9.2.3.5.2.  However, alternative methods, such
as polynomial fitting of the “a” versus “N” curve, are acceptable for computation of da/dN values.  By this
indexing and calculating procedure “n” measurements provide “n-2” slope or rate values at all but first and
last measurement points.  The directly associated stress-intensity factor, K, for each slope computation is
computed in accordance with Equation 9.2.3.5.2(b) where g(a,w) is a geometric scaling function dependent
on crack and specimen geometry, and S is nominal stress.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-18

Figure 9.2.3.5.3(a).  Variation of fracture toughness with thickness or stress
state (size effect).

9.2.3.5.3 Fracture Toughness — The degree of lateral constraint at the crack tip determines
whether plane strain (high lateral constraint) or plane stress test methods should be used.

Plane-Strain Fracture Toughness — For materials which are inherently brittle, or for structure and
flaw configurations which are in triaxial tension due to their thickness or bulk restraint, quasi-plane-strain-
stress conditions can be obtained in a finite-sized structural element.  Triaxial stress state implicit to  plane
strain effectively embrittles the material by providing maximum restraint against plastic deformation.  In this
condition, component behavior is essentially elastic until fracture stress is reached and is readily amenable
to analysis in terms of elastic fracture mechanics.  This mode of fracture is frequently characteristic of the
very high strength metals.

While a wide variety of fracture specimens are available for specified testing objectives, the
notch-bend specimen and compact specimen generally offer the greatest convenience and material economics
for testing.  Details of recommended testing practice are presented in ASTM E399.

Plane-Stress and Transitional-Fracture Toughness — In ductile materials and relatively thin
structural elements, stress state may approach plane-stress conditions.  As a result, crack tip plasticity and
stable-crack growth may be expected in cracked structural components under load prior to reaching a critical
stress-intensity factor value.  Furthermore, due to the interaction of plasticity and geometry, characteristic
fracture toughness of a material may vary with the stress state, as illustrated in Figure  9.2.3.5.3(a).

It is convenient to consider critical stress-intensity factor values, varying with thickness or  stress
state, as indices of crack-damage resistance.  The stress-intensity factor can be used as a  consistent measure
of crack damage, not only for fracture instability, but also for other levels of crack damage severity, provided
the damage is consistently specified and detected.  This concept implies that plane-stress and
transitional-fracture toughness of metallic materials, while not necessarily a fixed value for the material, is
a characteristic value for a given product form, thickness, grain direction,  temperature, and strain rate.
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Figure 9.2.3.5.3(b).  Middle tension panel.

Because of the complexity of crack behavior in plane-stress and transitional-stress states, test methods
for evaluating material toughness have not been completely standardized; however, several useful methods
do exist.  One of the most widely used techniques, the R-curve procedure, is documented in ASTM E561.
Although each configuration generates nearly consistent results when data are properly evaluated, it is
recommended that each general flaw configuration be interpreted and applied within its own design context.

Middle Tension Panels — Because it simulates typical crack conditions in thin-sheet structures, the
middle tension panel is a popular testing configuration for evaluating crack behavior.  This specimen is
illustrated in Figure 9.2.3.5.3(b).

The crack-tip plasticity and slow-stable growth of the crack which are attendant to plane-stress or
transitional stress state conditions may cause a deviation from abrupt fracture which is normally associated
with crack extension under ideal plane conditions, as illustrated in Figure 9.2.3.5.3(c).
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Figure 9.2.3.5.3(c).  Crack growth curve.

K f a Y, ksi in  [9.2.3.5.3(a)]

Two limiting damage levels are noted in this figure.  Point O is the threshold or onset of slow, stable
tear where the crack slowly extends after reaching a threshold stress level.  Point C is fracture instability.
Both levels of crack damage can be associated with a different stress intensity factor, or damage index, for
product forms and thicknesses of interest.  These damage levels can be identified either directly with the K
value as determined from instantaneous stress-crack length coordinate dimensions at these points, or
approximately by the coordinates of Point A, which is residual strength, or apparent toughness concept of
relating initial crack length to final fracture stress.

The stress intensity factor, K, associated with any of these damage levels is determined from

where, for this configuration,

a  =  half-length of middle crack

Y =  (  sec a/W)½.

The locus of data points can be represented by a parametric stress-intensity factor curve, as shown in Figure
9.2.3.5.3(d), where each curve represents a different stress-intensity factor formulation.  The slow growth
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Kapp fc ao sec ao/W

1

2 .   [ 9.2.3.5.3(b)]

Figure 9.2.3.5.3(d).  Stress intensity factor curves as parametric indices of crack
damage.

curve is superimposed on this figure to illustrate the general relationship between the threshold of stable crack
extension, apparent instability, and fracture instability for a typical crack.

Because of experimental difficulties associated with precise detection of threshold and instability
points, points O and C, apparent toughness, or residual strength concept of crack damage is used in this
presentation.  This is the locus of data points “A”, noted in Figure 9.2.3.5.3(c), which determine apparent
fracture toughness.

See Reference 9.2.3.5.3 for additional information.
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9.2.3.5.4 Creep and Creep Rupture — The following paragraphs provide guidelines on testing
methods for developing creep and creep-rupture data.

Test Methods—Test methods must conform to ASTM E139.  However, it is recognized that this
standard allows considerable latitude in procedures such that the mean trends and variability in the results
can be significantly affected.

In case a significant difference is found in results from different testing sources, the following should
be evaluated:

• Material Condition

• Specimen Dimensions and Configuration (geometry effect)

• Specimen Surface Preparation (residual stresses)

• Specimen Alignment (concentricity, fixturing, load train, and loading method)

• Temperature Control (number, type, and location of sensors, reference junction temperature
control, monitoring and recording)

• Extensometers (type, fixturing, and recording)

• Strain Recording (records inelastic strain on loading and creates a record to be evaluated for test
stability)

• Documentation (testing procedures)

• General Laboratory Conditions, Personnel Qualifications, Calibration Intervals.

The submittor of a proposal should provide documentation sufficient to permit a comparative evaluation of
data.  Inability to do so may cause rejection of some associated data, or the entire proposal.

9.2.3.6 Mechanically Fastened Joints —Although many fasteners for which joint allowables
are given in MIL-HDBK-5 are covered by MIL and NAS specifications (which provide for minimum shear
strength values), many proprietary fasteners are listed wherein minimum shear strength values are established
by the manufacturer.  In either case, sufficient testing is necessary to establish minimum values.  The intent
of this subsection is to provide minimum test procedures to document shear strength of fasteners appearing
in MIL-HDBK-5, regardless of specification source.

Shear strengths will be determined from shear-critical single-shear test results or double-shear test
results.  Double-shear test results performed in accordance with NASM 1312, Test 13, are preferred over
single-shear results, except for blind fasteners and driven rivets.  For these latter fasteners, shear-critical tests
will be conducted with all components in the installed condition in hardened steel test plates.  NASM 1312,
Test 20, is the required test method.  Furthermore, when fasteners of a given configuration and material are
identical in every respect except for head size and shape, fastener shear test data are necessary only on one
head style.
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Figure 9.2.3.7(a).  Flat transverse-weld tensile coupon.

Room-temperature testing equipment and procedures should comply with the provisions of NASM
1312, Tests 4, 13, and 20 (See list of references at the end of Chapter 9 for both single- and double-shear
tests).

Specimen design should be as provided in NASM 1312, Test 4, Figure 1.

9.2.3.7 Fusion-Welded Joints — Two types of transverse-weld tensile coupon configurations
are recommended.  Use flat coupons for materials up to 0.5-inch thickness.  For weld joint thicknesses greater
than 0.5-inch, round coupons are recommended.  These two configurations are shown in Figure 9.2.3.7(a)
and (b), respectively.  Exact specimen dimensions are dependent on thickness of the weldment being
evaluated, but geometric similitude is maintained within each type of specimen.  Appropriate dimensions are
given for the reduced test section of each coupon.  The dimensions of gripping areas at each end are optional
and may be modified to accommodate standard test fixtures.

Remove the weld heads from all flat coupons unless standards have been established regarding weld
reinforcement configuration.  When data are required for welds with reinforcements intact, their configu-
rations must be specified.  When round coupons are used in thick weldments, location within the weldment
becomes an additional variable which must be described and associated with data.

At present, coupon configuration requirements for evaluation of properties other than transverse
tensile have not been sufficiently defined to be utilized on an industry-wide basis.  Due to the nature of
fatigue testing, no specific test configurations are recommended.  Configurations selected according to
standard base metal practices have been used and may be satisfactory.  Weld reinforcements are of particular
significance in fatigue testing, and should be removed or specified in detail, together with a description of
the coupon used.
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Figure 9.2.3.7(b).  Round transverse-weld tensile coupon.

Fracture toughness coupons should conform to the latest requirements defined by ASTM E 399.
Crack location with respect to weldment is of particular importance, and the criteria for validity of specimen
must be met.  Coupons used for evaluation of other weldment properties, such as fillet-weld shear strength
and creep or stress rupture, also require definition in order to be used for design strengths.

Availability of accepted test methods for base metal evaluation, as evidence by federal and ASTM
standards, has resulted in their general application to testing of weldments. These standards control test
equipment, data accuracy, and loading rates.  Reference to existing base metal test methods are generally
considered satisfactory for mechanical property testing of weldments except for configuration definition.  The
testing practice and any deviations should be reported when data samples are generated.  In no case may a
test result be discarded on the basis of a defect found after final inspection—for example, during post-test
examination of fractured surfaces.

9.2.4 DATA REQUIREMENTS — Data requirements for the various types of data included in MIL-
HDBK-5 are described in this section.  Data requirements for determination of mechanical and physical
properties within MIL-HDBK-5 are summarized in Table 9.2.4.  The customary statistical basis of each
material property is listed, along with the relative importance of each data type within the Handbook.
Potential extenuating circumstances, such as special material usage requirements, are also considered.  Where
applicable for each data type, the minimum sample size and the minimum number of heats and lots are
identified.  Applicable MIL-HDBK-5 introductory or guideline sections are also referenced.

9.2.4.1 S-basis Values —To incorporate a new product into MIL-HDBK-5 on an S-basis it is
recommended that at least 30 test samples from at least three heats or lots of material be provided for each
thickness range and product form.  These requirements are applicable to each alloy, product form and heat

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-25

n1,2,...,=iL)-(U
1+n

i
+L=a i

treat condition or temper.  Section 9.2.3 delineates the requirements for a test program to generate  mechanical
property data suitable for computation of derived properties.  A test matrix, based on these requirements, is
shown in Table 9.2.4.1.

9.2.4.2 A- and B-basis Values —  The direct calculation of statistical minimum properties (T99

and T90 values) requires a substantial quantity of data to determine (1) the form of distribution and (2) reliable
estimates of the population parameters describing the distribution.  Prior experience with the material under
consideration will help in determining sample size requirements.  Each material should be represented by a
sample containing at least 100 observations, assuming these data are distributed according to a
three-parameter Weibull distribution or a Pearson Type III distribution, or 299 observations if neither of these
families of distributions adequately describe the data.  The sample must include multiple lots, representing
at least ten production heats, casts, or melts, from a majority of important producers.  See Table 9.2.4.2 for
definitions of lot, heat, cast, and melt.  The sample should be distributed as evenly as possible over the size
range applicable to the tolerance bound for the mechanical property.  In order to avoid an undesirable biasing
of the sample in favor of lots represented by more observations than other lots, the number of observations
from each lot must be nearly equal.

If grouped data are reported in intervals of 1 ksi or less, they may be “ungrouped” and analyzed as
described below.  The uniform smoothing method for ungrouping grouped data should be used.  For the
uniform smoothing method, observations in an interval are spread uniformly over that interval.  The ith obser-
vation in an interval is set equal to

where

n = the number of observations in the interval

L = the lower end point of the interval

U = the upper end point of the interval.

 The amount of data must be adequate to assure that the sample is representative of the population.
Although censoring is highly undesirable, parametric techniques will “tolerate” a limited degree of censoring.
In contrast, nonparametric techniques will not “tolerate” censoring.  Determination of a T99 value by
nonparametric techniques requires at least 299 individual observations that represent 10 heats, casts, or melts.
Additional data are very desirable.  The selection of the number 299 is not arbitrary.  Rather, 299 represents
the smallest sample for which the lowest observation is a 95 percent confidence, 99 percent exceedance
tolerance bound, or T99 value.  For smaller samples, the T99 value falls  below the lowest observation and thus
cannot be determined without knowledge of the form of the distribution.  The lowest of 29 observations
corresponds to a 95 percent confidence, 90 percent exceedance tolerance bound, or T90 value.  The T90 value
must be based on data from at least 10 heats, casts, or melts.  It is important to note that B-basis properties
are not included in the Handbook without A-basis properties.                                                         
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Table 9.2.4. Summary of Data Requirements within MIL-HDBK-5

Mechanical or Physical

Property

Customary Statistical

Basis

Relative

Importance in

MIL-HDBK-5

Extenuating Circumstances for

Special Material Usage

Requirements

Minimum Data

Requirements

Applicable

Handbook

SectionsSample

Size

No. of

Heats

No. of

Lots

Bearing Yield and Ultimate
Strengtha (Derived)

Same as Tensile
Properties

Mandatory Except for elevated temperature
applications

20 3 10 1.4.7.1,
3.1.2,

9.2.3.2,
9.2.3.3

Coefficient of Thermal
Expansion

Typical Strongly
recommended

Especially for anticipated range of
usage

Triplicate measurements 9.2.3.4.2,
9.2.4.4

Compression Yield Strengtha

(Derived)
Same as Tensile
Properties

Mandatory 20 3 10 1.7.1,
9.2.3.2,
9.2.3.3

Creep and Rupture Raw Data w/ Best-Fit
Curves

Recommended Especially for elevated temperature
applications

6 tests per creep strain level
and temp, at least 4 temps
over usage range

9.2.3.5.4,
9.2.5.2

Density Typical Mandatory Duplicate measurements 9.2.3.4.2,
9.2.4.4

Effect of Temperature Curves Same as Room
Temperature
Properties

Recommended Especially for elevated temperature
applications

5b 2c 5 9.2.3.3,
9.2.4.4.3

Effect of Thermal Exposure Same as Baseline
Properties

Recommended Especially for elevated temperature
applications

5b 2c 5 9.8.5.5,
9.8.5.6

Elastic Modulus (Tension and
Compression)

Typical Mandatory Clad materials must have primary
and secondary modulus properties
defined

9 3 Multi-
ple

9.2.3.4.1,
9.2.4.4.1,

9.8.3.2

Elastic Modulus (T and C) -
Elevated Temperatures

Typical Mandatory For anticipated usage range 9 3 Multi-
ple

9.8.3.2

Elongation S-basis Mandatory Two-inch gage length preferred 30 3 10 1.4.3.5

Fastener Yield and Ultimate
Load

B-basis Mandatory 100 3 10 9.2.3.6,
9.2.4.6.1

Fastener Shear Strength B-basis Mandatory At least 15 tests per fastener
diameter

100 3 10 9.2.3.6,
9.2.4.6.1,

9.7.1

a  Optional direct property determination involves same minimum data requirements as tension yield and ultimate.
b Tests per temperature, at least 4 temperatures over usage range.
c 5 heats required for single form and thickness.
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Table 9.2.4.  Summary of Data Requirements within MIL-HDBK-5, Continued
Mechanical or Physical

Property

Customary Statistical

Basis

Relative

Importance in

MIL-HDBK-5

Extenuating Circumstances for

Special Material Usage

Requirements

Minimum Data

Requirements

Applicable

Handbook

SectionsSample

Size

No. of

Heats

No. of

Lots

Fatigue-Load Control Raw Data w/ Best-Fit
Curves

Recommended Especially for high-cycle fatigue
critical applications

6 tests per R ratio, 3 R
ratios, no minimum heat or

lot requirements

9.2.5.1

Fatigue-Strain Control Raw Data w/ Best-Fit
Curves

Recommended Especially for low-cycle fatigue
critical applications

10 tests for R  = -1.0, 6
tests other strain ratios

9.2.5.1

Fatigue Crack Growth Raw Data w/ Best-Fit
Curves

Recommended Especially for damage tolerance
critical applications

Duplicate da/dN results for
relevant stress ratios and

stress intensity range

9.2.4.5.2

Fracture Toughness - Plane
Strain

Max., Avg., Min.,
Coef. of Variance, S-
basis

Recommended Mandatory for materials with spec.
min. requirements for plain strain
fracture toughness

30 3 10 9.2.3.5.3,
9.2.4.6.1,

9.6.3, 9.9.3.1

Fracture Toughness - Plane
Stress

Raw Data w/ Best-Fit
Curves 

Recommended Mandatory for materials with spec
minimum requirements for plane
stress fracture toughness

d 2 5 9.2.3.5.3,
9.2.4.5.3,

9.6.3, 9.9.3.2

Poisson’s Ratio Typical Strongly
recommended

Duplicate measurements 9.8.3.2

Reduction In Area Typical Recommended When tested, use same
criteria as for elongation

9.8.3

Shear Ultimate Strengtha Same as Tensile
Properties

Mandatory Except for elevated temperature
applications

20 3 10 1.4.6.4,
9.2.3.2

Specific Heat Typical Strongly
recommended

Important to document over
anticipated usage range

Duplicate measurements 9.2.3.4.2,
9.2.4.4

d  Minimum sample size not specified, testing should be conducted at 6 or more panel widths to confidently represent trends over the panel widths of interest.  Refer to ASTM
   E561 for testing details.
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Table 9.2.4.  Summary of Data Requirements within MIL-HDBK-5, Concluded
Mechanical or Physical

Property

Customary Statistical

Basis

Relative

Importance in

MIL-HDBK-5

Extenuating Circumstances for

Special Material Usage

Requirements

Minimum Data

Requirements

Applicable

Handbook

SectionsSample

Size

No. of

Heats

No. of

Lots

Stress Corrosion Cracking Letter Rating Recommended Especially for susceptible aluminum
alloys

Conform to replication
requirements in G47

3.1.2.3

Stress/Strain Curves (To Yield) Typical Mandatory Desirable to have accurate plastic
strain offsets from 10-6 to 3 x 10-2

6 3 6 9.8.4.1

Stress/Strain Curves (Full
Range)

Typical Mandatory 6 3 6 9.8.4.1,
9.8.4.3

Tension Yield and Ultimate
Strength

S-basis Mandatory 30 3 Multi-
ple

1.4.4.1

Tension Yield and Ultimate
Strength

A- and B-basis Strongly
recommended

Especially for strength critical
applications; a parametric
representation of data is possible

100 10 10 1.4.4.1

Tension Yield and Ultimate
Strength

A- and B-basis Strongly
recommended

Especially for strength critical
applications; a parametric
representation of data is not possible

299 10 10 1.4.4.1

Tension Yield and Ultimate
Strength - Elevated Temps

Typical Recommended Mandatory for elevated temperature
applications

e 2 5 1.4.4.1

Thermal Conductivity Typical Strongly
recommended

Important to document over
anticipated usage range

Duplicate measurements 9.2.3.4.2,
9.2.4.4

e  Minimum sample size not specified, testing should be conducted at 6 or more temperatures to confidently represent trends over the temperature range of interest.  Testing in
   regions where properties are expected to change rapidly with changes in temperature must be done at temperature intervals sufficiently small to clearly identify mean trends.
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Table 9.2.4.1  Test Matrix to Provide Required Mechanical Property Data for Determination of Design Values for Derived
Properties

Lot
Numbera,b,c

Test Specimen Requirements

TUS & TYSd,e,f,g CYSd,e,g SUSh

BUS & BYSi,
e/D = 1.5

BUS & BYSi,
e/D = 2.0

L LT STj L LT STj L LT STj L LTj L LTj

A 2k 2 2 2 2 2 2 2 2 2 2 2 2

B 2 2 2 2 2 2 2 2 2 2 2 2 2

C 2 2 2 2 2 2 2 2 2 2 2 2 2

D 2 2 2 2 2 2 2 2 2 2 2 2 2

E 2 2 2 2 2 2 2 2 2 2 2 2 2

F 2 2 2 2 2 2 2 2 2 2 2 2 2

G 2 2 2 2 2 2 2 2 2 2 2 2 2

H 2 2 2 2 2 2 2 2 2 2 2 2 2

I 2 2 2 2 2 2 2 2 2 2 2 2 2

J 2 2 2 2 2 2 2 2 2 2 2 2 2

a Ten lots, representing at least three production heats, or casts or melts, are required.
b Thicknesses of ten lots will span thickness range of product form covered by material specification.
c For a single lot, multiple heat treat lots will not be used to meet 10-lot requirement.
d If elastic modulus values for E and Ec are not available, elastic modulus tests should be conducted on three lots.
e Stress-strain data from at least three lots will be submitted.
f Full-range tensile stress-strain data from at least one lot will be submitted, but data from three or more lots are preferred.
g Mechanical properties will also be obtained in the 45  grain orientation for materials that are anticipated to have significantly different properties in this direction than the

standard grain directions.
h It is recommended that sheet and strip 0.050 inch in thickness be selected for shear tests conducted according to ASTM B831. Shear testing of sheet <0.050 inch in thickness

may result in invalid results due to buckling around the pin hole areas during testing.
i It is recommended that minimum sheet and strip selected for bearing tests comply with the t/D ratio (0.25-0.50) specified in ASTM E238.  For failure modes, see Figure 9.3.3.4.
j As applicable, depending on product form and size.
k At least two specimens are recommended; however, a single test is acceptable if retesting can be accomplished to replace invalid tests.
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Table 9.2.4.2.  Definitions of Heat, Melt, and Cast

Material Heat, Melt, or Cast

Ingot Metallurgy Wrought
Products Excluding
Aluminum Alloys

A heat is material which, in the case of batch melting, is cast at
the same time from the same furnace and is identified with the
same heat number; or, in the case of continuous melting, is
poured without interruption.

Ingot Metallurgy Wrought
Aluminum Alloy Products

A cast consists of the sequential aluminum ingots which are
melted from a single furnace charge and poured in one or more
drops without changes in the processing parameters.  (The cast
number is for internal identification and is not reported.)

Powder Metallurgy
Wrought Products Includ-
ing Metal-Matrix
Composites

A heat is a consolidated (vacuum hot pressed) billet having a
distinct chemical composition.

Cast Alloy Products
Including Metal-Matrix
Composites

A melt is a single homogeneous batch of molten metal for which
all processing has been completed and the temperature has been
adjusted and made ready to pour castings.  (For metal-matrix
composites, the molten metal includes unmelted reinforcements
such as particles, fibers, or whiskers.)

9.2.4.3 Derived Property Values —  Minimum compression, bearing and shear strength
values are typically derived by pairing compression, bearing and shear test results with tensile test values
determined in the same region of the product.  The computation of a derived value for each significant test
direction requires at least ten paired measurements from ten lots of material obtained from at least three
production heats, casts, or melts for each product form and heat-treat condition or temper.  If two lots are from
the same heat, cast, or melt and have the same product form and thickness, they must be heat-treated
separately in order to constitute two lots.  Therefore, it is recommended that two lots with the same product
form and thickness come from a different heat, cast, or melt.

Ten lots of material, as shown in Table 9.2.4, from at least three production heats, casts or melts for
each product form and heat treat condition will be tested to determine required mechanical properties. (See
Table 9.2.4.2 for definitions of heat, melt and cast.)  A lot is defined as all material of a specific chemical
composition, heat treat condition or temper, and product form which has been processed at the same time
through all processing operations.  Different sizes and configurations from a heat cast or melt will be
considered different lots.  For a single lot of material, only one heat treat lot may be used to meet the ten-lot
requirement.  Thicknesses of the 10 lots to be tested will span the thickness range of the product form
covered by the material specification (or for the thickness range for which design values are to be
established). Test specimens for paired ratios will be located in close proximity and will be taken from the
same sheet, plate, bar, extrusion, forging, or casting.  If coupons or specimens are machined prior to heat
treatment, all coupons or specimens from the same lot will be heat treated simultaneously in the same heat-
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treat load through all heat-treating operations.  Some or all of the lots may be heat treated together provided
they are of the same product form that represent different thicknesses or heats, casts, or melts.

In the cases where multiple observations are available from a single lot, the average of those observa-
tions will be treated as an individual observation.  Since some variation in strength may be expected from
one specimen location to another, use of lot averages minimizes the effect of this variable.

9.2.4.4 Other Static Properties —Data requirements for defining elastic properties, stress-strain
curves, and effect of temperature curves are described in the following sections.

A precise density value in pounds per cubic inch will be provided.  Although not required, physical
property data for coefficient of expansion, thermal conductivity, and specific heat should be submitted, when
available.  Also, information regarding manufacturing (fabrication and processing), environmental effects
(corrosion resistance), heat treat condition and applicable specification will be provided so that a comments
and properties section can be prepared. 

9.2.4.4.1 Modulus of Elasticity —Tensile and compressive modulus of elasticity values will be
determined from at least three lots of material.  Elastic modulus values are those obtained using a Class B-1
or better extensometer.  The method of determining or verifying the classification of extensometers is
identified in ASTM E 83.  ASTM E 111 is the standard test method for the determination of Young’s
Modulus, tangent modulus, and chord modulus of structural materials.  A modulus value will also be
obtained for the 45 degree grain orientation for materials that are anticipated to have significantly different
properties in this direction than the standard grain directions.

Typical values for elastic moduli at room temperature are tabulated in MIL-HDBK-5 room-temp-
erature property tables.  Values for these properties at other temperatures may be approximated by
multiplying the room-temperature value by appropriate percentages from effect-of-temperature curves in
MIL-HDBK-5.

9.2.4.4.2 Typical Stress-Strain Curves — Room temperature tensile and compressive load-
deformation curves or stress-strain data for each grain direction, from at least three lots will be provided.
Room temperature, full-range, tensile load deformation curves or stress-strain data for each grain direction
will also be provided.  Full-range stress-strain data will be provided from at least one lot, but data from three
lots are preferable.  For heat resistant materials for which elevated temperature data for tensile yield and
ultimate strengths are required, room and elevated temperature stress-strain data will be provided. 

Preparation of each typical stress-strain curve requires (1) several representative original stress-strain
curves, (2) average values for yield strength from original stress-strain curves, or, when available, product
average values for yield strength, and (3) typical elastic-modulus values at test temperature.

Original stress-strain curves are utilized to obtain a representative curve shape, which may be charac-
terized by the Ramberg-Osgood parameter.  The minimum number of original stress-strain curves required
is dependent on the degree of variation from one curve to another.  If curves are found to be similar in  shape,
and  the  range  of  products  (thickness, etc.) is small, one curve from each of three plots should be adequate.
Otherwise, the number of original curves should be increased as necessary, to insure an adequate sampling.

Original stress-strain curves determined using an ASTM E 83 Class A extensometer (Tuckerman,
Martens, etc.) are preferred for preparation of typical stress-strain curves up to 0.005-in./in. plastic strain or
higher.  When curves having this precision and accuracy are not available (particularly for full-range and
elevated-temperature curves), curves determined using Class B-1 extensometers may be used as indicated in
ASTM E 83.
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Product average values for yield strength, ultimate strength, and elongation are average values
rounded to the nearest whole number, determined from production lots of product form.  Product average
values represent current production capabilities; hence, these are supplied by producers.

 The modulus value used in constructing a stress-strain curve must agree with the value obtained from
the room-temperature table value multiplied by the appropriate percentage from the elevated temperature
curve.

For some materials, the shape of the stress-strain curve, yield strength, and elastic modulus vary with
test direction.  When this is the case, individual curves should be prepared for each test direction, and each
curve should be labeled accordingly.  Likewise, tensile and compressive stress-strain curves usually differ,
and individual curves should be prepared for each type of loading.  If two or more finished curves are found
to be identical, they may be combined in presenting the finished curves.

The selection of test temperatures to be represented by typical stress-strain curves should be guided
by the temperatures at which the product is typically used.  In the absence of other information, these
temperatures should include room temperature, other temperatures at which tensile properties are determined
in conformance with the requirement of applicable procurement specifications, and appropriate temperatures
within the useful application range for the product.

9.2.4.4.3 Elevated Temperature Curves — An idealistic approach to the establishment of
elevated temperature curves would be to have A-basis design values at a sufficient number of temperatures
to define corresponding temperature curves on an A-basis.  If such data were available, finished curves would
be constructed by plotting A-values on a percentage scale and analytically defining a smooth curve, and the
procedures described in Section 9.8.5.1.1 would not be applicable.  Unfortunately, the cost of generating the
required data is prohibitive, and idealism must be tempered with practicality.  For this reason, data require-
ments and the procedures described in Sections 9.8.5.1.1 and 9.8.5.1.2 allow some latitude to make fullest
use of whatever data may be available.

These procedures, as described in the indicated sections, are intended both to establish the general
shape of curves, and to adjust their scaling in such manner that the resulting product of a percentage value
from the  curve and a  corresponding  value from the  room-temperature property table will yield a design
value, at some designated temperature, that will be a good approximation of a directly computed design value
at that temperature.

To establish the shape of an elevated-temperature curve, the sample will include observations from
at least five lots* of material, composed of at least two heats at each of several temperatures.  Choice of
temperatures will be guided by probable range of service temperatures anticipated for the material, as well
as by its metallurgical characteristics.  For materials used at cryogenic temperatures, testing is normally
conducted at -110 F, -320 F, and -423 F;  however, no attempt will be made to extrapolate the curve below
the lowest temperature for which adequate data are available.   For elevated temperature applications, data
should normally be available at temperature intervals from 200 F to 300 F except in regions of
time-temperature-dependent metallurgical change, where temperature intervals of perhaps 100 F to 150 F
are appropriate.  Extrapolation beyond the range of temperatures covered by adequate data is not allowed.

For a number of alloys, most specifically heat-resisting alloys, procurement specifications may
designate minimum property values at temperatures other than room temperature, and either A- or S-basis
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values may be available at both room temperature and secondary testing temperatures.  When this is the case,
the elevated temperature curve may be scaled by means of these values.

9.2.4.5 Dynamic and Time Dependent Properties

9.2.4.5.1  Fatigue — Most fatigue data generated in load control may be considered for inclusion
in MIL-HDBK-5.  However, load-control experiments on unnotched samples can produce ratcheting failures
rather than true fatigue failures.  This can be a problem with materials that cyclically soften.  In the absence
of cyclic stress-strain data, the acceptability of short-life data obtained under load control on unnotched
specimens can be difficult to evaluate.  Therefore, results from specimens tested at a maximum stress level
greater than the average tensile ultimate strength of the material should not be used.  In addition, test results
obtained under load control that have produced average fatigue lives on unnotched specimens of less than
103 cycles should be excluded.  Short-life, load-control data generated on notched samples tested at high
stress levels may be considered.

Fatigue data generated under strain control over a wide range of strain ratios and ranges can be accep-
table also.  High-strain-range tests producing low fatigue lives can be considered, assuming that documented
bending strains were held within ASTM E 606 limits and buckling failures were not produced.  Documenting
the stress response associated with each test result is important.  The stress data  that are reported should
reflect the material’s stable response, including effects of cyclic hardening or softening and of mean stress
relaxation provided such data were obtained at other than R  = -1.  The normal convention is to report the
stress values associated with one-half the material’s fatigue life to crack initiation.  Several criteria are
commonly used to define crack initiation in a test under strain control.  The primary requirements for
inclusion in MIL-HDBK-5 are that the criteria be specific and applied consistently.  If multiple sources of
data are being considered, the potential problem of inconsistent crack initiation criteria must be addressed
before that data are merged.

If strain-control data only are reported with fatigue test results obtained under strain control, these
data must be supported by well-documented cyclic stress-strain curves and mean stress relaxation data for
that specific material.

For fatigue experiments under load control, data are normally generated at specific stress ratios or
mean stress levels.  If the stress ratio is held constant, a fatigue curve is generated by performing a series of
experiments at prescribed maximum stress levels, such that the desired range of fatigue lives is achieved.  If
mean stress levels are held constant, a range of maximum stress levels is also used, but the stress ratio for
each maximum stress level is different.  Presentation of the latter type of data in a traditional Smax-versus-log
Nf display, with individual stress ratio curves, can be cumbersome because of the large number of stress ratios
involved.  For this reason, constant mean-stress fatigue data should be identified by mean stress level, even
though they are plotted on a standard Smax-versus-log Nf display. The illustrations should be clearly labeled
to properly identify the mean-stress or stress-ratio levels.

To evaluate analytically the effects of stress or strain ratio on the fatigue performance of a particular
material, it is recommended that data be available for at least three stress or strain ratios, or alternatively, three
mean-stress or strain levels.  Similarly, at least three stress or strain levels are recommended to evaluate the
effects of mean stress on fatigue performance.  In the case of data under strain control, a specific strain ratio
or mean strain may not define a mean-stress level uniquely.  For R  = -1.0 (mean strain = 0), the stress ratio
is usually very close to R = -1.0 (mean stress = 0) – if it is not, the data should be examined carefully
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Figure 9.2.4.5.1.  Schematic of stabilized mean stress relaxation for different strain
ranges at R  = 0.

for validity.  For strain ratios greater than R  = -1.0, the stress ratio is usually less than the strain ratio, and
the difference is generally greater at the greatest strain ranges.  For very large strain ranges in ductile
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materials, the stable stress ratio will approach R = -1.0 (mean stress = 0), regardless of the strain ratio, R .
Mean stress relaxation behavior is illustrated in Figure 9.2.4.5.1.

There should be at least six non-runout fatigue test results for each condition, and these data should be
distributed over at least two orders of magnitude in fatigue life.  These requirements are the minimum sample
sizes normally required to consider developing a fatigue data display.  Meeting the minimum data
requirements does not ensure an acceptable set of fatigue curves.  In cases involving highly scattered data,
substantially larger sample sizes may be required to achieve a meaningful description of mean fatigue  trends.
The statistical procedures used to evaluate the significance of a fatigue data collection are described in Section
9.6.1.7.

9.2.4.5.2 Fatigue Crack Growth — In order to establish a positive trend in rate behavior, it is
recommended that rate data be generated over a range of at least two orders of magnitude.  In general, this
will be associated with a domain of stress-intensity-factor range from one half to a full order of magnitude.
Good experimental techniques, coupled with this data-range criterion, should provide a concise and consistent
data display for linear or other analysis.

When planning experimental programs to achieve the best, most complete derivation of fatigue-crack-
propagation data,  the range of K over which tests are conducted should include those which will provide
crack-growth rates as low as 10-8 inches/cycle.  Furthermore, if possible, multiple heats of material should
be included.  Ideally, to properly document the effects of stress ratio, fatigue crack growth data should also
be generated over a range of R ratios (0.1, 0.4, and 0.7 are typically good values).  If data representing
negative R ratios are available, they should also be included.

9.2.4.5.3 Fracture Toughness — For materials covered by public specifications that include
minimum fracture toughness requirements, at least three specimens each from a minimum of ten lots of
material for each test direction (at least 30 observations total) are required for inclusion in MIL-HDBK-5.

Middle Tension Panels — To identify the material tested, it is necessary to report alloy temper,
product form, and grain directions being tested.  Reference tensile properties, actually representative of
specimen or material lot (i.e., not specification or MIL-HDBK-5 A and B values), are also necessary
information.  These will include yield strength, ultimate strength, and elongation.

The specimen configuration is described by measured thickness, panel width, and free length between
grips.  The minimum flaw details to be reported are fatigue stress levels used in generating the fatigue crack
and length of the fatigue crack existent prior to the rising load fracture test.

The test procedure will be described briefly, identifying environment (temperature, humidity,
salinity, etc.), loading rate, and the mode of buckling restraint.

The report of test results will include maximum load and stress, and estimated critical crack length
(indicate method of detection, such as visual observation, film record, or compliance calibration).  It is
recommended that whenever practical, a record of load versus crack length be obtained to assess slow stable
crack extension prior to fracture.

9.2.4.5.4  Creep and Creep Rupture —A sufficient number of creep and/or creep rupture tests
should be performed to clearly define creep and/or creep rupture trends as a function of applied stress for the
range of temperatures of interest.  Typically, at least eight tests should be completed for each temperature,
and at least 20 tests performed for each multi-temperature regression that is performed.  The “spacing” of the
temperatures tested generally should be close enough that the highest stress level at a given temperature
(which can be expected to produce the shortest average creep times) is greater than or equal to the lowest
stress level at the next higher temperature, and vice versa.  
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Another factor to consider when defining a series of creep tests is heat-to-heat variability.  The creep
test program may be based on as few as two heats of material if the heat-to-heat component of variability is
less than 25% of the within-heat variability.  On the other hand, the creep test program should be based on
at least five heats of material if the heat-to-heat component of variability is greater than 65% of the within-
heat variability.  In any case, the heats of material that are tested should be distributed randomly and
essentially equally throughout the test matrix.  Additional experimental design suggestions for creep testing
are included in Section 9.2.5.2.

For isostrain creep, collected data will include stress, temperature, modulus and plastic strain on
initial loading, and strain-time pairs sufficient to define a curve.  While strain-time pairs will be only those
for the isostrain of interest, after inelastic strain on loading has been included in the reported strain, it may
be that reported data may not correspond to isostrain levels.  Consequently, isostrain-time pairs may be read
from a smooth curve drawn through the values recorded during the test.

For rupture, collected data will include stress, temperature, time-to-rupture, percent elongation, and
reduction of area.  Percent elongation and reduction of area can then be used to define rupture ductility curves
or equations.

9.2.4.6  Mechanically Fastened Joints

9.2.4.6.1 Introduction of a New Fastener System —When introducing a new fastener for
possible inclusion in MIL-HDBK-5, the sponsor will submit a written request (on company letterhead) to
the Chairman, MIL-HDBK-5 Coordination Group, providing the following information:

(1) A description of the fastener such as:  (a) type of fastener (driven rivet, blind fastener,
swaged collar, etc.), (b) fastener material (alloy and temper), (c) unique or new features,
(d) nominal sizes and actual diameters, and (e) part drawings and functional description.

(2) Reason for fastener usage or intended usage such as:  (a) higher strength, (b) higher or lower
temperature capability, (c) improved fatigue performance, and (d) lower installed cost.

(3) Development and use status.  (It is not required that the fastener system actually be in use
on production airframe structure, but there should be a high level of interest and an intent to
use the fastener.)  (a) What are current or planned airframe applications?  (b) How long has
the fastener been produced on a production (nonexperimental) basis?  Include preliminary
lap joint test data that demonstrates that sufficient diameters and grips are available to
conduct a design allowable test program (i.e., data for at least one test for each diameter/grip
combination contained in the proposed test plan).

(4) Specification status.  Under what type of specification is the fastener covered (NASM or
Company)?

(5) In what sheet or plate material will the fastener be installed?  (The proposed allowables
should be for the same or similar sheet or plate material that the sponsor is using or plans to
use.)

(6) Shank deformation.  Does shank deform during installation?  Verification is desirable.  (a) If
a blind fastener, is it hole filling or nonhole filling?  Verification of hole fill is desirable.
(b) If a solid shank fastener, are design values to be presented for clearance or interference
holes?
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(7) Has the sponsor conducted any testing on the fastener system (especially joint allowables)
and will the sponsor provide data to the MIL-HDBK-5 Coordination Group?

(8) Has the sponsor reviewed (or will the sponsor review) test program plan, actual testing,
analysis of data, and specifications?

(9) Are the fastener holes to be cold worked or a sleeve inserted?  If so, the reproducibility of
this part of the fastener installation process must be verified.

9.2.4.6.2 Sample Fasteners —At time of approval of a fastener static joint strength proposal,
fastener manufacturer will submit, to the Chairman, MIL-HDBK-5 Coordination Group, 10 fasteners each
from maximum and minimum diameter and grip size tested in the allowables program.  These 40 samples
will be from the same production lots as those used in the test program.  Samples will be packaged suitable
for storage with full identification of contents on the container.  The information may also include any storage
time limitation due to coating or lubricant life.  The information required to complete the report described in
Section 9.3.3.4 must also be included.

9.2.4.6.3 General Data Requirements —The types of data required to develop a fastener system
design curve are shown schematically in Figure 9.2.4.6.3.  There are three facets to consider, which are de-
scribed in following subsections: (1) shear strength of the fastener, Region 3; (2) sheet critical strength,
bearing and transition regions, Regions 1 and 2; and (3) tensile properties of sheet and plate material used in
the joint.  Each of these facets is described in the next 3 subsections.  The next two subsections address data
requirements for determination of the tensile strength of a fastener, and an assembled joint.  Recommended
data formats are discussed in Section 9.3.3.4.

Figure 9.2.4.6.3  Schematic diagram of Pu/D
2 versus t/D.

Shear Strength of Fastener — At least 15 shear tests are required for each fastener diameter for
which allowables are to be established.  Fasteners for each diameter will be selected from at least three
production lots that represent at least two heats of the fastener component materials.  The major components
of multi-piece fasteners will meet the two heat requirement.

A product lot will consist of finished fasteners of the same part number, class, grip and diameter,
which conform to the following:
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(1)  fabricated by the same process
(2)  major components each made from material of the same heat
(3)  major components heat treated in one continuous run or order
(4)  produced as one continuous run or order

The major components of multi-piece fasteners of the production lot will individually meet the
definition above.

Fasteners developed from materials not previously used for fastener applications will require addi-
tional testing in order to determine statistically reliable minimum shear strengths.  Test values should be
developed in accordance with the test methods noted above using hole sizes specified in those methods or
Table 9.7.1, as appropriate.  Test values will represent a minimum of 10 tests from each of 10 production
lots made of at least 3 heats of material (100 tests).  Fasteners tested should be evenly distributed over the
diameter range under consideration with grip ranging from 2 to 3 diameters for solid and blind rivets and any
appropriate length for solid shank fasteners.  Shear strength (Fsu) should be computed based on hole size for
solid and blind rivets and measured shank diameter for non-hole filling blind fasteners and pins. 

In the sheet critical range, fasteners with different head shapes, head sizes (NAS 1097, MS 29694,
or MS 20426), material, or heat treatment will be considered different fasteners and will require separate
tests.  Sheet materials with different heat treatments or compositions will be considered different materials
and also will require separate tests.  In the case of aluminum alloys, data obtained with clad sheet may be
used to determine allowables for clad and bare sheet; however, allowables obtained from tests on bare sheet
can be used only to determine allowables for bare sheet.  In the case of all sheet materials, data from tests
using sheet at one heat-treat level may be used to determine allowables for sheet having higher strength heat
treatments.  However, the reverse is not permissible.

Tensile Properties of Sheet — At least three sheet tension test results as required by NASM 1312,
Test 4, will be provided for each sheet or plate used to make single-shear test specimens described in the
previous subsection.  Tensile ultimate and yield strengths and percent elongation will be reported in
accordance with ASTM E 8. Grain direction will be that applicable to the procurement specification tensile
test requirements.  Tabulated data will identify single-shear specimens made from sheet to which each group
of sheet-tension specimens apply by appropriate coding.

Tensile Strength of Fastener — Tensile strength will be determined for all fastener systems except
solid and blind rivets from tests performed in accordance with NASM 1312, Test 8.  Tensile test requirements
and analytical methods will be the same as for shear strength determination (see Section 9.2.4.6.1).

Assembled Joint Strength — The requirement for data from two fabricating and testing sources
applies to assembled joint strength.  Approximately 75 percent of required data will come from one  source;
the remainder from a second source.  Data will cover the t/D (thickness/diameter) range that results in
bearing, transitional and shear-type failures as shown in Figure 9.2.4.6.4.  It is suggested that the second
source concentrate testing in the bearing and transition regions.  Selection of sheet thickness will be made
in such a way that, for each fastener diameter, an even distribution of data is achieved over the t/D range with
about 20 percent of the data taken at t/D values for which joint failure will be by fastener shear (not applicable
to dimpled joints).  Minimum sheet thickness should be restricted to one thickness below knife edge for flush
head fasteners and no tests below t/D or 0.18.  Sheet thickness/fastener grip combinations will be selected
to include a uniform distribution of minimum and maximum grip conditions throughout the t/D range tested.
Specimen fabrication and testing will be allocated to provide data from each source, distributed across the
sheet critical and transition ranges.

All diameters of a given fastener for which joint allowable loads are established will be included in
the test plan.  Since a fastener system usually comprises 2 to 5 diameters, the quantity of joint specimens to
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be tested will be expected to vary, depending upon number of fastener diameters. Quantity of data will
include results from at least the following valid tests: two diameters, 42 tests; three diameters, 57 tests; four
diameters, 72 tests; five diameters, 87 tests.  In allocating test joint specimens among fastener diameters, for
a three- or four-diameter fastener line a larger quantity of specimens will be used for the largest and smallest
diameters with somewhat less testing for intermediate diameter(s).  In the case of a five-diameter fastener line,
larger quantities of specimens should be allocated to the largest, middlemost, and smallest diameters with
somewhat less testing for the two remaining intermediate diameters.  For each diameter and t/D combination
tested, a minimum of three specimens should be used.  In addition, approximately an equal number of tests
must be run at each t/D.

9.2.4.6.5 Confirmatory Data — If a manufacturer wishes to have their company name added to
the footnote of an existing table as a supplier of confirmatory data, or to add to an existing product, function,
or modification, the following procedure will be used:

(1) Repeat, in total (quantities and conditions), the original test program from which the table
was developed.

(2) The T90 curves, (yield and ultimate), of the original data set will establish the baseline
performance requirements, regardless of the construction method employed for the published
table, in accordance with section 9.7.1.4.

(3) The T90 curves, (yield and ultimate), of the proposed supplier’s data set will be constructed,
and compared to the baseline curves of the original data set in accordance with the criteria
defined in section 9.2.4.x.x.  (The same criteria defined for sunset clause conformance.)

(4) If the proposed supplier’s data set conforms to the criteria of section 9.2.4.x.x, then the
design allowable table will be modified in accordance with Item 17(c) of section 9.9.5.

(5) Note that the published data values of the original table will not be modified.

If a manufacturer wishes the company name to be added to the footnote of an existing design allow-
able table with four or more diameters as a supplier of confirmatory data, but does not produce or market the
fastener in all diameters contained in the design allowable table, the following procedure will be used:

(1) The new supplier will test at least three successive diameters, including the smallest
diameter in the design table, or at least three successive diameters including the largest
diameter in the design allowable table.  Test quantities will be the same as defined in section
9.2.4.6.3.

(2) The T90 curves, (yield and ultimate), of the original data set will establish the baseline
performance requirements, regardless of the construction method employed for the published
table, in accordance with section 9.7.1.4.

(3) The T90 curves, (yield and ultimate), of the proposed supplier’s data set will be constructed,
and compared to the baseline curves of the original data set in accordance with the criteria
defined in section 9.2.4.7.2.  (The same criteria defined for sunset clause conformance).

(4) The following footnote will be added to the design allowable table: “Confirmatory data
provided by XYZ Company.”  This footnote will be flagged to the supplier’s part number
and applicable fastener diameters.

(5) Note that the published data values of the original table will not be modified.
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9.2.4.7 Fusion-Welded Joints — The type of data required (i.e., tension, shear, fatigue, etc.) and
general welding conditions of interest must be established first.

The data sample must be adequate to determine form and distribution of the population from which
it was drawn.  If the weldment population definition is broad and allows considerable latitude in the range
of parameters defined, it is obvious that larger sample sizes will be required.  Certain minimum requirements
can be stated, however, based on statistical considerations.

For data to be directly analyzed on a statistical basis, a typical weldment population exhibiting nearly
normal distribution characteristics should be represented by a sample containing a minimum of 100 random
observations.  These observations should include at least 10 subsamples representing random variables such
as base material lots, filler material lots, weld processing variables, and weld machine operators and setups.

Direct analysis of a data sample not normally distributed requires at least 300 observations to estab-
lish a minimum value on an A-basis.  A B-value may be established from the smaller sample defined above.
As in the previous case, the observations should be representative of the total population.

Due to the number of variables inherent in a welding process, it is advisable to make as broad a
sampling as practicable within the population definition.  The range of material and processing parameters
included in the sample will obviously influence sample size.  The total number of observations should be
sufficient to identify factors that may be significant within the population, such as joint thickness, weld repair,
filler material, and heat-treat condition.

9.2.5 EXPERIMENTAL DESIGN — General guidance on experimental design for fatigue , creep-
rupture and fusion-welded joints is included in the following subsections.

9.2.5.1 Fatigue —In view of the data requirements in Section 9.2.3.5.1 and 9.2.5.1, fatigue data
generated for inclusion in MIL-HDBK-5 should be the result of a well-planned test program.  The following
general discussion of fatigue test planning is based in large part on the concepts presented in References
9.2.5.1(a) and (b), and ASTM E739.  Those interested in the detailed aspects of fatigue test planning should
refer to these and other sources.  The discussion that follows pertains to fatigue testing under either load
control or strain control.

Traditionally, fatigue testing under load control has been performed to evaluate the fatigue perfor-
mance of engineering materials and components subjected to numerous load fluctuations.  Notched specimens
are often used to evaluate the effect of stress concentrations upon fatigue life in load-control testing.  The
nominal stresses during load-control testing are generally below the materials yield strength and the resulting
fatigue lives are usually greater than 104 cycles.  Load-control tests with high mean- stress levels may develop
unconstrained cyclic plasticity which may lead to racheting failures (see Figure 9.6.1(b) in Section 9.6.1).
Unless cyclic strains are monitored in load-control tests, it is not possible to know exactly when unconstrained
cyclic plasticity will develop.  In general, however, there are test conditions that should be avoided when
operating under load control, as follows:

(1) Unnotched-specimen fatigue tests in which fatigue lives less than 103 cycles to failure are
expected.

(2) Fatigue tests involving net-section maximum stresses greater than the yield strength or over
95 percent of the typical monotonic ultimate strength of the material.

Strain-controlled fatigue testing has emerged since the mid-1950s because the fatigue damage process
was found to be highly dependent upon cumulative plastic deformation.   Cycling a material between two
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strain limits can alter the material’s stress-strain response (cyclic hardening or softening) compared to the
monotonic response.  Fatigue testing under strain control should be considered in cases where constrained
inelastic cyclic strains may occur in the actual component.  Strain control should also be used for any
conditions where unconstrained cyclic plasticity may lead to racheting failures in load-control testing.

Fatigue data obtained under load control for use in MIL-HDBK-5 should be generated for at least
three stress ratios (see Figure 9.2.5.1).  Fatigue lives ranging from approximately 103 to 106 cycles are most
commonly of interest while the stress ratios chosen should normally span the range from about R = -1.0 to
0.50 or greater.

Fatigue data obtained under strain control are commonly generated at R  = -1.0.  These data will be
considered for MIL-HDBK-5, but generating data for at least two other strain ratios is also desirable.

The stabilized value of mean stress attained in a strain-control test at R  greater than -1.0 will be
different from that observed at the beginning of the test for materials that undergo cyclic mean stress
relaxation.  The degree of stress relaxation will depend on strain range and strain ratio, the magnitude being
greater at larger strain ranges or larger strain ratios.  Complete relaxation to a zero mean stress is the limiting
case.  When testing at strain ratios greater than -1.0, it is appropriate to limit the strain ranges to values below
those at which total cyclic mean-stress relaxation occurs.

The amount of cyclic stress relaxation also varies with the anticipated fatigue life.  Large-strain-range,
low-cycle tests usually exhibit the greatest mean stress relaxation.  Because of this behavior, it is usually
appropriate to run the positive mean strain experiments at strain ranges less than or equal to the level that
produces complete mean stress relaxation.

A given series of fatigue tests conducted under strain control should be targeted to describe the useful
life range for the material.  The life range explored need only be limited on the low side by the maximum
strain ranges that can be performed without specimen buckling problems, and on the high side by the
maximum strain rates that are allowable, in combination with the permissible duration of individual tests.
Life ranges of 10 to 106 cycles are reasonable to explore in strain-control tests with many materials and
specimen geometries (see Figure 9.2.5.1).  Strain-control tests performed for inclusion in MIL-HDBK-5
should normally be conducted with symmetric waveforms, with no hold times at frequencies ranging from
0.10 to 5 Hz— depending on the response of extensometry and recording equipment.  It is important to
document the strain rates and conformance of the testing techniques with ASTM E 606.
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Figure 9.2.5.1.  Schematic fatigue data displays (showing the initial exploratory tests as
symbols and the strain levels subsequently chosen for replicate fatigue testing as bars;
the length of the bars denoting observed data variability).
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Long-life fatigue tests are a special situation in strain-control testing because of the extended test
periods that may be required, especially if maximum test frequencies must be kept at or below 1 Hz. For
example, a test run at 1 Hz involving one million cycles requires about 11-1/2 days.  Decreasing the duration
of long-life, strain-control fatigue tests are desirable whenever possible; otherwise, a few tests in the 106 to
107 cycle range can take as much time as the rest of the life curve.

 Switching from strain-control testing to load-control testing at a greater frequency at some point in
the life of the specimen is becoming a common practice.  This switch is typically done when the cyclic
response is nominally elastic.  Usually the frequency can be increased by a factor of 10 or more but even a
factor of 2 or 3 is certainly worthwhile.

When the control mode and/or frequency are changed, certain criteria should be observed.  When
generating a strain-control fatigue curve, ranging from the short-life regime (10 to 103 cycles) to the long-
life regime (106 to 108 cycles), the fatigue tests can be placed in three groups for consideration.

At the short-life end of the curve, the material response will typically vary throughout the test.  In
this regime, a significant amount of inelastic strain may be present, cyclic hardening or softening may occur
as well as mean stress shifts.  In short, no consistent relationships exist between stress and strain and,
therefore, no control mode change is recommended in this life regime.

For intermediate life tests, some inelastic strain may be present and, for a period of time, the stress-
strain relationship may vary.  Generally, however, a stabilized, consistent relationship is eventually achieved.
Under these conditions, it may be possible to switch the test mode to load control at a higher frequency.

In the long-life regime, very little inelastic strain will normally be present, and stress-strain stabilizat-
ion is achieved very rapidly.  Here, switching from the strain-control mode to the load-control mode can be
accomplished.

The material behavior cited above can only be evaluated by starting all of the tests in the strain-
control mode and then switching the mode and frequency when stabilized stress-strain behavior is achieved.
An evaluation of the strain rate behavior of the material in the strain-control mode (within the normal
response capabilities of the equipment) may be desirable to determine if the stress-strain relationship is likely
to change when the frequency is changed.

In summary, do not switch control modes in the low life regime of the fatigue curve.  When some
inelastic strain is present, switching may be employed if stable stress-strain response can be obtained and a
negligible strain rate effect at the test temperature and strain range of interest can be demonstrated (i.e., it can
be shown that fatigue life and stress range are not influenced by loading rate).  One very good check is to
produce overlapping data points in this regime where some tests are run to failure in the strain-control mode
while others are switched to high-frequency load-control mode after stabilization is obtained.  This is
necessary to provide assurance that the switching procedure is not influencing results.

At the very long-life end of the curve, the essentially elastic behavior of the material is most condu-
cive to switching of control modes.  The greatest benefit of the increased frequency can also be obtained here.
If results have shown that switching is successful at the intermediate strain range level, then the probability
of the long-life tests being at least as successful is high.  If, however, the material exhibits a measurable
inelastic strain and is slow to stabilize even after many cycles,  caution should be exercised in making the
decision for a control mode change.

When the determination that a test should be switched from strain control to load control has been
made, the following sequence is recommended:
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(1) Note the maximum and minimum stabilized load levels.

(2) Gradually reduce the strain range to zero.  This process should take several cycles (at least
10).  If a measurable inelastic strain is present, the strain range reduction should take
sufficient cycles so the magnitudes of the maximum and minimum loads are reduced
symmetrically.

(3) At this point (strain range at zero) the load may or may not be at zero, depending on the
conditions of strain ratio and strain range to which the specimen was exposed.  If a residual
load is present, the load should be adjusted to zero by carefully changing the strain level.

(4) Next, the test system should be switched to the load-control mode and the test restarted.  The
strain-control cycling may have been performed using a triangular waveform.   The higher
frequency testing under load control generally employs a sine wave.  The waveshape differ-
ence is only of secondary importance, and most machines can easily control a high frequency
sine wave.  The actual frequency used should be well within the capability of the test
equipment so that the load can be accurately measured and controlled.  Furthermore, care
must be taken to avoid frequency effects, e.g., self-heating, and strain-rate effects.  This is
commonly a problem with tests involving a significant amount of inelastic strain.

When reproducing the maximum and minimum stresses that existed under strain-control testing, first intro-
ducing the mean load on the specimen and then gradually increasing the load range symmetrically  from this
point is generally preferred.  Whatever procedures are used should be clearly defined and well documented.

The tendency of the load-control results to be slightly more conservative than those generated in
strain-control testing is worth repeating.  When a specimen develops a fatigue crack, a test that is being
conducted under strain-control mode will generally exhibit a reduced tensile load as the crack propagates.
Under load-control testing, the load remains constant and the crack will grow faster, resulting in a lesser life.
For this reason, all data generated by this technique should be so noted and identified on data tables and
graphs.

Essentially two steps are involved in the generation of a fatigue curve for a specific stress or strain
ratio.  First, the general shape of the curve should be determined.  Nonreplicated fatigue tests completed at
not more than four to six maximum stress levels are usually sufficient to define the basic shape of the curve
above the fatigue limit.  After the shape of the curve is found from test results, or estimated from fatigue data
on similar materials, then the mean curve should be verified through carefully planned replicate fatigue tests.

If the lower maximum stress levels or strain ranges chosen result in nonfailures or runouts**, do not
repeat these stress levels while defining the general shape of the fatigue curve.  Simply focus on relatively
evenly spaced stress or strain levels that generally provide fatigue failures.

In performing these exploratory fatigue tests, obtaining the test specimens from a random sample that
adequately represents the material is important.  In that context, specimens should be taken from several
different lots if possible.  Particular care should also be given to minimizing nuisance variables such as test
machine effects, frequency effects, surface finish irregularities, residual stress effects, or environmental
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variations.  Unfortunately, variables such as specimen fabrication can influence fatigue results to such an
extent that the effect being studied is eclipsed.  Composition, thermal-mechanical processing and the origin
of the material should be well documented.  The same type documentation should apply to the fabrication
of the specimens.  ASTM E 606 provides an example of a machining procedure in Appendix X3. 

In addition, fabricating fatigue specimens also involves many special considerations.  For example,
simulating a component fabrication process for making the specimens may be desired, e.g., heat treating
before or after machining.  The specimens may be ground or lathe turned.  A mechanical polish or electro-
polish may be employed.  Special processing such as shot peening,  stress relieving, plating or  coating may
be used.  All of these procedures (including  their  sequence) must be documented.

The formation of surface residual stresses should be recognized as one of the most influential effects
of machining, although it is frequently overlooked.  Any mechanical removal of material from the specimen
can produce residual stresses on the surface.  Even when special care is taken to remove material very
gradually, residual stresses (either surface or profile) may approach the yield point of the material.  Under
certain conditions these stresses can have a dramatic effect on the fatigue life of the specimen.  Whenever the
test environment and strain range are such that these stresses are not dissipated, they can alter the stress on
the surface of the specimen.  Crack initiation and propagation life will therefore be affected.  Machining
processes for producing fatigue specimens, therefore, should be evaluated not only on the basis of machining
tolerances and surface finish, but also on the magnitude, consistency, and profile of these residual stresses.

Fatigue tests that exhibit little inelastic strain are especially influenced by the procedures employed
in specimen preparation.  Test results in these intermediate- and long-life regimes can be very confusing and
misleading if the residual stresses are not considered.  These stresses should at least be measured and
documented and, in some cases, it may be desirable to stress relieve or electro-polish the specimens.

After the general shape of the fatigue curve has been identified (as shown in Figure 9.2.3.6 for three
different stress and strain ratios), replicate tests at specific stress or strain levels may be performed to improve
the statistical definition of the fatigue curve.  Normally, replications at three levels are sufficient, if no fatigue
limit is anticipated (or no attempt is to be made to define one).

The replicated stress or strain levels should be selected to represent initial estimates (based on the
exploratory experiments) that would be expected to provide average fatigue lives at the extremes of the life
interval of interest and at an intermediate fatigue life.  For example, if load-control tests are to be performed
and the fatigue performance between 104 and 106 cycles to failure is of concern, select three maximum stress
levels for each stress ratio that appear likely to provide average fatigue lives of about 104, 105, and 106 cycles
to failure, respectively.

Figure 9.2.5.1 illustrates this maximum stress and strain level selection process.  As this figure
suggests, specifying the levels with great precision is not necessary (or justified).  The use of levels that have
been established from exploratory testing may be appropriate.  Use the same levels as those used on one of
the exploratory tests if it results in a fatigue life near one of the life ranges of interest.  The order of fatigue
testing at these stress levels should be randomized for each series of replicates.

If further definition of the fatigue curve is desired in the long-life regime, replication at a fourth maxi-
mum stress level may be helpful*.  To select this stress level, examine the number of runouts obtained at the
lowest of the three replicated stress levels.  If the number of runouts is less than 50 percent at the lowest stress
level, select another, somewhat lower stress level for replication (5 to 10 percent is suggested).  Alternatively,
if the number of runouts at the lowest of the three replicated stress levels is above 50 percent, select a fourth
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replicated stress level that is somewhat higher (again, 5 to 10 percent is suggested).  Using such an approach,
defining a fatigue limit stress at the selected runout level in clearly defined statistical terms will, in many
cases, be possible.

The amount of replication required at each maximum stress level or strain range is the key remaining
issue.  Reference 9.2.5.1(a) recommends a minimum of 50 to 75 percent replication for design allowables
data.  This translates into two to four specimens at each stress or strain level.  If the data displays minor
variability, two specimens per level may be sufficient.  If the data are highly variable, even four specimens
per level may still not clearly define a statistically significant mean fatigue curve (see Section 9.6.1.7).

Adding the number of specimens recommended for curve shape definition and the number recom-
mended for replication, the normal minimum number of fatigue tests per curve ranges from 8 to 16.
Therefore, the development of fatigue curves for three stress or strain ratios for a fatigue data display in
MIL-HDBK-5 might be based on 24 to 48 specimens.  If additional stress or strain ratios are to be considered,
the number of recommended tests would expand further, although fewer tests may be employed at these
R-ratios.

More fatigue specimens are recommended for test in developing a fatigue data display for use in
MIL-HDBK-5 than are actually required by current minimum data standards (see Section 9.2.4.5.1).  This
discrepancy exists primarily because the satisfaction of current minimum data standards does not ensure a
statistically significant set of fatigue curves.  The chance of producing a significant set of fatigue curves is
much greater if the recommended fatigue test planning procedure is used and the designed test matrix is
carefully completed.

Strain control fatigue data for a particular material must be accompanied by sufficient information
to allow the construction of a cyclic stress-strain curve.  Normally, such a curve can be constructed from
stress-strain pairs recorded from stable hysteresis loops.  Pairs obtained from a number of different tests
covering a wide range of plastic strain ranges will allow construction of a complete cyclic stress-strain curve.
Results from replicated incremental step tests may also be used to construct cyclic stress-strain tests
[Reference 9.2.5.1(c)].

9.2.5.2 Creep-Rupture — A design of experiments approach to creep data development is highly
recommended because it provides the maximum amount of useful data for the least expenditure of time and
testing funds.  If such an approach is not used, it is likely that several times as many test data will not serve
as well in developing desired mathematical models of creep behavior as data developed through design of
experiments.  This section is devoted to a description of design of experiments approach which can be used
to develop regression models to mathematically portray creep rupture life and creep as a function of
temperature and stress.

One method for planning testing is to develop a test layout in matrix form, with temperatures in rows
and expected creep lives in columns.  Then, through testing, simply fill out blocks within the matrix.  There
should be a minimum of eight observations per isothermal line, or twenty observations per Larson-Miller or
other regression model.  This ensures coverage of all conditions of interest. 

Choosing the Number of Temperatures and Life Intervals—Before the test matrix can be formed,
interval sizes must be considered, first for temperature and then life.

(a) Temperature—A range of temperatures is usually required.  For example, if experiments
must range from 1000 F through 1500 F, a choice must be made whether to perform tests
at six levels (1000 F, 1100 F, 1200 F, 1300 F, 1400 F, 1500 F), or maybe at three levels
(1000 F, 1300 F, 1500 F).  The decision can be quite complicated and based on such
phenomena as:
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(1) The relative closeness of the isothermal lines
(2) Parallel or divergent isothermal lines
(3) The precipitation of secondary phases within the life ranges of interest.

However, this selection can be greatly simplified with very little user risk.  Start with the
lowest temperature, and then choose the next temperature line such that at least one level of
testing stress, on log stress-log life plot, will be common to both temperatures.  Then,
proceed to the next temperature line, etc., ensuring like stress values on adjacent temperature
levels.

(b) Life—Divide a log-life cycle into four equidistant segments.  For example, between 100
hours and 1000 hours, the divisions would be approximately 180 hours, 320 hours, and 560
hours on the log-life scale.  These divisions are far enough apart to insure a well-defined
curve and a minimum overlap of data.  To convert from temperature and life desired to
temperature and test stress requires that there be some prior knowledge of this relationship.
If there is no prior knowledge, a series of “probe” tests must be made to locate the isothermal
lines on a log-log plot.

Choosing the Number of Heats—Batch variations in chemistry, heat treating, etc., can cause consider-
able variations in the mechanical properties of an alloy.  This difference is referred to  as  heat-to-heat
components, as opposed to within-heat components of variance.**  Heat-to-heat standard deviation is usually
50 to 70 percent of within-heat standard deviation.  The root sum square of the two components of variance
produces a measure of scatter about the regression that, when added to curve fitting error, gives the regression
parameter called SEE (Standard Error of Estimate).  SEE is a product of regression analysis; it is rarely
determined as defined above.  It is this parameter which fixes design minimums about the regression estimates
of the typical or mean values.

To make a mathematically sound decision on the minimum number of heats that should be used in
a given analysis, it is necessary that an estimate of heat-to-heat and within-heat variance be known.  This can
usually be estimated from like alloys, or calculated from development data.  Simulation has shown the
following minimum number of heats to be satisfactory:

(1) When the heat-to-heat component of variance is less than 25 percent of within-heat variance,
 use two heats equally.

(2) When the heat-to-heat component of variance is between 25-65 percent of within-heat vari-
ance, use three heats equally.

(3) When the heat-to-heat component of variance is greater than 65 percent of within-heat
variance, use five heats equally.

Heats should be distributed randomly and essentially equally throughout the test matrix to insure an unbiased
heat distribution.

When regression models are developed from data that were not taken from an experimental model,
heats are rarely chosen randomly.  Therefore, unless there are large samples of data in all areas of the
regression matrix, this imbalance of heat sample sizes must be accounted for as described in Section 9.6.4.2
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Order of testing must also be randomized so that any time-, operator-, or machine-oriented effects are
randomly distributed within the test matrix as described in Reference 9.2.5.2.

9.2.5.3 Fusion-Welded Joints — Data  generation involves developing a testing program based
on considerations of design data requirements, population definition, subpopulation definition, welding
procedures, testing procedures, and minimum test data requirements.  Data generation is in two parts:

(1) Determination of the properties of weld coupons cut from simple panels welded in accor-
dance with a welding process specification.

(2) Determination of the strength of welded structural components and the relation between the
structural component strength and the coupon strength determined in (1).

9.2.5.3.1  Basic Population Definition — A basic population definition is selected, satisfying the
general welding conditions previously established.  The procedure for population definition requires a
detailed review of applicable welding conditions to select a single population which will provide data
consistent with requirements of the specification.  The example shown in Figure 9.2.5.3.1 for 6061 aluminum
weldments is typical of a basic population definition.  In this example, tooling and heat input have not been
specified.

9.2.5.3.2 Subpopulation Definition — Appropriate subpopulations must be selected.  Obvious
subpopulations or associated populations in Figure 9.2.5.3.1 would be alternative weld/heat treating sequenc-
es, filler materials, welding processes, weld repair, joint thickness, and weld classes (quality level). Selection
of these preplanned subpopulations is dependent upon previous knowledge of their potential effect on
weldment properties.  However, those mentioned are most frequently encountered subpopulations required.

9.2.5.3.3 Welding Procedure — The variables defining the selected basic and subpopulations
must be controlled within (but no better than) their prescribed ranges during test program welding.  This
requires welding in accordance with a referenced specification and any additional requirements which may
limit the population.  The generation of data requires that welding be conducted under production conditions
rather than closely controlled laboratory conditions.  Data for development of design properties must
realistically represent the variation allowed in referenced specification and/or supplemental requirements for
each variable.

Weldments from which data are generated should represent the product of several welders, welding
machines, and weld setups.  It is required to select test samples from weldments produced at different times
by different operators guided only by specified requirements.
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BASE MATERIAL

Alloy:  6061 Aluminum per AMS-QQ-A-250/11
Form:   Sheet
Preweld Heat Treat Condition:  T4 or T6
Postweld Heat Treat Condition:  As-Welded
Material Thickness:  0.09 inch
Filler Material:  4043 per QQ-B-655

WELDING VARIABLES

Joint Preparation
Joint Type:  Butt
Edge Preparation:  Square Groove
Cleaning:  Deoxidize, solvent wipe and hand scrape

Tooling:  None Specified
Welding Conditions

Process:  Mechanized GTA
Sequence:  Single Pass
Position:  Flat
Heat Input:  Not Specified
Weld Repair:  None

WELDMENT QUALITY

Inspection Methods
Visual
Radiographic, Mil-Std-453
Penetrant, Mil-I-6866

Acceptance Levels
External

Weld Beads:  Removed Flush
Underfill and Undercut:  None Allowed
Cracks:  None Allowed
Pores:  *Maximum size 0.02-inch, one per inch
Mismatch:  10% of Thickness Maximum

Internal
Pores and Inclusions:  *Maximum Size 50% T or 0.12 inch whichever is lesser.

                                          Maximum accumulated amount less than 2% of cross
                                          section area.

*Sharp-tailed or crack-like indications not allowed, appropriate acceptance levels will be added.

Figure 9.2.5.3.1.  Example population definition.
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9.3 SUBMISSION OF DATA

9.3.1 RECOMMENDED PROCEDURES —This section specifies the procedure for submission of
mechanical property data for statistical analysis; specifically data supplied for the determination of T99 and
T90 values for Ftu and Fty and for data supplied to obtain derived property values for Fcy, Fsu, Fbru and Fbry. The
amount of data to be supplied for both of these are indicated in other sections of Chapter 9, such as Table
9.2.4.1 for derived property values.  This section covers the format for submission of data.

9.3.2 COMPUTER SOFTWARE — The data may be supplied on 3.5 inch disks or CD-ROM in a PC-
compatible format.  The data files may also be submitted as attachments to an e-mail message.  It is
recommended that the software applications in Table 9.3.2 be used to construct the data files.  Along with
the electronic version, provide a hard (paper) copy of the data and any other supporting documentation such
as specimen dimensions, gage length etc.  This information will be stored in the MIL-HDBK-5 archives for
future reference.  Company-specific data will be treated as proprietary information at the request of the
submitting organization.

Table 9.3.2.  Software Applications for Data Submission

 • ASCII text editor
 • Current Spreadsheet or Database Applications

• The Chairman or Secretary of MIL-HDBK-5 can be contacted concerning 
software compatibility questions.

The data supplied on these disks or sent by e-mail are to be supplied in English units.  For
example, physical dimensions should be reported in units of inches to the nearest thousandth of an inch
(X.XXX), stress should be reported in units of ksi to the nearest one hundredth of a ksi (X.XX), strain
is to be reported in percent to the nearest tenth of a percent (X.X) and modulus is to be reported in units
of 103 ksi to the nearest tenth of a msi (X.X).  If necessary, refer to Table 1.2.2 to convert to English
units of measure.

9.3.3 GENERAL DATA FORMATS — Table 9.3.3 shows the information that should be
supplied in electronic form along with the mechanical test results.  The alloy type, temper/heat treatment,
product form, specimen location and specification number will be identified.  Columns (or data fields),
in order, will contain grain direction, product thickness, unit of product thickness, lot number, and heat
number.  Columns will be added towards the right of the heat number and will containthe individual test
results as discussed in Sections 9.3.3.1 and 9.3.3.4. 

When specifying grain direction for wrought product strengths, etc., use the conventions
identified in Table 9.2.4.3: L for longitudinal, LT for long transverse, and ST for short transverse.
Products that are anticipated to have significantly different properties in directions other than those stated
above should be tested in the appropriate directions and the results reported.

There are several types of product forms identified in the Handbook; therefore, the term product
form should be properly defined and reported in this column.  Examples for wrought products are sheet,
plate, bar, and forging.  Examples for cast products are sand casting , investment casting, and permanent
mold casting.  For wrought products, specimen location should be t/2 or t/4.  For cast products, specimen
location should indicate designated or nondesignated areas.
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Table 9.3.3.  General Data Format

Alloy Trade Name Temper/Heat Treatment Product Form

Industry/Government Specification No. 

Grain

Direction

Product

Thickness 

Unit (in.), or

Area (in.2) Lot No. Heat No.

Specimen

Location (or

Designation)

TUS,

ksi

TYS,

ksi

CYS,

ksi

e,
%

9.3.3.1  Data Format for the Computation of T99 and T90 Values — The tensile test
results that are to be reported for determination of A and B-basis properties are tensile ultimate strength
(TUS), tensile yield strength (TYS), elongation (e), reduction of area (RA), and elastic modulus.  The
results of these tests are to be reported as shown in Table 9.3.3.1 along with alloy designation,
specification, lot and/or heat number, product thickness, grain direction, etc. as previously shown in
Table 9.3.3.  The number of tests required for determining A and B-basis properties are identified in
Section 9.2.4.1.

9.3.3.2 Data Format for Derived Properties — For the derived property values,
several types of tests may be conducted such as tensile, compression, shear and bearing, as shown in
Table 9.2.4.1.   The results of these tests are to be reported as shown in Table 9.3.3.2 along with alloy
designation, specification, lot and/or heat number, product thickness, grain direction, etc. as previously
shown in Table 9.3.3.  The ultimate strength properties are to be contained in one file as shown in Table
9.3.3.2(a) while the yield strength properties are to be contained in another file as shown in Table
9.3.3.2(b).

Generally, two tests are preferred (one required) for a given test type and product thickness.  The
results of these tests are to be reported in columns adjacent to each other.  For example, TUS Test #1 and
TUS Test #2 are on the same row for a given thickness and heat.  An additional column should be
created to report the specimen number for the second test.  This column should be just to the left of the
test result.  The same procedure is to be used for the other properties.  The abbreviations (see Appendix
A) for the other test types are CYS for compressive yield, SUS for shear ultimate, and BUS and BYS
for bearing ultimate and bearing yield strengths, respectively.  For the bearing properties, also identify
the e/D ratio of either 1.5 or 2.0.
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Table 9.3.3.1.  Data Format for Determination of A and B-Basis Values of Ftu and Fty

Alloy Trade
Name

Heat No. Lot No.
UTS,
ksi

TYS,
ksi

Elongation
%

Red. of
Area, %

Elastic
Modulus,

ksi

The information to be entered be-
tween these two columns

depends upon the product form,
see Table 9.3.3.
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Table 9.3.3.2(a).  Derived Ultimate Properties

Alloy Trade
Name

Heat
No.

Lot
No.

TUS
Test 1

TUS
Test 2*

SUS
Test 1

SUS
Test 2*

BUS
e/D=1.5
Test 1

BUS
e/D=1.5
Test 2*

BUS
e/D-2.0
Test 1

BUS
e/D=2.0
Test 2*

The information to be en-
tered between these two

columns depends upon
the product form, see

Table
9.3.3.

*  Two tests are preferred, only one is required.
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Table 9.3.3.2(b).  Derived Yield Properties

Alloy
Trade
Name

Heat
No.

Lot
No.

TYS
Test 1

TYS
Test 2*

CYS
Test 1

CYS
Test 2*

BYS
e/D=1.5
Test 1

BYS
e/D=1.5
Test 2*

BYS
e/D-2.0
Test 1

BYS
e/D=2.0
Test 2*

The information to be
entered between these

two

columns depends upon
the product form,
see Table 9.3.3.

*  Two tests are preferred, only one is required.
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9.3.3.3 Data Format for the Construction of Typical Stress-Strain Curves — The
individual tensile and compression stress-strain data should also be submitted in electronic form, if
possible, so that typical tensile and compression stress-strain curves, compression tangent-modulus and
typical (full-range) stress-strain curves can be constructed.  In order to construct a typical stress-strain
curve, the individual specimen curves must be documented up to slightly beyond the 0.2 percent offset
yield strength.  To construct a typical (full-range) stress-strain curve, the individual curves must be
documented through to failure.  

The data for the stress-strain curves must be supplied on separate electronic media from the
mechanical property data.  The data should be stored in a file which contains the load (or stress) in the
first column and the displacement (or strain) in the second column.  Each load or displacement stress-
strain pair should be identified with its corresponding specimen identification number.

For the load-displacement curves, the load should be reported in pounds (X.) and the
displacement should be reported in units of thousandth of an inch (X.XXX).  For stress-strain curves,
the stress should be reported to the nearest hundredth of a ksi (X.XX) and strain should be reported to
the nearest X.XX x10-6 units.

A hard copy of the load displacement curve should also be submitted for each stress-strain curve.

9.3.3.4 Data Format for Fasteners — A report will be submitted to MIL-HDBK-5
Coordination Group summarizing the test program, results, analysis, and suggested table of joint
allowables for MIL-HDBK-5.  The following information will be provided in the report:

(1) A description of sheet and plate material with heat-treatment details and mechanical property test
data for each sheet thickness used in the program in accordance with the requirements of Section
9.2.4.6.3.

(2) A description of fastener, including drawings and specifications.  If the fastener is not covered
by a government or industry specification, a copy of an appropriate draft specification will be
attached to the report.

(3) A statement of compliance with NASM 1312, including a detailed statement of any differences
from this standard.

(4) Basic test data [see Figure 9.7.1.4(a)], including that required in NASM 1312, and representative
load deflection curves.

(5) Values for fastener shear calculation:  as defined in Section 9.7.1.3 and fastener shear stress
curves, where applicable.

(6) Designation of allowable shear strength reliability (90 or 99 percent value).

(7) Calculated t/D, Pu/D
2, and Py/D

2 values [see Figure 9.7.1.4(a) for sample format].

(8) Seven or more graphs, as required, of P/D2 versus t/D, as described in detail in Section 9.7.1.4,
including the proposed design allowable curves for yield and ultimate load.

(9) Calculations of allowable loads (see Figure 9.7.1.5 for sample format).

(10) The suggested allowable load tables in the format shown in Section 9.9.5.
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(11) Failure identification mode for failure of each fastener and/or joint is required, as shown in
Figure 9.3.3.4.  If failure is unique or not covered in the figure, so indicate.

(12) Off-set used to obtain yield data.

(13) Draft, in NAS or MS format, of specification for applicable fastener system.

9.3.3.5 Data Format for Other Properties — Data submission format for data types
not discussed in Section 9.3.3.1 through 9.3.3.4 have not been standardized.  The Chairman or Secretary
of MIL-HDBK-5 can be contacted concerning most convenient data submission formats. 
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Figure 9.3.3.4.  Failure identification code.
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Figure 9.3.3.4.  Failure identification code—Continued.
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9.4 SUBSTANTIATION OF S-BASIS MINIMUM PROPERTIES

A product must be covered by an industry specification prior to being considered for inclusion
into MIL-HDBK-5.  Within a specification, one of the basic requirements is to provide minimum
properties (S-basis) which includes tension yield, tension ultimate, elongation and compression yield
(when specified).  The statistical significance to the S-basis properties is typically not known.  However,
since ~ 1975, the minimum mechanical properties in the SAE/AMS specifications have been statistically
justified with a procedure described in their documents.  With that in mind, a procedure has been
established to provide a level of statistical significance to S-basis properties contained within the
Handbook.

A material being submitted for inclusion into MIL-HDBK-5 must include the basis of the
specification properties as part of the substantiation package.  This substantiation package should include
the number of test samples, the number of lots, and the method  used to determine any property covered
in the specification, even if it will not  be reported in MIL-HDBK-5.  This could include the development
of minimum as well as maximum properties.  Consideration will be given to the specified sizes, product
forms, heat treatments and other variables affecting the physical and mechanical properties.  It is also
expected that the test material chemistry be in the nominal specification range and not tailored to the
chemistry extremes.

It is recommended that the substantiation of properties be based on a procedure similar to
SAE/AMS in which the analysis of data or other appropriate documentation supports a statistical S-basis
value, where at least 99 percent of the population of values is expected to equal or exceed the minimum
value with a confidence of 95 percent.  The data requirements for an S-basis value are described in
Section 9.2.4.1.  The S-basis value may be computed by assuming the distribution of the sample
population to be normal and using the following equation:

Minimum S X̄ s k99

where

= sample meanX̄
s = standard deviation
k99 = one-sided tolerance-limit factor corresponding to a proportion at least 0.99 

of a normal distribution and a confidence coefficient of 0.95 based on the
number of specimens (See Table 9.10.1).

All data analyses must to be performed in English units.  Strength data recorded in metric units
should be converted to English units, to the nearest 0.01 ksi, before data analyses are undertaken.  If
desired by the data supplier, metric equivalent tables and figures can be included as part of the working
data submitted with a data proposal, but the tables and/or figures proposed for inclusion in MIL-HDBK-5
will contain only English units.

When the tensile and compressive properties vary significantly with thickness, regression
analysis should be used.

Although the establishment of an S-basis value should be based upon the statistically computed
value, the S-basis value may be slightly lower, based on experience and judgement.
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9.5 ANALYSIS PROCEDURES FOR STATISTICALLY COMPUTED MINIMUM STATIC

PROPERTIES

Procedures used to determine tolerance bounds for mechanical properties vary somewhat from one
sample to another.  All involve a number of steps that are illustrated by the flowchart in Figure  9.5.  These
steps can be summarized as follows:

(1) Specify the population to which the property applies
(2) Decide on the procedure for computing the property 
(3) Compute the property.

These steps are described in greater detail in Sections 9.5.1 through 9.5.8, and a number of examples of the
several procedures are presented in Section 9.8.1.

9.5.1 SPECIFYING THE POPULATION— For computational purposes, definition of a population must
be sufficiently restrictive to ensure that computed tolerance bounds for design properties are realistic and
useful. This is done by establishing a range of products and test conditions for which a mechanical property
can be characterized by a single statistical distribution.  In most cases a homogeneous population of data for
a measured test parameter should not include more than one alloy, heat-treated condition, or test temperature.

It is not necessarily obvious whether such a population may include more than one product form or
size, grain direction or processing history.  Strip, plate, bars, and forgings of one alloy may have essentially
the same TYS, while for another material the TYS may differ greatly among those product forms.  To resolve
these questions, appropriate statistical tests of significance should be applied to the respective groups of data.
These tests are described in detail in Sections 9.5.3 and 9.5.4.  Section 9.8 presents examples of their use in
MIL-HDBK-5 data analyses.

The step-by-step procedure for specifying the population is illustrated in Figure 9.5.1 and described
below.  This procedure is used to determine whether several available data sets may be combined for the
purpose of computing design allowables.  The procedure is applicable to data collections for which regression
analysis is required, as well as those for which regression is not required.  In the latter case, an acceptability
test is employed to eliminate unacceptable data sets.  This procedure is described in Section 9.5.4.3 and
9.5.4.4. A corresponding acceptability test for the regression setting is described in Section 9.5.1.2.

9.5.1.1 Deciding Between Direct and Indirect Computation — The only room-
temperature design properties that are regularly determined by direct computation are Ftu and Fty.  This
procedure is usually limited to a specified or usual testing direction because there are seldom enough data
available to determine properties in other test directions.  Two rules govern the choice between direct and
indirect computation:

(1) Ftu and Fty in the specified or usual testing direction may be determined by direct computa-
tion only.

(2) Ftu and Fty in other testing directions (as well as Fcy, Fsu, Fbru, and Fbry in all directions) may
be determined by direct computation only if (a) the data are adequate to  determine the distri-
bution form and reliable estimates of population parameters, or (b) the sample includes 299
or more individual, representative observations of the property to be determined.
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Gross Sample

Significant

Regressions?

Go to Figure

9.5.1.2(a)

Indirect Analysis

(Section 9.5.7)

No

Yes

Decide

between Direct or

Indirect Computation

(Section 9.5.1.1)

Go to Figure 9.5.1

Direct Indirect

Indirect Analysis

(Section 9.5.8)

Figure 9.5 Determination of Method of Design Allowable Analysis.
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regression lines

(Section 9.5.2.4)
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pooled sample

(Section 9.5.5)
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(Section 9.5.6)

See Figure 9.5.2
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Go to Figure 9.5.2
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(Section 9.5.3)
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Go to Figure
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No
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Figure 9.5.1.  Determination of Direct Design Allowables.
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For example, assume that available data for a relatively new alloy comprise 50 observations of TUS
in the specified testing direction.  This sample is not considered large enough to determine the distribution
form and reliable estimates of population mean and standard deviation.  Since only direct computation is
permitted in this instance, determination of T99 and T90 values must be postponed until a larger sample is
available.  However, these properties may be considered for presentation on the S basis at the discretion of
the MIL-HDBK-5 Coordination Group, contingent on availability of an acceptable procurement specification
for the material.

If the number of observations increases to 100, this quantity may be adequate to allow determination
of T99 and T90 values, provided data can be described by a Pearson Type III (gamma) (subsequently referred
to as simply “Pearson”) or Weibull distribution.  If the distribution cannot be described parametrically, at least
299 observations are required so that computation can proceed without knowledge of the distributional form.

If the above example involved observations of SUS instead of TUS, the same criteria would apply
for direct computation.  However, Fsu could be determined by indirect computation with as few as ten paired
observations of SUS and TUS (representing at least ten lots and three heats), provided Ftu has been
established.

9.5.1.2 Testing for Regression Effects and Homogeneity — In most cases, there will be
a fairly clear-cut division between one population and another.  For example, L and T properties either are
or are not nearly identical.  However, wrought product properties may sometimes vary linearly or
curvilinearly with some dimensional characteristic, such as thickness.  Examples are effect of thickness on
TUS, effect of temperature on TUS, and effect of stress on cycles or time to rupture.  It is necessary,
therefore, to first test the data for the relationship between the property and the material dimension.

Before employing a regression analysis in the determination of material properties, one must ascertain
that the average of the property to be regressed varies continuously and linearly or quadratically with some
dimensional parameter x (such as x = t, 1/t, etc., where t is thickness).  If the variation of average is
attributable to other causes, regression should not be used.

Regression analysis, as described herein, also assumes that residuals are normally distributed about
the regression line.  Residuals are the differences between observed data values and the values which are
predicted by the fitted regression equation.  Validity of this normality assumption should be evaluated by
performing the Anderson-Darling test presented in Section 9.5.4.1.

The procedures for fitting a regression equation of the form,

TUS = a + bx,
or

(SUS/TUS) = a + bx,
or

(SUS/TUS) = a + bx + cx2,

to n data points are described in Section.9.5.2.  In addition to estimates for a and b (and possibly c), this
procedure produces two F statistics.  One statistic (F1) tests the significance of regression.  The other statistic
(F2) tests the adequacy of a linear model for describing the relationship between the material property and the
dimensional parameter.  If F2 indicates a lack of fit of the model to the data, a transformation of the data may
account for the nonlinearity.  If F1 indicates an insignificant regression, one of the other appropriate analysis
techniques, as described in Section 9.5.5 for direct computation, or 9.5.7 for indirect computaion, should be
used.
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If any one of a group of data sets analyzed by regression shows a
s i g n i f i c a n t  e f f e c t  o n  p r o p e r t i e s  d u e
to the selected material dimension, all regressions should be tested for equality to
d e t e r m i n e  w h e t h e r  t h e  d a t a
sets may be combined and considered a homogeneous population.  The procedure
d e s c r i b e d  i n  S e c t i o n  9 . 5 . 2 . 4
should be used to perform this test.

If the regressions are accepted as equal, then T99 and T90 values can be calculated in one of two ways:
(1) by regression; or (2) by dividing data into thickness ranges and calculating T99 and T90 values  for each
range.  If the regressions are not equal, T99 and T90 values should be calculated separately for each data set
and minimum T99 and T90 values determined for all data sets should be reported.  The method for determining
T99 and T90 by regression is described in Section 9.5.6.  Figures 9.5.1.2(a) and (b) illustrate the procedures
used to determine design allowables when regression is required.

If none of the individual data sets (e.g. different producers) show significant regression due to the
chosen material dimension, the different data sets should be tested for homogeneity using a k-sample
Anderson-Darling test as described in Section 9.5.3.1.  If data sets are found to be homogenous, data should
be pooled and T99 and T90 values should be calculated using the single combined data set.  If data from the
various producers constitute more than one population, the following procedure should be used.

(1) Data sets which do not comply to the minimum number of observations as stated in Sections
9.2.4.2 should be excluded from any further evaluation until they meet the minimum
requirements.

(2) Each remaining data set should be tested for acceptability using the three-parameter Weibull
acceptability test described in Section 9.5.4.3.  If there is statistical evidence that one or more
statistically distinct data sets do not meet the specification minimum value, the results will
be brought to the Material Data Review Working Group where a decision will be made on
whether or not these data sets should be included in the computation of material property
values.

(3) All remaining data sets should be tested for homogeneity using the k-sample Anderson-
Darling test.  If the data sets are found to be homogeneous, T99 and T90 values can be
calculated using a single combined data set.  If the populations are not homogeneous,
material property values must be determined by calculating T99 and T90 values for each data
set.  In the latter case, the data set with the lowest T99 and T90 values will generally be used
to establish minimum design values.

9.5.2 REGRESSION ANALYSIS — Mathematical techniques for performing a simple linear regression
analysis are contained in Section 9.5.2.1.  Similar techniques for performing a quadratic regression analysis
are contained in 9.5.2.2.  Statistical tests to determine whether a linear or quadratic regression adequately
describes the data are described in Section 9.5.2.3.  A test for equality of several regression lines is presented
in Section 9.5.2.4.  Example analyses are presented in Section 9.8 using hypothetical data to illustrate the
regression calculations.  Figure 9.5.1.2(b) provides guidance in choosing an appropriate regression analysis
to use for calculating design allowables.
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I nd irec t  A na ly s is

R egres s ion

R equ ired

(F rom  F igu re  9 .5 )

D e te rm ine

Ind iv idua l R a t io  o f

P rope rt ies

D e te rm ine  R egres s ion

E quat ion  f (x ),  whe re  x  =

th ic k nes s ,  c ros s -

s ec t iona l a rea ,  e t c .

(S ec t ion  9 .5 .8 )

C om pu te  R educ ed

R a t ios  a t

A ppropria te

V a lues  o f  x

(TU S ,  S U S ,  B U S )/TU S (TY S ,  C Y S ,  B Y S )/TY S

C om pu te :  (R a t io )(F tu )
C om pu te :  (R a t io )(F t y )

Figure 9.5.1.2(a).  Determination of Indirect Design Allowables When Regression is
Required.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-66

Pooling of  data

(determined f rom
Figure 9.5.1)

Was trial

Linear Regression

adequate?
(Section 9.5.2.3)

Are

 there data at 4 or

more dimensional
lev els?

Are data roughly

equally  spaced?

Fit a Quadratic

Model

(Section 9.5.2.2)

Is Quadratic

Regression

adequate?

Is Quadratic

Regression

signif icant?

Calculate allowables based on regression methods in Section 9.5.6

(Direct Computation) or Section 9.5.8 (Indirect Computation)

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Consider collecting

more appropriate

test data
No

Consider

transf ormations of

the data f or which

regression methods
may  work, or use

methods described in

Section 9.5.5 (D irect

Computation) or

Section 9.5.7

(Indirect
Computation)

No

No

No

Figure 9.5.1.2(b).  Determination of Direct Allowables When Regression is
Required
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y x     [9.5.2.1(a)]

Regression is sometimes employed with transformed variables; that is, it may be necessary to work
with log(TUS), t2, or 1/(T + 460), for example.  When this is the case, the analyst must remember to transform
variables back to the original engineering units after final computations.

Regression analysis, as described herein, also assumes that residuals are normally distributed about
the regression line.  Residuals are the differences between observed data values and the values which are
predicted by the fitted regression equation.  Validity of this normality assumption should be evaluated by
performing the Anderson-Darling test presented in Section 9.5.4.1.

9.5.2.1 Linear Regression — Linear regression is appropriate when there is an approximate
linear relationship between two measurable characteristics.  Such a relationship is expressed algebraically by
an equation that, in the case of two measurable characteristics x and y, has the form

where
x = independent variable
y = dependent variable

 = true intercept of the regression equation
 = true slope of the regression equation
 = measurement or experimental error by which y differs from 

      the ideal linear relationship.

Aside from the error term, , this is the equation of a straight line.  The parameter  determines the
point where this line intersects the y-axis, and the  represents its slope.  The variables x and y may represent
either direct measurements or some transformation measurements of the characteristics under consideration.

Knowing or assuming such an approximate linear relationship, the problem becomes one of estimat-
ing the parameters  and  of the regression equations.  It is necessary to have a random sample consisting
of n pairs of observations, which is denoted by (x1, y1),(x2, y2),..., (xn, yn).  Such a sample can be represented
graphically by n points plotted on a coordinate system, in which x is plotted horizontally and y vertically.
A subjective solution can be obtained by drawing a line that, by visual inspection, appears to fit the points
satisfactorily.  An objective solution is given by the method of least squares.

The method of least squares is a numerical procedure for obtaining a line having the property that
the sum of squares of vertical deviations of the sample points from this line is less than that for any other line.
In this analysis, the least-squares line is represented by the equation

 = a + bx    , [9.5.2.1(b)]

in which

 = predicted value of y for any value of x
a and b = estimates of the parameters  and  in the true regression equation 
   obtained by the least squares method presented below.
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a
y b x

n
      [9.5.2.1(c)]

b
Sxy

Sxx

         [9.5.2.1(d)]

Sxy xy
x y

n
,             [9.5.2.1(e)]

Sxx x 2 x 2

n
.             [9.5.2.1(f)]

Sy

(y ŷ)2

n 2
         [9.5.2.1(g)]

sy

Syy b 2Sxx

n 2
        [9.5.2.1(h)]

Syy y 2 y 2

n
         [9.5.2.1(i)]

It can be shown with the aid of calculus that the values of a and b that minimize the sum of squares of the
vertical deviations are given by the formulas:

where

and

The root mean square error of y is expressed as

where  is the predicted value of y defined above.  This quantity is an estimate of the standard deviation of
the distribution of y about the regression line.  A convenient computational formula for sy is 

where

The quantity R2 = (b2Sxx)/Syy measures the proportion of total variation in the y data, about its average,
that is explained by the regression.  An R2 equal to 1 indicates that the regression model describes the data
perfectly, which is rare in practice.  R2 provides a rough idea of how well data is described by a linear
regression.  A more precise determination of the adequacy of a linear regression is discussed in Section
9.5.2.3.

9.5.2.2 Quadratic Regression — Quadratic regression is appropriate when there is an
approximate quadratic relationship between two measurable characteristics.  Such a relationship is expressed
algebraically by an equation that, in the case of two measurable characteristics x and y, has the form

                                                                       y =  + x + x2 + , [9.5.2.2(a)]
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ŷ a bx cx 2 ,          [9.5.2.2(b)]

a ȳ b
x

n
c

x 2

n

b
X1Y X

2
2 X2Y X1X2

D

c
X2Y X

2
1 X1Y X1X2

D
     [9.5.2.2(c)]

where

x = independent variable
y = dependent variable

 = true intercept of the regression equation
 = true coefficient of the linear term in the regression equation
 = true coefficient of the quadratic term in the regression equation

= measurement or experimental error by which y differs from the 
ideal linear relationship.

Aside from the error term, , this is the equation of a parabola.  The parameter  determines the point
where this curve intersects the y-axis.  The variable x and y may represent either direct measurements or some
transformation measurements of the characteristics under consideration.

Knowing or assuming such an approximately quadratic relationship, the problem becomes one of
estimating the parameters , , and  of the regression equation.  It is necessary to have a random sample
consisting of n pairs of observations, which is denoted by (x1,y1), (x2,y2), ..., (xn,yn).  Such a sample can be
represented graphically by n points plotted on a coordinate system, in which x is plotted horizontally,
y vertically.  A subjective solution can be obtained by drawing a curve that, by visual inspection, appears to
fit the points satisfactorily.  An objective solution is given by the method of least squares.

The method of least squares is a numerical procedure for obtaining a second-degree polynomial
having the property that the sum of squares of vertical deviations of the sample points from this curve is less
than that for any other second-degree polynomial.  In this analysis, the least squares curve is represented by
the equation 

in which

= predicted value of y for any value of x

    a, b, and c = estimates of the parameters ,  and  in the true regression 

equation obtained by the least squares method presented below.

It can be shown with the aid of calculus that the values of a, b, and c that minimize the sum of squares of the
vertical deviations are given by the formulas:
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D X
2
1 X

2
2 X1X2

2         [9.5.2.2(d)]

sy

(y ŷ)2

n 3
            [9.5.2.2(e)]

sy Y 2 b X1Y c X2Y / (n 3)        [9.5.2.2(f)]

Q q1 2q2xo (2q3 q4) x
2
o 2q5 x

3
o q6 x

4
o          [9.5.2.2(g)]

where

and where X1 = x - x/n,  X2 = x2 - x2/n, Y = y - y/n, all symbols being summed are subscripted by i, and
all summations are over i=1 to n. 

The root mean square error of y is expressed as

where  is the predicted value of y defined above.  This quantity is an estimate of the standard deviation of
the distribution of y about the regression curve.  A convenient computational formula for sy is

The quantity R2 = 1-(n-3) sy
2 / Y2 measures the proportion of total variation in the y data, about its

average, that is explained by the regression.  An R2 equal to 1 indicates that the regression model describes
the data perfectly, which is rare in practice.  R2 provides a rough idea of how well the data are described by
a quadratic regression.

Another quantity, Q, is required to compute allowables by quadratic regression analysis.  Q is defined
as

where x0 is the value of the independent variable for which the allowable is being calculated and q1, q2, q3,
q4, q5 and q6 are defined as:

q1 = k [ ce – d2], 

q2 = k [ cd – be],  

q3 = k [ bd – c2],  

q4 = k [ ae – c2], 

q5 = k [ bc – ad], and 

q6 = k [ ac – b2]
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where*

a = n, 

b =  xi,

c =  xi
2,

d =  xi
3,

e =  xi
4,  and

k = [ (ace + 2bcd) – ( c3 + ad2 + b2e) ]-1.

9.5.2.3 Tests for Adequacy of a Regression — It is possible that the relationship between
the dependent variable y and the independent variable x may not be well approximated by the chosen model
(linear or quadratic).  In that case, the predicted values, modeled by a line or a quadratic curve, would not
“fit” the data very well.  It is also possible that the relationship between x and y, although well described by
the chosen model, is not very strong.  That is, there may not be much change in the y values over the range
of x considered.  This is measured by the “significance” of the regression.  Both the lack of fit and the
significance of a linear regression equation can be evaluated through an analysis of variance as described in
this section.

To evaluate the adequacy of a regression model requires satisfying two conditions.  First, it is
necessary that there are multiple observations at one or more values of the independent variable x. Second,
in the case of a linear regression, there must be three or more distinct x values; in the case of a quadratic
regression, there must be four or more distinct x values.  

The analysis of variance for testing lack of fit and significance of regression is based on the
assumption that the measurement errors, i, in the relationship between yi and xi [see 9.5.2.1(a) and 9.5.2.2(a)]
are independent and normally distributed with an overall mean of zero and a constant variance of 2.
Assuming uniformity of variance of measurement errors over the range of the independent variable, the
normality assumption concerning unobservable i can be checked by performing the Anderson-Darling test
for normality on the observed residuals 

i=1,…, n, where 

,ŷye iii

ii bxaŷ
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in the case of linear regression, and 

in the case of quadratic regression.  See Sections 9.5.2.1 and 9.5.2.2 for details on the computation of a, b,
and c, and see Section 9.5.4.1 for details on the Anderson-Darling test for normality.  By plotting the
residuals, ei, against the respective xi, an informal check on the assumption of constant variance is possible
as well.  In such a plot, residuals should vary approximately equally over the range of xi values.

The analysis of variance table for testing lack of fit and significance of a linear regression is shown
below.  In this table, n represents the total number of data points for which x and y are available, k represents
the number of distinct x values.  Formulas for calculating the terms provided in the table are described below.

Degrees of Freedom
Source of
Variation Linear Quadratic

Sum of
Squares, SS

Mean Squares,
MS Fcalc

Regression
Error

1
n-2

2
n-3

SSR
SSE

MSR
MSE

F1

Lack of Fit
Pure Error

k-2
n-k

k-3
n-k

SSLF
SSPE

MSLF
MSPE

F2

Total n-1 n-1 SST

The sums of squares (SS terms) for the Regression, Error, and Total lines of the analysis of variance table
are calculated using the following:

To calculate the sums of squares for lack of fit (SSLF) and pure error (SSPE) requires a relabeling of the data,
ordered by x value.  To this point, the measured values yi have been arbitrarily ordered.  For these
calculations, let Yuj represent the jth data value at the uth x level, and let nu represent the number of data values
at the uth x level.  Let 

u

n

1j

uju n/YY
u

2
i

cx
i

bxa
i

ŷ

2

2

2

)ˆ(

)(

)ˆ(

ii

i

i

yySSE

yySST

yySSR
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Also, let

or the predicted y value corresponding to the x value paired with Yuj.  (Notice that 

because each of these y values have the same x value paired with it.)

Then

and

SSPE = SSE – SSLF.

The sums of squares are then divided by their respective degrees of freedom to compute mean squares
follows:

Mean Square Linear Regression Quadratic Regression

MSR SSR SSR/2
MSE SSE/(n-2) SSE/(n-3)

MSLF SSLF/(k-2) SSLF/(k-3)
MSPE SSPE/(n-k) SSPE/(n-k)

These mean squares are used to compute two F statistics which test for lack of fit and significance of
regression.  (Note:  If the requirements described at the beginning of this section are not satisfied, then it is
not possible to test for lack of fit.)

The two F statistics, F1 and F2, are defined as ratios of the mean squares as specified below:

F1 = MSR/MSE

F2 = MSLF/MSPE.

F2 and Table 9.10.2 are used to test for lack of fit.  If F2 is greater than the 95th percentile of the F
distribution with k – 2 numerator degrees of freedom (k – 3 for quadratic regression) and n – k denominator
degrees of freedom (from Table 9.10.2), then there is significant lack of fit.  In this case it may be concluded
(with a 5 percent risk of error) that linear regression does not adequately describe the relationship between
x and y.  Otherwise, lack of fit can be considered insignificant and the chosen model can be assumed.

If lack of fit is not significant, the significance of regression may be tested using F1 and Table 9.10.2.
If F1 is greater than the 95th percentile of the F distribution with 1 numerator degree of freedom (2 for
quadratic regression) and n – 2 denominator degrees of freedom (n – 3 for quadratic regression), then
regression is significant and the selected model may be assumed.  Otherwise, regression is not significant and
x is considered to have little or no predictive value for y. 

,ŷŶ iuj

,ˆˆˆˆ
321 unuuu YYYY

k

1u

n

1j

2

uju

u

,ŶYSSLF
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F
SSE(R) SSE(F)

2(k 1)
÷

SSE(F)

n 2k

F
SSE(R) SSE(F)

3(k 1)
÷

SSE(F)

n 3k

9.5.2.4 Testing for Equality of Several Regressions — The procedure presented in this
section is designed to test the hypothesis that the true regression equations corresponding to two or more
independent data sets are equal (linear or quadratic).  It is appropriately applied to test the equality of several
regressions in determining whether corresponding data sets should be combined for the purpose of calculating
design allowables.  To test k regressions for equality, the following procedure should be performed.

Perform separate regression analyses for each data set.  The same model form should be used in all
regressions (all linear or all quadratic).  Add error sum of squares (SSE) values from each of the separate
regressions to obtain SSE(F), the error sum of squares for the full model which allows separate slope and
intercept parameters for each data set.  Then fit a single regression to the combined data from all data sets to
obtain SSE(R), error sum of squares for the reduced model which contains a single set of coefficients a and
b (and c for quadratic models) which apply to all data sets.  The F statistic for testing the equality of the k
regressions is

for simple linear models, and

for quadratic models, where n denotes total number of observations in all k data sets combined.  In the linear
case, if F is greater than the 95th percentile of the F distribution with 2(k - 1) numerator degrees of freedom
and n - 2k denominator degrees of freedom (from Table 9.10.2), the hypothesis that the regressions are equal
is rejected.  In the quadratic case, if F is greater than the 95th percentile of the F distribution with 3(k - 1)
numerator degrees of freedom, and n - 3k denominator degrees of freedom, the hypothesis that the regressions
are equal is rejected.  See Reference 9.5.2.4 for more detail.

Example of Computations — In this example, x represents thickness and y represents the TYS values
determined from a group of tensile tests.  Values of x and y are as follows:

X Y

0.100 121

0.100 119

0.200 114

0.200 108

0.300 112

0.300 108

0.400 112

0.400 106

0.500 101

0.500  99
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b
Sxy

Sxx

8.4

0.20
42 .

a
y b x

n

1100

10

( 42)(3)

10
110 12.6 122.6 .

k

i 1

(T
2
i /ni)

(240)2

2
...

(200)2

2
121404 .

From these data, the following quantities may be calculated:

n = 10 ( x)2 = 9

x = 3 ( y)2 = 121000

y = 1100.0 ( x)( y) = 3300

x2 = 1.1 Sxx = 0.20

y2 = 121452 Sxy = -8.4

xy   = 321.6 Syy = 452.

The slope of the regression line is:

The y-intercept of the regression line is:

Thus the final equation of the least squares regression line is:

 = a + b x = 122.6  42x    .

The total of the y data at each x level is needed to calculate lack of fit and pure error sums of squares.  These
totals are as follows:

xi Ti

0.1 240

0.2 222

0.3 220

0.4 218

0.5 200

There are data values at k = 5 different x levels, with ni = 2 values at each level and

Thus,
SSLF = 121404  (1100)2/10  352.8 = 51.2

and
SSPE = 99.2  51.2 = 48.
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Sy

(y ŷ)2

n 2

99.2

8

Sy

Syy b 2Sxx

n 2

452 ( 42)2(0.2)

8
3.52 .

R 2
b 2Sxx

Syy

( 42)2(0.2)

452
0.78

The mean square values are computed by dividing corresponding sums of squares by their degrees
of freedom.  The F1 and F2 statistics are then calculated as ratios of mean squares.  The analysis of variance
table is shown below.

Source of
Variation

Degree of
Freedom,

DF

Sum of
Square,

SS

Mean
Squares,

MS Fcalc

Regression 1 352.8 352.8 F1 = 28.5

Error 8  99.2  12.4 

Lack of
Fit

3  51.2  17.07 F2 = 1.78

Pure
Error

5  48.0   9.6 

Total 9 452.0

Using this equation, the following values of  may be computed for the values of x listed previously.

x

0.100 118.4

0.200 114.2

0.300 110.0

0.400 105.8

0.500 101.6

The root mean square error is computed as follows:

or

R2 is computed as follows:
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Thus, 78 percent of the variability in the y data about its average is explained by the linear relationship
between y and x.

The sum of squares for the regression, total and error lines are computed as follows:

SSR = (-42)2 (0.20) = 352.8
SST = 452
SSE = 452 - 352.8 = 99.2.

The F2 value of 1.78 with k - 2 = 3 and n - k = 5 degrees of freedom is less than the value of 5.41
from Table 9.6.4.9 corresponding to 3 numerator and 5 denominator degrees of freedom.  This indicates that
lack of fit can be considered insignificant.  Thus, it is reasonable to assume that a linear regression adequately
describes the data.  The F1 value of 28.5 with 1 and n - 2 = 8 degrees of freedom is greater than the value of
5.32 from Table 9.10.2 corresponding to 1 numerator and 8 denominator degrees of freedom, so the slope of
the regression is found to be significantly different from zero.

9.5.3 Combinability of Data — A test of significance is employed to make a decision on a
statistical basis.  In this section, three tests (k-sample Anderson-Darling test, “F” test, and “t” test) are
described for use in determining whether the populations from which two or more samples are drawn are
identical.  The k-sample Anderson-Darling test is the most general and does not depend on a specific assumed
distribution, and may be used to evaluate combinability of two or more data sets.

The “F” and “t” tests should only be used to evaluate combinability of two samples that can be
assumed to be normally distributed.  The “F” test is used first to determine whether the two sample variances
differ significantly or not (with a 5 percent risk of error).  If the two sample variances do not differ
significantly, the “t” test is used to determine whether the two sample means differ significantly.  If either the
two sample variances or the two sample means differ significantly (with a 5 percent risk of error), one may
conclude (with a 9.75 percent joint risk of error) that the populations from which the two samples were drawn
are not identical.  Otherwise, the hypothesis that the two populations are identical is not rejected. The tests
given are exact when:

(1) The observations within each sample are taken randomly from a single population of possible
observations, and

(2) The characteristic measured is normally distributed within this population.

To carry out a similar procedure without requiring the assumption of an underlying normal distribu-
tion, or if three or more samples are to be compared, the k-sample Anderson-Darling test should be employed.
This test is a nonparametric procedure and simply tests the hypothesis that populations from which the sam-
ples are drawn are identical.

9.5.3.1 The k-Sample Anderson-Darling Test — The k-sample Anderson-Darling test is
designed to test the hypothesis that populations from which two or more independent random samples were
drawn are identical.  The test is appropriately applied to determine whether two or more products differ with
regard to strength distributions.  The test is a nonparametric statistical procedure and, thus, requires no
assumptions other than the samples are true independent random samples from their respective populations.
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2
N Var(ADK)

aN 3 bN 2 cN d

(k 1)2 (N 1) (N 2) (N 3)

S
k

i 1

1
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Consider the products A1, A2, ..., Ak.  Let X11, X12, ..., X1n1
, denote a sample of n1 data points from

product A1, let X21, X22, ..., X2n2
 denote a sample of the n2 data points from product A2, and so forth.

Furthermore, let N = n1 + n2 + ... + nk represent the total number of data points in the combined samples.

Let L denote the total number of distinct data points in the combined samples and Z(1), Z(2), ..., Z(L)

denote the distinct values in the combined data set ordered from least to greatest.  The k-sample Anderson-
Darling statistic is defined by

where

hj  =  the number of values in the combined samples equal to Z(j)

Hj =  the number of values in the combined samples less than Z(j) plus one-half the number of values
in the combined samples equal to Z(j)

and

Fij =  the number of values in sample corresponding to product Ai which are less than Z(j) plus one-
half the number of values in the sample corresponding to product Ai which are equal to Z(j).

Under the hypothesis of no differences in the sampled populations, the mean of ADK is approximately one
and the variance is approximately

with

a = (4g - 6) (k - 1) + (10 - 6g)S

b = (2g - 4)k2 + 8Tk + (2g - 14T - 4)S - 8T + 4g - 6

c = (6T + 2g - 2)k2 + (4T - 4g + 6)k + (2T - 6)S + 4T

d = (2T + 6)k2 - 4Tk

where
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T
N 1

i 1

1

i

g
N 2

i 1

N 1

j i 1

1

(N i)j

ADK 1 N 1.645
0.678

k 1

0.362

k 1

and

If

one may conclude (with a 5 percent risk error) that samples were drawn from different populations.
Otherwise, the hypothesis that samples were selected from identical populations is not rejected.  For more
information on the k-sample Anderson-Darling test, see Reference 9.5.3.1.

9.5.3.2 The F Test — The F test is used to determine whether the strength of two products differs
with regard to variability.

Consider two products, A and B.  These might represent two different processes, thickness ranges,
or test directions.  The statistics for the samples drawn from these products are:

Product A Product B
Sample size nA nB

Sample standard deviation sA sB

Sample mean X̄A X̄B

F is the ratio of the two sample variances, thus,

F = sA
2/sB

2 [9.5.3.2]

If the true variances of Products A and B are identical at a significance level of  = 0.05, F should lie within
the interval defined by

F0.975 (for nA - 1 and nB - 1 degrees of freedom),

and

1/F0.975 (for nB - 1 and nA - 1 degrees for freedom).*

If F does not lie within this interval, it can be concluded that the two products differ with regard to their
variability.  Values of F0.975 are presented in Table 9.10.3.
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DX̄ X̄ A X̄ B     [9.5.3.3(a)]

u t0.975sp

nA nB

nAnB

      [9.5.3.3(b)]

Example of Test Computation — The following sample statistics are reported:

Product A Product B

Sample size  20  30

Sample standard deviation, ksi   4.0   5.0

Sample mean, ksi 100.0 102.0

Perform an F test as follows:

F = sA
2/sB

2 = 42/52 = 0.64

df = nA - 1 = 19

nB - 1 = 29

F0.975 (19,29) = 2.23
From Table 9.10.3

1/F0.975 (29,19) = 1/2.40 = 0.42

Since 0.64 lies within the interval of 0.42 to 2.23 one can conclude that there is no reason to believe that
Products A and B differ with regard to their variability.

9.5.3.3  The t Test — The t test is used to determine whether two products differ with regard to
average strength.  If they do, one may conclude that the two products do not belong to the same population.

In making the t test, it is assumed that the variances of two products are nearly equal, as first deter-
mined from the F test.  If the F test shows that the variances are significantly different,  there is no need to
conduct the t test.

Consider the same products, A and B.  The statistics for samples drawn from these products are:

Product A Product B

Sample size nA nB

Sample standard deviation, ksi sA sB

Sample mean, ksi X
—

A X
—

B

Dx- is the absolute difference between the two sample means.

If the true means of products A and B are identical, Dx- should not exceed u, which is determined as indicated
by the following equation for a significance level of  = 0.05.
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sp

(nA 1)s
2
A (nB 1)s

2
B

nA nB 2
     [9.5.3.3(c)]

sp

(nA 1)s
2
A (nB 1)s

2
B

nA nB 2

(19)(4)2 (29)(5)2

48
4.63 ksi

nA nB

nAnB

20 30

(20)(30)
0.2887

u t0.975sp

nA nB

nAnB

(2.011)(4.63)(0.2887) 2.7 ksi

Dx̄ X̄A X̄B 2.0 ksi

where

t0.975 has nA + nB  2 degrees of freedom*

and

Values of t0.975 are found in Table 9.10.4.

Example of Test Computation — The following sample statistics are the same as those in Section
9.5.3.2:

Product A Product B

Sample size  20  30

Sample standard deviation, ksi   4.0   5.0

Sample mean, ksi 100.0 102.0

It was determined in Section 9.5.3.2 that the variances of Products A and B do not differ significantly.
The t test computations to test the sample means are:

df = nA + nB  2 = 48

t0.975 (for 48 df) = 2.011 (from Table 9.10.4)

Since Dx- (2.0) is not greater than u (2.7), it may be concluded that there is no reason to believe that
Products A and B differ with regard to their average strength.  On the basis of both tests in this example, the
conclusion would be that the two products were drawn from the same population.
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Z(i) X(i) X /s i 1,...,n

AD
n

i 1

1 2i

n
ln Fo Z(i) ln 1 Fo Z(n 1 i) n

AD > 0.752/ 1 0.75/n 2.25/n 2

9.5.4 Determining the Form of Distribution — The computational procedure selected to
establish design-allowable values by statistical techniques is dependent upon distribution of strength
measurements in the available sample. Both three-parameter Weibull and Pearson Type III distributions may
be used.  Some procedures in the Handbook still require that residuals from a model be normally distributed
(such as determination of design allowables by regression analysis).  As noted previously, references to
normal, Weibull, or Pearson Type III distributions will be interpreted as applying either to original
measurements or to an appropriate transformation of them.  This section contains a discussion and illustration
of methods used to establish whether or not a population follows a normal, Weibull, or Pearson Type III
distribution.

Various goodness-of-fit test procedures are described in Sections 9.5.4.1 through 9.5.4.9.  The
purpose of each is to indicate whether an initial distribution assumption should be rejected.  The methods
presented are based on the “AndersonDarling” goodness-of-fit family of tests.  These tests are objective and
indicate (at 5 percent risk of error) whether the sample is drawn from the tested distribution.  Unfortunately,
these tests may reject the assumed distribution even though the distribution may provide a reasonable
approximation within the lower tail.  For this reason, the sequential Weibull procedure permits upper tail
censoring when found to be appropriate, and the goodness-of-fit test described below allows for this.
Nonetheless, some subjective reasoning should be employed after using a goodness-of-fit test.

After a goodness-of-fit test has been performed (especially if the distributional assumption has been
rejected), it is generally required that a cumulative probability plot of data be provided to graphically illustrate
the degree to which the assumed distribution fits the data.  Methods for development of normal probability
plots (Section 9.5.4.2), Pearson probability plots (Section 9.5.4.6), and Weibull probability plots (Section
9.5.4.9) are presented.

Sample size is denoted by n, sample observations by X1, ...,  Xn, and sample  observations ordered
from least to greatest by X(1), ..., X(n). Data must be ungrouped.

9.5.4.1  “Anderson-Darling” Test for Normality — The “Anderson-Darling” test for
normality is used to determine whether the curve which fits a given set of data can be approximated by a
normal curve.  The essence of the test is a numerical comparison of the cumulative distribution function for
observed data with that for the fitted normal curve over the entire range of the property being measured.  Let

where X(i) is the ith smallest sample observation, X
—

 is the sample average, and s is the sample standard
deviation.  Equations for computing sample statistics are presented in Appendix A.

The “Anderson-Darling” test statistic is

where Fo is the standard normal distribution function*.  If
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ei yi a bxi i 1,...,n

Z(i) e(i)/sy i 1,...,n

one may conclude (at 5 percent risk of error) that the population from which the sample was drawn is not
normally distributed.  Otherwise, the hypothesis that the population is normally distributed is not rejected.
For further information on this test procedure, see References 9.5.4.1(a) and (b).

The same procedure can be used to test the normality of the residuals

from a regression (see Section 9.5.2.1) assuming uniformity of variance of the residuals over the range of the
independent variable.  When calculating the test statistic AD, define

where e(i), i = 1,...,n are the ordered residuals from smallest to largest and sy is the root mean square error of
the regression defined in Section 9.5.5.1 or 9.5.5.2.  The justification for this procedure may be found in
Reference 9.5.4.1(c).

9.5.4.2 Normal Probability Plot —To graphically illustrate the degree to which a normal distr-
ibution fits a set of data, a normal probability plot may be formed by plotting the measured value of each test
point versus X

—
 + s Fo

-1 (P/100) where  Fo
-1 is the inverse standard normal cumulative distribution function.*

The line representing the fitted normal distribution is the line passing through the points with equal horizontal
and vertical coordinates.  If the horizontal axis is labeled with cumulative probabilities (P values) as in Table
9.10.5 rather than Fo

-1 (P/100) values, the plot will be identical to a plot formed on normal probability paper.

Figure 9.5.4.2  illustrates the use of a normal probability plot on Alclad 2524-T3 Aluminum Alloy
Sheet and Plate data in the 0.063-0.128 inch thickness range.  There are 309 measured test values with X

= 45.24 and s = 1.923.  There appears to be a systematic departure from the model (the measured values are
higher than expected) in both tails, suggesting that the distribution of the measured values departs from a
normal distribution.  This model was rejected by the Anderson-Darling test for normality.

9.5.4.3 Three-Parameter Weibull Acceptability Test — The three-parameter Weibull
acceptability test is designed to determine whether an acceptable proportion of a producer’s population is
likely to exceed the specification limit for corresponding material property.  Because this test is only used
to screen data sets and is not used in the actual calculation of lower tolerance bounds, it is not required that
the data be well-described by a Weibull distribution to apply this test.  To carry out this test, an upper
confidence bound (UCB) is calculated for the first percentile of the producer’s population. This UCB value
is calculated in the same manner as a T99 value is calculated (in Section 9.5.5.2) with the following modifica-
tions:

(1) In solving for the threshold ( ) (Section 9.5.5.2.1),  should be set equal to 0.10.

(2) The value of V99 should be taken from Table 9.10.6 rather than Table 9.10.7 when using the
formula for T99 (Equation [ 9.5.5.2(a)]) to calculate the UCB value.
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Figure 9.5.4.2 Probability plot for a normal distribution fitted to a complete TYS data
set for Alclad 2524-T3 aluminum alloy sheet in the 0.063-0.128 inch thickness range -
rejected.

If UCB is greater than or equal to the specification limit, it is concluded that the producer’s data is
acceptable.  If UCB is less than the specification limit, it is concluded (with a 5 percent risk of error) that the
producer’s data do not meet the specification minimum value. 

In statistical terms, this method tests (at 5 percent significance level) the hypothesis that at least
99 percent of the producer’s population is greater than the specification limit.  If the hypothesis is not rejected
(UCB greater than or equal to specification limit), then it is concluded that the producer’s data is acceptable.
If the hypothesis is rejected (UCB less than the specification limit), it is concluded that the producer’s data
is unacceptable.

This technique is applicable only when data have not been censored from the sample.  It also assumes
that the data are distributed according to a three-parameter Weibull distribution (although normally distributed
data and Pearson distributed data are also accommodated by this test).  If the data sample is highly skewed,
background data should be reviewed to determine whether the skewness is caused by a mixed population.
If it is not, the Weibull test procedure can be applied.  This test should be applied to both tensile yield and
ultimate strengths (in appropriate grain directions), and if a producer’s data is unacceptable for either
property, that producer’s data for both properties should be excluded for the purpose of computing T99 and
T90 values.

9.5.4.4 Anderson-Darling Test for Pearsonality – This section describes a test to determine
whether data from a population are satisfactorily described by the Pearson Type III (or gamma) distribution.
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First compute estimates of the population mean, standard deviation, and skewness (denoted by , S, andX
q), as described in Section 9.5.5.1.  Then calculate the following Anderson-Darling statistic:

where

H(x) is the cumulative distribution function of a chi-square distribution with 8/q2 degrees of freedom.
Note that F(x) is the cumulative distribution function of a chi-square distribution with 8/q2 degrees of freedom
when q > 0.1265 , and a standard normal distribution when .  Because of numerical computingq 0 025.
inconsistencies for large degrees of freedom, a normal approximation to the chi-square distribution is
recommended for 0.025 < q 0.1265 .

If the AD is greater than the critical value of
,0 3167 0 034454 1

2
. . ln( ) exp( )n q

then the data are rejected by the Anderson-Darling test for Pearsonality. 

9.5.4.5  The Pearson Backoff Option – If the data are rejected by the Pearson AD test, the
backoff method may be applied.  The following formula should be used to calculate the AD statistic of the
backoff method:
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9999
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(rank)(100)
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where

for j<n, bn,n= , and bn+1,n=1.
n

j
xF iqSi,j ),(minb ,,

)(,, nqS xF

(Notice that this formula has an argument representing the assumed mean of the distribution being tested

against.)

Calculate ADbackoff ( ) for  equal to 0.1, 0.2, 0.3, 0.4, and 0.5.  If any of these values is belowX
the critical value of 

,0 03238 0 00001795 0 23552 2
. . ln( ) exp( ) .n q

then backoff, is defined as the smallest of these ’s satisfying the inequality.  (Note: In calculating the backoff,

if q is negative and  then the backoff method cannot be applied.  S and Q are ,/2 )(nbackoff XQSX

defined in Section 9.5.5.1.)

If a backoff is identified, then T99 and T90 should be calculated by the following formulas:

where k90(q,n) and k99(q,n) are defined in Section 9.5.5.1. 

9.5.4.6  Pearson Probability Plot — To graphically illustrate the degree to which a Pearson
Type III (or gamma) distribution fits a set of data, the following procedure for creation of a Pearson probabili-
ty plot is recommended.  This method is appropriate for distributions estimated using uncensored data. 

The rank of each point selected for plotting is the number of lower test points plus the plotted point
plus one-half the number of other test points equal to the plotted point.  Its cumulative probability, P (in
percent), is equal to the rank multiplied by 100, divided by one more than the total number of test points:

The measured value of each test point is plotted versus F-1 (P/100) where
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and , s, and q are population parameter estimates obtained according to the procedures outlined in SectionX
9.5.5.1.  H-1 is the cumulative distribution function of a chi-square distribution with 8/q2 degrees of freedom
and Fo

-1 is the inverse standard normal cumulative distribution function.  A straight line is then drawn to
represent the fitted Pearson distribution.  This line may be established by plotting any two points with equal
vertical and horizontal coordinates and drawing a line through these two points.  The horizontal axis is then
labeled with cumulative probabilities (P or P/100) rather than F-1 values.

If the backoff option is used, the selected distribution can then be described as the best-fit distribution
shifted by a small constant, backoff.  In this case, the predicted values should also be shifted by the same
constant.  That is, plot the measured values versus

F-1(P/100) - backoff   .

The plotted points should finally be compared with the line to determine whether there appears to
be a reasonably good fit.  If the backoff option is used, then only deviations where the data fall below the
fitted line should be considered as relevant.

Figure 9.5.4.6(a) illustrates the use of a Pearson probability plot on Aluminum Alloy Sheet and Plate
data in the 0.063-0.128 inch thickness range.  The estimates of the mean, standard deviation, and skewness
parameters are 45.24, 1.92, and 0.12, respectively.  There appears to be a systematic departure from the model
(the measured values are higher than expected) in both tails, suggesting that the distribution of the measured
values is not well approximated by a Pearson distribution.  Appropriately, this model was rejected by the A-D
test for Pearsonality. 

Figure 9.5.4.6(b) shows a probability plot for the same data, using the distribution estimated with the
backoff option of the sequential Pearson procedure, which identified a backoff of 0.2 ksi.  The only difference
between the two plots is that the predicted values in Figure 9.5.4.6(a) are shifted 0.2 ksi to the left in Figure
9.5.4.6(b).  Although the curve of data in Figure 9.5.4.6(b) is further away (on average) from the y=x
reference line than the curve of data in Figure 9.5.4.6(a), only negative deviations from the reference line are
recognized in the A-D goodness-of-fit test for a distribution estimated by the backoff method.  In
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Figure 9.5.4.6(b).  Probability plot for a Pearson distribution fitted to complete TYS
data for Alcad 2524-T3 aluminum alloy plate in the 0.063-0.128 inch thickness range
using 0.2 ksi backoff - accepted.

Figure 9.5.4.6(a).  Probability plot for a Pearson distribution fitted to a complete TYS
data set for Alcad 2524-T3 aluminum alloy sheet in the 0.063-0.128 inch thickness
range - rejected.
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Figure 9.5.4.6(b), only a small proportion of the data are below the predicted values, resulting in an
insignificant deviation.  The “backoff” model was accepted by the A-D test. 

9.5.4.7 Modified “Anderson-Darling” Test for Weibullness — The “Anderson-Darling”
test for three-parameter Weibullness is used to determine whether the curve which fits a given set of data can
be approximated by a three-parameter Weibull curve.  The essence of the test is a numerical comparison of
the cumulative distribution function for observed data with that for a fitted Weibull curve over the entire
range of property being measured.  This test differs from the original version of the Anderson-Darling test
in that it emphasizes the lower tail.  This method can be applied with complete or censored data.

The first two steps produce estimates of the parameters of a three-parameter Weibull distribution.
Be sure to acknowledge the appropriate degree of censoring in computing the threshold, shape, and scale
parameters as described in Sections 9.5.4.7.1 and 9.5.4.7.2.  Using the procedure outlined in 9.5.4.7.1, com-
pute the threshold for the goodness-of-fit test, 50.  Then, using the method described in 9.5.4.7.2, compute
the maximum likelihood estimates of the shape and scale parameters for {X(i) - 50 : i=1,...,r} where r equals
n for the uncensored data and r represents the smallest integer greater than or equal to 4n/5 for 20 percent
censoring and n/2 for 50 percent censoring.  Denote these estimates by 50 and 50, respectively.  Calculate
the (censored or uncensored) A-D statistic is described in Section 9.5.4.7.3. 

9.5.4.7.1 Estimating the Threshold Parameter — This section describes a method for estimating
the threshold of a three-parameter Weibull distribution.  The same approach is taken for estimating the
threshold, whether the purpose is to test goodness-of-fit (Section 9.5.4.7), or to directly calculate T99 or T90

values (Section 9.5.5.2).  This method applies to uncensored and upper-tail censored data; however, different
columns of Table 9.10.8 are used.  (References 9.5.4.7.1(a) and 9.5.4.7.1(b) provide details of this method
for uncensored data.)

Let K equal the greatest integer less than or equal to min {4n/15, (1-p)n/3}, where p represents the
proportion of the upper tail that is censored (p equals 0, 0.2, or 0.5).  Define the function R( ) by

where

with
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Di ln ln 1
i 0.5

n 0.25
ln ln 1

i 0.5

n 0.25

g( )

r

i 1

Z(i) ln Z(i) (n r) Z(r) ln Z(r)

r

i 1

Z(i) (n r) Z(r)

1 1

r

r

i 1

ln Z(i)

and

for i=5,6,...,3K-2.  Finally, let  and S represent the sample mean and sample standard deviation,X̄
respectively.

Determine  using the appropriate column of Table 9.10.8.  The first set of columns in Table 9.10.8
is provided for estimating the threshold, 50, associated with the Anderson-Darling goodness-of-fit test
described here.  The second and third sets of columns are provided for estimating 99 and 90, which are
needed to determine T99 and T90, as described in Section 9.5.5.2.  Each set of columns includes a column for
uncensored data, 20 percent upper-tail censored data, and 50 percent upper-tail censored data.

The estimated threshold parameter, , is the solution to the equation R( ) = .  The function R( ) is
a monotonically decreasing continuous function of .  A simple method for finding the solution is as follows.
Start with L = min(0, -100S) and H = 0.999999X(1).  If R(L) , then set  = L or if R(H)  then set  =X̄
H.  Otherwise reduce the (L,H) interval by calculating M = (L+H)/2 and setting L = M if R(M)  or by
setting H = M if R(M) < .  If H - L  106, then set  = M and stop.  Otherwise, reduce the (L,H) interval2X̄/
again.

9.5.4.7.2 Estimating the Shape and Scale Parameters — This section describes a method for
estimation of the shape and scale parameters of the two-parameter Weibull distribution based on data which
may be censored in the upper tail.  Estimates of the shape and scale parameters are based on the original data
corrected for the estimated threshold, .  That is, the calculations in this section are performed based on Z(1),
..., Z(n), where Z(i) = X(i)- , with  estimated as in Section  9.5.4.7.1.  The assumption is made here that if the
data are censored, then only the r smallest observations in the sample are observed (1  r  n), where r is
some pre-specified number (often based on a percentage); this is called Type II censoring.  Thus, the input
to this procedure is a total sample size, n, a censored sample size, r, and the sample remaining after censoring
Z(1), ..., Z(r).  Define

Note: When implementing the equation for g( ) in software, it may be necessary to divide each Z term that
is raised to the  power by a normalizing factor, C, in order to avoid computational difficulties.  The
factor, C, can be any type of average calculated from the Z values (e.g., geometric mean of the
uncensored Z values).  Because the C-factor algebraically cancels out of the equation for g( ), its use
does not change the meaning of the equation in any way.

The shape parameter estimate, , is the solution to the equation g( ) = 0.  The function g( ) is a
monotonically increasing continuous function of .  A simple method for finding the solution is as follows.
Let Sy denote the standard deviation of Yl, ..., Yr where Yi = ln (Zi) for i=1, ..., r.  Calculate I = 1.28/Sy as an
initial guess at the solution and calculate g(I).  If g(I) > 0, then find the smallest positive integer k such that
g(I/2k) < 0 and let L = I/2k and H = I/2k-1.  If g(I) < 0, then find the smallest positive integer k such that
g(2k I) > 0 and let L = 2k-1 I, and H = 2k I.  Reduce the (L,H) interval by calculating M = (L+H)/2 and setting
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r
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0.3951 4.186 x 10 5 n (Uncensored)

0.2603 4.182 x 10 5 n (20 percent censored)

0.1761 1.842 x 10 5 n (50 percent censored)

         [9.5.4.7.3]

F (x) 1 exp
x

50

50

.

L = M if g(M)  0 and/or by setting H = M if g(M)  0.  If H-L  2I/106, then set  = M and stop.  Otherwise,
reduce the (L,H) interval again.

Once  has been determined, the scale parameter estimate is defined by

9.5.4.7.3 Calculating the Anderson-Darling Statistic — Once the parameters have been
estimated in Sections 9.5.4.7.1 and 9.5.4.7.2, calculate the Anderson-Darling statistic by the following steps.

For i=1,...,r, let

let Fn+1 = 1, and let

Define the A-D statistic as

If

one may conclude (at 5 percent risk of error) that the population from which the sample was drawn is not a
three-parameter Weibull population.  Otherwise, the hypothesis that the population is a three-parameter
Weibull population is not rejected.  Equation 9.5.4.7.3 was derived under the assumption that the threshold
parameter is estimated, not known.  For further information on this test procedure, see Reference  9.5.4.7.3.

9.5.4.8 Identifying Proper Backoff for Weibull Method — Begin with the estimates 50,

50, and 50 obtained according to the procedures outlined in Sections 9.5.4.7.1 and 9.5.4.7.2.  Let F (x)
represent the cumulative distribution function of the three-parameter Weibull distribution with threshold
parameter , and scale and shape parameters, 50 and 50, respectively:
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Define the special “backoff” Anderson Darling statistic by

where ai = min{F (x(i)), i/n}, bi = min{F (x(i+1)), i/n} for i < n, and bn = 1.  Let backoff be the smallest value
among 0.1, 0.2, 0.3, 0.4, and 0.5 such that

ADB( 50 - backoff) < 0.0359 + 1.2 x 10-5 n . [9.5.4.8]

If none of the five values satisfies Equation 9.5.4.8, the backoff procedure cannot be used to compute T99 and
T90.  Otherwise, backoff is subtracted from T99 and T90 as calculated from the complete sample.

9.5.4.9  Weibull Probability Plots —To graphically illustrate the degree to which a
three-parameter Weibull distribution fits a set of data, the following procedure for creation of a Weibull
probability plot is recommended.  This method is appropriate for distributions estimated using censored or
uncensored data.  A method for displaying the fit using a distribution estimated by a backoff option is also
described.

The rank of each point selected for plotting is the number of lower test points plus the plotted point
plus one-half the number of other test points equal to the plotted point.  Its cumulative probability, P (in
percent), is equal to the rank multiplied by 100, divided by one more than the total number of test points:

The measured value of each test point is plotted versus F-1 (P/100) where

and 50, 50, and 50 are population parameter estimates obtained according to the procedures outlined in
Sections 9.5.4.7.1 and 9.5.4.7.2 .  A straight line is then drawn to represent the fitted Weibull distribution.
This line may be established by plotting any two points with equal vertical and horizontal coordinates and
drawing a line through these two points.  The horizontal axis is then labeled with cumulative probabilities
rather than F-1 values.

If the backoff option is used, the selected distribution can then be described as the best-fit distribution
shifted by a small constant, backoff.  In this case, the predicted values should also be shifted by the same
constant.  That is, plot the measured values versus

F-1(P/100) - backoff   .

The plotted points should finally be compared with the line to determine whether there appears to
be a reasonably good fit.  With sample sizes on the order of 100 test points, only those points lying between
about 10 and 90 percent probability should be considered in making this evaluation.  With sample sizes of
1000 test points, these limits can be extended to about 1 and 99 percent.  If the distribution was estimated
using a method for censored data, then only the uncensored portion of the data used to estimate the
distribution should be considered when assessing lack of fit.  For instance, if the 20 percent censoring method
is selected for use by the sequential Weibull method, then only the lower 80 percent of the data should be
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Figure 9.5.4.9(a).  Probability plot for a Weibull distribution fitted with 50 percent
censored TYS data for Alcad 2524-T3 aluminum alloy sheet in the 0.063-0.128 inch
thickness range - accepted.

examined for agreement with the line of best fit.  If the backoff option was used, then only deviations where
the data fall below the fitted line should be considered as departures.

Figure 9.5.4.9(a) illustrates the use of a Weibull probability plot on Alclad 2524-T3 Aluminum
Alloy Sheet and Plate data in the 0.063-0.128 inch thickness range.  This is a probability plot based on
a Weibull distribution estimated using the 50 percent censoring method. The estimates of the threshold,
scale, and shape parameters based on 50 percent censoring are 40.87, 5.26, and 2.09, respectively.
Notice that the lower tail does not exhibit serious departures from the model, but significant departures
are apparent in the upper tail. But, as mentioned above, only the lower 50 percent of the data should be
included in an assessment of this probability plot, because the rest are not used in fitting the model. The
model estimated by this method was accepted by the Anderson-Darling test for Weibullness.   

Figures  9.5.4.9(b) and 9.5.4.9(c) illustrate the value of the backoff method and the construction
and interpretation of the associated probability plots.  Alclad 2524-T3 Aluminum Alloy Sheet and Plate
tensile yield data in the 0.250 – 0.310 inch thickness range is used for illustration.  There are 1202
measured test values.  The estimates of the threshold, scale, and shape parameters of the best-fit Weibull
distribution, based on the uncensored data, are 40.00, 3.50, and 2.62, respectively.  The departures from
the reference line in Figure 9.5.4.9(b) suggest that this Weibull distribution does not provide a good fit
for the measured values, and it was rejected by Anderson-Darling test for Weibullness.
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Figure 9.5.4.9(b).  Probability plot for a Weibull distribution fitted to a complete TYS
data set for Alcad 2524-T3 aluminum alloy plate in the 0.250-0.310 inch thickness
range - rejected.

Figure 9.5.4.9(c) shows a probability plot of the same data, using the distribution estimated with
the backoff option of the sequential Weibull procedure, which identified a backoff of 0.2 ksi.  The only
difference between the two plots is that the predicted values in Figure 9.5.4.9(b) are shifted 0.2 ksi to the
left in Figure 9.5.4.9(c).  Although the curve of data in Figure 9.5.4.9(c) is further away (on average)
from the y=x reference line than the curve of data in Figure 9.5.4.9(b), only negative deviations from the
reference line are recognized in the Anderson-Darling goodness-of-fit test for a distribution estimated
by the backoff method.  In Figure 9.5.4.9(c), only a small proportion of the data in the very middle of
the distribution are below the predicted values, resulting in an insignificant departure from Weibullness.

9.5.5  DIRECT COMPUTATION WITHOUT REGRESSION —To permit computation of lower
tolerance bounds in more of these cases, the Weibull approach was expanded to incorporate two different
levels of upper-tail censoring and a last-resort conservative “backoff” option.  Also, a modified version
of the A-D test was developed which places more emphasis on the lower tail than the upper tail (Section
9.5.4.7).

During the development of the Weibull procedure (Section 9.5.5.2), it became evident how
inadequate the traditional normal procedure is for computing tolerance bounds when the data come from a
9.5.5 illustrates the shortcomings of the normal procedure for computing T99 and T90 for distributions* ranging
in skewness from minus 1 to plus 1. The second column provides estimates of the probability that skewed
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Figure 9.5.4.9(c).  Probability plot for a Weibull distribution fitted to complete TYS
data for Alcad 2524-T3 aluminum alloy plate in the 0.250-0.310 inch thickness range
using 0.2 ksi backoff - accepted.

distribution – even if a goodness-of-fit test is applied to screen out non-normal distributions. Table  a sample
of size 100 will be “accepted” as normal.  Notice that for very skewed Weibull distributions, the proportion
accepted by the normal Anderson-Darling test is small, but it increases for distributions with skewness near
zero. The third column of Table 9.5.5 estimates the coverage, which is the probability (or confidence) that
the method will yield a T99 below the true first percentile.  This should be 95 percent.  If the distribution is
negatively skewed then the coverage can be substantially lower than the claimed 95 percent.  The fourth
column estimates the systematic bias of the procedure.  Bias for T99 represents the difference between the 95th

percentile of the T99 values produced by the normal procedure minus the true first percentile.  (Bias is
presented in units of standard deviations.  This can be converted to, say, ksi units, if the standard deviation
is known.)  It can be interpreted as the amount that would have to be subtracted from the T99 values produced
by the procedure to get an appropriate answer.  The problem is, in practice, one never knows true skewness.
Notice that as bias goes up, coverage goes down.  The last two columns provide coverage and bias estimates
for T90.  Although still significant, the errors associated with T90 are much smaller than those for T99.  Figure
9.5.5(a) displays the bias of T90 and T99 for skewness between minus1 and plus 1 (again, in units of standard
deviations).

Normal-based methods can be very good for estimating the mean of a distribution - which is not very
sensitive to skewness.  However, in MIL-HDBK-5, much of the emphasis is on estimating the first and tenth
percentiles - which are very sensitive to skewness.  Table 9.5.5 and Figure 9.5.5(a) are provided to emphasize
the notion that applying the normal method can result in very poor tolerance bound estimates due to
undetected skewness.  It is for this reason that the traditional normal method for computing tolerance bounds
is not provided in the Handbook as a recommended procedure.

On the other hand, because methods based on the Weibull distribution are computationally intensive
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Figure 9.5.5(a).  Estimated Bias of T99 and T90 Using Normal Method on Skewed Data.

and have less intuitive appeal than methods based on the normal distribution, an alternative procedure was

Table 9.5.5.  Performance of Normal Method for Calculating T90 and T99 on Samples of
Varying Skewness

Skewness
Percent

Accepted

T99 T90

Percent
Coverage

Bias (Std.
Dev.)

Percent
Coverage

Bias (Std.
Dev.)

-1.00
-0.75
-0.50
-0.25
0.00
0.25
0.50
0.75
1.00

16
40
68
91
98
91
65
21
4

3
11
43
82
98
100
100
100
100

1.0
0.7
0.4
0.2
-0.1
-0.4
-0.6
-0.7
-0.7

66
78
83
88
93
97
99
100
100

0.22
0.16
0.12
0.08
0.04
-0.02
-0.06
-0.06
-0.10
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developed based on the Pearson Type III family of distributions.  The Pearson family includes the normal
distribution as a special case.  The Pearson method was incorporated into the Guidelines in 1999.

The sequential Weibull procedure (Section 9.5.5.2) and the sequential Pearson procedure (Section
9.5.5.1) were developed based on distributions with skewness between minus 1 and 1.  Therefore, the Weibull
and Pearson procedures should not be applied if the sample skewness is outside this range.  If no systematic
effects (e.g., thickness) are identified as significant by regression, then only the nonparametric method
(Section 9.5.5.3) should be applied.

 Current analysis procedures for computing lower tolerance bounds (T90, T99) are described in Figure
9.5.5(b).  Three methods are permitted: the sequential Pearson procedure, the sequential Weibull  procedure,
and the nonparametric procedure.  The remainder of this section provides an overview and a roadmap to these
procedures.  Figure 9.5.5(c) describes the procedure for translating T99 and T90 values to A and B values, and
values for publication in the mechanical property tables in this Handbook.

In what follows, certain procedures require artificial censoring of the measured data.  That is, because
the real engineering interest for design lies in lower percentiles of the distribution of a material’s properties,
some of the following procedures ignore a portion of the observations in the upper tail.  Specifically, we use
the notation X(1) X(2) ... X(n) to denote the ordered sample, and will frequently refer to the censored sample:

X(1) X(2) ... X(r).

The ratio r/n represents the proportion of the sample which is uncensored.  Alternatively, (1-r/n)
represents the proportion of the sample which is censored.  The terms r and n will be used throughout
subsequent sections without redefinition.  In the case of uncensored data, r=n.

If the sequential Pearson analysis procedure is applied, the first step is to perform an Anderson-
Darling goodness-of-fit test for Pearsonality as described in Section 9.5.4.4.  If the assumption of normality
is not rejected, the lower tolerance bounds may be computed using the methods described in Section 9.5.5.1.
If the assumption of Pearsonality is rejected, then the Pearson backoff method (Section 9.5.4.5) should be
attempted.  This method decreases the estimate of the mean, while holding the standard deviation and
skewness estimates constant, until the percentiles of the resulting model are sufficiently less than the sample
percentiles.  To avoid accepting an extremely inadequate fit, the decrease in the mean is limited to 0.5 ksi.

Section 9.5.4.5 describes the method for identifying a proper backoff, denoted by backoff, for the
sequential Pearson method.  If the appropriate backoff is less than or equal to 0.5 ksi, the lower tolerance
bounds should be calculated by first computing bounds based on the complete sample as specified in Section
9.5.5.1, and then subtracting  backoff.  If an appropriate backoff less than or equal to 0.5 ksi is not identified,
then the sequential Weibull procedures described in Section 9.5.5.2 or the nonparametric procedure described
in Section 9.5.5.3 should be considered.  In most cases it has been found that strength data fit a Pearson
distribution better than a Weibull distribution.  However, there are times when a Weibull distribution does
provide a better fit.  Probability plots are helpful in determining which procedure provides the best fit when
there is a difference in the T99 and T90 values for the two methods.

When the sequential Weibull procedure is applied, a modified Anderson-Darling goodness-of-fit-test
is conducted as described in Section 9.5.4.7 for the uncensored sample.  If the assumption of Weibullness is
not rejected, the lower tolerance bound should be computed using methods described in Section 9.5.5.2 for
complete samples.  (The risk that one may conclude erroneously that a true Weibull distribution is non-
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Figure 9.5.5(b).  Procedure for Direct Computation of T99 and T90 When Regression is
Not Required.
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Figure 9.5.5(c). Procedure for Converting T99 and T90 values [from Figure 9.2.6(a)] to
A and B Values, and Mechanical Property Table Values.
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Weibull is set at 5 percent.)  If the assumption of Weibullness is rejected for the complete sample, then the
next step is to test the lower 80 percent of the data for Weibullness by trimming the top 20 percent of the
measurements and applying a censored version of the Anderson-Darling test.  Use the version of the test
described in Section 9.5.4.7 for 20 percent censoring.  If this test is not rejected, then the lower tolerance
bounds should be computed using the methods described in Section 9.5.5.2 for 20 percent censoring.  If the
assumption of Weibullness is rejected here, then 50 percent censoring should be attempted, in the same
manner as described for 20 percent censoring.

 If the Weibull model is still rejected with 50 percent censoring, then a last resort conservative
Weibull method should be attempted.  This method decreases the initial Weibull threshold estimate while
holding the shape and scale parameters constant, until the percentiles of the resulting model are sufficiently
less than the sample percentiles.  To avoid accepting an extremely inadequate fit, the decrease is limited to
0.5 ksi.

Section 9.5.4.8 describes the method for identifying a proper backoff (the decrease from the initial
Weibull threshold estimate), denoted by backoff, for this method.  If the appropriate backoff is less than or
equal to 0.5 ksi, the lower tolerance bounds should be calculated by first computing bounds based on the
complete sample as specified in Section 9.5.5.2, and then subtracting the backoff value.  If an appropriate
backoff less than or equal to 0.5 ksi is not identified for either the sequential Pearson or sequential Weibull
procedures, then the nonparametric procedures described in 9.5.5.3, should be considered

In those cases where sufficient data are available, one may choose to calculate the lower tolerance bounds
by the nonparametric procedure.  A T99 bound requires 299 data values and a T90 bound requires 29 data
values.*  The nonparametric procedure is described in Section 9.5.5.3.  If the sample size is too small for the
nonparametric method, sequential Pearson procedure described in Section 9.5.5.1  or the the sequential
Weibull procedure described in Section 9.5.5.2, should be considered.

In those cases where sample sizes are insufficient to apply the nonparametric method, and the good-
ness-of-fit tests will not allow application of the sequential Weibull or sequential Pearson procedures, the
lower tolerance bounds cannot be calculated.

9.5.5.1 Sequential Pearson Procedure —This procedure should be used when a lower
tolerance bound (T99, T90) is to be computed directly (not paired with another property for computational
purposes) and the population may be interpreted to signify either the property measured (TUS, etc.) or some
transformation of the measured value that is normally distributed.  This procedure is applicable to Ftu and Fty.
It may also be used for Fcy, Fsu, Fbru, and Fbry if sufficient quantity of data is available.

To compute lower tolerance bounds for a population from the Pearson Type III (or gamma) family
of distributions, it is necessary to have estimates of the mean, standard deviation, and skewness of the
population.  In what follows, these are denoted respectively by , S, and q.  These estimates are alsoX
necessary for applying the Anderson-Darling (AD) test for Pearsonality (described in 9.5.4.4) and for the
backoff part of the test (described in 9.5.4.5).  Background information on the Pearson Type III distribution
may be found in References 9.5.5.1(a) and 9.5.5.1(b).

In what follows, X(1), X(2), …, X(n) represent the sorted observations, from smallest to largest.
Calculate the sample mean and sample standard deviation as usual:
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The skewness is calculated as follows.  First calculate the sample skewness:

If Q = 0, then let q = 0.  If Q  0, calculate the estimated threshold

and use the following rules to define q:

a. If Q > 0 and X(1) < T, then let 

b. If Q < 0 and X(n) > T, then let 

c. Otherwise, q = Q.

If the data are not rejected by the Anderson-Darling test for Pearsonality (described in 9.5.4.4), then T99 and
T90 should be calculated by the following formulae:

where
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The above formulas for z99(q)  and z90(q) should be used for q =/ 0.  If q = 0, then z99(q) = 2.326348 and
z90(q) = 1.281552.

If the data are rejected by the Anderson-Darling test for Pearsonality, but accepted under the backoff
option of the test (9.5.4.5) with a reduction in the mean of backoff, then the above formulas should be applied
to compute then T99 and T90 with the following slight modification: 

.,

,

9090

,9999

backoff

backoff

SnqkXT

SnqkXT

9.5.5.2. Sequential Weibull Procedure — This section describes procedures required for
modeling data with the three-parameter Weibull distribution.  Section 9.5.4.7.1 describes a method for esti-
mating the threshold parameter, .  Section 9.5.4.7.2 describes a method for estimating the shape and scale
parameters,  and , respectively.  Both methods permit estimation with upper-tail censored data.  For a good
exposition of such procedures, see Reference 9.5.4.1(a).

This procedure should be used when a mechanical property value is to be computed directly (not
paired with another property for computational purposes) and the population may be interpreted to signify
either the property measured (TUS, etc.) or some transformation of the measured value that follows a
three-parameter Weibull distribution.  This procedure is applicable to Ftu and Fty.  It may also be used for Fcy,
Fsu, Fbru, and Fbry if a sufficient quantity of data is available.

In order to compute the lower tolerance bounds for a three-parameter Weibull population, it is
necessary to have (1) an estimate of population threshold, (2) estimates of population shape and scale parame-
ters, and (3) tables of one-sided tolerance limit factors for the three-parameter Weibull distribution.  The
method for estimating the population threshold is presented in Section 9.5.4.7.1, and Section 9.5.4.7.2
contains the method for estimating population shape and scale parameters.  Both of these procedures permit
estimation with complete or censored data (20 or 50 percent censoring).  A tabulation of tolerance limit
factors by sample size, censoring level, and population proportion covered by the tolerance interval is
presented in Table 9.10.7.  For further information on these procedures and tabled values, see References
9.5.5.2.(a) and (b).

Let X1,..,Xn denote sample observations in any order and let X(1),...,X(n) denote sample observations
ordered from smallest to largest.  The first step in calculating T99 and T90 for a three-parameter Weibull
population is to obtain an estimate of the population threshold.  The population threshold is theoretically the
minimum achievable value for the property being measured.  However, the real population is being empiri-
cally modeled by some Weibull population with a threshold.  Since this empirical model is not perfect, there
may be a small percentage of observations in the population that fall below the model threshold.  Separate
threshold estimates, denoted by 99 and 90, will be obtained for T99 and T90 using the methods described in
Section 9.5.4.7.1.

The second step in calculating mechanical properties for a three-parameter Weibull population is to
obtain estimates of population shape and scale parameters for each property.  Shape parameter estimates will
be denoted by 99 and 90 and scale parameter estimates will be denoted by 99 and 90.  Estimation of shape
and scale parameters is performed using a maximum likelihood procedure for the two-parameter Weibull
distribution, after subtracting off the estimated threshold.  (The two-parameter Weibull is equivalent to the
three-parameter Weibull with threshold zero.) 
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T99 99 Q99 exp V99/ 99 n ,

T90 90 Q90 exp V90/ 90 n ,

[9.5.5.2(a)]

[9.5.5.2(b)]

Using the method outlined in Section 9.5.4.7.2, compute the maximum likelihood estimates of the
shape and scale parameters for the censored or uncensored sample {X(i) - 99 : i=1,...,r}, where r equals n for
uncensored data and r represents the smallest integer greater than or equal to 4n/5 for 20 percent censoring
and n/2 for 50 percent censoring.  Denote these estimates by 99 and 99, respectively.  Using the same
procedure, compute estimates 90 and 90 based on the sample {X(i) - 90 : i=1,...,r}.

With population parameter estimates discussed above at hand, the computation of the lower tolerance
bounds is carried out by use of the formulas:

where

Q99 = 99 (0.01005)1/ 99

Q90 = 90 (0.10536)1/ 90

V99 = the value in the V99 column of Table 9.10.8 corresponding to a sample of size n and the
appropriate degree of censoring, and

V90 = the value in the V90 column of Table 9.10.8 corresponding to a sample of size n and the
appropriate degree of censoring.

Note that the level of censoring used in estimating the threshold, shape, and scale parameters must
be used in determining V99 and V90.  Also, because this censoring level is determined by the goodness-of-fit
test (9.5.4.7), the same censoring level is used for both T99 and T90.

If the property that follows a three-parameter Weibull distribution represents a transformation, the
lower tolerance bounds (T99, T90) computed by the above formulas must be transformed back to the original
units in which the mechanical property is conventionally reported. 

9.5.5.3 Nonparametric Procedure — This procedure should be used when a
mechanical-property value is to be computed directly (not paired with another property for computational
purposes) and the form of the distribution of population is unknown (not Pearson Type III or three-parameter
Weibull).  Distribution should not be considered unknown (1) if tests show it to be Pearson or three-parameter
Weibull, (2) if it can be transformed to a Pearson or three-parameter Weibull distribution, or (3) if it can be
separated into Pearson or three-parameter Weibull subpopulations.  This procedure is applicable to Ftu and
Fty.  It may also be used for Fcy, Fsu, Fbru, and Fbry if sufficient quantity of data is available.

Nonparametric (or distribution-free) data analysis assumes a random selection of test points and uses
only the ranks of individual test points and the total number of  test points.  If test points have been deleted
from a sample, the random basis is violated; consequently, this procedure must not be used when there is
reason to suspect that the sample may have been censored.

As an example, assume that a sample consists of 299 test points selected in a random manner.  The
test point having the lowest value has rank 1, the test point having the next lowest value has rank 2, etc.  Thus,
an array of ranked test points might appear as follows:
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T99 a bx0 k 99 sy             [ 9.5.6.1(a)]

Rank of Test Point Value of Test Point, ksi

  1
  2
  3
  4
  5

299

73.3
74.1
75.2
75.3
75.6
85.7

For each rank from a sample of size, n, it is possible to predict, with 0.95 confidence, the least frac-
tion of population that exceeds the value of the test point having rank r.  Since only two fractions, or
probabilities, are of interest in determination of T99 and T90 values, only the ranks of test points having the
probability and confidence of T99 and T90 values are presented in Table 9.10.9.  To use this table with a
sample size of 299, for example, one would designate the value of the lowest (r=1) test measurement as T99

and the 22nd lowest (r=22) test measurement as T90.  For sample sizes between tabulated values, interpolation
is permissible.  For sample sizes smaller than 299, T99 is smaller than the value of the lowest point and cannot
be determined in this manner.

9.5.6 DIRECT COMPUTATION BY REGRESSION ANALYSIS — This section describes the procedure
used to determine design allowables by regression analysis if it has been determined that a significant
representation relationship exists (see Section 9.5.1.2).  Thus a dimensional parameter x (such as x=t, 1/t, etc.,
where t is thickness) has been determined to be related to the property being considered.

9.5.6.1 PERFORMING THE REGRESSION — The following steps must be performed prior to
determining design allowables by regression analysis:

(1) Express the property as a simple linear (or quadratic) function of the dimensional parameter and
obtain estimates of the coefficient using the least squares regression procedure in Section 9.5.2.1
(or Section 9.5.2.2); for example

TUS = a + bx
or

(SUS/TUS) = a + bx + cx2

where x is thickness or area and a, b, and c are constants from the least squares equation.

(2) Determine the root mean square error of regression (sy). See 9.5.2.1(h) and 9.5.2.2(e).

The direct computational procedure takes into account errors in the model estimates.  If a linear
relationship has been determined, compute T99 for Ftu at x = xo, using Equation [9.5.6.1(a)]

where a, b, and sy are computed in the regression of TUS data, k9́9 is  times the 95th percentile(1 ) /n
of the noncentral t distribution with noncentrality parameter 2.326/  and n - 2 degrees of freedom,(1 ) /n
and
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xo x/n 2

x x/n 2/n
.               [9.5.6.1(b)]

T99 a bxo cx
2
o t

0.95, n 3,
2.326

Q

Q sy

T90 a bxo cx
2
o t

0.95, n 3,
1.282

Q

Q sy

The equation for computing a T90 is similar with k9́0 being used in place of k9́9.  k9́0 is (1 ) /n
times the 95th percentile of the noncentral t distribution with noncentrality parameter 1.282/  and(1 ) /n
n - 2 degrees of freedom, where  is defined above.  If calculation of the appropriate noncentral t percentile
is not possible, the following approximations to k9́9 and k9́0 may be used:

k 99 = 2.326 + exp{0.659 - 0.514 ln(n) + (0.481 - 1.42/n)ln(3.71 + ) + 6.58/n} [ 9.5.6.1(c)]

k 90 = 1.282 + exp{0.595 - 0.508 ln(n) + (0.486 - 0.986/n)ln(1.82 + ) + 4.62/n}. [ 9.5.6.1(d)]

These approximations are accurate to within 1.0 percent for n > 10 and  < 10.  The square root of  is the
number of standard deviations between xo and the arithmetic mean of the x-values.  Thus, a  value of 10
would represent an extreme xo value, which is more than three standard deviations from the mean x-value.

If a quadratic relationship has been determined, calculate T99 for Ftu at x = xo using Equation
[9.5.6.1(e)]

[ 9.5.6.1(e)]

where a, b, c, sy, and Q are computed by quadratic regression, and the factor  is the 95th percen-t
0.95,n 3,

2.326

Q
tile of the noncentral t distribution with noncentrality parameter  and n-3 degrees of freedom.2.326/ Q

To calculate T90 in the presence of a quadratic relationship, use Equation 9.5.6.1(f)

[ 9.5.6.1(f)]

where a, b, c, sy, and Q are computed by quadratic regression, and the factor  is the 95tht
0.95,n 3,

1.282

Q
percentile of the noncentral t distribution with noncentrality parameter  and n-3 degrees of1.282/ Q

freedom.*

The procedures described above permit the determination of design allowables only for specific
values of x.  When it is desired to present a single allowable covering a range of product thickness (for
example, 1.001- to 2.000-inch plate), the lowest allowable for the range should be used.  Thus, if TUS(LT)
decreases continuously with increasing thickness, the TUS(LT) corresponding to x = 2.000 inches would be
presented in MIL-HDBK-5.  If the decrease is large, a decrease in product thickness interval can be made:
for example, by splitting the 1.001- to 2.000-inch interval into two intervals of 1.001 to 1.500 and 1.501 to
2.000 inches.
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9.5.7 INDIRECT COMPUTATION WITHOUT REGRESSION (REDUCED RATIOS/DERIVED
PROPERTIES) — Ideally, it is desirable to determine Fcy, Fsu, Fbru, Fbry, as well as Ftu and Fty in other than
specified test direction by direct computation as described in Sections 9.5.2, and, if sufficient quantity of data
is available, direct computation procedures will be used.  Unfortunately, the cost of generating required data
for these properties is usually prohibitive.  Consequently, this section describes an indirect method of
computation to determine the mechanical property values. 

A derived property is a mechanical property value determined by its relationship to an established
tensile property (Ftu or Fty, A, B, or S-basis).  This indirect method of computation is applicable to Ftu and Fty

in grain directions other than the specified testing direction, as delineated in the applicable material specifica-
tion, and for all grain directions for Fcy, Fsu, Fbru, and Fbry.

The procedure involves pairing of TUS, SUS, or BUS measurements with TUS measurements for
which Ftu has been established or the pairing of TYS, CYS, and BYS measurements with TYS measurements
for which Fty has been established.  Average values for each lot will be used when more than one
measurement per lot is available.

This technique is based on the premise that the mean ratio of paired observations representing related
properties provides an estimate of the ratio of corresponding population means.  The ratio consists of mea-
surements of the property to be derived as the numerator and measurement of the established tensile property
as the denominator.  Thus, TUS or TYS in the specified testing direction always appears in the denominator
of the ratio of observed values.

 The grain direction to be used for the denominator is the specified test direction as delineated in the
applicable material specification.  For most materials, routine quality control (certification) tests are usually
conducted only in one grain direction even though the specification may contain mechanical property require-
ments for two or three grain directions.  The typically  specified or primary test directions for different
product forms of each alloy system are shown in Table 9.2.3.2 and discussed in Section 9.5.7.1.  Section
9.5.7.2 discusses the treatment of test specimen location.  Section 9.5.7.3 discusses the treatment of clad
plates, and Section 9.5.7.4 discusses the computation procedure for minimum design values.

9.5.7.1 Treatment of Grain Direction — Tensile allowables are usually listed according to
grain direction in material specifications although some specifications do not indicate a grain direction, which
implies isotropy.  For MIL-HDBK-5, it is recommended that tension allowables be shown for each grain
direction.  When the material is shown to be isotropic, then the same properties should be shown for each
direction.

Compression allowables are shown by grain direction similar to tension allowables.  An example of
computing compression allowables for heat treatable plate is shown below.  The reduced ratio, R, for
longitudinal grain direction, is determined from ratios, r, formed from paired observations for each lot of
material, CYS(L)/TYS(LT).  Although a longitudinal ratio is being obtained, the divisor is long transverse
because this is the specified testing direction (refer to Table 9.2.3.2). The reduced ratio, R, for long transverse
grain direction, is determined from ratios, r, formed from paired observations for each lot of material,
CYS(LT)/TYS(LT).  Similarly the reduced ratios, R, for short transverse grain direction, are determined from
ratios, r, formed from paired observations for each lot of material, CYS(ST)/TYS(LT).  The ratios, r,
determined in the above manner are used in conjunction with Equation 9.5.7.4(b) to obtain a reduced ratio,
R, for each grain direction.  Equating the reduced ratios, design allowable values are determined from the
resulting relationships,
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similarly

and

Shear and bearing allowables are usually shown without reference to grain direction.  These
properties will be analyzed according to grain direction, and design allowables will be based on the lowest
reduced ratio obtained for longitudinal, long transverse and short transverse (when applicable) directions.
An exception is aluminum hand forgings for which shear values will be presented according to grain
direction.

In computing the derived properties, paired ratios representing different grain directions will not be
combined in the determination of a reduced ratio.  This is based on the premise that, if the ratio for two paired
measurements is to provide an estimate of population mean ratio, then paired measurements must represent
the same grain direction as that of the corresponding population means.

For aluminum die forgings, the longitudinal grain direction is defined as orientations parallel, within
±15 , to the predominate grain flow.  The long transverse grain direction is defined as perpendicular, within
±15 , to the longitudinal (predominate) grain direction and parallel, within ±15 , to the parting plane.  (Both
conditions must be met.)  The short transverse grain direction is defined as perpendicular, within ±15 , to the
longitudinal (predominate) grain direction and perpendicular, within ±15 , to the parting plane.  (Both
conditions must be met.)  When possible, compression, bearing, and shear tests for three grain directions will
be conducted.

9.5.7.2 Treatment of Test Specimen Location — Testing specifications require a change
in test  specimen location from t/2 for 1.500- to t/4 for >1.500-inch thickness for certain products.  Although
this change in specimen location may result in t/4 mechanical property ratios which are significantly different
from t/2 ratios (different populations), as for aluminum plate, the t/2 and t/4 mechanical property ratios should
be treated together for analysis to determine derived properties.

9.5.7.3  Treatment of Clad Aluminum Alloy Plate — For clad aluminum alloy plate, 0.500
inch and greater in thickness, tensile properties are determined using round tensile specimens; consequently,
tensile properties represent core material.  To present design values which represent the average tensile
properties across the thickness of the clad plate, an adjustment must be made in the tensile yield and ultimate
strength values (S- or A- and B-basis), representing core strength, in the primary test direction(s).  These
strengths will be reduced by a factor equal to twice the percentage of the nominal cladding thickness per side.
These adjustments in the tensile yield and ultimate strengths will be made prior to the computation of derived
properties, except for short transverse properties.  The following footnote, flagged to the appropriate thickness
ranges, will be incorporated into the design allowable table: “These values, except in the ST direction, have
been adjusted to represent the average properties across the whole section, including X percent per side
nominal cladding thickness.”
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r t1 s/ n                 [ 9.5.7.4(a)]

R r t0.95 s/ n .                 [ 9.5.7.4(b)]

R
F

cy
(LT)

F
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(LT)

allowable to be derived

established allowable in specified test direction
.

9.5.7.4 Computational Procedure — Four basic steps are involved in determining design
allowable properties by indirect computation:

(1) Determine the ratios of paired observations for each lot of material.
(2) Compute the statistics,  and s, for the ratios of paired observations.r
(3) Determine the lower confidence interval estimate (reduced ratio) for the mean ratio.
(4) Use the reduced ratio as the ratio of the derived to the established design allowable.

The ratio of two paired observations is obtained by dividing the measurement of the property to be
derived [for example, CYS (LT) for heat-treatable aluminum sheet] by the measurement for established
tensile property [for example, TYS (LT)] in the specified testing direction.  Equations for computing average
and standard deviation of the ratios are the same as those in Appendix A.

The ratio of the two population means [for CYS (LT) and TYS (LT), respectively] is expected to
exceed the lower confidence limit defined as

where
n is the number of ratios

is the average of  ratiosr n

s is the standard deviation of the ratios
is the 1-  fractile of the t distribution for n - 1 degrees of freedom.  At the risk level of  =t1

0.05, the appropriate t value is t0.95.

Since the lower confidence interval estimate is used as the ratio between the design allowable properties, the
reduced ratio, R, may be defined as

Values of t0.95 for various degrees of freedom, n - 1, are tabulated in Table 9.10.4.

The reduced ratio may now be used to establish the design allowable for the property to be derived
using the example of aluminum sheet,

The derived allowable property is computed by cross multiplying:

Fcy (LT) = R Fty (LT) .

The basis (A, B, or S), defined in Section 9.1.6, for computed or derived property is assumed to be
the same as the basis for Fty or Ftu tensile property in the right-hand side of the equation.  If only the S-basis
(integer) properties are available to compute the derived properties, these values must be used.  However, the
unrounded S-basis Fty or Ftu values computed with the method in Section 9.4 must be used to compute the
derived properties if there are 100 or more observations representing 10 heats, casts, or melts; this will ensure
the proper statistical confidence in the derived values.  The lower of either the S-basis value computed from
Section 9.4 or the T99 value must be used to compute the A-basis derived properties.
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Reduced Ratio a bx0 t0.95,n 2 sy

1

n

Reduced Ratio a bxo cx
2
o t0.95,n 3 sy Q

  In a sample of ratios for a given product, effect of thickness on the ratio should be examined.  If there
is no effect of thickness, ratios for the various thicknesses can be pooled to compute the average and reduced
ratio.  If there is an effect of thickness, then a regression with thickness should be computed and the average
and reduced ratios determined from the regression.  See Section 9.5.8 for procedure.

9.5.8  INDIRECT COMPUTATION USING REGRESSION — Regression may also be used to determine
reduced ratios when an allowable for a property, such as SUS, is computed indirectly from an already estab-
lished allowable for TUS.  The following assumptions are inherent to the reduced ratio procedure: 

(1) The two properties must be distributed according to a bivariate normal distribution.

(2) The coefficient of variation must be the same for the two properties within particular bounds.

(3) The average of the ratio of the two properties must be well described by a linear function of
the  independent variable.

It is also important that paired data be available over the entire range of the dimensional parameter
for which there is data for the direct property (TUS).  Note that the confidence level associated with allow-
ables computed using the reduced ratio technique may be somewhat below 95 percent.

To compute the reduced ratio at x = xo’ in the case of linear regression, use Equation [9.5.8(a)],

[9.5.8(a)]

where  is defined in Equation 9.5.6.1(b), a, b, and sy are computed in the regression of SUS/TUS data
(discussed in Section 9.5.6.1), and t.95,n-2 is selected from Table 9.10.4 corresponding to n-2 degrees of
freedom.  The allowable for Fsu at xo is then computed as the product of the reduced ratio and the established
allowable for Ftu:

Fsu = (Reduced Ratio)(Ftu) .

To compute the reduced ratio at x = xo’ in the case of quadratic regression, use Equation [ 9.5.8(b)],

[9.5.8(b)]

where a, b, c, sy, and Q are computed in the quadratic regression of SUS/TUS data (discussed in Section
9.5.6.1), and t.95,n-3 is selected from Table 9.10.3 corresponding to n-3 degrees of freedom.

The allowable for Fsu at xo is then computed as the product of the reduced ratio and the established
allowable for Ftu:

Fsu = (Reduced Ratio)(Ftu) .
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9.6 ANALYSIS PROCEDURES FOR DYNAMIC AND TIME DEPENDENT PROPERTIES

9.6.1 LOAD AND STRAIN CONTROL FATIGUE DATA — Fatigue has been defined as “the process of
progressive localized permanent structural change occurring in a material subjected to conditions that produce
fluctuating stresses and strains at some point or points, and which may culminate in cracks or complete
fracture after a sufficient number of fluctuations.”

For many years, tests have been performed on specimens having simple geometries in attempts to
characterize the fatigue properties of particular materials.  Fatigue tests have been conducted for many
reasons.  Basic fatigue-life information may be desired for design purposes, or to evaluate the differences
between materials.  The effects of heat treatments, mechanical working, or material orientation may also be
studied through comparative fatigue testing.

Many types of machines and specimen designs have been used to develop fatigue data.  Machine
types include mechanical, electromechanical, hydraulic, and ultrasonic.  Specimens have been designed for
testing in cyclic tension and/or compression, bending, and torsion.  Cyclic loading conditions have been
produced by rotating bending, axial loading and cantilever bending.  In- and out-of-phase biaxial and
multiaxial fatigue conditions have also been examined using specially designed specimens.  Tests have been
conducted in a variety of simulated environments including temperatures ranging from cryogenic to near
melting point levels.  The fatigue data included in MIL-HDBK-5 are limited to constant-amplitude axial
fatigue data on simple laboratory specimens tested according to ASTM E 606.  Data obtained under both
strain control and load (stress) control are included.  Figure  9.6.1(a) shows examples of trends for stress-life
and strain-life fatigue data.  Generally, stress-life data for unnotched specimens are limited to stress levels
that produce intermediate-to-long fatigue lives because of unstable cyclic creep and tensile failure that can
occur at high stress ratios in load-control testing.  This phenomenon is shown in Figure 9.6.1(b).  Strain-life
curves are often focused on strain ranges that produce short-to-intermediate fatigue lives because of strain
rate and frequency limitations which require long testing times to generate long-life fatigue data under strain
control.  However, there is no inherent limit to the life range that can be evaluated in strain-control testing.

For fatigue to occur, a material must undergo cyclic plasticity, at least on a localized level.  The relati-
onship between total strain, plastic strain, and elastic strain is shown in Figure 9.6.1(c).  Low-cycle fatigue
tests involve relatively high levels of cyclic plasticity.  Intermediate-life fatigue tests usually involve plastic
strains of the same order as the elastic strains.  Long-life fatigue tests normally involve very low levels of
cyclic plasticity.  These trends are shown in Figure 9.6.1(d).  In the MIL-HDBK-5 fatigue analysis guidelines,
engineering strain is denoted as e and true or local strain is denoted as . These symbols are used
interchangeably within MIL-HDBK-5 for small strain values.

The limited plasticity involved in intermediate and long-life fatigue tests often results in a similar
stress-strain response for both fully reversed strain-control and fully reversed load-control tests.  A fatigue
test, under strain control that produces a stable maximum stress of X, should produce (on the average) a
fatigue life that is comparable to that obtained for a sample tested under load control at a maximum stress of
X.  Strictly speaking, the results are likely to be most comparable in terms of crack initiation life and not total
life.  If the comparison is made in terms of total life, the load-control results will tend to be  more
conservative than those generated by strain-control testing.  When a specimen cracks in a test under strain
control, it will usually display a decrease in maximum tensile load.  Under load control, the  maximum tensile
load will remain constant but stress will increase as the crack grows, resulting in a shorter period of crack
growth before the specimen fails.
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Figure 9.6.1(a).  Examples of stress-life and strain-life fatigue trends.
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Figure 9.6.1(b).  Example of cyclic creep phenomenon that can occur in a load control
test with a high tensile mean stress [Reference 9.6.1].

Figure 9.6.1(c).  A typical hysteresis loop for a material tested in fatigue under strain
control illustrating the relationship between stress and strain parameters.
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Figure 9.6.1(d).  An example of a strain-life fatigue curve and the stress-strain response
at short, intermediate, and long fatigue lives.

A number of factors can significantly influence fatigue properties for a particular material—whether
the data are developed under load or under strain control.  The surface condition (such as surface roughness)
of the test specimens is an important factor.  The methods used for fabricating the specimens are also
important—principally because such methods influence the state of surface residual stresses and residual
stress profiles.  Other factors such as mean stress or strain, specimen geometry (including notch type), heat
treatment, environment, frequency and temperature can also be significant variables.  In MIL-HDBK-5,
fatigue data are always presented in separate displays for different theoretical stress concentration factors.
However, data sets may be presented for various combinations of variables if preliminary analyses indicate
that the data sets are compatible.  In any case, it is very important to fully document both the input data and
their resulting illustrations in MIL-HDBK-5 with regard to variables that can influence fatigue.

The selection of the specific procedures and methods that are outlined in this guideline for fatigue
data presentation should not be construed as an endorsement of these procedures and methods for life
prediction of components.  The selection was made for consistency in data presentation only.  For the purpose
of life prediction,  other methods and models are also commonly employed.  Depending on the material,
component and loading history, other models may be more appropriate for the particular situation.  It is
beyond the scope of these guidelines to make recommendations with respect to a specific life prediction
methodology (e.g., the construction of design allowable fatigue curves).

9.6.1.1  Data Collection and Interpretation — If a set of strain- or load-control data for a
material of interest meet the minimum requirements, the data should be processed for analysis.  Load-control
data reports should clearly specify the net section stresses, stress ratios, and associated cycles to failure.
Strain-control data reports should clearly specify the strain levels used, the stable stress response values, and
the associated cycles to initiation and/or failure, along with a clear and concise definition of the failure criteri-
on.  Acceptable definitions of failure in a strain-control fatigue test report include:

(1) Total specimen separation
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(2) Decrease of 50 percent in the maximum or stabilized tensile load value.

Acceptable definitions of crack initiation in a strain-control fatigue test report include:

(1) First significant deviation from the stabilized load range or a stabilized rate-of-change of the
load range.  Detection reliability is dependent upon the sensitivity of the monitoring
equipment and consequently values as small as 1 to 5 percent are used in some cases, while
values as great as 10 to 20 percent are used in other cases.

(2) Verifiable results from a calibrated nondestructive inspection device, such as an electrical
potential drop system.

The definition of crack initiation or failure used in a particular study must be clearly and
quantitatively documented.  Correlative information that is important for load or strain-control test data
includes detailed specimen dimensions, fabrication procedures (and their sequence), surface finish, product
form, environment, frequency, waveform, surface residual stresses, and temperature.  Other useful
information includes average material tensile properties, product dimensions, and manufacturer.

All fatigue data that are not listed as invalid by the author of the test  report  will  be  prepared  for
analysis, except for specimens tested at a maximum stress level greater than the average tensile ultimate
strength of the material.  The identity of different sources should be retained to determine whether combi-
nations of data are appropriate.  If all conditions from the different sources are virtually identical, the data
should be analyzed together.  Data should be identified as invalid if defects in specimen preparation or testing
procedures are discovered.

Runouts should be designated differently from failure data, since runouts are given special
consideration in the regression analysis used to define mean fatigue curves.  Runouts are generally defined
as  tests that have accumulated some predetermined number of cycles and have been subsequently stopped
to reduce test time.  Tests which have been stopped due to distinct problems encountered during testing are
termed interrupted tests.  Typical problems include power failures, temperature deviations, and load spikes.
Interrupted tests are generally valid up until time at which the problem occurred.  In this context, interrupted
tests are treated the same as runouts in determining the mean fatigue-life trends of a data collection.
However, if the interruption occurs long before expected failure of the specimen, the information contributed
by the interrupted test is minimal, and the data point should be discarded.

Data from specimens which exhibit failures outside of the gage section may, in certain circumstances,
be included in the analysis and treated as interrupted tests.  Failures occurring just outside the gage section
are essentially normal failures and should be included for analysis.  In strain-control tests, however, the crack
initiation is not sensed by the extensometer.  Failures at threads, shoulders, or button heads may be indicative
of a problem with the specimen design or test procedure.

Strain-control fatigue data must be accompanied by sufficient information to construct a cyclic
stress-strain curve.  The cyclic stress-strain curve may be established based on incremental stress-strain results
or multiple specimen data for which stable stress amplitudes are defined for the complete range of strain
ranges.  The method used to define the cyclic stress-strain curve must be recorded so that it can be included
in the correlative information along with the strain-life fatigue data displays.

9.6.1.2 Analysis of Data — Once a collection of data is reviewed (see Section 9.6.1.1) and com-
piled for the material of interest, analysis of that data may begin.  An outline of the analysis procedure that
is normally followed is given in Figure 9.6.1.2.  Each of the elements in the flow chart are discussed in  the
following sections.
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The same basic analysis procedure is used for strain- and load-control data except these data types
are normally analyzed separately even if they represent the same material and product form.  The only case
where load- and strain-control data can be combined is the situation where some specimens have been
switched from strain- to load-control testing.  In this case, the load- and strain-control data may be analyzed
on an equivalent strain basis.  In all other cases, load-control data should be analyzed on an equivalent stress
basis.  Load-control data generated at different stress concentrations should always be analyzed separately.

9.6.1.3 Fatigue Life Models — To clarify the fatigue data trends for a specific stress or strain
ratio, a linear regression model can be applied as follows:

log(Ni or Nf) = A1 + A2 log(Smax or ). [9.6.1.3(a)]

Note that fatigue life is specified as the dependent variable.  The alternative approach, using stress
or strain as the dependent variable, is sometimes used, but this procedure will not be employed in developing
mean fatigue curves in MIL-HDBK-5.  The use of fatigue life or, more specifically, logarithm (base 10) of
fatigue life as the dependent variable will be used since stress or strain is the controlled parameter in a fatigue
experiment, and the resultant fatigue life is a random variable.

If Equation 9.6.1.3(a) does not adequately describe long-life data trends, a nonlinear model (or a more
complicated linear model) may be warranted.  For example, long-life, load-control data might be modeled
by the nonlinear expression

log Nj = A1 + A2(Smax - A3) [9.6.1.3(a)]

or by the more complicated equation [Reference 9.6.1.3]

log Nf = A1 + A2 log Smax + A3 [9.6.1.3(c)]logSmax A4 .

These more complex forms should only be employed in instances where they are warranted based
on a distinct fatigue limit at long lives and when the simpler linear model was inadequate.

Standard least squares regression analysis and the procedure for detecting outliers in Section 9.6.1.6
require that the variance be relatively constant at all fatigue life values.  Traditionally, the logarithm of fatigue
life is approximated by a normal distribution.  However, the variability or scatter of fatigue life is generally
not constant, but increases with increasing fatigue life. To ensure the reliable use of the outlier detection
procedure, a weighting scheme designed to produce a more uniform distribution of residuals is suggested in
Section 9.6.1.5.
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Figure 9.6.1.2.  Flow chart of general fatigue analysis procedure.
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9.6.1.4 Evaluation of Mean Stress and Strain Effects—Commonly, load-controlled
fatigue data generated over a range of stress ratios can be represented by the following equivalent
stress-fatigue life formulation:

log Nf = A1 + A2 log (Seq - A4) [ 9.6.1.4(a)]
where

The equivalent stress model (and the related equivalent strain model) are derived from Reference  9.6.1.4(a).

Equation 9.6.1.4(a) is nonlinear in its general form and must, therefore, normally be optimized
through use of a nonlinear regression package.  However, the above equation can be solved through a linear
analysis, if A3 and A4 are optimized through an iterative solution. The parameter A3 normally lies in the range
of 0.30 to 0.70, while A4 represents, in essence, the fatigue limit stress.  In cases where the optimum value
of A4 is negative or insignificant, it should be omitted.  Unnotched data, especially aluminum alloy data, can
frequently be represented without using the nonlinear A4 term.  Parameter optimization is discussed more
thoroughly in Section 9.6.1.5.

If A4 is zero or set equal to zero, Equation 9.6.1.4(a) becomes linear in log Smax and log (1-R), and
it can be written as follows:

log Nf = A1 + A2 log Smax + B log (1-R) [ 9.6.1.4(b)]

where B = A2A3.  Thus, if A4 is zero, then

A3 = B/A2

Strain-controlled fatigue data generated over a range of strain ratios often can be consolidated by the
following equivalent strain formulation:

log Nf = A1 + A2 log ( eq - A4) [ 9.6.1.4(c)]

where

Note that Equation 9.6.1.4(c) is very similar in form to Equation 9.6.1.4(a).  It is important to note,
however, that the maximum stress value used in Equation 9.6.1.4(c) is not a controlled quantity.  It is a
measured quantity and its magnitude depends primarily on the amount of cyclic softening or hardening that
occurs in combination with mean stress relaxation.  Although Smax can be predicted with reasonable accuracy
if the cyclic response of the material is well established, using the stable measured values of Smax, when
analyzing strain-control data for presentation in MIL-HDBK-5, is preferred.

The equivalent stress and strain approaches are very useful for computing mean fatigue life estimates
for conditions intermediate to those for which the test data have been generated.  Caution should be used,
however, in making life predictions for stress/strain conditions beyond the range of those represented in the
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Seq Sa A3 Sm            [9.6.1.4(d)]

Seq Sa S
A3

m                     [9.6.1.4(e)]

eq a A3 Sm/E              [9.6.1.4(f)]

eq a (Sm/E)
A3        [9.6.1.4(g)]

data base.  Also, when only two stress/strain ratios are used in the equivalence formulation, fatigue life
estimates at conditions other than those two ratios (either intermediate or beyond) may be unreliable.

If the basic formulations just described do not realistically represent the data, alternative equivalent
stress or strain formulations should be considered.  Two formulations [References 9.6.1.4(b) and (c)], in
particular, may apply in these specific instances where equivalent stress is defined as:

or

and equivalent strain is defined as:

or

where

Seq = equivalent stress eq = equivalent strain
Sa = alternating stress Sm = mean stress

a = alternating strain E = elastic modulus (from each test result).

Other data consolidation parameters may also be used provided they do not violate other guideline
requirements, and they can be proven adequate.  Adequacy may be assessed by employing the procedures
described in Section 9.6.1.7.

To evaluate the adequacy of one equivalent stress or strain formulation compared to another, it is
useful to construct a plot of residuals versus stress or strain identifying individual stress or strain ratios.  In
this way the usefulness of a given formulation for modeling stress or strain ratio effects is visually apparent.

9.6.1.5 Estimation of Fatigue-Life Model Parameters — The fatigue-life model
parameters are estimated to obtain the best-fit S/N or /N curve for the data.  The procedure used to determine
the parameters includes a statistical method for adjusting the fatigue model for the nonconstant variance
commonly observed in long-life fatigue data.  The motivation for this adjustment is the fact that constant
variance is an inherent assumption in least squares regression analysis.  To estimate the parameters in
Equation 9.6.1.4(a) or Equation 9.6.1.4(c) and adjust the model to incorporate nonuniform variance, the
following six-step procedure is performed.
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Figure 9.6.1.5(a).  Example plot showing increasing magnitude of residuals with
decreasing stress/strain levels.

Step 1 - Initial Parameter Estimates.  If A4 is assumed to be zero, then a linear least squares regression
analysis is performed to obtain the initial parameter estimates for A1, A2, and A3.  If A4 is to be estimated from
the data, a nonlinear least squares regression analysis is performed to obtain the initial parameter estimates
for A1, A2, A3, and A4.  Runout observations above the minimum equivalent stress (strain) at which a failure
occurred should be included in the calculation of the initial parameter estimates  and residuals.

To facilitate convergence of the nonlinear least squares fit when A4 is to be estimated from the data,
the following procedure may be used to obtain starting values.  Set A3 equal to 0.5 and calculate equivalent
stress (strain) values for each observation.  Set A4 equal to one-half the smallest equivalent stress (strain) not
associated with a runout.  Using these values of A3 and A4 as constants, obtain least squares estimates of A1

and A2 using a linear regression routine.

Step 2 - Fitting the Variability Model.  The magnitude of the residuals from these fatigue-life models
typically increases with decreasing stress or strain as illustrated in Figure 9.6.1.5(a).  The residuals plotted
are the observed log(life) values minus the predicted log(life) values.

To evaluate the fatigue-life model for nonuniform variance, it is useful to construct a model to esti-
mate the standard deviation of log(life) as a function of equivalent stress (strain).  If there is nonuniform
variance, such a model can then be used to perform a weighted regression to estimate the fatigue life model
parameters where the weight for each observations inversely proportional to its estimated variance.
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[9.6.1.5(d)]

The suggested standard deviation model is

or

where R (observed log(life) minus predicted log(life)) represents the residuals from the fatigue life model
fitted in Step 1.  This model assumes that the standard deviation of log(life) is a linear function of the
reciprocal of equivalent stress (strain).  The absolute values of the residuals are divided by  so that g(Seq)2/

or h( eq) is an estimate of the standard deviation of log(life).

The intercept, o, and the slope, 1, are first estimated by ordinary least squares.  If the least squares
estimate of o is negative, o should be set to zero and 1 should be estimated by performing a least squares
regression through the origin (no intercept term).  A 90 percent confidence interval for 1 should also be
obtained.  If the lower bound of the confidence interval for 1 is positive, there is evidence of nonuniform
variance and one should proceed to Step 3A.  If the confidence interval for 1 contains zero, there is no
evidence of nonuniform variance and one should proceed to Step 3B.  If the upper bound of the confidence
interval for 1 is negative, this indicates abnormal behavior requiring further examination of the data set
before proceeding with the analysis.

Figure 9.6.1.5(b) is a plot of the absolute values of the residuals from Figure 9.6.1.5(a) versus the
reciprocal of equivalent stress.  The slope and vertical intercept of the least squares line displayed in this plot
are the estimated parameters 1 and o.

Step 3A - Fitting  the Weighted Fatigue Model.  Adjust the fatigue model for nonconstant variance
by dividing each term in the model by g(Seq) or h( eq), the estimated standard deviation of the dependent
regression variable.  If the four-parameter fatigue model is being used, the adjusted model becomes

or

where Seq and eq are defined in Equations 9.6.1.4(a) and 9.6.1.4(c).  Perform a nonlinear least squares
regression analysis (no intercept) using the adjusted model to obtain new estimates of A1,  A2, A3, and A4.
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Figure 9.6.1.5(b).  Example plot showing the magnitude of the residuals versus the
inverse of equivalent stress/strain levels.

When performing this regression, all runouts above the minimum Seq or eq at which a failure occurred
should be included in the analysis and treated as failures.  The inclusion of runouts in this step should be
determined based on equivalent stress (strain) values using the value of A3 estimated in Step 1.  Assuming
that the equivalent stress/strain model is valid, this qualifying stress/strain level allows the use of all runouts
above stresses or strains at which failures have been observed.  Below this level, there is no statistical
evidence that discontinued tests would have failed.  Therefore, runouts below the minimum Seq or eq value
at which a failure occurred are not assigned finite life values in estimating the parameters.

It should be noted that the regression analysis performed using the adjusted model [Equation
9.6.1.5(c) or (d)] is equivalent to performing a weighted least squares regression analysis using the original
fatigue life model [Equation 9.6.1.4(c)] and weights equal to 1/g2(Seq) or 1/g2( eq).  Also, it may be desirable
in certain situations to fit alternative standard deviation models to the residuals from Step 1.  In this case,
simply redefine g(Seq) or g( eq) to be equal to the desired model and follow Steps 1 through 3 above. Upon
completion of Step 3A, proceed to Step 4.

Step 3B - Fitting the Unweighted Fatigue Model.  Using the initial estimate of A3 obtained in
Step 1, calculate equivalent stress (strain) values for all observations including runouts.  All runouts above
the minimum equivalent stress (strain) at which a failure occurred should be included in the analysis and
treated as failures.  (See Step 3A for an explanation of this rationale.)   Using the same regression techniques
employed in Step 1, obtain least squares estimates of the parameters A1, A2, A3, and A4.

Step 4 - Testing the Significance of Model Parameters.  Obtain a 90 percent confidence interval for
A4.  If the lower bound of the confidence interval is negative, there is no evidence that A4 is different from
zero.  In this case, assume A4 is equal to zero and repeat Step 3A or 3B, eliminating A4 from the model.
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i 1
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i /(n k)           [ 9.6.1.5(e)]

Ri log Ni log Ni
           [9.6.1.5(f)]

SD RMSE 0 1/Seq [9.6.1.5(g)]

SD RMSE 0 1/ eq [9.6.1.5(h)]

Next, obtain a 90 percent confidence interval for A2.  If the upper bound of the confidence interval
is negative, this indicates that the relationship between log(life) and equivalent stress (strain) is significant.
If the upper bound of the confidence  interval  is  positive,  there  is  no  evidence  of  a  significant  relation-
ship between log(life) and equivalent stress (strain) and the data set should be examined further before
proceeding with the analysis.

Step 5 - Re-estimating A1 and A2.  If a weighted least squares analysis was performed in Step 3A,
A1 and A2 should be re-estimated to include the effect of the new value of A3 on the calculation of weights
and the inclusion of runouts.  First, recompute the weights g(Seq) or g( eq) using the value of A3 obtained in
Step 3A.  Then perform a linear regression (no intercept) to obtain updated estimates of A1 and A2 in Equation
9.3.4.10(c) or (d) treating A3 as a constant.  The inclusion of runouts in this linear regression should be
determined based on equivalent stress (strain) values using the value of A3 obtained in Step 3A.

Step 6 - Estimating the Standard Deviation and Calculating Standardized Residuals.  The method for
estimating the “standard deviation of log(life)” (SD) depends on whether there is evidence of nonuniform
variance in the fatigue life data.  If an unweighted regression was performed in Step 3B to obtain the model
parameters, SD should be set equal to the root mean square error (RMSE) associated with the fitted and
unweighted fatigue life model.  In this case, SD may be calculated as

where k is the number of parameters estimated in Step 3, and

where Ri is the residual, log Ni is the logarithm of observed number of cycles, and  is the logarithmlog Ni
of predicted number of cycles associated with the ith observation.

If a weighted regression was performed in Step 3A to obtain the model parameters, SD should be
reported as linear function of the reciprocal of equivalent stress (strain).  This function should be obtained
by multiplying the fitted standard deviation model g(Seq) or g( eq) from Step 2 by the root mean square error
(RMSE) associated with the fitted and weighted fatigue life model to obtain an updated standard deviation
model.  In this case, SD may be calculated as

or
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RMSE WR
2
i /(n k) ,            [9.6.1.5(i)]

WRi

log Ni log Ni

g Seq,i or eq,i

      [9.6.1.5(j)]

SRi Ri/SD         [9.6.1.5(k)]

Figure 9.6.1.5(c).  Example plot showing constant variance of
standardized residuals.

where

k is the number of parameters estimated in Step 3, and

with WRi denoting the weighted residual and Seq,i( eq,i) the equivalent stress (strain) associated with the “ith”
observation.

As a final step associated with the estimation of fatigue life model parameters, standardized residuals
should be calculated for use in the judging the appropriateness of the fitted model.  Standardized residuals
are calculated as

where the form of the residual Ri is given in Equation 9.6.1.5(f) and the estimated standard deviation SD is
given by either Equation 9.6.1.5(e) or 9.6.1.5(h), (j) or (k).

Figure 9.6.1.5(c) is a plot of the standardized residuals for the same data plotted in  Figure  9.6.1.5(d)
but based on a standard deviation model to correct the nonuniform variance.  Note that the pattern of
nonconstant variance has been eliminated.

Note - When performing any of the regression analyses described above to estimate the parameters
A1, A2, A3, and A4, the estimate of A4 should be restricted to be greater than or equal to zero.  Some
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regression programs allow such restrictions as an option.  If such an option is not available and if the
estimate of A4 is negative, set A4 equal to zero and refit the model treating A4  as a constant.  Also
note that the parameter estimates obtained from the regression analysis of Step 3A or 3B need not
necessarily be reported as the final parameter estimates.  If the data set includes runout observations,
final estimates of the A1  and A2 parameters may be calculated using the maximum likelihood
techniques presented in Section 9.6.1.9, provided that software for performing this procedure is
available.

9.6.1.6 Treatment of Outliers — An outlying observation (or outlier) is one that appears to
deviate markedly from other observations in the sample in which it occurs.  Outliers may essentially be
classified into two groups:

(1) An extreme value of the random variable inherent in the data (in this case fatigue life).  If this
is true, the value should be retained in future analyses.

(2) An unusual result caused by a gross deviation in material or prescribed experimental procedure
or an error in calculating or recording any experimental data.

An outlier of the second type is sometimes correctable by a review of the test sample and/or test
records, which may provide sufficient evidence for rejection of the observation.  An outlying value from a
failure that occurred in the fillet of an unnotched fatigue test sample is an example of a potentially rejectable
result based on physical evidence alone.  The more difficult case is one where  an  observation is an obvious
outlier and no physical reasons can be identified to justify its exclusion.

Assuming uniform variance in the standardized residuals over the complete range in equivalent stress
or strain, the problem of identifying certain observations as potential outliers should be addressed as follows.
Calculate the studentized residuals,

for i = 1, ..., n where SRi is the standardized residual from Equation 9.6.1.5(k), RMSE is the root mean square
error based on the entire sample as calculated in either Equation 9.6.1.5(e) or Equation  9.6.1.5(i), and
RMSE(i) is the root mean square error based on the sample which excludes the ith observation as calculated
by either Equation 9.6.1.5(e) or Equation  9.6.1.5(i).

The value hi is calculated using the formula

where X1i is the value of 1/SD for the ith specimen, X2i is the value of log(Seq-A4)/SD for the ith specimen
and all summations are over j = 1, ..., n.  Note that
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RMSE 2(i)
n k RMSE 2 SR

2
1 / l hi

(n k 1)
[9.6.1.6(c)]

G max Ti [9.6.1.6(d)]

G > t( /2n, n k 1) [9.6.1.6(e)]

where RMSE is the root mean square error based on the entire sample as calculated in either Equation
9.6.1.5(e) or Equation 9.6.1.5(k) and k is the number of parameters estimated in Step 3 of Section  9.6.1.5.

It can be shown that each Ti has a central t distribution with n-k-1 degrees of freedom.  Applying the
Bonferroni inequality [Reference 9.6.1.6] to obtain a conservative critical value leads to the following outlier
test.  Calculate the maximum absolute studentized residual

and declare the data value corresponding to G to be an outlier if

where t( /2n,n-k-1) is the upper /2n percentile point of the central t distribution with n-k-1 degrees of
freedom and  represents the significance level of the outlier test.  Under the hypothesis that no outliers are
present in the data, the probability is less than  that the data value corresponding to G will be falsely declared
an outlier.

In applying this test to fatigue life data, a significance level of  = 0.05 is used and the test is first
applied to the entire sample.  If an outlier is detected, the outlying observation is removed from the sample
and the entire analysis is repeated on the smaller sample of n-1 observations starting with Step 1 of Section
9.6.1.5.  (When a nonlinear least squares fit is performed in Step 1, use the current estimates for A1, A2, A3,
and A4 as starting values rather than following the starting value algorithm.)  This process of removing
outliers and repeating the analysis continues until no outliers are detected in the remaining sample.  For
strain-control data, apply the procedure described above replacing Seq with eq throughout.

The data analyst may also wish to carry out the outlier test procedure using a significance level of
 = 0.20 in order to identify additional observations that may warrant investigation.  To identify even more

suspect observations, a larger significance level may be used.  Any data values identified by this procedure
should be examined but retained in the data set unless physical evidence justifies their exclusion.

9.6.1.7 Assessment of the Fatigue Life Model — The fit of the fatigue model S/N curve
to the data may be assessed in two ways—the adequacy of the equivalent stress/strain model and the adequacy
of the fatigue life model.  The equivalent stress model lack of fit test and the overall lack of fit test described
below provide a reasonable assessment of the fatigue life model.

When three or more stress (strain) ratios are used, the fit of the equivalent stress (strain) model may
be tested by determining the relationship between the standardized residuals from Equation 9.6.1.5(k) and
stress (strain) ratio.  A difference in the means of the standardized residuals at each stress (strain) ratio
indicates that the equivalent stress (strain) model is inadequate.  To determine whether or not there is a
statistically significant difference in the means of the standardized residuals at each stress (strain) ratio, an
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Figure 9.6.1.7(a).  Standardized residuals versus stress ratio.

analysis of variance should be performed on the standardized residuals using stress (strain) ratio as the
treatment variable.  A statistical F-test should be used to determine if the effect of stress ratio is significant
at the 5 percent level [Reference 9.6.1.7].  The equivalent stress (strain) model should be considered
inadequate when the effect of stress (strain) ratio is significant according to the statistical F-test.

The plot of the standardized residuals versus stress ratio shown in Figure 9.6.1.7(a) illustrates such
a relationship between the standardized residuals and stress ratio.  Since there would be no such relationship
if the equivalent stress model were adequate, the plot indicates that the equivalent stress model must have
been misspecified in this case.  In addition to the lack of fit shown by differences in standardized residual
means, other types of lack of fit could  exist.  Therefore, it would be prudent to examine stress-life plots in
addition to performing the statistical test for lack of fit of the equivalent stress model.

If the equivalent stress (strain) model is inappropriate, then a new equivalent stress (strain) model
should be selected.  When a suitable stress (strain) model is not available, an alternative strategy is to present
the data with best fit regression lines for each stress (strain) ratio.  To be acceptable, each curve  must meet
minimum data requirements and satisfy significance checks as discussed in Section 9.6.1.5.  This approach
is less desirable than the equivalent stress (strain) modeling approach because it requires the estimation of
fatigue trends using a graphical technique for intermediate conditions where no data  exist.  It should,
therefore, be used only in cases where significant fatigue data collections cannot be handled by standard
procedures.

Once an equivalent stress (strain) model has been found that describes the general fatigue data trends
for all stress (strain) ratios, an overall test of the fit of the fatigue model  should be performed.  The stress-life
plot shown in Figure 9.6.1.7(b) is characteristic of an overall lack of fit.  To identify such a lack of fit, the
Durbin-Watson test may be used [Reference 9.6.1.7].  The statistic D should be computed according to the
formula
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        [9.6.1.7(a)]

D < 2 4.73/n 0.555          [9.6.1.7(b)]

Figure 9.6.1.7(b).  Stress-life plot showing lack of fit.

where SRi is the ith standardized residual [Equation 9.6.1.5(k)] ordered by increasing values of equivalent
stress(strain).

If

conclude that there is a significant lack of fit at the 5 percent significance level.  This equation was derived
from the conservative critical value (dL) reported in Table A.6 of Montgomery and Peck [Reference 9.6.1.7].
When an overall lack of fit is determined from this test, the modeling procedure should be repeated with a
more appropriate fatigue model.

9.6.1.8 Data Set Combination — In many cases, data from different sources, orientations, etc.,
may need to be combined for analysis.  When data set combinations of this sort are performed, the validity
of the combination should be tested with the method described below.  The test is similar to that used to
determine the adequacy of the equivalent stress (strain) model in the previous section.
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Figure 9.6.1.8.  Standardized residual plot showing different mean trends between
data sets.

If there is a relationship between the standardized residuals from Equation 9.6.1.5(k) and the data set
from which they were obtained, such as that shown in Figure 9.6.1.8, then the data sets should normally not
be combined.  To determine whether or not the mean of the standardized residuals is significantly different
for any of the data sets, an analysis of variance should be performed on the standardized residuals using data
set as the treatment variable.  The analysis of variance F-test should be used to determine if the combined data
sets are significantly different at the 5 percent level.

When the data sets are found to be significantly different, at least one of the data sets should normally
be removed from the data set combination.  In this situation, the data analyst may wish to apply a standard
multiple comparison procedure to the standardized residual data to determine which standardized residual
means are significantly different from the others.  For a discussion of standard multiple comparison
procedures, see pages 185-201 of Winer [Reference 9.6.1.8].

There may be situations where differences between data sets are found to be statistically significant,
yet these differences are so small as to be unimportant from an engineering standpoint.  If a particular analysis
reveals such a case, exceptions may be taken, if clearly noted and explained in the fatigue data proposal.

9.6.1.9 Treatment of Runouts — It is difficult to incorporate information from runouts (or
interrupted tests) when using the least squares criterion to fit fatigue life models to data since the failure times
for these observations are not known.  The runouts must be either ignored or treated as failures and neither
of these alternatives adequately incorporates the information contained in the runout observations. Both of
these approaches tend to produce smaller predicted lives at a given equivalent stress (strain) value than is
appropriate.  The treatment of runouts presented below is more appropriate but requires that two of the fatigue
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[9.6.1.9(d)]

life model parameters be estimated by maximum likelihood techniques rather than by least squares
procedures.

The maximum likelihood procedure is employed to obtain new estimates for the parameters A1 and
A2 in Equation 9.6.1.4(a) or 9.6.1.4(c).  For the purpose of this analysis, fatigue life (cycles to failure) is
assumed to be log normally distributed and the parameters A3 and A4 are considered to be constants which
are equal to the values obtained using the procedures of Section 9.6.1.5.

The estimated values of A1 and A2 obtained previously are used as initial values.  The maximum
likelihood procedure then determines the values of A1 and A2 which maximize the log-likelihood function

where

is the standard normal density function,

is the survival function for the standard normal distribution, di is equal to 1 if the ith observation is a runout
and zero otherwise,  is a scale parameter to be estimated, and

where N is the cycles to failure and SD is the standard deviation for the ith observation as calculated from
Equation 9.6.1.5(e) or Equation 9.6.1.5(h).

For more information on the maximum likelihood procedure, see Reference 9.6.1.9(a).  For use in
standard data analysis, the maximum likelihood procedure is conveniently implemented in some statistical
software packages such as SAS [see Reference 9.6.1.9(b)].

When runouts are present, the fitted curve produced by maximum likelihood will generally predict
longer average cycles to failure at given equivalent stress (strain) values than the fitted curve produced by
least squares.  Although it would be desirable to update all of the parameters in the fatigue model with
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         [ 9.6.2(a)]

maximum likelihood, algorithms to perform maximum likelihood on nonlinear models are not readily
available.  For this reason, the least squares estimates of the parameters A3 and A4 must be used.

9.6.1.10  Recognition of Time Dependent Effects — All prior discussion has been based
on the assumption that time dependent effects in the fatigue data sample of interest are negligible.  When
dealing with elevated temperature fatigue properties of materials (or room temperature fatigue properties in
a corrosive environment, for example), this assumption may not be realistic.  Analysis methods that are
approved for use in MIL-HDBK-5 do not account for time-dependent effects.  Therefore, every effort must
be made to identify data that embody significant time-dependent effects.

There are no absolute methods presently available for sensing time-dependent effects in fatigue data;
however, there are some useful approximation techniques.  One of the more useful approaches applied to
“suspect” data is to include time-dependent terms in the regression model.  If the terms are significant, there
is reason to believe that the population contains time dependent data.  Subdividing the data into subsets that
do not show time dependent effect may be possible.  If this is not possible, the data set should either be
rejected or included with a disclaimer restricting usage of the data to predict performance at other frequencies
or temperatures.

One other possible indicator of time dependent effects is an abnormal equivalent stress (strain) model.
If data for different stress or strain ratios do not fit the customary models (as described in Section 9.6.1.4),
or abnormal optimum parameters are defined the problem may be caused by time dependent effects.  In the
case of the primary equivalent stress (strain) formulation equation the exponent normally is between zero and
one.  If the A3 exponent approaches or exceeds one, the influence of maximum stress on fatigue life is
negligible.  This is a very unusual result that usually indicates problems with the data sample.  The problem
may result from mixed sources, where the data from each source were generated at different stress (strain)
ratios.  Rejection of such data sets is discussed in Section 9.6.1.8.  In the case of the primary equivalent stress
model [Equation 9.6.1.4(a)], if the exponent (A3) approaches or is less than zero, it  indicates the influence
of maximum stress on fatigue life is “too strong”.  This result implies that creep is affecting the data.

If data are available for a material at a range of different temperatures it may be possible to analyze
these sets separately and make comparisons between best-fit mean trend lines for increasing temperatures.
If the different mean trend lines are not consistent with the higher-temperature curves converging or diverging
from the lower-temperature curves, there is probably a significant time-dependent effect in the data.  The
suspect data should either be excluded or included with a disclaimer as previously cited.  If data are excluded
for time-dependent effects, the preliminary analyses of those data should be included in the data proposal and
reasons for their exclusion should be given.

9.6.2 FATIGUE CRACK GROWTH DATA — Fatigue-crack-propagation data, recorded in the form
of crack-length measurements and cycle counts (ai, Ni) can be presented as crack-growth curve drawn through
the data points as shown in Figure 9.6.2(a).

Although data presented in this form indicate general trends, they are not generally useful for design
purposes since a variety of stress levels, stress ratios, initial crack conditions, and  environmental conditions
are encountered.

It has been found convenient to model fatigue-crack-propagation damage behavior as rate process
and formulate a dependent variable based on the slope of this growth curve, or an approximation to it, namely,
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K S a g(a,w) ,        [9.6.2(b)]

da/dN a/ N g( K,R) ,         [ 9.6.2(c)]

Results obtained from the theory of linear elastic fracture mechanics have suggested that rate process
at the crack tip might be represented as a function of a stress-intensity factor, K, which, in general form, may
be written as

where g(a,w) is a geometric scaling function dependent on crack and specimen geometry, and S is nominal
stress.  As a result, the independent variable is usually considered as some function of K.  At present, in MIL-
HDBK-5 the independent variable is considered to be simply the range of the stress intensity factor, K, and
data are considered to be parametric on the stress ratio, R, such that

where K = Kmax - Kmin.  Values of maximum and minimum stress intensity factors,  Kmax and Kmin,
respectively, are computed with Equation 9.6.2(b) using respective maximum and minimum cyclic stresses.

A crack growth rate curve, as shown in Figure 9.6.2(b), is obtained by plotting the locus of points
(da/dN, K) derived from the crack-growth curve [see Figure 9.6.2(a)] at selected values of crack length, a.
Crack-growth-rate curves are generally plotted on log-log coordinates.

Within the general curve shape described above, systematic variations in data point locations are
observed.  When data from tests conducted at several different stress ratios are present, the plot of
crack-growth rate versus stress-intensity-factor range will be layered into distinct bands.  Layering of data
points may also occur as a result of variation in such parameters as test frequency, environment, temperature,
and specimen grain direction.

9.6.2.1 Data Collection and Interpretation — Reporting of basic crack-growth data will
be as complete as possible.  In addition to reporting cyclic loading conditions, such as maximum cyclic load
and/or stress levels, stress ratio, test frequency, and specimen dimensions, it is particularly important to
identify environmental conditions associated with the tests.  The number of specimens and number of
respective heats should also be identified.  Table 9.9.2  serves as an example of the type of information which
should be available (or at least is desirable) for each collection of FCP data.
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Figure 9.6.2(b).  Crack-growth-rate curve.

Figure 9.6.2(a).  Crack-growth curve.
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9.6.3 FRACTURE TOUGHNESS DATA — Fracture toughness of a material is its ability to resist flaw
propagation and fracture.  This characteristic is a generic quality, somewhat elusive to assess quantitatively.
Of several measures of fracture toughness which have evolved for appraising the sensitivity of metals to the
presence of small flaws, those based on crack stress or strain analysis appear to be more meaningful for use
in design applications.  Significant quantification of fracture and flaw propagation behavior of high-strength
metals has been achieved through the concept of stress intensity factors.  Typical room-temperature values
and effect-of-temperature curves for critical stress intensity factors are presented in MIL-HDBK-5 for
“information only” where data are available.  Basic concepts, testing considerations, and interpretations of
fracture toughness are briefly described in the following subsections.

A primary factor in fracture behavior of a material is stress state, i.e., plane-stress or plane-strain.
In accord with previous definitions, these stress states may be interpreted  mechanically as a size or thickness
effect within the material.  The ideal plane-stress condition occurs in the two-dimensional ( z = 0) case, in
which all stresses are restricted to one plane.  Typically material loaded in plane-stress can accommodate
extensive plastic deformation adjacent to the flaw prior to fracture, and at fracture exhibit a  relatively high
K value, as computed by a relationship such as Equation 9.6.2.  At the opposite extreme is the ideal
plane-strain case, in which the third dimension is essentially infinite so that bulk restraint of the material
permits no out-of-plane strains.  As a result, plastic deformation is restricted and the material fractures in a
nearly elastic manner at a relatively low K value.  In real materials, these ideal extremes can be closely
approximated by “quasi” conditions of “thin” and “thick” bodies.  Variation in stress intensity at fracture over
these extremes, and the transition stage between, may be represented as shown previously in Figure
9.2.3.5.3(a).

9.6.3.1 Plane-Strain Fracture Toughness Data — For materials which are inherently
brittle, or for structures and flaw configurations which are in triaxial tension due to their thickness or bulk
restraint, quasi-plane-strain-stress conditions can be obtained in a finite-sized structural element.  Triaxial
stress state implicit to  plane strain effectively embrittles the material by providing maximum restraint against
plastic deformation.  In this condition, component behavior is essentially elastic until fracture stress is reached
and is readily amenable to analysis in terms of elastic fracture mechanics.  This mode of fracture is frequently
characteristic of the very high strength metals.

9.6.3.1.1 Data Collection and Interpretation — While a wide variety of fracture specimens are
available for specified testing objectives, the notch-bend specimen and compact specimen generally offer the
greatest convenience and material economics for testing.  Details of recommended testing practice are
presented in ASTM E399.

9.6.3.2 Plane Stress and Transitional Fracture Toughness — It is convenient to consider
critical stress-intensity factor values, varying with thickness or  stress state, as indices of crack-damage
resistance.  The stress-intensity factor can be used as a  consistent measure of crack damage, not only for
fracture instability, but also for other levels of crack damage severity, provided the damage is consistently
specified and detected.  This concept implies that plane-stress and transitional-fracture toughness of metallic
materials, while not necessarily a fixed value for the material, is a characteristic value for a given product
form, thickness, grain direction,  temperature, and strain rate.

9.6.3.2.1  Data Collection and Interpretation — Because of the complexity of crack behavior in
plane-stress and transitional-stress states, test methods for evaluating material toughness have not been
completely standardized; however, several useful methods do exist.  Although each configuration generates
nearly consistent results when data are properly evaluated, it is recommended that each general flaw
configuration be interpreted and applied within its own design context.
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2 .            [ 9.6.3.2.1]

Middle Tension Panels — Because it simulates typical crack conditions in thin-sheet structures, the
middle tension panel is a popular testing configuration for evaluating crack behavior.  This specimen was
illustrated earlier in Figure.9.2.3.5.3(b).

The crack-tip plasticity and slow-stable growth of the crack which commonly occur with plane-stress
or transitional stress state conditions may cause a deviation from abrupt fracture, which is normally associated
with crack extension under ideal plane conditions, as illustrated earlier in Figure 9.2.3.5.3(c).

Two limiting damage levels are noted in this figure.  Point O is the threshold or onset of slow, stable
tear where the crack slowly extends after reaching a threshold stress level.  Point C is fracture instability.
Both levels of crack damage can be associated with a different stress intensity factor, or damage index, for
product forms and thicknesses of interest.  These damage levels can be identified either directly with the K
value as determined from instantaneous stress-crack length coordinate dimensions at these points, or
approximately by the coordinates of Point A, which is residual strength, or apparent toughness concept of
relating initial crack length to final fracture stress.

The stress intensity factor, K, associated with any of these damage levels is determined from Equation
9.6.2(b) where, for this configuration,

  a =  half-length of center-through crack
g(a,w) =  (  sec a/W)½.

The locus of data points can be represented by a parametric stress-intensity factor curve, as shown
in Figure 9.2.3.5.3(d), where each curve represents a different stress-intensity factor formulation.  The slow
growth curve is superimposed on this figure to illustrate the general relationship between the threshold of
stable crack extension, apparent instability, and fracture instability for a typical crack.

Because of experimental difficulties associated with precise detection of threshold and instability
points, points O and C, apparent toughness, or residual strength concept of crack damage is used in this
presentation.  This is the locus of data points “A”, noted earlier in Figure 9.2.3.5.3(d), which determine appar-
ent fracture toughness.

See Reference 9.2.3.5.3 for additional information.

9.6.3.2.2 Analysis of Data — Since precise definitions of damage mechanisms and their associated
instability conditions have not been devised for crack behavior in plane-stress and transitional stress states,
only general constraints can be suggested for screening data.  To assure that crack damage or fracture
instability occurs under predominantly linear elastic conditions the basic criterion is that net section stress
must be less than 80 percent of tensile yield strength, TYS, actually representative of that material.
Additional criteria may be imposed by stress and boundary constraints characteristic to specific specimen
configurations.

Middle Tension Panels — To maintain consistency with the Damage Tolerant Design Handbook
[Reference 9.6.3.2.2],  a related damage tolerance data document for Air Force contractors, a singular
criterion,

fc  0.8 (TYS) (1 - 2a/W) [9.6.3.2.2]
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corresponding to the above net section stress requirement, is imposed on fracture data from middle tension
panels.  Data which satisfy this criterion are used with Equation 9.6.3.2.1 to define apparent fracture
toughness.

The validity of elastic fracture in a given set of data may also be substantiated by additional tests
conducted to demonstrate that elastic fracture conditions have been achieved and that the associated K value
is nearly constant.  For example, once a tentative value of Kapp has been determined, it can be confirmed by
testing additional panels of larger width (at least 50 percent larger) with the same initial crack length, or by
testing the same panel width containing a smaller initial crack length (approximately two-thirds of the
previous).  These additional Kapp values must confirm to the original tentative value.  In any case, it is
recommended that tests can be conducted at a variety of crack lengths and panel widths whenever practical
to obtain a more complete characterization of panel behavior.

9.6.4 CREEP AND CREEP-RUPTURE DATA — Creep is defined as time-dependent deformation of
a material under an applied load.  It is usually regarded as an elevated temperature phenomenon,  although
some materials creep at room temperature.  If permitted to continue indefinitely, creep terminates in rupture.
(First stage or logarithmic creep exhibited by many materials at lower temperatures is not the subject of this
section.) Creep in service usually occurs under varying conditions of temperature and complex (multiaxial)
stress, leading to an infinite number of stress-temperature-time combinations.  Creep data for use in  general
design are usually obtained under conditions of constant uniform temperature and uniaxial stress.  This type
of data is the subject of this section.

9.6.4.1  Data Collection and Interpretation — After a desired group of creep and/or
creep-rupture data have been experimentally developed or isolated in preproduction files, it is necessary to
carefully collect and interpret these data in accordance with the following guidelines:

State-of-the-art for interpreting these types of creep and rupture data requires that a certain amount
of judgment be allowed.  The general approach will be to optimize one of several empirical equations that
best follows the trend of data, using life (or time) as the dependent variable. Independent variables will
include stress and temperature for rupture and isostrain creep curves, and will also include strain for isostrain
creep curves.

Rupture ductility can be an exception to the above because of complex behavior and data scatter.
At least a cautionary note should be given in the introductory material on times and temperatures included
in rupture data.  Some materials exhibit such low elongation in certain time-temperature  regions that normal,
reasonable values of design creep strain cannot be achieved without risk of fracture.

Interpretation of creep and rupture data should also include variables that are reflected in background
data reporting requirements (discussed in the next subsection).  Depending on the information content of the
data, and the type of variable, it may be desirable to develop a series of equations, or to include additional
physical variables in the regression analysis.  The proposal should demonstrate that these additional variables
have been evaluated and appropriately treated in the analysis.

The individual interpreting the data should also take note of the following special types of data, and
consider the following recommendations on their use:

Specification Data—Virtually all alloys used for high-temperature applications are controlled and
purchased by a process control variable generally called “spec point”.  Therefore, there will often be
large quantities of data available from quality control data records at the specification condition.

                          Data
will contain many heats, and serve as an excellent measurement source of scatter.  Therefore, in
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regression modeling, specification data are often the major source of scatter measurements.  Slope
measurements must come from the experimental design matrix.

Specification data can also be used to (1) determine, through analysis-of-variance techniques,
fractions of scatter due to heat-to-heat variations, etc., (2) determine, through distribution analysis,
if data are normal, log normal, etc., and (3) find out, if data are not normal, what transformation is
required.

Outliers—These can be excluded only if tests are demonstrably invalid, or if the effect on the
equation and statistical parameters is unreasonable.  Since exclusion of outliers normally involves
a certain degree of judgment, it should only be done by a knowledgeable, experienced individual.

Discontinued Tests—These can be included if longer lived, or excluded if shorter lived, than average
life of the data subset (lot, section thickness, etc.) to which they belong.

Stepped-Tests—If load on the specimen had been increased or decreased after initial loading, this
test result will be excluded.

Truncating Data—Certain equations, notably parametrics, often do not properly represent a mix of
shorter and longer time data.  These equations can severely overpredict creep and rupture lives less
than ten to thirty hours.  Similarly a preponderance of short time data can cause long lives to be
overpredicted.  Eliminating such data requires truncating the data (or subset).  This is done by remov-
ing all data above (or below) a fixed stress level, even though normally acceptable data are excluded.

Background Data Reporting—The significance and reliability of creep data generated at elevated
temperatures for heat-resistant alloys are, to a major extent, a function of detailed factors which relate
to the material, its processing, and its testing.  Hence, it is necessary to evaluate not only the property
data, but also correlative information concerning these factors.

It is not possible to specify individual items of correlative information, or the minimum thereof,
which must be provided with elevated temperature property data to make those data properly meaningful.
Individual alloy systems, product forms, and testing practices can all be quite unique with regard to associated
information which should be provided with the data.  A certain minimum amount of information is required
for all data, including:

(1) Identity of alloy
(2) Chemical composition of the specific material tested
(3) Form of product (sheet, forging, etc.)
(4) Heat-treatment condition
(5) Producer(s)
(6) Specification to which product was produced (AMS specifications are normally consid-

ered standard*)
(7) Date when part was made.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-137

Lack of such information is sufficient basis for rejection of a particular data set.

In addition, it is vital that the individual submitting data consider those factors which contribute to
uniqueness of the alloy, processing, and/or testing, and give thought to information which is pertinent to that
uniqueness.  Thus, grain size can be a significant variable, not only between cast turbine blades, but within
a single blade.  Thermomechanical working processes may result in significantly different properties (not only
higher, but lower as well); and test specimen design can affect resultant data.  It is mandatory that
knowledgeable personnel be involved when data are submitted for evaluation and potential use. Any
correlative data that can be provided will aid the analyst in identifying valid reasons for rejection of data
which may not fit the trends of other data (outliers).  Such apparent outliers may be indicated through analysis
of between-heat variance as described in Section 9.6.4.2.

These examples illustrate the need for adequate information:

(1) Creep-rupture specimens are being machined from cast high-strength, nickel-base alloy
turbine blades.  At center span location, specimens are 0.070- to 0.090-inch diameter, while
at the trailing edge, specimens are flat and 0.020-inch thick.  Flat specimens are typically
about one Larson-Miller parameter weaker than round specimens, which is attributable both
to thickness effects of the thin specimens and to finer grain size at the trailing edge.  In
addition, trailing edge specimens exhibit more scatter.  Hence, availability of associated
information is vital when considering data from specimens machined from cast turbine
blades.

(2) Comparison of creep-rupture properties of Waspaloy and Superwaspaloy shows that the
latter is much weaker at temperatures approaching the upper bounds of utility of the alloy.
The significantly lower properties at higher temperatures are attributed to a finer grain size
of Superwaspaloy and also to a recovery process that may well be occurring at these
temperatures.  This alloy is subjected to extensive thermomechanical working, and some
strengthening gained by the associated warm working is lost at higher testing temperatures.
This effect clearly indicates that processing history significantly affects levels of mechanical
properties and, hence, must be adequately documented when property data are submitted.

9.6.4.2  Analysis of Data — After an acceptable data collection has been obtained and inter-
preted, it is possible to proceed in analyzing those data and developing mathematical models of creep and
creep-rupture behavior.  The objective of the procedures described in the following paragraphs is to calculate
creep and rupture life as a function of test conditions and other significant variables.  This calculation is done
to provide an average curve and a measure of expected variability about the average. The approach that is
discussed involves regression analysis to optimize the fit of an equation to the data  set.  The following
information provides guidelines in  the application of regression analysis to creep and rupture data and
recommends approaches to specific problems that are frequently encountered.

General—It is assumed that life or time is the dependent variable for rupture or isostrain creep equa-
tion analysis, respectively, and logarithmic transformation of the dependent variable is normally distributed.

The data set will nearly always contain a variety of stresses and temperatures.  If the data set is the
product of a very well-balanced test design, good results may be obtained by independently fitting each
temperature.  Since this type of data set is often not available, and the approach sacrifices the opportunity for
interpolation, the discussion will assume that at least temperature and stress are used as independent variables.

In order to achieve good results, it may be necessary to consider other variables.  Some variables are
continuous physical variables that are incorporated into regression variables, e.g., section size.  Other
variables may occur as discrete subsets that require modifying the regression analysis (this is discussed under
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Subsets of Data).  In such cases, it may be necessary to group data per subset for data reporting if regression
analysis cannot easily accommodate the observed subsets.

Selection of Equations—For isostrain and rupture time, as a function of stress and temperature, a
number of relationships have been proposed.  Some useful ones are:

(1)  log t = c + b1/T + b2X/T + b3X
2/T + b4X

3/T [9.6.4.2(a)]

(2)  log t = c + b1/T + b2X + b3X
2 + b4X

3 [9.6.4.2(b)]

(3)  log t = c + b1 T + b2X + b3X
2 + b4X

3 [9.6.4.2(c)]

(4)  log t = c + (T-Ta)(b1 + b2X + b3X
2 + b4X

3). [9.6.4.2(d)]

These are the Larson-Miller, Dorn, Manson-Succop, and Manson-Haferd, respectively, where

c =  the regression constant
b1 =  coefficients (b1 through b4)
t =  time
T =  absolute temperature (Ta is the temperature of convergence of the isostress lines)
X =  log S (stress).

While all forms may be used to model a data set with varying degrees of goodness of fit, experience
and practice indicate the Larson-Miller relationship adequately models most materials, and is usually the
preferred equation form.

If data for a given material is available at a variety of creep strain levels as well as the stress rupture
point, only one model should be used to describe data trends for each strain level.  The decision as to which
of the four customary models is chosen should be based on a comparative analysis of data for the most
comprehensive data collection, whether that collection be for a specific creep strain level or stress rupture
point.  In addition, the constant term found in the optimum analysis should be held the same for all creep
strain levels.  If this is done, it will be possible to construct a composite plot of  stress versus parameter for
all creep strain levels and the stress-rupture level.

If none of these standard forms satisfactorily follows data trends, various combinations of stress and
temperature may be tried.  For example, terms can be selected from a matrix obtained using cross products
of T-1, To, T1 with S-1, So and S1.  Methods for generalizing and applying these equations are discussed in
Reference 9.6.4.2.

The exact form of the functions should reflect data and reasonable boundary conditions.  Quadratic,
quartic, etc., can be expected to give poor boundary conditions, e.g.,  zero life at zero stress, and should be
avoided.  Extrapolation by users of the equation is inevitable (though it is not recommended), so other general
equations must be checked for unusual behavior beyond the data—this can be done, in many cases, by
differentiating to obtain maxima and minima.  In general, short times should give strengths approximately
corresponding to tensile yield and ultimate strength; zero stress should predict infinite life.
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Metallurgical instabilities and transition regions may present difficulties in some analyses.  Methods
for handling such problems have been discussed in Reference 9.6.4.2.

Optimum Fit—Guidelines for an optimum fit are:

(1) Minimum number of terms.  With two independent variables,  and T, six regression variables
are reasonable, each additional physical variable allowing two additional regression variables.

(2) Reasonable curve characteristics for material behavior, including extrapolation.

(3) Minimum standard error and maximum correlation coefficient (as long as 1 and 2 are not
violated).  Standard errors are typically between 0.1 and 0.2.

(4) Uniform deviations (see a later paragraph on Weights for a brief discussion of nonuniform devia-
tions and their analytical treatment).

Subsets of Data—A non-normal or multimodal population, or an excessive standard error may
indicate the presence of subsets.  However, an apparently typical data set may contain subsets that should
receive special consideration.

One type can be treated by adding physical variables to the regression analysis.  For example, differ-
ent thicknesses of sheet material may give different average lives.  Including sheet thickness in the regression
should not only improve fit but also avoid the risk of misrepresenting behavior of the material. Section
thickness, distance from surface, and grain size are other examples of subsets that can be treated as regression
variables.  Section thickness and distance from surface refer to location of the specimen in terms of geometry
of the original material, e.g., finish work thickness, final heat thickness, etc.

A second type is not typically subject to use as a regression variable.  Examples of these are orienta-
tion (L, LT, and ST), or different heats (chemistry).  A decision must be made whether to treat these as unique
subsets to be analyzed separately (if properties are different) or as randomly distributed subsets.  Orientation
will usually be analyzed separately, while heats will usually be randomly distributed subsets.  Other methods
(e.g., fixed intercept, centered above mean values for each creep level) may be more suited for a given data
set and may be tried.  The specific procedure used must be indicated in the data package.

The theory of treatment of randomly distributed subsets has been developed in Reference 9.2.5.2,
while application to lots of material (actually “heats” in chemistry) is considered in Reference 9.6.4.2.
Treating subsets as random affects calculation of both average curve and standard error.  While effect on
standard error may become insignificant as the number of subsets exceeds ten (depending on the relative
contribution to total standard error), effect on the trend of the calculated average remains.  Lots whose
average lives are uniformly displaced (parallel) in logarithm of life, or are not significantly non-parallel, are
discussed in Reference 9.6.4.2(a).  There is no known published reference for treating non-parallel lots.  Data
permitting, individual lots can be fitted, within-lot variances pooled, and average and variance of lot averages
calculated for selected stress-temperature combinations.  After calculating total variance  and desired lower
level tolerance limit*  (  - ks) at each stress level, curves can be drawn and, if desired, equations be fit toX

X’s and  (  - ks) ’s.  It should be noted that the equation for   (  - ks) is not likely to properly reflectX X

uncertainty in coefficients obtained by normal fitting procedures.  Alternately, all data for non-parallel lots
can be pooled and variance weighted, providing sufficient lots are represented and average curve is
reasonably similar to the first approach.
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Consistency in Creep and Stress Rupture Trends—When creep data are somewhat limited, an
independent analysis of each creep strain level may produce inconsistent trends between different creep strain
levels and stress rupture mean curve.  There may be cases where very minor extrapolations will produce creep
curves that cross over each other or the stress rupture curve.  In some instances, this problem can be
eliminated, without a significant loss in quality of fit at each creep strain level, by forcing a prescribed
relationship to exist between creep curves and stress rupture curve.  Parallelism in log(time) is the simplest
relationship that can be assumed, but it is also a relationship that is often supported by data trends.  A linearly
increasing or decreasing separation of creep curves and stress rupture curve in log(time) as a function of stress
is also a possibility, but it takes a large quantity of data to verify such trends.  If large quantities of data are
available, then it is generally preferable to analyze each creep strain level individually.  Therefore, about the
only practical relationship to assume between individual creep curves and the stress rupture curve is
parallelism in log(time).

Parallelism in log(time) can be achieved through the addition of a dummy variable to the stress
rupture equation for each creep strain level being added to the regression analysis.  For example, in the case
of the Larson-Miller equation, which (in its third order form) is normally written as

log t = c + b1/T + b2X/T + b3 X
2/T + b4 X

3/T, [9.6.4.2(a)]
where

t  = time, hrs

T = absolute temperature, R

X = log (stress), ksi,

the equation can be modified to include additional terms for each creep level, as follows

log t = c + b1/T + b2X/T + b3X
2/T + b4X

3/T + b5 Y1 + b6 Y2 + ...b4+i Yi [9.6.4.2(e)]

where the value of Yi new terms are either 0 or 1. If a creep strain level 1 data point is considered, Y1 = 1
and all other Y’s are 0.  Similarly, if a creep strain level 2 data point is considered, Y2 = 1 and all other Y’s
are 0.  If a stress rupture data point is considered, all the Y’s are 0.  In this way, the optimized values of
additional b’s represent average A in log(time) that each creep curve falls below the stress rupture curve.

The usefulness of such an approach must be verified through an examination of quality of fit for each
creep strain level compared to raw data trends.

Weights—Rupture and isostrain creep curves will not normally require weights to obtain uniform
variables.  Analysis, including strain as a variable, frequently will.  Variables other than strain, temperature,
and stress will require evaluation for uniform variance.  Reference 9.6.4.2(a) provides further discussion of
weighting.
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Rejection of Analyses—Regression analyses of specific creep or stress-rupture data sets should
normally be rejected if the R2 statistic for analysis is <75 percent, or there are fewer data than five times the
number of temperature levels, or there are <20 data points total available for regression.

If data for several different creep strain levels are analyzed in combination with stress rupture data,
R2 levels below 75 percent for one or two creep strain levels may be acceptable, if the overall R2 exceeds
75 percent. Separate analyses of low creep strain data may show relatively high variation with R2 values
below 75 percent.  In these cases, if there are sufficient data to produce significant regression coefficients at
a 95 percent confidence level, the result may still be acceptable for inclusion in MIL-HDBK-5.
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9.7 ANALYSIS PROCEDURES FOR STRUCTURAL JOINT PROPERTIES

This section of the guidelines covers analysis procedures for determination of structural joint
properties.  Reference to the following related sections may be useful:

Test Methods
9.2.3.6 Mechanically Fastened Joints
9.2.3.7 Fusion-Welded Joints

Data Requirements
9.2.4.6 Mechanically Fastened Joints
9.2.4.7 Fusion-Welded Joints

Examples of Data Analyses and Data Presentation
9.9.5 Mechanically Fastened Joints
9.9.6 Fusion-Welded Joints

It is important to recognize that these guidelines for the analysis and presentation of fastener
design allowable properties in MIL-HDBK-5 are substantially different than the version that has been
used for at least 20 years.  These new guidelines are based on standardized statistical procedures, and
involve the development of B-basis yield and ultimate load fastener allowables.  Fastener tables included
in MIL-HDBK-5 prior to Revision J will not be systematically reviewed or updated in accordance with
these new guidelines.  However, new fastener data proposals, or revisions to existing fastener allowable
tables, will be based on the statistical procedures described in this section of the Handbook.

These new procedures were adopted to:

• Migrate toward a consistent level of statistical confidence in tabulated fastener design
properties.

• Provide a method that accounts for (but is not driven by) singularity points in the data.

• Allow for greater confidence and accuracy in fastener design allowables as sample sizes
increase.

• Ensure that fastener data analysis procedures will provide repeatable, unbiased results when
used by different analysts.

Fastener tables approved prior to Revision J of MIL-HDBK-5 include ultimate load design
allowables that are approximately equivalent to B-basis design properties.  The yield properties shown
in these same tables cannot realistically be equated with B-basis design properties; these previously
established yield properties should be treated as conservative average fastener yield loads.  To avoid
confusion the basis of all fastener properties presented in Chapter 8 of MIL-HDBK-5 must be clearly
delineated, as illustrated in Section 9.9.5. 

9.7.1 MECHANICALLY FASTENED JOINTS — Some mechanical fasteners will not develop full
bearing strengths of materials in which they are installed.  Joint allowables for these fasteners must
therefore be determined from test data.  Fasteners for which allowable loads must be determined are:
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(1) flush-head fasteners in dimpled or countersunk sheet,

(2) fasteners with hollow or multiple-piece shanks,

(3) protruding-head fasteners with shear-type heads*, and

(4) protruding-head bolts and rivets when thickness-to-diameter ratio (t/D) is less than 0.18.

These guidelines define data generation (quality/quantity), analysis methods, and presentation
format applicable to mechanically fastened joint allowables.  They reflect a need to (1) ensure that the
aerospace industry is interested in new fastener systems which are incorporated in MIL-HDBK-5, and
(2) ensure that confirmatory data to substantiate allowable loads meet certain stated requirements that
simplify the process of acceptance through coordination.  To accomplish these needs, fastener systems
proposed for inclusion in MIL-HDBK-5 may be introduced (sponsored) by airlines, airframe or engine
prime contractors, and Government agencies (DoD, FAA, or NASA); i.e., one of the users.  When
introducing a new fastener, the sponsoring organization will supply information specified in Section
9.2.4.5.3.  The sponsoring organization is also expected to review the test program plan, actual testing,
and data analysis.  At least 25 percent of the specimen fabrication and testing will be performed at a
second facility.  It also is expected that fasteners and fastener materials will be obtained from three
production runs per diameter as documented in the report.  The sponsoring organization will submit a
report documenting design allowables to the MIL-HDBK-5 Coordination Group for evaluation.  (See
Section 9.2.4.5.3.)

Proposals not meeting the requirements described herein will be rejected or require more time-
consuming evaluation, inevitably delaying approval and release of proposed allowables.  Therefore, use
of these guidelines in preparing proposals for MIL-HDBK-5 is essential.

In case of conflict, provisions of this document take precedence over reference documents for
any tests or analyses made to provide, substantiate, or revise MIL-HDBK-5 fastener allowables.

9.7.1.1 Definitions — Terms used in Section 9.7.1 vary among users of this Handbook.  To
provide consistency, these terms are defined herein in accordance with the intent of MIL-HDBK-5.

(a) Deformable Shank Fasteners—A fastener whose shank is deformed in the grip area during
normal installation processes.

(b) Nominal Hole Diameters—Nominal hole diameters for deformable shank solid, blind rivet
and blind fasteners will be according to Table 9.7.1.1.  When tests are made with hole
diameters other than those tabulated, hole sizes used will be noted in the report and on the
proposed joint allowables table.

(c) Nondeformable Shank Fasteners—A fastener whose shank does not deform in the grip area
during normal installation processes.

(d) Nominal Shank Diameter—Nominal shank diameter of fasteners with shank diameters
equal to those used for standard size bolts and screws (NAS 618 sizes) will be the decimal
equivalents of stated fractional or numbered sizes.  These diameters are those listed in the
fourth column of Table 9.7.1.1.  Nominal shank diameters for nondeformable shank blind
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fasteners are listed in the fifth column of Table 9.7.1.1.  Nominal shank diameters for other
fasteners will be the average of required maximum and minimum shank diameters.

(e) Yield Load—Joint yield loads for all fasteners are defined as loads which result in 0.04D
permanent set in the joint when the fastener is tested in nominal hole size as defined in
Table 9.7.1.1.  For some fastening systems, tests in larger hole sizes, although within
manufacturer’s recommended hole size limits, may result in joint permanent sets greater
than 0.04D* at yield load.

There are many generically named fasteners for which joint allowables are provided.  These
fasteners are listed below, followed by the letter H or S.  H signifies that, in the analysis, nominal hole
diameter (as described above) is used.  S signifies that, in the analysis, nominal shank diameter is used.

(a) Solid rivets and blind fasteners whose shanks deform during installation. (H)

(b) Solid rivets and blind fasteners whose shanks do not deform during installation.  (S)

(c) Threaded and swaged-collar fasteners whose shanks do not deform during installation. (S)

(d) All interference-fit and close-tolerance fasteners. (S)

9.7.1.2  Yield Load Determination — The preferred method of determining yield load
is by the secondary modulus method.**  To obtain secondary modulus line, during the test the joint is
unloaded from a load close to, and preferably above, estimated yield load to a load value in the range of
about 10 to  20 percent of estimated yield load.  The joint then is reloaded and secondary modulus is the
slope of this  second loading line.  This procedure is described in NASM 1312-4 and is illustrated in
Figures  9.7.1.2(a) through (e).

If curves similar to Curves A and B in Figure 9.7.1.2(b) are obtained early in the test program,
strain hardening will be presumed.  In that case, unloading should be delayed in subsequent tests until
after  anticipated yield load.  Curves showing strain hardening may be extrapolated a reasonable amount
to  determine yield load by the secondary modulus method as shown.

The initial loading line is used to establish the intersection with the abscissa from which to mea-
sure yield offset.  At times, minor irregularities occur on initial loading which necessitates redrawing of
the  lower part of the curve as a continuation of the normal curve, as shown in Curves C and D of Figure
9.7.1.2(c).

Unusually shaped curves are sometimes obtained.  Typical of these are the illustrations in Figure
9.7.1.2(d).  Data which are typified by Curves A or B are unacceptable for analysis.  When the  second-
ary modulus has a straight-line portion of recognizable length, do as shown in Curve C.  When the
secondary curve has two straight parts, but is more in question (as in Curve D), and there are satisfactory
curves  available from similar group test specimens, use the slope which approximates other curves.
Otherwise, the more conservative (steepest) will be used.  An acceptable alternate is to draw a straight
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line between end points of the off-loading-reloading loop and consider this as the secondary modulus
line, as shown in Figure 9.7.1.2(e).  The primary modulus method may be used as a last resort, if there
is no straight-line portion or usable loop in the secondary modulus curve.

Table 9.7.1.1.  Nominal Hole and Shank Diameters, Inches

Fastener Size,
Functional

or Numbered

Deformable Shank Fasteners Nondeformable Shank Fasteners

Solid Blind Solid Shank Blind

1/16 0.067 … … …

3/32 0.096 0.098   0.098

#4 … … 0.112 …

1/8 0.1285 0.130 0.125 0.130

    0.144   0.144

#6 … … 0.138 …

5/32 0.159 0.162 0.156 0.163

    0.178   0.178

#8 … … 0.164 …

3/16 0.191 0.194 0.188 0.198

    0.207   0.207

#10 … … 0.190 …

#12 … … 0.216 …

7/32 … … 0.219 …

1/4 0.257 0.258 0.250 0.259

    0.273   0.273

5/16 0.323   0.312 0.311

3/8 0.386 … 0.375 0.373

7/16 … … 0.438 0.436

1/2 … … 0.500 0.497

9/16 … … 0.562 …

5/8 … … 0.625 …

3/4 … … 0.750 …

7/8 … … 0.875 …

1 … … 1.000 …

1-1/8 … … 1.125 …

1-1/4 … … 1.250 …

1-3/8 … … 1.375 …

1-1/2 … … 1.500 …

a In order to standardize test and analysis procedures, nondeformable shank fasteners will be installed
     in net fit ±0.0005 inch holes.
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Figure 9.7.1.2(a).  Illustration of secondary-modulus method of yield
strength determination.

(1) Reduce load to 10-20 percent of yield load.
(2) Secondary-modulus line.  The straight part of the loading side of the secondary-modulus loop indicating elastic

behavior.
(3) Offset line.  A line parallel to the secondary-modulus line.
(4) Offset.  Equal to permanent set value specified in yield load definition in Section 9.7.1.1.

9.7.1.3 Shear Strength of Fastener — Each group of double-shear or single-shear results for
a specific fastener type, size, and material will be analyzed to determine an A-value, except driven rivets
which will be analyzed to obtain a B-value.  Data will be checked for their conformance to a Pearson
distribution through use of the Anderson-Darling test described in Section 9.5.4.4.  If the assumption of a
Pearson distribution is not rejected:

(a) For solid driven rivets, compute the B-value as shown in Section 9.5.5.1 and select the next
lower shear strength from Table 8.1.1.1, if it is within 2 ksi of the computed value.  If the
computed B value is more than 2 ksi above the next lower value in Table 8.1.1.1, a new value
may be proposed.

(b) For other fasteners, compute the A-value as shown in Section 9.5.5.1 and select the next lower
shear strength from Table 8.1.1.1.  If the computed A-value is more than 5 ksi above the next
lower value in Table  8.1.1.1, a new value may be proposed.
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Figure 9.7.1.2(b).  Sample secondary modulus load-deflection
curves.

(1)   Offset per 9.7.1.1.
(2)   Joint yield strength.

If analysis of data shows a non-Pearson distribution, obtain additional observations (as required) and
employ the nonparametric procedure as described in Section 9.5.5.3.  Minimum shear strength will then be
selected as described in (a) and (b) above.

The calculated design minimum shear values will be equal to or greater than the values in Table
8.1.5(a) (for the appropriate stress level) and the specification value.  (For example, the computed minimum
shear value for a 0.190 diameter, 95 ksi fastener will be greater than, or equal to, the allowable load value
of 2,694 pounds.)  The allowable load will be the lower of the appropriate Table 8.1.5(a) value or the
specification value.

If Table 8.1.5(a) is not applicable (i.e., driven rivets, blind fasteners, and fasteners without shear-
load requirements in the specification), the allowable load values will be converted to stresses for each
diameter using nominal shank areas for S fasteners and nominal hole areas for H fasteners.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-148

Figure 9.7.1.2(c).  Sample secondary-modulus load-deflection
curves.

(1)   Offset per yield load definition given in Section 9.7.1.1.
(2)   Joint yield strength.
(3)   Disregarded irregularities, per Section 9.7.1.2.

The allowable stress for the fastener system will be established as the lowest of the above calculated
stresses, or the specification stress value, whichever is lower.  Allowable fastener shear strength will be the
product of this stress and the appropriate (H or S) areas used above.

The shear strengths that are calculated will be clearly identified as either 90 percent (B-value) or
99 percent (A-value) allowables.

9.7.1.4 Sheet Critical and Transition Critical Strengths — The analysis of data in the
bearing and transitional regions provides design allowable curves for yield and ultimate strength where sheet
or plate material of the joint is generally critical.  To accomplish the analysis, tables and graphs are required
as detailed in this subsection.  The use of computer programs to analyze data and to prepare tables of
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Figure 9.7.1.2(d).  Sample secondary-modulus load-deflection
curves.

(1)   Offset, per 9.7.1.1
(2)   Joint yield strength.
(3)   Disregarded irregularities, per 9.7.1.2.
(4)   Disregarded second slope in secondary-modulus curve.

calculations and figures, as next described, is acceptable.  However, all tables and figures subsequently
described should be illustrated in the report.  When using a computer program for analysis, some engineering
judgements may still be necessary for certain data sets in the transition thickness range.

(a) Presentation and Analysis of Basic Test Data—The values of the functions t/D, Pu/D
2, and Py/D

2

will be calculated from the basic t, D, P u, and Py test data obtained on each specimen tested,
using the values defined below:

t = measured sheet thickness, inch, for thinnest sheet gage of combination

D = measured hole diameter, inch, for H-type fasteners, nominal shank diameter for S-type
fasteners as defined in Section 9.7.1
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Figure 9.7.1.2(e).  Sample alternative secondary-
modulus load-deflection curve.

(1)    Offset, per yield load definition given in Section 9.7.1.1
(2)    Joint yield strength.
(3)   Alternative secondary-modulus line.

Pu = test ultimate load, where ultimate load is the maximum load reached by the test
specimen prior to load fall off (pounds per fastener)

Py   = test yield load, determined per Section 9.7.1, pounds per fastener.

A suggested format for reporting the basic data and the computed values of t/D, Pu/D
2, and Py/D

2 is
shown in Figure 9.7.1.4(a).  The average Pu/D

2 and Py/D
2 for each fastener diameter at each t/D will be

indicated in the table.

Computation of P/D2 and t/D from Basic Data

Test
Specimen

No.
D

Diameter D2

t
Gage t/D

Yield
Load,

Py

Py

104D2

Ultimate
Load,

Pu

Pu

104D2

Type
of

Failure

t, D, Pu, and Py, per Section.

Figure 9.7.1.4(a).  Suggested tabular layout for basic data and computer P/D2 and t/D
data.
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(b) Regression Analysis to Determine Average Ultimate and Yield Load Curves—The
general assumption inherent in a P/D2 versus t/D analysis procedures is that the
dimensions of a fastener system are proportional to the fastener diameter.  Therefore, a
plot of the average Pu/D

2 and Py/D
2 values for each t/D tested is expected to yield a

compact band of data points through which single ultimate and yield load curves can be
determined.  The following regression equation can generally be used to represent
average t/D trends:

P/D2  =  A0  +  A1 * (t/D)  +  A2 * ln (t/D)        [9.7.1.3(d)]

where P = applied load,

D = nominal hole or fastener shank diameter (as defined in Table 9.4.1.2),

t = sheet thickness, and

“ln” represents the natural logarithm of the quantity in parentheses.

If the data for different diameter ranges are not combinable based on an F and t test (at a
95% confidence level as described in Section 9.5.2.4) the average regression trends for
each diameter must be analyzed separately.  Examples of this type of analysis are shown
in Figures 9.7.1.4(b) and (c), for yield and ultimate loads, respectively.  In this example
both the yield and ultimate load t/D trends for the 3 different diameters were statistically
combinable.

If applicable, fastener shear failure and sheet critical conditions should be clearly identified
and considered in the evaluation of combinability of fastener data for different diameters.

Where applicable, data obtained from different sources must also be identified.  The objective
in both cases is to establish realistic average ultimate-load and yield-load curves for the
fastener system.  With the ultimate-load curve, consideration will be given to all test data for
which joint failure was by failure modes other than fastener shear.

In the event that the yield and/or ultimate load data for an individual fastener diameter are not
combinable with the other available diameters, a separate regression analysis must be
performed on this fastener diameter.

Also to be shown on these graphs are one or more horizontal lines representing fastener shear
strength (more than one line occurs when shear strength in pounds is not proportional to shank
area) and allowable sheet or plate ultimate bearing strength and bearing yield strength lines.
For materials where bearing properties vary with thickness, bearing strengths plotted will
include the lowest value in the applicable thickness range and the values used will be the S
or A values.

Nonshear-critical test data include all data below the fastener shear strength line and all data
for joints that failed in sheet bearing, pullout, head failure, combinations of shear, or any other
mode of failure, other than shear of fastener shanks, even though same data may lie above the
fastener shear strength line.  All shear-critical data should fall above the fastener shear strength
line. Average t/D curves must not extend beyond the tested t/D range.
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(c) Regression Analysis to Determine Yield and Ultimate Load Design Allowable Curves – The
following statistical procedure must be used for definition of yield and ultimate load design
allowable curves.  This procedure involves generation a B-basis allowables using a quadratic
regression of the yield and ultimate load data generated from tests conducted on jointed
specimens.  Terms used in these statistical calculations are defined as follows:

a , b, c Best-fit equation coefficients

df Degrees of freedom

F.05(M-3,N-M) The 5th percentile of the F distribution with degrees of freedom M–3 and
N-M

        H Estimated bound on ratio of MSE to MSPE 

ln Natural logarithm

M Distinct levels of t/D

MSE Mean Square Error

MSPE Mean Square Pure Error

N Total number of tests

q1, q2, …, q6 Sums of the xi = ln(t/D)

Q(x) A measure of the “nearness” of x to the center of the range of independent
variables

RMSE Root Mean Square Error

(x) The multiplier on sy in the calculation of T90 values for different t/D ratios

sy Unbiased estimated of standard deviation in average joint strengths

t/D Sheet thickness / fastener diameter

xi Independent variable in quadratic regression analysis

yij
The jth test value at ith t/D ratio, used to compute dependent variable

The following statistical procedure for calculating B-basis (T90) values for fasteners is
based on a quadratic regression analysis of the average strength values at each t/D, using
a log scale on the t/D axis.  In estimating the lower tolerance bounds, the procedure uses
an estimate of the standard deviation that incorporates variability within each t/D
condition, and random variations between these t/D conditions.

1) Calculate averages of the replicate tests:

(Nominally, 3 tests are conducted, but use the appropriate divisor, ni, throughout)
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Figure 9.7.1.4(b) Example of Trial Analysis to Compare Mean t/D Yield Load Trends
for 3 Different Fastener Diameters
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Figure 9.7.1.4(c) Example of Trial Analysis to Compare Mean t/D Ultimate Load
Trends for 3 Different Fastener Diameters
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2) Fit a quadratic regression of the averages to 

a) Let a + b ln(t/D) + c (ln(t/D))2 be the estimated model where

and , , and  is the number of distinct levels of t/D.  The logarithm of

M

i

iyy
1

M

i

ixx
1

t/D is used because it often improves the fit at the lower values of t/D.

b) Let MSE denote the mean squared error of the regression. 

where
2cbaˆ
iii xxy

3) Determine appropriate standard deviation for the tolerance bounds and associated

        degrees of freedom.
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a) Calculate the MSPE (mean squared pure error)

where  is the total number of tests and M is the number of distinct levels of t/D

M

i

inN
1

and ni is the assumed number of replicates at the ith level of t/D.  This represents the
variability that can be expected at a particular condition.

b) Calculate sy:

where .  If the number of tests performed at each test condition 
N

n

N
M

M

i

i

1

2

0
1

1
n

is the same, i.e.,  or 1  i  M, then this provides an unbiased estimate of the standard0in n
deviation of individual observations under a particular, fixed condition.

c) Calculate H (the upper confidence bound on the ratio of the variability between
 t/D conditions to the variability within t/D condition):

where F.05(M - 3, N - M) is the fifth percentile of an F distribution with degrees of freedom
M – 3 and N – M.  Percentiles of the F distribution can be obtained from Table 9.10.2.

d) Calculate degrees of freedom, df  (Because the standard deviation is estimated
by combining two different sums of squared differences, MSPE and MSE, standard
statistical procedures do not apply.  The formulas below rely on Satterthwaite’s
approximation for degrees of freedom.) 

The degrees of freedom is estimated using the upper confidence bound on the ratio of the
variability between t/D conditions to the variability within t/D condition, instead of the point
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estimate of the ratio.  This approach for estimating the degrees of freedom ensures that level
of confidence that T90 is below 90 percent of the fastener strengths, at each value of 
x = ln(t/D), is 95 percent when the ratio of the variability between t/D conditions to the
variability within t/D condition is large, and it is consistent with a similar approach used in
MIL-HDBK-17.

4) Determine noncentrality parameter for T90

a) For x = ln(t/D) in the range being characterized, calculate Q(x):

where q1, q2, …, q6 are defined as sums of the xi = ln(t/D) in 9.6.3.2 of the Guidelines.  (With
any regression, the further you move away from the bulk of the data, the more uncertain the
estimates are.  Q(x) provides a measure of the “nearness” of x to the center of the data.)

b) Then calculate R(x): 

).(
1

1

)( 0 xQ
H

n
H

xR

5) Finally, calculate T90 as in [9.5.6.1(f)]:

where the term in parentheses is the 95th percentile of the noncentral t distribution with df

degrees of freedom and noncentrality parameter 1.282/(R(x))1/2 (as in 9.5.6.1 of these
Guidelines).

Examples of this analysis procedure applied to yield and ultimate fastener load test data are given in
Figures 9.7.1.4(d) and (e), respectively.  Note in Figure 9.7.1.4(d) that it is possible for the B-basis design
curve to fall above a small percentage of the actual test results.  Note also in Figure 9.7.1.4(e) that the shear
cutoff value has been incorporated into the ultimate strength regression curve.
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Figure 9.7.1.4(d) Example of Regression Analysis to Define B-Basis (T90)
Fastener Yield Load Design Allowables
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Figure 9.7.1.4(e) Example of Regression Analysis to Define B-Basis (T90)
Fastener Ultimate Load Design Allowables
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Computation of Allowables from Design Curves

D D2 t t/D Py/104D2 Py Pu/104D2 Pu

D, t, Pu, and Py, as described in 9.7.1.4

Figure 9.7.1.5.  Suggested tabular layout for computing allowables from design curves.

9.7.1.5 Calculation of Allowable Loads — Allowable yield and ultimate loads will be
calculated for each thickness and diameter combination using the B-basis lower bound curves described
above.  Allowable loads will not be calculated for thickness/diameter combinations below the t/D range
tested, or for diameters not tested.

In these calculations, thickness (per Section 9.9.5, Note 11), and diameters to be used will be the
nominal shank diameter (per Section 9.7.1.1) for S-Type fasteners and recommended nominal hole diameters
(per Section 9.7.1.1) for H-type fasteners.  Figure 9.7.1.5 shows a suggested format for this set of calculations.

The analysis of joint allowable load data for the case where data are required for procuring or
regulatory agency (not for use in MIL-HDBK-5) for a limited range of sheet thickness and fastener diameter
is as follows.  An analysis similar to that described in Section 9.7.1.4 is required for data over the limited t/D
range evaluated.  In the special case where one sheet thickness and one fastener diameter have been tested
in accordance with the requirements of Section 9.7.1.3, data will be analyzed as follows: the ultimate-load
calculations will be made utilizing the statistical formulas listed in Section 9.7.1.3, where the k value is
obtained from Table 9.10.1 for the appropriate number of test values (n) and 90 percent probability (B) value
at a 95% confidence level.  These ultimate-load values will be compared with values computed from bearing
ultimate strengths of the joint material.  In each comparison, the lower of either (1) statistical value computed
from joint test data, (2) computed B-basis ultimate value from regression analysis, (3) computed bearing
ultimate strength, or (4) fastener shear ultimate strength, will be the ultimate-load design allowable.

Similarly, the yield-load values will be compared with values computed from bearing yield strengths
of the joint material. These yield-load values will be compared with values computed from bearing yield
strengths of the joint material.  In each comparison, the lower of either (1) statistical value computed from
joint test data, (2) computed B-basis yield value from regression analysis, (3) computed bearing yield
strength, or (4) fastener shear yield strength, will be the yield-load design allowable.

The load values so calculated will be rounded to three or four significant figures as follows: 

(1) Load values less than 1000 will be rounded to 3 figures (load values less than 100, 2 figures).

(2) Load values greater than 1000 will be rounded to 4 figures. The fourth figure will be a 0 or 5.

9.7.2  FUSION-WELDED JOINT DATA — The purpose of this section of the guidelines is to provide
a uniform procedure by which reliable design data on welded joints can be developed for use within the
aerospace industry.  Unlike most other guidelines procedures, for which reasonably complete concurrence
has been found among the users of MIL-HDBK-5, those relating to fusion-welding allowables are still subject
to interpretation by users in view of their own welding processes.  An additional consideration is that fusion-
welding allowables are highly process-dependent.  Design values will not be presented in MIL-HDBK-5 since
their application will be limited to the process represented by data from which the allowables were derived.
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Consequently, it is the purpose of these guidelines to describe one of possibly many valid procedures, without
excluding other procedures that may be authorized for determination of fusion-welding allowables.  Basis
for this discussion is presented in Reference 9.7.2.

These guidelines generally reflect procedures currently used within the aerospace industry.  They are
applicable to all types of weldable materials and welding processes.  However, recommended test coupon
configurations and testing methods described herein have been limited to those used in evaluation of butt-type
joints.

A distinction is made in properties of weldments between those applicable to design and those used
for welding development and process control.  These guidelines are concerned with those properties
applicable to design.

The approach followed establishes coupon-derived design properties for weldments produced under
known and defined conditions.  Appropriate analysis must be conducted to adapt coupon-derived data to
design of the structure being considered.  This is accomplished by determining the state of stress for the
component joint, and/or by relating structural hardware test results to coupon-derived design properties.  This
approach is consistent with techniques used to obtain design data for MIL-HDBK-5, as defined in other
sections of these guidelines.

Current military welding specifications do not contain adequate requirements for defining a
meaningful population of weldments.  Due to this lack of applicable industry-wide specifications, the
necessary specification information must be presented with coupon-derived weldment design data.

Throughout the guidelines and in preparation of data, definitions of the American Welding Society
will be used for terms relating to welding.  The definitions utilized in MIL-HDBK-5 and in other sections of
these guidelines will be used for other terms relating to material properties and statistical treatment of data.

9.7.2.1 Data Collection and Interpretation — Determination and presentation of properties
of weldments requires adequate definition of pertinent welding parameters, including a description of base
materials, welding process variables, and weld character.  The most significant variables considered are
divided into three basic categories: base materials, welding process variables, and weld character (see Figure
9.7.2.1). Variables listed are the minimum that must be identified and required by the specification.

In summary, the primary concern of population definition for weldments is to describe welding
conditions in a manner that will assure reproducibility of this same population and will be sufficiently detailed
to allow proper data analysis.

9.7.2.1.1 Base Materials — Base material variables include appropriate stipulation of alloy,
composition form, preweld and postweld heat treat conditions, filler material, and material thickness.

9.7.2.1.2 Welding Process Variables — The most difficult aspect is establishing welding vari-
ables.  The variables must be sufficiently detailed to represent the population of weldments produced, as well
as to assure reproducibility of welds within this population.  Appropriate selection of variables to be stipu-
lated must be based on an interpretation of their effect on weldment properties and desirability of control. 
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BASE MATERIAL

Alloy, Composition, Form, Pre- and Post-Weld Heat
Treat Condition, Material Thickness, Filler Material

WELDING PROCESS VARIABLES

Joint Preparation Tooling Welding Conditions Weld Repair

Joint Type
Edge Preparation
Cleaning

Alignment
Restraint
Thermal Control

Welding Process
Welding Method
Welding Position
Heat Input (Weld Setting)
Preheat
Interpress Temperature
Shielding Gas

Number of Repairs
Type of Repair

WELD CHARACTER

Inspection Methods Acceptance Levels

NDT
  Visual
  Radiographic
  Magnetic Particle
  Ultrasonic
DT
  Transverse Tensile Test

External
  Underfill and Undercut
  Cracks
  Pores
  Reinforcements
Internal
  Pores
  Inclusions
  Cracks
Tensile Properties
  Minimum and Minimum Average

Figure 9.7.2.1.  Summary of population definition considerations.

Using the variable of thermal control tooling as an example, it may be found that various types of
tooling influence tensile properties of a weld joint by their effect on cooling rate.  However, the difficulty in
adequately describing thermal-control tooling for more than a single application makes it desirable to treat
tooling as a random and uncontrolled variable.  This same judgment of effect on properties and desirability
of control must be made for each welding process variable.

9.7.2.1.3 Weld Character — Appropriate levels of weld character must be prescribed in order
to define a population of weldments.  This includes a description of internal and external quality levels, as
well as  minimum joint strength requirements.  In most specifications there are several weld classes which
identify in detail the quality level requirements.  In addition, means of determining weldment characteristics
are established by stipulation of both nondestructive and destructive test methods.
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9.7.2.2 Data Analysis — Some concepts used for base-metal analyses lend themselves to
analysis techniques for weldments.  The procedures described in other sections of the guidelines may be used
as a basis for analysis of mechanical property data for weldments in order to obtain A- and B-values.  The
procedures involve either direct statistical analysis of weldment data when sufficient data exist, or an indirect
statistical analysis of ratios of paired properties.

The data samples required for direct statistical analysis will usually limit its use to tensile ultimate
strength of weldment coupons.  The indirect analysis may be used to derive other properties of interest using
smaller samples.  One example is to derive the minimum shear strength for the cases where only tensile
distribution is known; one would operate on the ratio SUS/TUS in this case.

The indirect computation method also provides a tool for rational development of weld factors to be
used in translating coupon-derived minimum properties to hardware design.  In this case, ratio of hardware
failure stress to control coupon failure stress is used.
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9.8 EXAMPLES OF DATA ANALYSIS AND DATA PRESENTATION FOR STATIC

PROPERTIES

Proposals presented to the MIL-HDBK-5 Coordination Group should include (1)  new or revised
table of room-temperature allowables, (2) raw data used in the analysis, and (3) supporting analysis for the
proposed design values.

9.8.1  DIRECT ANALYSES OF MECHANICAL PROPERTIES — Computational procedures described
in earlier sections are demonstrated here.  Several hypothetical sets of input data were created for these
example problems.  These datasets were created to represent quality assurance test data, representing one long
transverse tensile test per lot, plus other tests from a portion of the lots, at a frequency of one test per lot.

The example problems fall into two major categories.  Problems I through VII illustrate techniques
based on an underlying normal distribution.   Problems VIII through XII illustrate techniques based on an
underlying three-parameter Weibull distribution.

The input data for these example problems are described below.  Because entire data sets (as  opposed
to means and standard deviations) are required for Problems VIII through XII, the data points for  groups (1)
through (4) and group (6) are listed in Tables 9.8.1(a) through (c).

INFORMATION FOR EXAMPLE PROBLEMS

Material Identification:  Alloy X sheet, annealed.
Specified Testing Direction:  Long Transverse (LT)

Specified Properties:
 0.125 inch — Ftu (LT) = 140 ksi, Fty (LT) = 115 ksi;

0.126-0.249 inch — Ftu (LT) = 135 ksi, Fty (LT) = 110 ksi.

Available Test Results:

Group (1).  300 observations of TUS(LT) for thickness range 0.020-0.125 inch from Supplier A; no
variation with thickness.  Go to Problems I, III, VIII, and X.

Group (2).  300 observations of TYS(LT) for thickness range 0.020-0.125 inch from Supplier A; no
variation with thickness.  Go to Problems II and IX.

Group (3).  30 observations of TUS(LT) for thickness range 0.020-0.125 inch from Supplier B; no
variation with thickness.  Go to Problems I and VIII.

Group (4).  30 observations of TYS(LT) for thickness range 0.020-0.125 inch from Supplier B; no
variation with thickness.  Go to Problems II and IX.

Group (5).  100 observations of TUS(LT) for thickness range 0.126-0.249 inch; no variation with
thickness.  Go to Problems III and X.

Group (6).  30 observations of SUS(LT) for thickness range 0.020-0.249 inch; apparent decrease in
SUS(LT) on increasing thickness; observations may be paired with TUS(LT) if desired.  Go to Problem VII.
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Table 9.8.1(a).  Group (1) Data Set

Group (1)

139.608
140.638
140.711
140.988
141.873
141.940
142.105
142.478
142.597
142.694
143.309
143.502
143.620
143.644
143.674
143.720
143.844
143.865
143.867
143.997
144.221
144.320
144.463
144.508
144.612
144.651
144.837
144.864
144.890
144.973
145.076
145.110
145.122
145.165
145.214
145.229
145.270
145.277
145.325
145.399
145.416
145.577
145.600
145.693
145.709
145.721
145.741
145.872
145.921
145.925
145.966
145.978
146.069
146.136
146.220
146.285
146.301
146.367
146.479
146.500

146.534
146.651
146.667
146.699
146.710
146.714
146.766
146.825
146.857
146.876
146.941
146.944
146.970
147.087
147.198
147.284
147.291
147.326
147.334
147.353
148.686
148.691
148.695
148.701
148.714
148.724
148.854
148.868
148.884
148.891
148.919
148.952
148.957
148.982
149.016
149.045
149.103
149.107
149.158
149.180
149.183
149.187
149.321
149.416
149.473
149.571
149.581
149.605
149.605
149.606
149.653
149.707
149.731
149.755
149.798
149.810
149.812
149.894
149.996
150.124

147.442
147.489
147.497
147.653
147.752
147.765
147.785
147.803
147.911
147.942
147.952
147.961
147.980
148.001
148.012
148.029
148.038
148.048
148.049
148.051
148.059
148.074
148.091
148.118
148.122
148.197
148.201
148.236
148.267
148.292
148.304
148.334
148.339
148.355
148.368
148.567
148.584
148.620
148.678
148.684
150.194
150.310
150.315
150.340
150.377
150.415
150.423
150.427
150.459
150.579
150.722
150.731
150.739
150.773
150.830
151.019
151.042
151.075
151.111
151.211

151.229
151.234
151.283
151.323
151.388
151.425
151.428
151.433
151.471
151.557
151.599
151.609
151.628
151.641
151.670
151.785
151.837
151.876
151.962
151.992
152.015
152.037
152.081
152.101
152.143
152.150
152.151
152.157
152.199
152.207
152.270
152.332
152.352
152.448
152.656
152.736
152.802
152.840
152.882
152.907
152.920
152.929
153.007
153.029
153.049
153.102
153.118
153.206
153.279
153.286
153.296
153.298
153.478
153.504
153.543
153.576
153.648
153.695
153.707
153.715

153.792
153.844
153.846
153.855
153.914
153.992
154.021
154.064
154.068
154.077
154.110
154.128
154.149
154.219
154.242
154.297
154.359
154.382
154.508
154.541
154.571
154.781
154.858
155.012
155.077
155.102
155.116
155.231
155.267
155.311
155.336
155.359
155.386
155.422
155.469
155.604
155.627
155.641
155.785
155.823
155.863
155.904
156.078
156.088
156.379
156.616
156.716
156.740
156.924
157.053
157.341
157.357
157.614
157.763
157.980
158.021
158.154
158.518
159.377
162.717
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Table 9.8.1(b).  Group (2) Data Set

Group (2)

121.438
121.614
121.757
122.077
122.109
122.494
122.503
122.543
122.632
123.082
123.101
123.193
123.238
123.296
123.474
123.527
123.616
123.694
123.755
123.770
123.825
124.025
124.055
124.083
124.105
124.121
124.171
124.176
124.223
124.373
124.681
124.691
124.718
124.778
124.793
124.920
124.934
125.000
125.018
125.070
125.070
125.150
125.152
125.247
125.279
125.295
125.350
125.370
125.433
125.531
125.535
125.714
125.717
125.801
125.915
126.083
126.128
126.129
126.194
126.276

126.276
126.342
126.388
126.430
126.449
126.535
126.606
126.665
126.668
126.673
126.696
126.727
126.822
126.863
126.877
126.907
126.919
126.972
126.999
127.114
127.140
127.203
127.300
127.322
127.337
127.383
127.387
127.420
127.474
127.579
127.607
127.677
127.695
127.710
127.741
127.761
127.811
127.841
127.859
127.859
127.889
127.946
128.010
128.016
128.153
128.203
128.288
128.309
128.323
128.332
128.341
128.452
128.640
128.672
128.699
128.719
128.723
128.752
128.795
128.819

128.823
128.846
128.868
128.966
128.983
128.989
129.029
129.035
129.052
129.083
129.117
129.136
129.148
129.321
129.413
129.434
129.546
129.560
129.596
129.654
129.709
129.715
129.784
129.788
129.891
129.899
129.938
129.940
130.007
130.020
130.070
130.206
130.225
130.237
130.351
130.427
130.457
130.499
130.526
130.528
130.586
130.599
130.624
130.684
130.710
130.765
130.772
130.797
130.895
131.003
131.008
131.040
131.103
131.104
131.125
131.158
131.175
131.176
131.192
131.195

131.254
131.325
131.388
131.439
131.444
131.469
131.477
131.677
131.690
131.731
131.754
131.786
131.808
131.816
131.906
131.975
131.977
132.138
132.189
132.223
132.282
132.286
132.296
132.380
132.393
132.436
132.470
132.482
132.511
132.514
132.558
132.564
132.595
132.703
132.718
132.762
132.805
132.849
132.851
132.869
132.952
133.024
133.031
133.049
133.096
133.159
133.166
133.224
133.438
133.441
133.508
133.581
133.592
133.595
133.622
133.683
133.749
133.763
133.768
133.774

133.841
133.843
133.893
133.898
133.912
133.922
133.934
133.948
134.089
134.134
134.179
134.194
134.249
134.339
134.351
134.361
134.689
134.747
134.776
134.779
134.873
134.874
134.883
134.890
134.969
135.027
135.064
135.191
135.499
135.513
135.518
135.532
135.545
135.661
135.754
135.836
135.920
135.921
135.944
136.027
136.030
136.032
136.050
136.112
136.149
136.154
136.160
136.204
136.217
136.348
136.855
136.883
137.087
137.115
137.163
137.484
137.618
137.653
138.335
139.141
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Table 9.8.1(c).  Groups (3), (4), and (5) Data Sets

Group (3) Group (4)                    Group (5)

141.914
143.980
145.110
145.681
145.829
145.919
145.981
148.412
148.694
148.772
148.831
148.965
149.197
149.761
150.150
151.472
151.746
152.089
152.564
152.737
152.798
153.857
153.930
154.012
154.024
154.153
155.637
157.118
162.241
164.426

120.487
122.271
124.167
124.622
124.672
125.280
125.862
126.332
128.860
129.158
129.179
130.238
130.782
130.985
131.612
131.642
132.129
132.147
132.812
133.388
133.716
134.127
135.787
135.836
136.235
136.770
137.068
137.901
137.919
138.017

135.373
135.500
135.775
136.450
137.114
137.241
137.900
138.916
139.158
139.307
139.626
139.827
139.839
140.022
140.461
140.957
141.083
141.149
141.435
141.473
141.518
141.582
141.592
141.731
141.937
142.125
142.138
142.298
142.441
142.785
142.838
142.859
143.141
143.180
143.397
143.426
143.444
143.558
143.722
143.886
144.200
144.276
144.313
144.418
144.465
144.650
144.672
144.847
144.901
144.924

145.061
145.072
145.082
145.082
145.331
145.460
145.606
145.626
145.754
145.785
145.802
145.876
146.091
146.096
146.159
146.302
146.303
146.447
146.797
146.937
146.967
147.149
147.224
147.305
147.500
147.657
147.675
147.833
148.084
148.556
148.708
148.954
148.988
149.082
149.123
149.590
149.831
149.974
150.325
151.484
151.523
151.605
152.086
152.467
152.646
152.852
153.164
153.675
155.492
157.944
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*
The statistical tests described in Problems I through III apply specifically to the case where normality can be
assumed.  The more general Anderson-Darling procedure described in Problem IV can be applied to normal
as well as nonnormal distributions.
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u t0.975 Sp

n1 n3

n1 n3

Sp

(n1 2) s
2
1 (n3 1) s

2
2

n1 n3 2

(300 1)(4.00)2 (30 1)(5.00)2

300 30 2
4.10 ksi

EXAMPLE PROBLEMS BASED ON AN

ASSUMED UNDERLYING NORMAL DISTRIBUTION*

PROBLEM I

Should the data in Groups (1) and (3) be combined?

Other Information:  Neither property varies with thickness.  Sample statistics are:

Subpopulation n , ksiX s, ksi

Group (1) TUS (LT), 0.020 to 0.125
Group (3) TUS (LT), 0.020 to 0.125

300
 30

150.0
151.0

4.00
5.00

Prob. I—Step 1.  Test to determine whether the variances differ significantly (refer to Section 9.5.3.2):

F = (s1)
2/(s 3)

2 = (4.00)2/(5.00)2 = 0.64

Degrees of freedom, numerator = n1  1 = 300  1 = 299.

Degrees of freedom, denominator = n3  1 = 30  1 = 29.

F0.975(299,29df) from Table 9.10.3 = 1.87 (approximately)

1/F0.975 (29,299df) = 1/1.69 = 0.59

Since the computed value of F(0.64) lies within the 0.95 confidence interval (0.59 to 1.87), conclude the
variances do not differ significantly.

Prob. I—Step 2.  Test to determine whether the averages differ significantly (refer to Section 9.5.3.3):

Difference between averages  = 150.0  151.0 = 1.0 ksiDX

Degrees of freedom = n1 + n3  2 = 300 + 30  2 = 328

t0.975 (328 df) from Table 9.10.4 = 1.969
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u 1.969 x 4.10 x
n1 n3

n1 n3

1.969 x 4.10 x
300 30

300 x 30
1.54 ksi

Since the observed difference between the averages,  (1.0 ksi), is less than u (1.54 ksi), conclude theX

averages do not differ significantly.

Prob. I—Step 3.  Since there is no reason to conclude that the subpopulations represented by Groups (1) and

(3) do not belong to the same population, combine these groups.

Subpopulation n , ksiX s, ksi

Group (1& 3) TUS (LT), 0.020-0.125, Suppliers A and B 330 150.1 4.10

Go to Problem IV.

PROBLEM II

Should the data in Groups (2) and (4) be combined?

Other Information:  Neither property varies with thickness.  Sample statistics are:

Subpopulation n , ksiX s, ksi

Group (2) TYS (LT), 0.020-0.125, Supplier A
Group (4) TYS (LT), 0.020-0.125, Supplier B

300
 30

130.0
131.0

4.00
5.00

The steps involved in this problem are identical to those in Problem I and similar conclusions were obtained
from the input, namely, that Groups (2) and (4) should be combined.  The sample statistics for the combined
groups are:

Subpopulation n , ksiX s, ksi

Group (2& 4) TYS (LT), 0.020-0.125, Suppliers A and B 330 130.1 4.10

Go to Problem V.

PROBLEM III

Should the data in Groups (1) and (5) be combined?

Other Information:  Neither property varies with thickness.  Sample statistics are:

Subpopulation n , ksiX s, ksi

Group (1) TUS (LT), 0.020-0.125
Group (5) TUS (LT), 0.126-0.249

300
100

150.0
145.0

4.00
4.47

Prob. III—Step 1.  Test to determine whether the variances differ significantly.
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u t0.975Sp

n1 n5

n1 n5

Sp

(n1 1)s
2
1 (n5 1)s

2
5

n1 n5 2

(300 1)(4.00)2 (100 1)(4.47)2

300 100 2
4.20 ksi

u (1.968)(4.20)
n1 n5

n1 n5

(1.968)(4.20)
300 100

(300)(100)
0.95 ksi

F = (s1)
2/(s5)

2 = (4.00)2/(4.47)2 = 0.80

Degrees of freedom, numerator = n1  1 = 300  1 = 299.

Degrees of freedom, denominator = n5  1 = 100  1 = 99.

F0.975 (299,99df) from Table 9.10.3 = 1.46 (approximately)

1/F0.975(99,299df) = 1/1.43 = 0.700.

Since the computed value of F (0.80) lies within the 0.95 confidence interval (0.700 to 1.46), conclude that
the variances do not differ significantly.

Prob. III—Step 2.  Test to determine whether the averages differ significantly.

Difference between averages,  = (150.0  145.0) = 5.0 ksiDX

Degrees of freedom = n1 + n6 5  2 = 300 + 100  2 = 398.

t0.975 (398 df) from Table 9.10.4 = 1.968.

Since the observed difference between the averages  (5.0 ksi) is greater than u (0.95 ksi), conclude thatDX

the averages differ significantly and that the subpopulations represented by Groups (1) and (5) do not belong
to the same population.

Prob. III—Step 3.  Do not combine the sample statistics for these groups.

Go to Problem VI.
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AD
330

i 1

1 2i

330
[ln(Fo(Z(i))) ln(1 Fo(Z(331 i)))] 330 0.693.

PROBLEM IV

What computational method should be used for the combined observations of Groups (1) and (3)?

Other Information:  This property does not vary with thickness.  Sample statistics for the combined
observations are:

Population n , ksiX s, ksi

Group (1& 3) TUS (LT), 0.020-0.125 330 150.1 4.10

Form of the distribution has not been determined.

The sample is large enough to permit direct computation of A and B values by any of the three available
methods.  Consequently, all three computational methods will be attempted: sequential Weibull, sequential
Pearson, and nonparametric.

Prob. IV—Step 1.  Test to determine whether the distribution is Weibull.  The Anderson-Darling test for
Weibullness will be employed in this example.  Use the formula:

Z(i) = (X(i)  150.1)/4.10,

the values of Z(1), ..., Z(330) must be calculated.  The first three values are Z(1) = -2.56, Z(3) = -2.31, and Z(3)  =
-2.29.  Now  F0(Z(1)),  ...,  F0(Z(330))  must  be  calculated  by finding the area under the standard normal curve
to the left of each Z value.  The first three values are Fo(Z(1)) = 0.0052, Fo(Z(2)) = 0.0104, and Fo(Z(3)) = 0.0110.

The Anderson-Darling test statistic is then calculated as

The computed value of the test statistic is then compared to the critical value

0.750 = 0.752/[l + 0.75/330 + 2.25/(330)2]

Since the computed value of 0.693 is less than the critical value of 0.750, the hypothesis of normality
is not rejected.

Prob. IV—Step 2.  Compute  Ftu (LT), 0.020 to 0.125, for Alloy X, using procedures for the normal

distribution.

Population n , ksiX s, ksi

Group (1 & 3) TUS (LT), 0.020 to 0.125 330 150.1 4.10

kA = 2.512
kB = 1.410
Ftu(LT), A basis = X - kAs = 150.1 - 2.512 x 4.10 = 139.8 or 140 ksi (rounded per Section 9.5.4.1)
Ftu(LT), B basis = X - kBs = 150.1 - 1.410 x 4.10 = 144.3 or 144 ksi (rounded per Section 9.5.4.1)
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PROBLEM V

What computational method should be used for the combined observations of Groups (2) and (4)?

Other Information:  This property does not vary with thickness.  Sample statistics for the combined obser-
vations are:

Population n , ksi s, ksiX

Group (2 & 4) TYS(LT), 0.20 to 0.125 330 130.1 4.10

Form of the distribution has not been determined. 

The sample is large enough to permit direct computation of A and B-values.  Consequently, the computational
method to be used will be determined by whether or not the observations are normally distributed.

Prob. V—Step 1.  Test to determine whether or not the distribution is normal.  The value of the Anderson-
Darling test statistic for normality is 1.315 for Group (2 & 4).  Since 1.315 is greater than the critical value
of 0.750, the underlying distribution cannot be assumed to be normal.  Thus, the underlying distribution will
be treated as a three-parameter Weibull or an unknown distributional form.

Prob. V—Step 2. Compute Fty(LT), 0.020-0.125, using procedures for the unknown distribution.  This
procedure requires the ranking of observations from lowest to highest.  Referring to Table 9.10.9, it is found
that for a sample size of 330, the lowest observation (rank = 1) is an A-value and the 24th lowest (rank = 24)
is a B-value.  The 24 lowest observations are shown below:

Rank TYS, ksi Rank TYS, ksi Rank TYS, ksi

1 120.5  9 122.5 17 123.5

2 121.4 10 122.5 18 123.5

3 121.6 11 122.6 19 123.6

4 121.8 12 123.1 20 123.7

5 122.1 13 123.1 21 123.8

6 122.1 14 123.2 22 123.8

7 122.3 15 123.2 23 123.8

8 122.5 16 123.3 24 124.0

Consequently, from these data the following allowables have been computed for Alloy X:

Fty(LT), A-basis = 120.5  ksi.
Fty(LT), B-basis = 124.0  ksi.

PROBLEM VI

What computational procedure should be used for the observations in Group (5)?  The data in Group (5)
represent a borderline situation.  They cannot be combined with data for lesser thicknesses because there is
significant difference between the TUS(LT) averages for the two thickness ranges, as shown in Problem III.
The sample size is just barely adequate for direct computation if the distribution is found to be normal.  If the
distribution is not normal, the properties for this product would be presented on an S-basis, pending the
accumulation of more data.  The test for normality would be conducted as described in Problem IV, and will
not be illustrated here.
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ADK
1

330(1)

1

300

328

j 1

hj

(330F1j 300Hj)
2

Hj(330 Hj) 330hj/4

1

30

328

j 1

hj

(330 F2j 30Hj)
2

Hj(330 Hj) 330hj/4
0.821

2.488 1 0.759 1.645
0.678

1

0.362

1
.

EXAMPLE PROBLEMS BASED ON AN ASSUMED UNDERLYING

THREE-PARAMETER WEIBULL DISTRIBUTION

PROBLEM VII

Should the data in Groups (1) and (3) be combined?

Other Information.  Neither property varies with thickness.  (Refer to Sections 9.5.1 and 9.5.3.)

The k-sample Anderson-Darling test will be employed in this example to determine whether or not the data
in Groups (1) and (2) should be combined.  There are 328 distinct values in the combined data from both
groups and these are ordered from least to greatest to obtain Z(1),...,Z(328).  All values of hj are equal to 1 except
for h34 = 2 and h160 = 2.  Taking Group (2) to be the first (A1)-sample and Group (1) to be the second (A2)-
sample, the first 24 Z-values are listed in the table below with the corresponding H- and F-values.

Zj Hj Fij Zj Hj Fij Zj Hj Fij

139.61 0.5 0  142.48  8.5 1 143.72 16.5 1  

140.64 1.5 0  142.60  9.5 1 143.84 17.5 1  

140.71 2.5 0  142.69 10.5 1 143.86 18.5 1  

140.99 3.5 0  143.31 11.5 1 143.87 19.5 1  

141.87 4.5 0  143.50 12.5 1 143.98 20.5 1.5

141.91 5.5 0.5 143.62 13.5 1 144.00 21.5 2  

141.94 6.5 1  143.64 14.5 1 144.22 22.5 2  

142.10 7.5 1  143.67 15.5 1 144.32 23.5 2  

The k-sample Anderson-Darling test statistic is calculated as

The computed value of the test statistic is compared to the critical value of

Since the computed value of 0.821 is less than the critical value of 2.488, the hypothesis that the populations
from which these groups were drawn are identical is not rejected.  Thus Groups (1) and (3) will be combined
for the computation of allowables.

Go to Problem X.
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1

400(1)

1

100

398

j 1
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j

(400 F
1j

100 H
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H
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j
) 400 h
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300

398

j 1
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j

(400 F
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300 H
j
)2

H
j

(400 H
j
) 400 h

j
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44.195

2.486 1 0.758 1.645
0.678

1

0.362

1
,

PROBLEM VIII

Should the data in Groups (2) and (4) be combined?

Other Information:  Neither property varies with thickness.

The value of the k-sample Anderson-Darling test statistic for Groups (2) and (4) is 2.147.  Since 2.147 is less
than the critical value of 2.488, the hypothesis that the populations from which these groups were drawn are
identical is not rejected.  Thus, Groups (2) and (4) will be combined for the computation of allowables.

Go to Problem XI.

PROBLEM IX

Should the data in Groups (1) and (5) be combined?

Other Information:  Neither property varies with thickness. 

The k-sample Anderson-Darling test will be employed in this example.  Taking Group (5) to be the first
sample (A1) and Group (1) to be the second sample (A2), the k-sample Anderson-Darling test statistic is
calculated as:

Since the computed value of 44.195 is greater than the critical value of

the hypothesis that the populations from which these groups are drawn are identical is rejected.  Thus
Groups (1) and (5) will not be combined for the calculation allowables.

PROBLEM X

What computational method should be used for the combined observations of Groups (1) and (3)?

Other Information:  This property does not vary with thickness.

Form of the distribution has not been determined.

The sample is large enough to permit direct computation of A and B-values.  Consequently, the computational
method will be determined by whether or not the observations may be assumed to follow a three-parameter
Weibull distribution.
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R( )
262

i 89

Li( )
262

i 1

Li( ) .

G50 ( 50)
1

330

330

i 1

ln (Xi 138.70)
Xi 138.70

50

50

1
1

50

50 10.53
1

330

330

i 1

Xi 138.70

10.53

50
1/ 50

Zi

X(i) 138.70

12.75

3.02

.

AD
330

i 1

1 2i

330
ln 1 exp( Z(i)) ln exp( Z(331 i)) 330 0.491 .

0.749 0.757/(1 1/5 330) .

Prob. X—Step 1.  Test to determine whether the distribution is a three-parameter Weibull distribution.  The
Anderson-Darling test for three-parameter Weibullness will be employed in this example.  Preliminary
calculations give

K = 88 W5 0 = 0.665

 = 150.1X S = 4.10

X(1) = 139.608 H = 139.6079

L = 259.9

It can be verified that R ( 259.9) > 0.665 and R(139.6079) < 0.665.  Solving the equation R( ) = 0.665 with
the initial interval ( 259.9, 139.6079) gives 50 = 138.70.  The function G50 ( 50) then becomes

where

Solving the equation G50 ( 50) = 0 gives 50 = 3.02 which in turn gives 50 = 12.75.

The values of Z(1), ..., Z(330) are obtained using the formula

The first three Z-values are Z(1) = 0.000345, Z(2) = 0.00339, and Z(3) = 0.00378.  The Anderson-Darling test
statistic is calculated as

The computed value of the test statistic is compared to the critical value

Since the computed value of 0.491 is less than the critical value of 0.749, the hypothesis that the observations
follow a three-parameter Weibull distribution is not rejected.
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R( )
262

i 89

Li ( )
262

i 1

Li( )

R( )
262

i 89

Li ( )
262

i 1

Li( )

Prob. X—Step 2.  Compute Ftu (LT), 0.020-0.125, for Alloy X, using procedures for the three-parameter

Weibull distribution.  Preliminary calculations give

K = 88 WA = 0.698

W  = 0.678  = 150.1X

S = 4.10 X(1) = 139.608

H = 139.6079 L = -259.9

Solving the equation R( ) = 0.698 with the interval (-259.9, 139.6079) gives A = 136.43.  Solving R( ) =
0.678 gives B = 137.98.

Solving the equation GA( A) = 0 gives A = 3.63 which in turn gives A = 15.14.  Solving the equation
GB( B) = 0 gives B = 3.22 which in turn gives B = 13.52.

Using the formulas from Section 9.5.2.2 the allowables are calculated as follows:

QA = 15.14 (0.01005)1/3.63 = 4.263

QB = 13.52 (0.10536)1/3.22 = 6.719

 A = 136.43 + 4.263 exp (-7.259/3.63 ) = 140.2330

 B = 137.98 + 6.716 exp (-4.103/3.22 ) = 144.2330

PROBLEM XI

What computational method should be used for the combined observations of Groups (2) and (4)?

Other Information:  This property does not vary with thickness.

Form of the distribution has not been determined. 

The sample is large enough to permit direct computation of A and B values.  Consequently, the computational
method will be determined by whether or not the observations may be assumed to follow a three-parameter
Weibull distribution.

Prob. XI—Step 1.  Test to determine whether the distribution is a three-parameter Weibull distribution.  The
Anderson-Darling test for three-parameter Weibullness will be employed in this example.  Preliminary
calculations give

K = 88 = 130.1X

W5 0 = 0.665 X(1) = 120.487

S = 4.10 H = 120.4869

L = -279.9

Solving the equation R( ) = 0.665 with initial interval (-279.9, 120.4869) gives 50 = 119.58.  Solving the
equation G50( 50) = 0 gives 50 = 2.84 which in turn gives 50 = 11.81.
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The values Z(1),...,Z(330) are obtained using these estimates.  The value of the Anderson-Darling test statistic
is 1.392.  Since the computed value of 1.392 is greater than the critical value of 0.749, the hypothesis that the
observations follow a three-parameter Weibull distribution is rejected.

Prob. XI—Step 2.  Compute Fty(LT), 0.020 to 0.125, using procedures for an unknown distribution.  This
computation has been carried out in Problem V, Step 2.

9.8.2 INDIRECT ANALYSES OF MECHANICAL PROPERTIES

PROBLEM XII

What computational procedure should be used for the observations in Group (6)?

Other Information:  SUS(LT) decreases with increasing thickness, while TUS(LT) does not vary with thick-
ness.  Sample statistics are:

Population n , ksiX s, ksi

Group (6) SUS(LT), 0.020 to 0.249 30 not determined

The sample size for these data is too small to permit direct computation.  Thus, the procedure that should  be
used is indirect computation by pairing observations of SUS(LT) with observations of TUS(LT).  Also, since
a thickness effect was suspected in the original data, a regression against thickness should be made and
checked for significance.

Prob. XII—Step 1. Pair SUS(LT) with TUS(LT).

Ratios of SUS(LT)/TUS(LT) are as follows:

SUS(LT)/
TUS(LT)

Thickness,
inch

SUS(LT)/
TUS(LT)

Thickness,
inch

0.700 0.020 0.640 0.090

0.680 0.020 0.650 0.090

0.660 0.020 0.660 0.090

0.660 0.030 0.630 0.100

0.670 0.030 0.650 0.100

0.680 0.030 0.670 0.100

0.650 0.040 0.640 0.150

0.670 0.040 0.630 0.150

0.690 0.040 0.620 0.150

0.650 0.060 0.610 0.180

0.660 0.060 0.630 0.180

0.670 0.060 0.650 0.180

0.640 0.070 0.600 0.240

0.660 0.070 0.610 0.240

0.680 0.070 0.620 0.240
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Slope, b
Sxr

Sxx

0.0416

0.1379
0.302

Figure 9.8.1.2.1.  Ratios of input data for Problem VII.

Prob. XII—Step 2. Determine regression equation in the form [SUS(LT)TUS(LT)] =r =a + bx, where

x = thickness, using least-squares techniques. (Note—in this example, the letter r, rather than y, is used to
denote the dependent variable and the prime ( ) is used to indicate that the ratio is determined by regression.)
The following sums were obtained from analysis of the ratios plotted in Figure 9.8.1.2.1.

                                        Number of ratios, n = 30

(x) = 2.94 ( r)2 = 381.4209

(x2) = 0.4260 ( x) ( r) = 57.4182

(r) = 19.53 Sxx = 0.1379

(r2) = 12.7319 Sxr = 0.0416

(xr) = 1.8723 Srr = 0.0179

                ( x)2 = 8.6436

Referring to the equations presented in Section 9.5.6:
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SEE
Srr b 2Sxx

(n 2)

0.0179 ( 0.302)2(0.1379)

(30 2)

SEE 0.014

Standard Error of Estimate,

The equation of the regression line is r  = 0.6806 - 0.302x.

The regression line is shown in Figure 9.8.1.2.1.

Prob. XII—Step 3.  Perform an analysis of variance to check the significance and linearity of the

regression.

Since there are 30 ratios, the analysis of variance approach rather than the method involving the computation
of confidence limits on the slope term can be used to evaluate linearity.

The only information missing from Step 2 required for the analysis of variance is the values of T, or the
summed values of r for each x.  They are as follows:

x1 T1 x1 T1

0.02 2.04 0.09 1.95

0.03 2.01 0.10 1.95

0.04 2.01 0.15 1.89

0.06 1.98 0.18 1.89

0.07 1.98 0.24 1.83

Using these values, the analysis of variance, which is illustrated in Section 9.5.6.3, can be completed as
follows:

Source of Variation
Sum of
Squares

Degrees of
Freedom Mean Squares Fcalc

Regression
Error

0.0126
0.0053

 1
28

0.0126
0.0002

63.0

Lack of Fit
Pure Error

0.0004
0.0049

 8
20

0.00005
0.00024

0.208

Total 0.0179 29

The second calculated F statistic of 0.208 with k - 2 = 8 and n - k = 20 degrees of freedom is less than the
value of 2.45 from Table  9.10.2 corresponding to 8 numerator and 20 denominator degrees of freedom.
Thus, the deviation from linearity is not significant.  The first F statistic of 63.0 with 1 and 28 degrees of
freedom is greater than the value of 4.20 from Table 9.10.2 corresponding to 1 numerator and 28 denominator
degrees of freedom, so the slope of the regression is found to be significantly different from zero.

Prob. XII—Step 4.  Compute the reduced ratio for SUS(LT)/TUS(LT).  In performing this step, the reduced
ratio will be computed at each of four thicknesses (0.020, 0.062, 0.125, and 0.249 inch).  This is done by
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Reduced ratio [SUS(LT)/TUS(LT)] t0.95s r

1

n

(x0 x/n)2

( x 2) ( x)2/n

1

n

(x0 x/n)2

( x 2) ( x)2/n

1

30

(0.020 2.94/30)2

0.4260 8.6436/30
0.2783

determining the lower confidence limit for the regression line at the desired thicknesses, using the equation
from Section 9.5.3.  The computation will be worked in detail for x0 = 0.020 inch:

[SUS(LT)/TUS(LT)]  = r  = 0.681 - 0.302x0 (from Step 2, Problem VII)
= 0.681 - 0.302 x 0.020 = 0.6746.

t0.95 (for n - 2 = 30 - 2 = 28 degrees of freedom) = 1.701 (from Table 9.10.4)

s r = 0.014 (from Step 2)

Reduced ratio = 0.6746 - 1.701 x 0.014 x 0.2783 = 0.668.

The corresponding ratios for the other thicknesses are tabulated in Step 5.  See Figure  9.8.1.2.1 for lower
confidence limit curve.

Prob. XII—Step 5.  Compute Fsu.  This computation will be illustrated for a thickness of 0.020 inch, using the
reduced ratio from Step 4.

From Problem IV,  Ftu(LT) = 140 ksi (A-basis)
Ftu(LT) = 144 ksi (B-basis)

Fsu(LT) = Reduced Ratio x Ftu(LT)
Fsu(LT)(A-Basis) = 0.668 x 140 = 93.5 ksi
Fsu(LT)(B-Basis) = 0.668 x 144 = 96.2 ksi.

For the four thicknesses listed,

Fsu(LT), ksi

t, inch Reduced Ratio A-basis B-basis S-basis

0.020 0.668 93.5 96.2 ...

0.062 0.657 92.0 94.6 ...

0.125 0.638 89.3 91.9 ...

0.249 0.595 ... ... 80.3

Since Fsu is shown to decrease with increasing thickness, only the lowest value applicable to the range should
be presented in MIL-HDBK-5.  By dividing the 0.020 to 0.125 thickness range into two ranges, a somewhat
higher Fsu(LT) value may be presented for thinner material as shown below.

The results of the computations in Problems I through VII have produced the following results (fractions
greater than 0.75 are raised to the next higher ksi, while less fractions are dropped):
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Thickness, inch

<0.020 0.020-0.062 0.063-0.125
0.126-
0.249

Basis S A B A B S

Ftu(LT), ksi 140 140 144 140 144 135

Fty(LT), ksi 115 120 124 120 124 110

Fsu, ksi ...  92  94  89  92  80

Since SUS(LT) data were not available for thickness <0.020 inch, a design value is not presented for this
range.

9.8.3 TABULAR DATA PRESENTATION — The proposal for the incorporation of design allowables
into MIL-HDBK-5 will contain supporting data and computations for all design properties.  Depending on
quantity and availability, data may be tabulated, plotted, or referenced (to readily available technical reports,
specifications, etc.).  Computations should indicate adequately the manner in which design values were
computed and will be presented in an orderly manner.  Data sources will be identified.

All minimum mechanical property data analyses must be performed in English units.  Strength data
recorded in metric units should be converted to English units, to the nearest 0.01 ksi, before data analyses are
undertaken.  If desired by the data supplier, metric equivalent tables and figures can be included as part of
the working data submitted with a data proposal, but the tables and/or figures proposed for inclusion in MIL-
HDBK-5 will contain only English units. 

9.8.3.1 Mechanical Properties — The table of room-temperature design values will be
presented in the format indicated in Figure 9.8.3.1(a) for conventional metallic materials.  This format has
been designed to accommodate most of these materials; however, some modifications may be required.  For
example, the format shown in Figure 9.8.3.1(b) will be used for aluminum alloy sheet laminates which are
generally anisotropic and have limited ductility.  Design values for these hybrid materials are presented for
several mechanical properties which differ from those shown for conventional metallic materials.  Unused
lines (for example, ST properties for sheet) are deleted.  Guidance in the use of these formats may be obtained
by examining tables throughout this document and by referral to the applicable procurement specification.
The following instructions should be followed for the items located in Figure 9.8.3.1(a):

(1) Table number:  If this is a revision of an existing table, use the same table number; otherwise,
use a new table number in the proper sequence.

(2) Material designation:  Use a numeric designation where available (for example, 7075 aluminum
alloy).  Avoid the use of trade names.  Include products following the material designation,
except products may be omitted from the title if there are many products covered by the table.

(3) Specification:  Refer to a public specification (industry, Military, or Federal), followed by a type
or class designation, if appropriate.  Do not refer to proprietary specifications.
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Table 1 .  Design Mechanical and Physical Properties of (material designation) 2
(products)

Specification . . . . . . . . . . . . . 3

Form . . . . . . . . . . . . . . . . . . .

Condition (or Temper) . . . . . 4

Cross-Sectional Area, in.2 . . 5

Location Within Casting . . . 6

Thickness or Diameter, in. . 7

Basis . . . . . . . . . . . . . . . . . . . S A B 8  S

Mechanical Properties:
Ftu, ksi:

L . . . . . . . . . . . . . . . . . .
LT (or T) 9 . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fty, ksi:
L . . . . . . . . . . . . . . . . . .
LT (or T) . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fcy, ksi:
L . . . . . . . . . . . . . . . . . .
LT (or T) . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . .
Fbru, ksi:11

(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

Fbry, ksi:
(e/D = 1.5) . . . . . . . . . .
(e/D = 2.0) . . . . . . . . . .

e, percent (S-basis):
L . . . . . . . . . . . . . . . . . .
LT (or T) . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

RA, percent (S-basis):
L . . . . . . . . . . . . . . . . . .
LT (or T) . . . . . . . . . . . .
ST . . . . . . . . . . . . . . . . .

120
...

120
... 10

124
...

E, 103 ksi . . . . . . . . . . . . . .
Ec, 103 ksi . . . . . . . . . . . . .
G, 103 ksi . . . . . . . . . . . . .
µ . . . . . . . . . . . . . . . . . . . .

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . .

C, Btu/(lb)/( F) . . . . . . . . .
K, Btu/[(hr)(ft2)( F)/ft] . . .

, 10-6 in./in./ F . . . . . . . .

12

13 (footnotes)

Figure 9.8.3.1(a).  Format for room temperature property table.
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Table 7.5.X.X(b).  Design Mechanical and Physical Properties of (sheet material
designation) Aluminum Alloy, Aramid Fiber Reinforced, Sheet Laminate

Specification . . . . . . . . . . . . . . . . . . .

Form . . . . . . . . . . . . . . . . . . . . . . . . . Aramid fiber reinforced sheet laminate

Laminate Lay-Up . . . . . . . . . . . . . . . 2/1 3/2 4/3 5/4

Nominal Thickness, in. . . . . . . . . . . 0.032 0.053 0.074 0.094

Basis . . . . . . . . . . . . . . . . . . . . . . . . . S S S S

Mechanical Propertiesa:
Ftu, ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . . . . .

Fty, ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . . . . .

Fcy, ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . . . . .

Fsu, ksi . . . . . . . . . . . . . . . . . . . . . .
Fsy, ksi . . . . . . . . . . . . . . . . . . . . . .
Fbru, ksi:

     L (e/D = 1.5) . . . . . . . . . . . . . . . .
     LT (e/D = 1.5) . . . . . . . . . . . . . . .
     L (e/D = 2.0) . . . . . . . . . . . . . . . .
     LT (e/D = 2.0) . . . . . . . . . . . . . . .

Fbry, ksi:
     L (e/D = 1.5) . . . . . . . . . . . . . . . .
     LT (e/D = 1.5) . . . . . . . . . . . . . . .
     L (e/D = 2.0) . . . . . . . . . . . . . . . .
     LT (e/D = 2.0) . . . . . . . . . . . . . . .

t, percent:
     L . . . . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . . . . .

E, 103 ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . .
Ec, 103 ksi:

     L . . . . . . . . . . . . . . . . . . . . . . . . .
     LT . . . . . . . . . . . . . . . . . . . . . . . .

G, 103 ksi:
     L . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . .
µ:    

     L . . . . . . . . . . . . . . . . . . . . . . . . .

     LT . . . . . . . . . . . . . . . . . . . . . . . .

Physical Properties:
, lb/in.3 . . . . . . . . . . . . . . . . . . . .

C, K, and . . . . . . . . . . . . . . . . . .

a  Design values were computed using nominal thickness of sheet laminate.

Figure 9.8.3.1(b).  Format for room temperature property table for aluminum alloy fiber
reinforced sheet laminate.
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(4) Condition:  Use a standard temper designation where applicable.  Otherwise, use an easily
recognized description, including pertinent details if these are not available in the reference
specification.  Examples:  T651, TH1050, Aged (1400 F), Mill Annealed.

(5) Cross-sectional area:  Use only when applicable.

(6) Location within casting:  Applicable only to castings.  Specify “Non-designated area,” or
“Designated area,” as applicable.

(7) Design values will be presented only for the thicknesses covered in the material specification.

(8) Basis:  For each product and size, use two columns covering A- and B-basis properties or one
column covering S-basis properties.  A-values that are higher than the corresponding S-values
are presented only in footnotes to the table.  In such instances, A-values are replaced by S-
values in the body of the table.  When A-values are presented for some properties and S-values
are presented for other properties for the same product, values will be shown in a column
labeled A-basis, and individual S-values will be identified by appropriate footnotes.
Elongation, total strain at failure, and reduction of area values are presented on an S-basis only.
When other properties are presented on an A- and B-basis, add “(S-basis)” after “e, percent,”
or “ t percent” and “RA, percent.” 

(9) Grain direction:  Show design values for grain directions “L, LT, and ST” or for grain directions
“L and T” for the properties Ftu, Fty, Fcy, e, and RA.  For anisotropic materials sheet and plate,
present design values for grain directions “L, 45 , and LT” for Ftu, Fty, and Fcy.  For aluminum
alloy sheet laminates, show design values for L and LT grain directions of aluminum alloy sheet
for all mechanical properties.  Grain directions are not applicable to castings.

The T grain direction should be footnoted with the definition used in the specification identified
at the top of the mechanical property table.  For example, the T grain direction for aluminum
die forgings covered in MIL, Federal and some AMS specifications will read as follows:  “For
die forgings, T indicates any grain direction not within ±15 degrees of being parallel to the
forging flow lines.”  For updated AMS specifications with the preferred narrower definition of
the T grain direction, the footnote should read as follows: “For die forgings, T indicates a grain
direction within ±15 degrees of being perpendicular to the forging flow lines.”  Specimens to
test the transverse properties should be located as close to the short transverse direction as
possible.

Transverse Fcy values for aluminum die forgings will be shown as Fcy(T).  If the values are
based upon short transverse or long transverse test data, add this information to the above foot-
note.

(10) Missing values:  For table entries that are missing or not applicable, show a series of three dots
aligned with the numbers in that column.

(11) Bearing values:  Add footnote “Bearing values are dry pin values per Section 1.4.7.1” when
bearing allowables are based on data from clean pin tests.  Supporting information supplied with
the proposal should describe the bearing test cleaning procedures used in testing.

(12) Physical properties:  Include a section for physical properties even if properties are not avail-
able.  If physical property data are presented in an effect-of-temperature curve, use table entry,
“See Figure X.X.X.0” to refer to the illustration.
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µ
Ē

2G
1                [9.8.3.2(a)]

G
Ē

2(µ 1)
               [9.8.3.2(b)]

(13) Footnotes:  Use footnotes to indicate anything unusual or restrictive concerning the property
description, properties, or individual values; to present supplementary values; or to reference
other tables or sections of text.  When A-values have been replaced by S-values, the following
wording is suggested: “S-basis.  The rounded T99 values are as follows:  (list values).”

In addition, the proposal will contain supporting data and computations for all design properties.
Depending on quantity and availability, data may be tabulated, plotted (by cumulative-probability curves or
histograms), or referenced (to readily available technical reports, specifications, etc.).  Computations should
indicate adequately the manner in which design values were computed and will be presented in an orderly
manner.  Data sources will be identified.

9.8.3.2 Modulus of Elasticity and Poisson’s Ratio — The following room-temperature
elasticity values are presented in the room-temperature property tables as typical values:

Property Units Symbol
Recommended ASTM

Test Procedures

Modulus of Elasticity

In tension 1000 ksi E E 111

In compression 1000 ksi Ec E 111

In shear 1000 ksi G E 143

Poisson’s Ratio (Dimensionless) µ E 132

If the material is not isotropic, the applicable test direction must be specified.  Deviations from isotropy must
be suspected if the experimentally determined Poisson’s ratio differs from the value computed by the formula

where  is the average of E and Ec.

Given E, Ec, and G, µ may be computed by this equation.  Likewise, given E, Ec, and µ, G may be
computed from the equation:

In the event Ec is not available, E may be substituted for  in the above equations to provide an estimate of
either µ or G.

9.8.3.3 Physical Properties — Density, specific heat, thermal conductivity, and mean
coefficient of thermal expansion are physical properties normally included in MIL-HDBK-5.  Physical
properties are presented in the room-temperature property table if they are not presented in effect-of-
temperature curves.  The basis for physical properties is “typical”.  Table  9.8.3.3 displays units and symbols
used in MIL-HDBK-5, and also recommended ASTM test procedures for measuring these properties.  Since
modifications of procedures are employed in measuring physical properties, methods used for values
proposed for inclusion in MIL-HDBK-5 should be reported in the supporting data proposal.  For specific heat
and thermal conductivity values reported in the room temperature property table, the reference temperature
of measurement is also shown [for example, for 2017 aluminum the specific heat is 0.23 (at 212 F)].  For
tabulated values of mean thermal expansion, temperature range of the coefficient is shown [for example,
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12.5 (70 to 212 F)].  The reference temperature of 70 F is established as standard for mean coefficient of
thermal expansion curves.

Table 9.8.3.3.  Units and Symbols Used to Present Physical Property Data and ASTM Test
Procedures

Property Unit Symbol Recommended ASTM Test Procedures

Density lb/in.3 C 693

Specific heat Btu/lb- F C D 2766

Thermal conductivity Btu(hr-ft2- F/ft) K C 714a

Mean coefficient of thermal expansion 10-6(in./in./ F) E 228

a  ASTM C 714 is a test for thermal diffusivity from which thermal conductivity can be computed.

9.8.4 ROOM TEMPERATURE GRAPHICAL MECHANICAL PROPERTY DATA

9.8.4.1 Typical Stress-Strain — The stress-strain and tangent-modulus data appearing in MIL-
HDBK-5 are described as “typical” stress-strain and compression tangent-modulus curves.  The term typical
indicates that representative stress-strain data for products covered have been adjusted to reflect precision
typical values of the elastic modulus, and product average values of the 0.2 percent offset yield strength in
tension or compression.  Curves extend to strain somewhat beyond the 0.2 percent offset yield strength.
Curves described as “full range” stress-strain curves are also included in MIL-HDBK-5.  These curves extend
through maximum load and beyond to rupture.  Mathematical representations of curves are covered in Section
9.8.4.6.

All curves will be prominently marked “typical”.  With regard to tension data, only stress-strain
curves are shown; however, compression data should include stress-strain curves and tangent-modulus curves.
The Ramberg-Osgood n exponent should appear on all stress-strain curves if n is shown to apply in the
approximate range from proportional limit to yield strength.  The procedures and methods to be used are
described in the following paragraphs.

Two alternative procedures are described for determining typical stress-strain curves.

(1) The “strain-departure” method, which assumes no parametric relationship between stress and
plastic strain, utilizes the full stress-strain curve.

(2) The Ramberg-Osgood method, which assumes an exponential relationship between stress and
plastic strain.  Its use requires as few as two points from the original stress-strain curve, once
the exponential relationship has been found to be applicable.

Generally, the two methods yield nearly identical results for those portions of the curve lying between
proportional limit and yield stress.  For plastic strains greater than about 0.002 in./in. and for bimetallic or
clad products, only the strain-departure method is applicable.

Stress tangent-modulus curves may be derived graphically from compressive stress-strain curves, or
computed, if the Ramberg-Osgood method is used.

9.8.4.1.1 Strain Departure Method — These steps, as illustrated in Table 9.8.4.1.1, should be
followed to establish a typical tensile or compressive stress-strain curve using the strain-departure method:
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(1) The straight-line (modulus) portion of each curve should be extended as in Figure 9.8.4.1.1(a),
and the 0.002 (0.2%) offset yield strength should be indicated.

(2) At appropriate departures or offsets from the modulus line, load should be determined accur-
ately, converted to stress, and recorded.  Sufficient departure measurements should be made to
accurately describe the curve to just beyond yield load for each load-strain curve.

(3) At each strain departure, the stresses should be averaged.

(4) When a product average yield strength value is available, the average stresses at each departure
should be converted to product average stresses.

(5) Elastic strains should be computed for each departure.  (Elastic Strain equals Total Stress/Elastic
Modulus.)

(6) Elastic strains (computed) and plastic strains (departure) should be added to obtain total strain
for each departure.

Table 9.8.4.1.1.  Example of Use of Strain Departures to Establish Typical Stress-Strain
Curve

Stress, ksi Strain, µ in./in.

Departure

(D) µ

in./in.

Test #1 Test #2 Test #3
Averagea

( A)

Product

Avg.b ( T)

Elasticc

( E)

Totald

( T)

0

20

40

100

500

1000

2000

2200

43.81

49.77

51.41

54.31

60.16

62.67

64.95

65.26

42.75

48.81

50.98

53.96

60.37

62.85

65.06

65.38

41.20

45.14

47.82

51.24

57.10

59.45

61.80

62.12

42.59

47.91

50.17

53.17

59.21

61.66

63.94f

64.25

42.63

47.95

50.12

53.22

59.27

61.72

64.00e

64.31

4022

4524

4728

5021

5592

5823

6038

6067

4022

4544

4768

5121

6092

6823

8038

8267

a  Average of Tests 1, 2, and 3.

b T = (Product average yield strength ÷ average yield strength) x A.

c E = T/E.

d T = E + D.

e  Product average yield strength.

f  Average yield strength.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-186

Figure 9.8.4.1.1(a).  Measuring loads by strain departure method.

The following guidelines should be used to plot a typical stress-strain curve.  The graph axis should
be laid out such that there are 10 minor divisions for every major division with every tenth (major) division
accented.  The ordinate (Y-axis) is used for stress and should be scaled in units of ksi to the major division,
as appropriate, to produce a total scale length of approximately 5 major divisions.  The abscissa (X-axis) is
used for total strain and should be scaled in units of in./in. to the major division, as appropriate, to produce
a total scale length of approximately 6 major divisions.

The final step is plotting the values in Table 9.8.4.1.1 to produce the typical stress-strain curve as
shown in Figure 9.8.4.1.1(b).  In addition to plotting the graphs by hand, they may be plotted with computer
software programs.  In the latter case, input the stress-strain pairs ( T and T) from Table 9.8.4.1.1 into the
computer and then curve fit the data.  In all cases, the elastic section must be linear up to the proportional
limit.  It is recommended that the Ramberg-Osgood equation be used to fit the data from the proportional limit
to just beyond the 0.2% yield stress.  If not, a power-law polynomial second order may be used to fit the data
points.  The stress-strain curve should extend slightly beyond the 0.2% yield strength.

To complete the figure, the Ramberg-Osgood number from Section 9.8.4.1.2 and the typical yield
strength (TYS) product average must be contained in a table within the figure.  If more than one curve is
contained in the figure, information such as the grain direction (L, LT, and ST), and/or temperature for each
curve must be indicated in the figure.  Figure 9.8.4.1.1(c) shows the proper format of a figure for presentation
in Chapters 2 through 7.
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Figure 9.8.4.1.1(b).  Plotted data from
Table 9.8.4.1.1.
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Figure 9.8.4.1.1(c).  Typical stress-strain curves showing the proper presentation format.
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** The Ramberg-Osgood parameter, n, should not be confused with the strain hardening coefficient, which is also denoted by the
letter n.  The one is the reciprocal of the other.  Values of the Ramberg-Osgood parameter usually lie within the range of 2 to 40. 
It should be noted that an occasional practice in the aircraft industry, but not followed in MIL-HDBK-5, is to subtract a small
increment of strain from Equation 9.8.2.1.1.2(a) in order to compensate for the existence of a proportional limit.
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ep 0.002
f

f0.2ys

n

[9.8.4.1.2(a)]

etotal f/E 0.002
f

f0.2ys

n

[9.8.4.1.2(b)]

9.8.4.1.2 Ramberg-Osgood Method — This method, which is based on the work of Ramberg
and Osgood [Reference 9.8.4.1.2(a)], and Hill [Reference 9.8.4.1.2(b)], assumes that an exponential
relationship exists between stress and plastic strain, as expressed by 

where

f is stress,
f0.2ys is the 0.2 percent yield stress,
ep is plastic strain,
n is the Ramberg-Osgood parameter**.

While this relationship may not be exact, it is sufficiently accurate for use up to the yield strength for
many materials, but cannot be employed to compute full-range stress-strain curves.

Since total strain equals elastic strain plus plastic strain,

where E is the typical value of modulus of elasticity from the room-temperature property tables.

Equation 9.8.4.1.2(b) can be programmed for determination and plotting by a computer, given only
values for E, n, and f0.2ys.  To obtain typical curves, TYS or CYS is used for f0.2ys.  TYS and CYS values are
based on product averages when available; in other cases, average values from original stress-strain curves
are used.  The Ramberg-Osgood parameter, n, will be determined analytically in development of typical
stress-strain curves for MIL-HDBK-5.

As the first step in the analytical determination of n, a series of values of stress and strain departure
(plastic strain) must be obtained from each original stress-strain curve.  These may be determined by the
method of strain-departure described in Section 9.8.4.1.1 or the alternate method outlined below:

(1) Determine the indicated modulus of elasticity for the individual stress-strain curves.

(2) For each curve, construct two lines parallel to the modulus line and intersecting the stress-strain
curve at plastic strains of approximately 0.020 and 0.20 percent.  The lines will bound the zone
where stress-plastic strain pairs are determined.  This zone also eliminates the small plastic
strain region where nonlinearities in stress versus plastic strain sometimes exist.

(3) Digitize each stress-strain curve over the range bounded in Step 2.  A series of approximately
ten to 12 pairs of stress-total pairs should be taken at nearly equal intervals within this range.
A resolution of 0.25 ksi stress and 0.01 percent strain is desirable here.

(4) Compute plastic strains from each collection of total strains, using the individual curve’s
modulus to subtract out elastic strains.
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f Ae
1/n
p  [9.8.4.1.2(c)]

A
f0.2ys

(0.002)1/n
[9.8.4.1.2(d)]

ln f ln A 1/n ln ep  [9.8.4.1.2(e)]

n

x 2 ( x)2

N

xy
x y

N

            [9.8.4.1.2(f)]

ln A

y
1

n
x

N

[9.8.4.1.2(g)]

Once the stress and plastic strain values are tabulated for available stress-strain curves, it is possible to
proceed with determination of the Ramberg-Osgood parameter.  To determine n analytically, Equation
9.8.4.1.2(a) is rearranged to solve for stress, f, the dependent variable.

where

Taking the natural logarithm of Equation 9.8.4.1.2(c), a transformed equation is obtained which can be
analyzed by the method of linear least squares.

The solution for n is the same as that for a linear regression least-squares estimate of the slope, b, as shown
in Section 9.6.3.1, Equation 9.8.4.1.2(d) where b = 1/n, therefore,

where

x = ln ep

y = ln f
N = number of data points.

Correspondingly, A can be obtained from Equation 9.8.4.1.2(d) as

Values for stress and strain departure may be input for solution of Equation 9.8.4.1.2(f) by either of
two methods.  In one method, x = ln ep and y = ln f are input for each value of stress and strain departure for
each stress-strain curve used in the analysis.  N is the total number of points obtained from stress-departure
analysis  of  all  specimens  from  all  heats  that are analyzed.  Care should be taken to ensure that the same
number of data points are collected from each curve.  In the other method, average stress (f) is determined
for all available curves at designated values of strain departure (ep).  In this case, x and y in Equation
9.8.4.1.2(f) are ln ep and ln f, respectively, and N is the number of strain departure points.  Again, the same
number of data points should be computed for each stress-strain curve.

Some investigators may analyze the results of each individual specimen by the method outlined by
Equations 9.8.4.1.2(c) through (g) and record individual values of the parameter n.  In these cases, an alternate
approach must be used to combine results and establish n.  This technique is called the method of computed
strain-departure.
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Figure 9.8.4.1.2.  Graphical approximation of Ramberg-Osgood Parameter, n.

In the method of computed strain-departure, results from individual specimen analyses are used to
compute stress levels [from Equation 9.8.4.1.2(c)] at specific strain-departure levels for all specimens.  In so
doing, the original data are used to analytically perform the method of strain-departure of Section 9.8.4.1.1
which should be used as a guideline for doing this analysis.  Once these computed stress values are obtained,
they can be used to calculate the exponent, n, by Equation 9.8.4.1.2(f) using either of the two methods that
are described above for the case when data are recorded by the method of strain-departure.

An approximate value of the Ramberg-Osgood parameter can be found graphically, although this
approach will not be used to construct stress-strain curves for MIL-HDBK-5.  Graphically determined
stress-strain curves must be verified by computer analysis according to previously described techniques
before inclusion in MIL-HDBK-5.  A graphical procedure is described in the following paragraphs and  is
illustrated in Figure 9.8.4.1.2.

(1) Plot at least three pairs of stress-plastic strain points from each original stress-strain curve on
log-log graph paper.  As illustrated in Figure 9.8.4.1.2(a), the ordinate is conventionally used
for log stress, the abscissa is log plastic strain (strain departure method is described in Section
9.8.4.1.1), and the slope is 1/n.

(2) A straight line then is drawn through the plotted points and the slope (l/n) is computed as shown
in the figure.

When using the above-described approaches, it is recommended that a check be made to determine
how well the value of n reproduces the stress-strain curve in the approximate range from the proportional
limit (defined as 0.02% ys) to f0.2ys.  This can be done by constructing the stress-strain curve using Equation
9.8.4.1.2(b), and comparing an original stress-strain curve through the yield strength with the computed curve.
In checking an original stress-strain curve with the computed curve, some judgment must be exercised in the
vicinity of the proportional limit since the Ramberg-Osgood relationship may not precisely represent original
stress-strain curves in this area.  Stress deviations greater than about 5 percent between the two curves suggest
that the Ramberg-Osgood relation is not applicable.
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etotal f/E 0.002
f

f0.2ys

n

[9.8.4.2(a)]

Et

1

1

E

0.002n

f0.2ys

f

f0.2ys

n 1
 [ 9.8.4.2(b)]

Figure 9.8.4.2(a).  Determining tangent modulus and secant modulus.

9.8.4.2 Compression-Tangent-Modulus Curves — In deriving tangent-modulus curves
graphically from typical compressive stress-strain curves, a number of points are marked off on the latter
curves, particularly where the curve departs from linearity and in regions of greatest curvature.  At each point
on the curve, a line is drawn tangent to the curve as shown in Figure 9.8.4.2(a). The slope of each line is the
tangent modulus corresponding to the stress coordinate of the point of tangency.  The Ramberg-Osgood
relationship, Equation 9.8.4.2(b),

also may be employed to determine the compression tangent-modulus curve.

Tangent modulus is the first derivative of stress with respect to strain, df/de, or

This equation can be programmed for determination and plotting by a computer, given only values for E, n,
and f0.2%ys.  To obtain typical curves, average CYS is used for f0.2%ys.
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Figure 9.8.4.2(b).  Typical compressive tangent-modulus curves.

The following guidelines should be used to plot a compression tangent-modulus curve.  For
mathematical representations of compression tangent modulus curves see Section 9.8.4.6.  The graph axis
should be laid out such that there are 10 minor divisions for every major division with every tenth (major)
division accented.  The ordinate (Y-axis) scale is plotted in the same manner as that used for the stress-strain
curves in Section 9.8.4.1.1.  The abscissa (X-axis) scale is usually made equal to 2, 4, or 5 x 103 ksi per major
division, depending on material, to produce a total scale length of approximately 6 major divisions.

The compression tangent-modulus curve is illustrated in Figure 9.8.4.2(b) where stress is plotted (on
the ordinate) versus tangent modulus (on the abscissa).  In addition to plotting the graphs by hand, they may
be plotted with computer software programs.  In the latter case, input the stress-modulus pairs ( T and t)
from Equation 9.8.4.2(b) into the computer or program the computer with the equation and then curve fit
the data.  If it will not lead to confusion, stress tangent-modulus curves may be superimposed on the
corresponding stress-strain figures as illustrated in Figure 9.8.4.2(c).  If, however, several stress-strain curves
appear in one figure, it is advisable to present stress tangent-modulus curves in a separate figure, as illustrated
in Figure 9.8.4.2(b).

 The compression tangent-modulus curves for clad material should show a primary and secondary
modulus as indicated in Figure 9.8.4.2(d).  The stress-strain curves of clad material may indicate two modulus
lines due to the cladding.  The primary modulus is due to the combined modulus of both clad and base
materials.  However, the clad material is typically weaker than the base material and will yield at a low stress;
therefore not contributing to the modulus at higher stresses.  At this point, the secondary modulus becomes
predominate.  The compression tangent-modulus curves should show the primary and secondary modulus and
indicated in Figure 9.8.4.2(d).
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Figure 9.8.4.2(c).  Typical compressive stress-strain and compressive tangent-
modulus within the same figure.

0

10

20

30

40

50

60

S
tr

e
s
s
, 

k
s
i

0 2 4 6 8 10 12

Compressive Tangent Modulus, 10
3
 ksi

TYPICAL

Ramberg-Osgood

Longitudinal

Long Transverse

Longitudinal

Long Transverse

Thickness 0.072 - 0.249 in.

16.8

16.7

Figure 9.8.4.2(d).  Typical compression tangent-modulus curves for clad aluminum
alloy sheet showing the primary and secondary modulus.
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E
s

f

e

f

f

E
0.002(

f

f
y

)n       [ 9.8.4.2 (c)]

(1,n) TYS % (TUS TYS)

To complete the figure, the Ramberg-Osgood number from Section 9.8.4.1.2 must be contained in
a table within the figure.  If more than one tangent modulus curve is contained in the figure, information such
as the grain direction (L, LT, and ST), and/or temperature for each curve must be indicated in the figure.
Figures 9.8.4.2(b), (c), and (d) show the proper format for presentation in Chapters 2 through 7.

Stress-secant modulus curves are not presently used in MIL-HDBK-5.  Secant or “chord” modulus
is determined as illustrated in Figure 9.8.4.2(a) and is plotted in the same manner as the tangent modulus.
The equation for secant modulus is:  

at the point of stress.

9.8.4.3 Full-Range Tensile Stress-Strain Curves — Preparation of each typical full-range
tensile stress-strain curve requires (1) representative original full-range stress-strain curves, (2) product
average values for ultimate strength, yield strength, and elongation, and (3) typical precision elastic-modulus
values at test temperature.  Full-range tensile stress-strain data for at least one lot of material will be
provided, but data from three lots are preferred.  If data for less than three lots are submitted, the full-range
stress-strain curve will be labeled “BASED ON ONE LOT” or “BASED ON TWO LOTS”, as appropriate.

The procedure for developing typical full-range tensile stress-strain curves is based upon strain
departures obtained from several original test curves, and the product average tensile strength, yield
strength, and elongation established from production data.  Properties of material tested for determining strain
departures should be in reasonable agreement with the product average properties.

These steps, as illustrated in Table  9.8.4.3 and Figures 9.8.4.3(a) and (b), should be followed in
developing typical full-range tensile stress-strain curves.

(1) From each stress-strain test curve, measure strain departures (D) between the extension of the
modulus line and the curve at stresses determined by taking appropriate percentages of the
differences between ultimate stress and yield stress added to the yield stress.  

where TUS and TYS are values for each test.  Also identify the proportional limit for each test.
The proportional limit is defined as the stress level below, which the stress-strain curve is linear;
as determined by =E  where  is the stress, E is Young’s Modulus, and  is the strain.
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Table 9.8.4.3.  Example of Strain-Departure Method to Establish Typical Full-Range Stress-Strain Curves

Test 1 Test 2 Average Typical

Percent Stress,
ksi

1

Strain
Departurec

in./in.
(D1)

Stress,
 ksi

2

Strain
Departurec

in./in.
(D2)

Stress,d

ksi

A

Strain
Departured

in./in.
(DA)

Stress,
ksi

T

Strain
Departurei

in./in.
(DT)

Elastic
Strainj

in/in.
( E)

Total
Straink

in./in.
( T)

Yield Stress to Ultimate Stress

Proportional Limit (PL) 56.5 58.5  57.5h 59.6l 0.0000 0.0058 0.0058

    0(TYS)
  20
  40
  60
  80
  95
100(TUS)

58.8a

61.0a

63.2a

65.4a

67.7a

69.3a

69.9a

0.0020
0.0106
0.0204
0.0302
0.0452
0.0640
0.0848

60.9a

63.0a

65.2a

67.4a

69.5a

71.1a

71.7a

0.0020
0.0094
0.0194
0.0302
0.0436
0.0626
0.0838

59.8
62.0
64.2
66.4
68.6
70.2
70.8

0.0020
0.0100
0.0199
0.0302
0.0444
0.0633
0.0843

62.0e

64.0e

66.0e

68.0e

70.0e

71.5e

72.0e

0.0020
0.0100
0.0200
0.0303
0.0446
0.0636
0.0847

0.0061
0.0063
0.0065
0.0067
0.0069
0.0070
0.0071

0.0081
0.0163
0.0265
0.0370
0.0515
0.0706
0.0918

Ultimate Stress to Fracture Stress (FS)

100(TUS)
  90
  60
    0(FS)

69.9b

69.0b

66.3b

60.9b

0.0848
0.0962
0.1058
0.1210

71.7b

70.9b

68.5b

63.7b

0.0838
0.1014
0.1156
0.1378

70.8
70.0
67.4
62.3

0.0843
0.0988
0.1107
0.1294

72.0g

71.1g

68.5g

63.4f

0.0847
0.0992
0.1112
0.1300

(Elong.)

0.0071
0.0070
0.0067
0.0062

0.0918
0.1062
0.1179
0.1362

a 1,n = TYS + % (TUS-TYS) where TUS and TYS are values for each test.
b 1,n = TUS - (1 - %)  (TUS-FS) or (1,n) = FS + % (TUS-FS) where TUS and FS are values for each test.
c D = Departure (plastic strain) from modulus line at corresponding stresses.
d Averages (  and D) of Tests 1 and 2.
e T = TYSProd. Avg. + % (TUSProd. Avg. - TYSProd. Avg.).
f T(FS) = (TUSProd. Avg./TUSAvg.) Avg.(FS).
g T = TUSProd. Avg. - (1 - %)  (TUSProd. Avg. - T(FS)) or T = T(FS)+% (TUSProd.Avg. - T(FS)).
h Average proportional limit.
i DT = [((DA - 0.002) x (Product Average Elongation -0.002)) ÷ (DA at FS - 0.002)] + 0.002.
j E = T ÷ E (E = 10.2 x 103 ksi in this example).
k T = D T + E.
l T (PL) = (TYSProd. Avg./TYSAvg.) Avg.(PL).
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Figure 9.8.4.3(b).  Method of adjusting average to typical full-range stress-strain curve.

Figure 9.8.4.3(a).  Strain departure method for determining average full-range stress-
strain curve.
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(1,n) TUS (1 %) (TUS FS)

(1,n) FS % (TUS FS)

T TYSProd.Avg. % TUSProd.Avg. TYSProd.Avg.

T(FS)
TUSProd. Avg.

TUSAvg.
Avg.(FS) .

T TUSProd.Avg. (1 %) TUSProd.Avg. T (FS)

T T (FS) % TUSProd.Avg. T (FS)

DT

(DA 0.002)(Prod. Avg. Elong. 0.002)

(DA at Fracture Stress 0.002)
0.002 .

(2) For departures beyond ultimate stress, the stresses are determined by taking the percentage of
the difference between the fracture stress and ultimate stress and subtracting it from the ultimate
stress.

or

where TUS and FS are values for each specimen.

(3) For each percentage, average the stresses and strain departures, A and DA, respectively.

(4) Compute typical stresses between TYS and TUS using product average yield strengths. 

(5) Compute typical fracture stress, T(FS), as follows:

(6) Compute typical stresses between TUS and FS using product average ultimate strength and
typical fracture stress.

or

(7) Adjust the average departures, DA, to typical departures, DT, as follows:

(8) Compute elastic strains, E, by dividing typical stresses by typical modulus.
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E
T

E

T (PL) TYSProd. Avg. /TYSAvg. Avg. (PL)

(9) Obtain total strain, T, by adding DT and E.

(10) Calculate the average proportional limit from the stress strain curves and compute the typical
proportional limit.

The final step is plotting the full-range stress-strain curves.  The following guidelines should be
followed to plot the stress-strain curve.  There should be 10 minor divisions for every major division with
every tenth (major) division accented.  The ordinate (Y-axis) is used for stress and should be in units of 5,
10, 20, or 50 ksi to the major division.  The abscissa (X-axis) is used for strain and should be in units of 0.01,
0.02, 0.05, or 0.1 in./in. to the major division. 

In addition to plotting the graphs by hand, they may be plotted with computer software programs.
In the latter case, input the stress-strain pairs ( T and T) from Table 9.8.4.3 into the computer and then curve
fit the data.  The elastic section must be linear up to the proportional limit.  It is recommended that a power-
law polynomial second order be used to fit the data from the proportional limit to fracture stress.  The full-
range stress-strain curve should be solid up to maximum stress and dashed from maximum stress to rupture.
The fracture point should be indicated with an X.  Only one typical full-range stress-strain figure should be
plotted per page and should fill as much of the page as possible as illustrated in Figure 9.8.4.3(c).  If more
than one curve is contained in the figure, information such as the direction (ST, LT, and L), and/or
temperature for each curve must be indicated.

9.8.4.4 Minimum Stress-Strain and Stress Tangent-Modulus Curves — Minimum
stress-strain and stress tangent-modulus curves are not presented in MIL-HDBK-5, but these are sometimes
required by the designer.  Procedures for preparing minimum curves are identical to those for preparing
typical curves, except for choice of yield-strength values.  Product average, or average values of yield
strength, are used to determine typical curves; minimum values (Fty or Fcy A- or B-basis) are used to
determine minimum curves.  Average values of precision elastic modulus (E or Ec) are used.

9.8.4.5 Biaxial Stress-Strain Behavior — Procedures for analyzing and presenting biaxial
stress-strain properties may be added to the guidelines at a later date.  In the interim, procedures described
in Reference 9.8.4.5 may be used as a general guide.

9.8.4.6 Mathematical Representation of Stress-Strain Curves — As an aid to computer
analyses, the stress-strain curves for most materials can be represented mathematically.  This method of
representing stress-strain curves may be used for any stress-strain response that can be well characterized by
the Ramberg-Osgood Method, and should be used as a supplement to a curve drawn by the Ramberg-Osgood
Method.

To represent the stress-strain curves for a particular alloy using this method, a data summary like the
one shown in Figure 9.8.4.6 should be constructed.
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Figure 9.8.4.3(c).  Typical full-range curves drawn by the strain-departure
method.
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Table (table number).  Typical Stress-Strain Parameters for (material designation)

Temper/Product

Form
Condition

Temper-

ature, F

Grain

Direction

Tension Compression

n
TYS,

ksi
TUS nc

CYS,

ksi

T6 Clad Sheet

0.02-0.039 in.  thickness

RT

L 32 57 17 57

LT 17 57 13 60

0.04-0.249 in. thickness
L 27 62 15 62

LT 20 60 17 65

½ hr. exposure
200 F

LT

9.5 60

100 hr. exposure 8.0 62

½ and 2 hr. exposure
300 F

4.0 54

1000 hr. exposure 6.4 46

½ hr. exposure

400 F

8.2 47

100 hr. exposure 10 20

1000 hr. exposure 6.0 16

½ hr. exposure 500 F 7.0 22

½ hr. exposure

600 F

4.3 9

10 hr. exposure 6.0 8

100 hr. exposure 13 7

T62 Clad Plate 0.250 - 2.000 in. thickness RT
L 29 64 27 69

LT 29 64 27 70

T651 Plate 0.250 - 2.000 in. thickness RT
L 30 66 15 68

LT 19 65 18 66

T6 Bar, Rod and Shapes > 3 in. thickness RT L 31 62 25 60

T6 Forging RT
L 70

LT 68

T652 Hand Forging 2.001 - 3.000 in. thickness RT

L 18 62 67 17 63

LT 18 62 66 18 65

ST 13 60 22 67

T6 Extrusion
0.125 - 0.499 in. thickness

RT L
23 62 15 64

> 0.500 in. thickness 26 68 14 72

T62 Extrusion < 0.499 in. thickness RT
L 29 64 71 17 68

LT 29 64 32 68

T651X Extrusion 0.500 - 0.749 in. thickness RT
L 32 64 74 16 68

LT 18 64 70 18 68

Figure 9.8.4.6.  Example of stress-strain parameter table.
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ep 0.002 ( f / TYS )n
               [9.8.4.6(a)]

fp.l. TYS ( 0.10 )

1

n

The parameters in the table are defined as follows:

Tension
n = Ramberg-Osgood parameter for small plastic strains in tension from the

proportional limit up to the yield stress.

TYS = Typical yield stress in tension.

TUS = Typical ultimate stress in tension.

Compression
nc = Ramberg-Osgood parameter for small plastic strains in compression up to the

yield stress.

CYS = Typical yield stress in compression.

Equation 9.8.4.6(a) shows the relationship between the plastic strain and stress values that hold for
many materials up to that material’s yield stress.  The problem with this equation is that the Ramberg-Osgood
parameter (n) typically changes for plastic strains greater than 0.002.  Therefore, the variation of plastic strain
typically must be expressed with two different equations.  For stress values in the range between the
proportional limit and yield stress, plastic strain can often be expressed by

where

f = any stress value between the proportional limit and tensile yield stress

TYS = the 0.2 percent typical yield stress

ep = the plastic strain.

In any tabular representation of these data for a given alloy (covering all production thickness and
product forms), significant information may be missing.  Therefore, only 50 percent of the data are required
to be available before a table may be included in MIL-HDBK-5.

The data in this table may also be used to calculate other useful quantitites.  A table with all elements
defined can be used to calculate the proportional limit in tension and compression, and the shear “yield”
stress.  Each of these calculations are covered below.

9.8.4.6.1 Proportional Limit Stress in Tension and Compression — If the proportional limit stress
is equated with a plastic strain level of 0.0002 or a 0.02 percent deviation from linearity, and the Ramberg-
Osgood relationship is found to be valid for small plastic strains, then the proportional limit stress (fp.l.) can
be approximated from Equation 9.8.4.6(a) as follows:
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Fsy

Fty(L) Fty(LT) Fcy(L) Fcy(LT)

4
x

2Fsu

Ftu(L) Ftu(LT)
             [9.8.4.6.2]

The same basic formulation could be used to define a proportional limit stress in compression, replacing TYS
and CYS and n in tension with nc in compression in Equation 9.8.4.6(b).

9.8.4.6.2  Shear Yield Stress — An estimate of the shear yield stress can be obtained from the
equation:

where
(p) = Primary load direction for shear
Fty(L) = Tensile yield stress, longitudinal direction
Fty(LT) = Tensile yield stress, long transverse direction
Fcy(L) = Compressive yield stress, longitudinal direction
Fcy(LT) = Compressive yield stress, long transverse direction
Fsu = Shear ultimate stress
Ftu(L) = Tensile ultimate stress, longitudinal direction
Ftu(LT) = Tensile ultimate stress, long transverse direction.

9.8.4.6.3  Compression Tangent Modulus Curves — A mathematical procedure for construction
of tangent modulus curves from compression stress-strain curves is given in Section 9.8.4.2.  The
compression stress-strain curve (up to the yield stress) may be constructed by adding the elastic strain
component to the plastic strain component given in Equation 9.8.4.6(a).  Calculation of the first derivative
of stress with respect to strain gives tangent modulus values for specific values of total strain.  Within MIL-
HDBK-5 the tangent modulus curve is normally computed only up to the yield stress on the stress-strain
curve.  If tangent modulus values are desired at stress levels above the yield stress, a single function
describing the relationship between stress and plastic strain over the range of interest should be used [rather
than two separate functions as shown in Equations 9.8.4.6(a) and (b)].

9.8.5 ELEVATED TEMPERATURE GRAPHICAL MECHANICAL PROPERTIES — Effects of temperature
and of thermal exposure on strength and certain other properties are presented graphically.  Methods for
determining these curves differ and are described below.

9.8.5.1 Strength Properties — Tensile ultimate and yield strengths, compressive yield strength,
shear ultimate strength, and bearing ultimate and yield strengths at temperatures other than room temperature
(80 F) are shown as percentages of room-temperature value for that property.  Use of percentage curves
allows a single curve to be used in place of multiple curves when more than one room-temperature value is
presented for a property, as for example, differing A- and B-design values for each of several thickness
ranges.  In instances where related properties differ in their response to temperature, additional curves are
provided and are labeled to indicate specific properties and forms to which they apply.

No significance level is attached to these curves.  For practical purposes, however, the product of a
room-temperature A or B design value and an appropriate percentage value from the curve may be regarded
as an A or B design value at the indicated temperature.

9.8.5.1.1 Determination of Working Curves — Working curves for each product form, heat treat
condition, property, and grain direction should be constructed.  Separate curves should be examined to
determine if certain data can be combined.  For example, it may be possible to combine data for sheet and
plate, T73 and T7351 tempers, tensile and compressive yield strengths, or longitudinal and long transverse
grain directions.
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s 2 (r r)2/(n 1) [9.8.5.1.1(a)]

s 2 [ (r 2) ( r)2/n]/(n 1) , [9.8.5.1.1(b)]

R r t s/ n [9.8.5.1.1(c)]

The dimensional units of these working curves will be in terms of percentages of corresponding
room-temperature value for the property.  A percentage may be determined for each lot by dividing the
average value of individual measurements (other than at room temperature) by the room-temperature average
value for the same lot of material in the same testing direction (for isotropic materials, testing direction may
be ignored), then multiplying by 100 to convert from a fraction to a percentage.

At each working temperature, the lower 95 percent confidence interval estimate (reduced ratio) of
mean percentage will be determined from percentage values for each lot at that temperature.   Letting r equal
percentage values,  the average of these values, and n the number of such percentages, estimated standardr
deviation(s) and reduced ratio (R) will be determined from the equation:

or

and

where t is a 0.95 fractile of the t distribution corresponding to n-1 degrees of freedom (see Table 9.10.4).

The working curve will be a smooth curve drawn through 100 percent at room temperature and not
higher than the computed values of R at each working temperature.  When only room-temperature minima
are applicable, no further adjustment of the working curve is required.  However, when a secondary testing
temperature is specified for the property, the working curve will be lowered, if required, so that the product
of percentage from this curve and a room-temperature S-value will not exceed the S-value at the secondary
testing temperature.  In addition, if A-basis values have been established for this temperature, the working
curve will be lowered, if required, so that the product of the percentage from this curve and room temperature
A-value will not exceed the A-value at the secondary testing temperature.

Each working curve will be labeled appropriately, designating product, property, and testing  direc-
tion(s) covered by it.  In addition, individual percentages, including R values and  (if  applicable) secondary
A or S-values reduced to percentages, will be plotted with the working curve.  An example of a working
curve is shown in Figure 9.8.5.1.1.

9.8.5.1.2  Preparation of Finished Curves — When two or more working curves are to be
combined into a single curve, percentages shown in the finished curve will represent the separate bound of
all individual working curves used in its preparation.  When corresponding working curves differ substan-
tially in shape or scaling, it may be appropriate to prepare more than one finished curve (for example, separate
curves for longitudinal and transverse testing directions).  Finished curves will not exhibit “humps”, such
as might appear with a temperature range where aging takes place.  Where such humps appear in working
curves, these will be leveled by means of horizontal line segments.
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Figure 9.8.5.1.1.  Working curve drawn through reduced ratios converted to
percentages.

Finished curves will be drawn in reproducible form on grids of 10 lines to the inch, with each tenth
line accented.  The ordinate will normally be scaled in units of 20 percent per inch and will be labeled
“Percentage of Room Temperature Strength”.  Abscissa will be scaled in units of 100, 200, or 400 F per
inch, as appropriate, and will be labeled “Temperature, F”.  Both axes will be annotated at intervals of 1
inch.  Not more than two curves will be drawn  in a single figure, and these should be labeled clearly to
distinguish between them.  In addition, each figure will carry a legend containing the words “strength at
temperature”, together with exposure limits and other information that would limit the applicability of the
curve.

An example of the finished percentage curve is shown in Figure 9.8.5.1.2(a).  When  practical,  single
percentage curves, representing Ftu and Fty may be located on a single illustration as shown in Figure
9.8.5.1.2(b).  Likewise, single curves representative of Fcy and Fsu may be located on one illustration and
curves for Fbru and Fbry may also be placed on a single illustration.

9.8.5.2  Elongation and Reduction of Area — Elongation and reduction of area are
presented as “typical” values at each temperature.  If ductility values follow a log-normal  distribution, they
should be converted to logarithms before averaging.  In most cases, the median (middle-most value) will be
nearly identical to the average determined in this manner.  Ductility values are not converted to percentages
of the room-temperature value.  Hence, a  best smooth curve drawn through the typical values at each
temperature is merely redrawn  without data points for presentation in the document, as shown in Figure
9.8.5.2.  Separate curves may be required for products differing in ductility.

As with strength data, care must be taken to avoid biasing the curve by the inclusion of large
quantities of data from some lots and small quantities from others.  Use of lot-average values in place of
individual measurements is highly recommended.
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Figure 9.8.5.1.2(a).  Working curve from Figure 9.8.5.1.1 redrawn as finished
curve.

Figure 9.8.5.1.2(b).  Multiple percentage curves drawn on a single illustration.
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Figure 9.8.5.2.  Typical curve for elongation.

Figure 9.8.5.3.  Percentage curve representing two elastic moduli.

9.8.5.3 Modulus of Elasticity — The elastic modulus may vary with test direction and product
form.  Data should be examined before plotting, and if differences are observed, separate working curves
should be prepared for each variable.  The percentage curve for modulus of elasticity is a best-fit smooth
curve drawn through the average of all percentages at each temperature, where individual percentage values
are obtained as described in Section 9.8.5.1.1.  As with strength data, temperatures should be so selected that
the shape of the curve is defined adequately.  Figure 9.8.5.3 illustrates a finished percentage curve represent-
ing two moduli, E and Ec, for which working curves were similar enough to permit their combination into a
single curve.

9.8.5.4 Physical Properties — When data are adequate to present curves showing specific heat,
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       Figure 9.8.5.4(b).  Typical curves for physical properties.

Figure 9.8.5.4(a).  Typical working curve for thermal
conductivity.

thermal conductivity, and mean coefficient of thermal expansion over a range  of temperatures, graphical
presentation is used in place of tabular presentation described in Section 9.2.1.3.  Working curves are first
prepared for each property with the actual data plotted over the range of test temperatures.

Figure 9.8.5.4(a) shows a typical working curve.  A best-fit smooth curve is drawn through the
plotted points to depict the overall trend of data.  The smooth curves from the specific heat, thermal
conductivity, and thermal expansion working curves are then shown in  a single figure as illustrated in Figure
9.8.5.4(b).  The reference temperature for thermal expansion should be shown on the figure.  In Figure
9.8.5.4(b) the reference temperature of 70 F indicates that the mean coefficient of expansion between 70 F
and the indicated temperature is plotted.
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Figure 9.8.5.5.  Effect of exposure at elevated temperatures on room-temperature
properties.

9.8.5.5 Effect of Thermal Exposure on Room Temperature Strength — Curves
described in this section are presented (1) when the material exhibits a decrease in room-temperature strength
as a result of unstressed exposure to elevated temperatures, and (2) when data are not presented in the form
of parametric curves (see “Complex-Exposure” in Section 9.8.5.8).  Supporting data expressed as percentages
of the “no-exposure” strength are plotted with percent of room-temperature strength as the ordinate and
exposure temperature as the abscissa.  Separate plots are required for each exposure time.  Typical exposure
times are ½, 10, 100, and 1000 hours.  Design curves are drawn in the same manner as for effect of tempera-
ture on strength; humps that may appear in the design curve should be leveled off in drawing the final curve.

The following restrictions are placed on effect-of-exposure curves for strength properties at room
temperature:

(1) Percentage curves for a designated exposure temperature may not show increasing percentage
values with increasing exposure time.

(2) Percentage curves for a designated exposure time may not show increasing percentage values
with increasing exposure temperature.

A typical effect-of-exposure curve is illustrated in Figure 9.8.5.5.

9.8.5.6 Effect of Thermal Exposure on Elevated Temperature Strength — The effect
of thermal exposure on elevated-temperature strength is presented in one of two manners, depending upon
whether or not the exposure temperature equals the test temperature.  In the case of simple exposure, exposure
temperature and test temperature are assumed to be identical.  For complex exposure, exposure temperature
and test temperature need not be the same.  When either of these curves is presented in MIL-HDBK-5, it
includes all information normally presented in elevated temperature curves described in Section 9.8.5.1; thus,
these curves replace the elevated temperature curves.
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Figure 9.8.5.7.  Simple-exposure curves.

9.8.5.7 Simple Exposure — The curves are prepared in the same manner as basic elevated
temperature curves described in Section 9.8.5.1.  Separate design curves are prepared for each exposure time,
and presented in a single figure.  Typical exposure times for the curves are ½, 10, 100, and 1000 hours.

The following additional restrictions are placed on effect-of-exposure curves for strength properties
at elevated temperatures:

(1) Percentage curves for a designated exposure (test) temperature may not show increasing
percentage values with increasing exposure time.

(2) Percentage curves for a designated exposure time may not show increasing percentage values
with increasing exposure (test) temperature.

A typical set of curves for exposure at test temperature is illustrated in Figure 9.8.5.7.
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9.8.5.8  Complex Exposure — In these curves, thermal-exposure variables, time, and
temperature are combined into an exposure parameter, which is plotted as the abscissa.  The ordinate is
expressed in the same manner as in effect-of-temperature curves.  Separate percentage curves are presented
for each test temperature.  In addition, each figure contains a nomograph for use in converting exposure time
and temperature to the exposure parameter.

The exposure parameter may be of the form P = (TF + 460) (C + log t), where TF is exposure temper-
ature in degrees F, C is a constant, and t is exposure time in hours.  There are a number of ways to determine
the values of C.  The simplest method is to select (by interpolation of test data) two exposure conditions that
produce the same strength at some designated test temperature, set two parameters equal to each other, and
solve for C.  For example, assume that the following data are obtained:

Exposure

TUS at 400 F,
ksiTime, hr

Temp,
F

1000
   1
  10

400
500
500

80.0
83.0
78.0

Plot 500 F data as stress versus log time; a straight line between (83, log 1) and (78, log 10) crosses 80 ksi
at log 4 (hours).  Thus, 4 hours’ exposure at 500 F is equal to 1000 hours’ exposure at 400 F:

(400 + 460) (C + 3) = (500 + 450) (C + 0.602),

C = 20.

This exercise should be repeated for several pairs of exposure conditions to obtain an average value for C.

Alternatively, several equivalent exposure conditions may be plotted as log exposure time (ordinate)
versus 1/(TF + 460) (abscissa).  A best-fit straight line is drawn through the plotted points and its slope
determined.  C is then found from the relationship

C = m/(TF + 460) - log t,

where m is slope and (1/TF + 460) and log t are coordinates of any point on the line.  This method is amenable
to data-regression procedures described in Section 9.5.6, from which a least-squares estimate of C is obtained.
Separate data plots are prepared for each test temperature, using percent of “no-exposure” room-temperature
strength as the ordinate, and P = (TF + 460) (C + lot t) as the abscissa.  Design curves are then drawn as
described in Section 9.8.5.1.1.

A typical complex-exposure curve is illustrated in Figure 9.8.5.8.  It should be noted that the abscissa
scale is not shown in the figure since the time-temperature nomograph is used directly to locate the position
on the abscissa.
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Figure 9.8.5.8.  Complex-exposure curves.
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9.9 EXAMPLES OF DATA FOR DYNAMIC AND TIME DEPENDANT PROPERTIES

9.9.1 FATIGUE — Separate data presentations are made for strain-controlled and load-controlled
data.  The only case where load-controlled data can be presented with strain-controlled data is when long-life
tests have been switched from strain to load control in accordance with recommended procedures (see Section
9.2.5.1). Separate plots should be constructed for each material, notch concentration (in the case of
load-controlled data), temperature, or other documented parameters that have been demonstrated to cause
significant variations in fatigue behavior.

Load-controlled data presentations should consist of a family of at least three stress ratio or mean
stress curves, with at least six data points per curve covering two orders of magnitude in life.  (See exceptions
noted in Section 9.2.3.5.1).  The basic data should be included on each plot, with separate symbols used for
each stress ratio or mean stress.  Runouts should be identified with an arrow ( ).  The analytically defined
mean S/N curves for each stress ratio or mean stress should also be included on each plot.  These curves
should not be extrapolated beyond existing data.

The fatigue curve for each stress ratio should be constructed based on the following criteria:

(1) The curve should start at the greatest maximum stress for that specific stress ratio.  Unnotched
fatigue curves should not extend above the average tensile ultimate strength of the material.

(2) The curve will terminate at the lowest maximum stress or longest life value, whichever is most
limiting for that specific stress ratio.

In addition to the stress-life plot [such as shown in Figure 9.9.1.1(e)], a tabulation of test and material
conditions should also be included.  At a minimum the following information should be included with an S/N
plot:

(1) Material
(2) Product Form, Grain Direction, Thickness, Processing History, Fabrication Sequence
(3) Test Parameters

- Loading
- Test Frequency
- Temperature
- Environment

(4) Average Tensile Properties
(5) Specimen Details

- Notch Description
- Specimen Dimensions

(6) Surface Condition/Surface Residual Stresses/Finish
- Finish
- Residual Stress Data

(7) Equivalent Stress Equation
- Life Equation With Parameter Estimates
- Standard Deviation of log(Life)
- Adjusted R-Squared Statistic
- Sample Size

(8) Reference Numbers
(9) No. of Heats/Lots

The following cautionary note should be included with each equivalent stress equation: [Caution:
The equivalent stress model may provide unrealistic life predictions for maximum stresses and stress ratios
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R 2 1 (RMSE)2/(RTE)2           [9.9.1(a)]

RTE
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i 1
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Di log Ni log(N)

log(N)
1
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log Ni

R 2 1 (RMSE)2/(RTE)2      [9.9.1(b)]

RTE
n

i 1

WD
2
i / (n 1)

WDi

log Ni log(N)

g Seq,i or eq,i

log(N)

n

i 1

log Ni / g Seq,i or eq,i

n

i 1

1/g Seq,i or eq,i

beyond those represented above.]  In calculating the “standard deviation of log(life)” and the adjusted
R-squared statistic, all quantities should be computed using the final estimates of the fatigue model
parameters and excluding runout observations.

The method for reporting the “standard deviation of log(life)” (SD) depends on whether there is
evidence of nonuniform variance in the fatigue life data.  If an unweighted fatigue model was fitted to the
data, the single SD value from Equation 9.6.1.5(e) should be reported.  If a weighted fatigue model was fitted
to the data, SD should be reported as the linear function of the reciprocal of equivalent stress (strain) as
calculated from Equation 9.6.1.5(g) or (h).

If an unweighted fatigue life model was fitted to the data, the adjusted R-squared statistic is

where

 If a weighted fatigue life model was fitted to the data, the adjusted R-squared statistic may be calculated as

where

and RMSE is as calculated in Equation 9.6.1.5(i).
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eq

A3 Smax/E
1 A3 ,

Smax Sm Sa

Strain-controlled data presentations should consist of a plot of log(strain range) versus log(life) and
a separate graph displaying the monotonic and cyclic stress-strain response for the material.  Normally the
fatigue curves should be based on at least six data points for each of three or more strain ratios, and the data
should cover at least two orders of magnitude in life.  As with the load-controlled data, the individual data
points should be included on each plot, with separate symbols used for each strain ratio.  If runouts are

included in the data, they should be identified with an arrow ( ).  Data points that are based on tests that were
switched from strain to load control should be identified clearly. The mean curves should extend from slightly
above the greatest strain value to slightly below the least strain value.

Plotting the strain-life curves for different strain ratios is not as straightforward as plotting stress-life
curves.  The equivalent strain models cannot be written explicitly in terms of R .  Therefore, other information
must be used to model the data trends for the various strain ratios.  The  mean-stress relaxation behavior for
each strain ratio must be identified and mathematically defined.  In general, the onset of mean stress
relaxation occurs at smaller strain amplitudes for larger strain ratios.  This behavior is shown in the mean
stress relaxation plot of Figure 9.8.3(a).  The elastic response (dashed lines) predicts much higher mean
stresses than those actually observed, suggesting that mean stress relaxation has occurred.  The regression
line correlating the relaxed mean stresses with strain amplitude intersects the elastic response lines at larger
strain amplitudes for smaller strain ratios.  The  elastic response line for the higher strain ratio (R  = 0.6)
intersects the mean stress relaxation line at approximately /2 = 0.0007.  The elastic response line for the
lower strain ratio (R  = 0.0) intersects the mean stress relaxation at approximately /2 = 0.002.  This
information can be used to construct reasonable mean curves for each strain ratio for which fatigue data are
available.

Considering the primary equivalent strain relation [Equation 9.6.1.4(c)]

Smax can be written as

where Sm is the relaxed mean stress and Sa is the stress amplitude found from the cyclic stress-strain curve.
Given the mean stress relaxation data, both Sm and Sa can be estimated for a particular strain amplitude and
strain ratio.  Once Smax is defined, based on Sa and Sm, eq can be calculated and a fatigue life can be
determined.  Through this procedure an approximate mean curve can be constructed for each strain ratio as
shown in Figure 9.9.1(a).
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Figure 9.9.1(a).  Example strain-life, cycle stress-strain, and mean stress relaxation
curves.
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log Smax 1 1 log /2 Smax/E

Sa / E Sa/k

l

n /2             [9.9.1(c)]

n 1 and k Alog 1 .

Sm 2 2 ( /2)

w Sm /S 1 Sm/S 2

S 1 R / 1 R E /2

If the stress amplitude (Sa) and the mean stress relaxation pattern can reasonably be assumed to be
independent of strain ratio, the following procedure may be used to construct mean curves for each strain 
ratio by expressing Sa as a function of the strain range and Sm as a function of strain range and strain ratio.
Using the data corresponding to a strain ratio of R  = -1 only, fit the regression equation

In some cases it may be necessary to exclude small plastic strain observations from the regression
because of the scatter (and likely unreliability) in these values.  In other words, it is recommenced that the
cyclic stress-strain curve be defined, through at least squares regression treating stress as the dependent
variable, with consideration given to a cutoff in cyclic plastic strain.  A cutoff of approximately 0.0001 in
plastic strain amplitude is often useful.

Assuming that stress amplitude is independent of strain ratio and provided that the estimate of the
parameter 1 is greater than zero, a mean value for stress amplitude can be determined as a function of strain
range by solving the formula

for Sa where  is the average elastic modulus for all specimens tested and 

If the estimate of the parameter 1 is less than or equal to zero, the data set should be examined further before
proceeding with the analysis.

Using the data corresponding to all strain ratios other than R  = -1, fit the regression equation

using weighed least squares to give higher weight to the observations which exhibit partial mean stress
relaxation.  If there is no way to directly calculate Sm from the data reported in the data set, an Sm value for
use in fitting the above regression equation may be calculated by solving Equation 9.9.1(c) for Sa and
subtracting this value from the reported Smax value.  The weighting function

where
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3 /2 /2 < 2/ 3 2

Sm 2 2 /2 2/ 3 2 < /2 < 2/ 2

0 2/ 2< /2

3 1 R / 1 R E .

appears to work well in general.  Assuming that the mean stress relaxation pattern is independent of strain
ratio and provided that the estimate of the parameter 2 is less than zero, a mean value for Sm can be
determined as a function of strain range and strain ratio according to the formula

where

If the estimate of parameter 2 is greater than or equal to zero, the data set should be examined further before
proceeding with the analysis.

Mean curves determined according to the above procedures exhibit the following characteristics:

(1) At large strain ranges, enough plastic strain is available to relax at the mean stress to zero,
regardless of the strain ratio.  Therefore, all strain ratios result in equivalent predicted fatigue
lives.

(2) At strain ranges corresponding to mean stresses represented by the relaxation regression line,
strain ratios other than R  = -1 (zero mean stress) result in equivalent predicted fatigue lives.

(3) At low strain ranges, the individual strain ratios assume their elastic mean stress response and
diverge from each other.

The above procedure is used for plotting the strain-life curves in MIL-HDBK-5 when multiple strain
ratios are involved.1  The curves generally represent the mean data trends closely.

In addition to the strain-life plot, stress-strain curves and mean stress relaxation curves should be
presented as shown in Figure 9.9.1(a).  A tabulation of test and material conditions should also be included
as shown in Figure 9.9.1(b).  This information should include:

(1) Material
(2) Product Form, Grain Direction, Thickness, Processing History, Fabrication Sequence
(3) Test Parameters

- Strain Rate and/or Frequency
- Wave Form
- Temperature
- Environment

(4) Average Tensile Properties
(5) Stress-Strain Equation

- Monotonic (if available and appropriate) - Cyclic
(6) Specimen Details
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- Specimen Type
- Specimen Dimensions
- Fabrication Sequence

(7) Surface Condition/Surface Residual Stresses/Finish
- Finish
- Residual Stress Data

(8) Equivalent Strain Equation
- Life Equation with Parameter Estimates
- Standard Deviation of log(Life)
- Adjusted R-Squared Statistic
- Sample Size

(9) Reference Numbers
(10) No. of Heats/Lots.

The following cautionary note should be included with each equivalent strain equation:
[Caution:  The equivalent strain model may provide unrealistic life predictions for strain ratios and ranges
beyond those represented above.]

Correlative Information for Figure 9.3.4.16(a)

Product Form: Die forging, 2 inch thick

Thermal Mechanical Processing History:
Annealed at 1800 F, water quench

Properties:
TUS, ksi      TYS, ksi      E, ksi Temp., F

155-160       135-140    29,000 250     

Stress-Strain Equations:
Monotonic

Proportional Limit = 111 ksi
 = 289 ( p)

0.138

Cyclic (Companion Specimens)
Proportional Limit = 92 ksi
( /2) = 156 ( p/2)0.046

Mean Stress Relaxation

m = 114.0-24562( /2)

Specimen Details:
Uniform gage test section
0.250 inch diameter
Polished with increasingly finer grits of emery paper
to surface roughness of 10 RMS with polishing
marks longitudinal.

Reference: 3.4.5.6.8(a)

Test Parameters:
Strain Rate/Frequency - 180 cpm
Wave Form - Sinusoidal
Temperature - 250 F
Atmosphere - Air

No. of Heats/Lots: 2

Equivalent Strain Equation:
Log Nf = -6.56-4.20 log ( eq-0.0022)

eq = ( )0.46 (Smax/E)0.54

Standard Error of Estimate, Log (Life) = 0.123
Standard Deviation, Log (Life) = 0.465
Adjusted R2 Statistic = 93%

Sample Size = 33

[Caution:  The equivalent strain model may 
provide unrealistic life predictions for strain 
ratios and ranges beyond those represented above.]

Figure 9.9.1(b).  Example of correlative information and analysis results for a strain
control fatigue data presentation.

9.9.1.1 Load Control — A large collection of 300M alloy die forging fatigue data is presented
in Figure 9.9.1.1(a).  The required steps for the analysis of the data set are presented below.
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log Nf A1 A2 log Seq A4

Seq Smax 1 R
A3 ,

Data Requirements (See Section 9.2.4.8)—The data set consists of four stress ratios (R = -1.0, -0.33, 0.05,
0.2).  Each stress ratio includes at least twenty-three nonrunout observations, easily satisfying the minimum
sample size requirement of six tests per stress ratio.

Data Collection (See Section 9.6.1.1) — The data shown in Figure 9.9.1.1(a) were compiled from four sourc-
es.  Each source reports the results of fatigue testing programs conducted within two years of each other
(1968-1970).

The failure criteria for all tests is reported as complete separation of the specimen.  Those tests which
did not fail are identified on the S/N plot with an arrow ( ).  These runout observations are treated differently
in the regression analysis which define the mean fatigue curves (see Section 9.6.1.9).

Evaluation of Mean Stress Effects (See Section 9.6.1.4)—The collection of data consists of four stress ratios,
and therefore, an equivalent-stress formation was used to consolidate the data.  Equation 9.6.1.4(a),

where

is the initial model attempted for fitting the data, and it proved adequate throughout the analysis.

Estimation of Fatigue Life Model Parameters — Least Squares (See Section 9.6.1.5) — The initial
least-squares regression (runouts excluded) results in the following fatigue-life equation parameters:

A1 = 23.7
A2 = -8.41
A3 = 0.366
A4 = 0.0.

The fatigue-limit parameter (A4) of zero seems somewhat inconsistent with the data shown in Figure
9.9.1.1(a).  A visual examination of the S/N plot reveals a tendency for the data to asymptotically approach
some limiting value.  The zero fatigue limit term suggests that some problem may exist within the data
collection.  A plot of the residuals for the fatigue model using these parameters is shown in Figure 9.9.1.1(b).

The parameters obtained after the model is adjusted for nonconstant variance are:

A1 = 23.4
A2 = -8.38
A3 = 0.40

A4 = 13.5.
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Figure 9.9.1.1(a).  S/N plot of unnotched 300M die forging fatigue data, transverse
orientation.

Figure 9.9.1.1(b).  Residual plot before model has been adjusted for nonconstant
variance.
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Figure 9.9.1.1(c).  Standardized residual plot after model has adjusted for nonconstant
variance.

Note that a fatigue limit term of 13 ksi has now been estimated.  However, a check on the significance of the
A4 term revealed that it was clearly insignificant.  All of the runouts in the data collection were above this
equivalent stress level and, therefore, all runouts were used in the regression procedure.  A  plot of the
residuals after the fatigue life model has been adjusted is shown in Figure 9.9.1.1(c).  Note the  relative shift
in the magnitude of the residuals at the higher and lower Seq values  compared to Figure  9.9.1.1(b).

Treatment of Outliers (See Section 9.6.1.6) — None of the observations were identified as outliers.  The
critical studentized residual at the 5 percent significance level for this data set of 114 observations is 3.63.
The largest standardized residual was 3.23, resulting from a runout observation.

Assessment of the Fatigue Life Model (See Section 9.6.1.7) — The equivalent stress model is not able to
consolidate the R = -0.33 stress ratio with the other stress ratios.  The F-test performed on the residuals of the
stress ratios proves significant at the 5 percent level for R = -0.33.  This indicates that the mean of the
residuals for R = -0.33 differs significantly from the mean of the residuals from the other ratios.  The plot of
stress ratios versus residuals, as shown in Figure 9.9.1.1(d), illustrates that the mean of the residuals for R =
-0.33 is significantly different than those for the other stress ratios.  A close examination of the original S/N
plot shown in Figure 9.9.1.1(a) reveals that the R = -0.33 data tend to overlap the R  = -1.0 data: at the lower
maximum stress levels (about 100 ksi), the R = -1.00 data actually show longer average fatigue lives than do
the R = -0.33 data, when the reverse would be expected.  The Durbin-Watson D statistic for determining lack
of fit is 1.61, indicating a poor fit of the model to the data.  The critical value of D for a sample of 114
observations [Equation 9.6.1.7(a)] is 1.66.

This incompatibility among stress ratios indicates that either a problem exists with the data or with
the assumed equivalent stress model.  The data sources were re-examined to possibly determine if some
difference in specimen preparation or testing procedure among the sources may have caused the inconsis-
tencies.  Unfortunately, no significant differences were discovered that would provide sufficient reason to
exclude the suspect R = -0.33 data due to testing methods alone.  The problem is confounded because all of
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Figure 9.9.1.1(d).  Residual plot of stress ratios.  Note the low mean value of R = -0.33.

the R = -0.33 data comes from a single source which does not include other stress ratios.  This precludes
examining source to source variability.

In situations such as this where a data set for a single source is determined to statistically deviate from
the fatigue trends exhibited by the bulk of the data, it should be evaluated for exclusion.  Engineering
judgement suggests that the R = -0.33 data be excluded from the data collection based on the following:

(1) Unrealistic fatigue limit
(2) Lack of fit for fatigue life model based upon Durbin-Watson statistic
(3) Stress ratio incompatibility.

The modified data collection is now reanalyzed.  For the sake of brevity, the details of the analysis
procedure for Sections 9.2.4.8 (Data Requirements) and 9.6.1.3 (Fatigue Life Models) through 9.6.1.7
(Fatigue Life Models) will be omitted.  It is interesting to note, however, that the fatigue limit term (A4)
resulting from the least squares regression with the R = -0.33 data excluded is 94.2 ksi.  This result more
realistically represents the longer life fatigue trends compared to the previous (insignificant) estimate of 13.5
ksi.  With the suspect data removed, the equivalent stress model is determined to be acceptable at the 5
percent level.  The Durbin-Watson D statistic also is increased to 2.18 indicating that the model now provides
an adequate fit to the data.

Dataset Combination (See Section 9.6.1.8) — With the exclusion of the source containing the R = -0.33 data,
the remaining data set combination is determined acceptable at the 5 percent level.

Treatment of Runouts (See Section 9.6.1.9) — The data collection includes seven runout observations.  The
maximum likelihood procedure has the effect of essentially shifting these runouts to the fatigue lives at which
they most likely would have failed.  The resulting fatigue life model parameters should reflect the slight
increase in estimated fatigue life over the least squares parameters, particularly  in the long life region.  In
general, the maximum likelihood regression will result in a higher intercept term (A1) and a steeper (more
negative) slope (A2).  The A3 and A4 terms are taken as constants to reduce the problem to a linear analysis.
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The parameters resulting from the least squares regression are:

A1 = 14.54

A2 = -5.04

A3 = 0.385

A4 = 94.2.

The maximum likelihood parameters conform to the expected trends for A1 and A2:

A1 = 14.79

A2 = -5.16

A3 = 0.385

A4 = 94.2.

Note the increase in A1 and the decrease (more negative slope) in A2.

Presentation of Fatigue Analysis Results —The stress-life curve and correlative information shown in Figure
9.9.1.1(e) is typical of a MIL-HDBK-5 load-control fatigue data proposal.  

9.9.1.2 Strain Control —A collection of iron alloy bar strain-controlled fatigue data at 70 F is
given in Table  9.9.1.2.  The required steps for the analysis of the data set are presented below.  The guideline
sections relating to each step in the analysis are noted.

Data Requirements (See Section 9.2.4.8) — The data set includes three strain ratios (R  = -1.0, 0.0, 0.6) each
consisting of at least eight nonrunout data points.  This satisfies the minimum recommended sample size for
analysis. Two runouts (Nf = 105 and 106_ at R  = -1 are included in the data set.

Data Collection (See Section 9.6.1.1)—The specimen design for the test program is reported as uniform-gage
section with a diameter of 0.20 inches.  Failure is defined as complete separation.  The tensile properties are
presented in the correlative information.  No information is available regarding the fabrication sequence for
the specimens.  Fabrication information is important, although in this case it is not considered sufficient cause
to reject the data set for analysis.  The test data at the R  = -1.0 strain ratio provide information regarding this
material’s cyclic stress-strain response.  The cyclic stress-strain curve constructed from the data is shown in
Figure 9.9.1.2(a).  The monotonic curve (dashed) is estimated from the reported yield and ultimate strengths.
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Figure X.X.X.X.X(a).  Best-fit S/N curves for unnotched 300M alloy forging, Ftu = 280
ksi, longitudinal and transverse directions.

Correlative Information for Figure X.X.X.X.X

Product Forms: Die forging, 10 x 20 inches
         CEVM
     Die forging, 6-1/2 x 20 inches
         CEVM
     RCS billet, 6 inches CEVM
     Forged Bar, 1.25 x 8 inches
         CEVM

Properties:      TUS, ksi       TYS, ksi Temp., F
      274-294        227-247 RT     

Specimen Details: Unnotched
0.200 - 0.250 inch diameter

Surface Condition: Heat treat and finish grind to a
surface finish of RMS 63 or
better with light grinding
parallel to specimen length,
stress relieve

References:    2.3.1.4.8(a), (c), (d), (e)

Test Parameters:
Loading - Axial
Frequency - 1800 to 2000 cpm
Temperature - RT
Atmosphere - Air

No. of Heat/Lots: 6

Equivalent Stress Equation:
Log Nf = 14.8-5.38 log (Seq-63.8)
Seq = Sa + 0.48 Sm

Std. Error of Estimate, Log (Life) = 55.7 (1/Seq)
Standard Deviation, Log (Life) = 1.037
R2 = 82.0

Sample Size = 104

[Caution:  The equivalent stress model may
provide unrealistic life predictions for stress
ratios beyond those represented above.]

Figure 9.9.1.1(e).  Example S/N curve and correlative information.
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Table 9.9.1.2.  Iron Alloy Strain-Controlled Fatigue Data at 
70 F

Specimen
Number

Smax

(ksi)
Cycles to
Failure

Strain
Ratio

 1 0.600  71.1   10223 -1.00

 2 0.600  77.8   10396 -1.00

 3 0.600  79.2    8180 -1.00

 4 0.970 117.2     605 -1.00

 5 1.000 110.7     672 -1.00

 6 1.000 112.8     642 -1.00

 7 1.500 126.9     209 -1.00

 8 1.500 127.1     340 -1.00

 9 0.600 116.6    3958  0.0 

10 0.600 124.2    3895  0.0 

11 0.597 118.2    3919  0.0 

12 0.600 128.3    4050  0.0 

13 0.600 122.6    2470  0.0 

14 0.400 106.4   16388  0.0 

15 0.393 101.9   22896  0.0 

16 0.400 102.1   15388  0.0 

17 0.400  93.7   38648  0.0 

18 0.400 101.2   11960  0.0 

19 0.750 139.4    1099  0.60

20 0.750 137.3    1544  0.60

21 0.750 113.0     966  0.60

22 0.500 124.5    4665  0.60

23 0.500 140.6    4342  0.60

24 0.500 138.4    4240  0.60

25 0.400 158.0    7460  0.60

26 0.400 146.1   11134  0.60

27 0.400 119.1   10876  0.60

28 0.440  65.8  100000* -1.00

29 0.330  50.0 1000000* -1.00

*  Did not fail.

log Nf A1 A2 log eq A4

eq

A3 Smax/E
1 A3 ,

Evaluation of Mean Stress and Strain Effects (See Section 9.6.1.4)—The data set consists of three strain ratios
and therefore an equivalent-strain formulation is used to consolidate the data on the basis of equivalent strain.
Equation 9.6.1.4(c),

where
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Figure 9.9.1.2(a).  Stable cyclic and monotonic stress-strain curves for iron alloy at 70 F.

is the initial model attempted for fitting the data and proves to be adequate throughout the analysis.

Estimation of Fatigue Life Model Parameters - Least Squares (See Section 9.6.1.5)—The initial least-squares
regression results in the following fatigue-life equation parameters:

A1 = -4.62

A2 = -3.28

A3 = 0.610

A4 = 0.00198.

A plot of the residuals for the fatigue model using these parameters is shown in Figure 9.9.1.2(b).
These residuals do not exhibit the characteristic pattern of increasing residual magnitudes with decreasing
equivalent stress or strain levels shown in Figure 9.6.1.5(a).  Rather, the variance appears to be relatively uni-
form.  During Step 2 of the parameter estimation procedure, a negative, but insignificant, estimate of the
residual model slope, 1, was obtained.  This result indicates the residuals are already uniformly distributed
and a constant variance model can be used.  The constant variance model, in effect, does not weight the
fatigue life model, so the initial parameter estimates are retained.
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Figure 9.9.1.2(b).  Residual plot of fatigue-life model for initial parameter estimates.

Treatment of Outliers (See Section 9.6.1.6) — After the data have been checked for uniformity of variance,
they can be screened to determine if any outliers are present.  The critical studentized residual at the 5 percent
significance level for this sample of 27 observations is found to be 3.53.  Any of the observations with the
absolute value of the studentized residuals being greater than 3.53 would be considered outliers.  The largest
studentized residual from the data was 2.09; therefore, none of the observations are identified as statistically
significant outliers.

Assessment of the Fatigue Life Model (See Section 9.6.1.7) — The equivalent strain formulation is
marginally acceptable at the 5 percent level.  The lack of fit test for the fatigue-life model results in a Durbin-
Watson D statistic of 1.042.  The critical value of D for a sample size of 27 is 1.241 [Equation  9.6.1.7(b)].

Since the Durbin-Watson statistic is less than the critical value, the equivalent strain model must be
considered questionable in terms of its compensation for effects of strain ratio.  However, no other model was
found to perform better and a review of the plotted data revealed very low scatter compared to the  predicted
trends.  Therefore, engineering judgement was used, and the proposed model was accepted.

Data Set Combination (See Section 9.6.1.8) — All of the data for this analysis came from a single source;
therefore, this test is not applicable.

Treatment of Runouts (See Section 9.6.1.9) — The data set being considered includes two runout observa-
tions.  The parameters A1 and A2 are therefore reestimated using the maximum likelihood regression to
account for censored life values.  The maximum likelihood estimates are:

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-228

A1 = -5.07

A2 = -3.47

A3 = 0.610

A4 = 0.00198.

The change in parameters A1 and A2 shift the predicted lives to greater values than the least squares parameter
estimates.

Presentation of Fatigue Analysis Results — The presentation of the strain-life curve and correlative
information shown in Figure 9.9.1.2(c) is typical of a MIL-HDBK-5 strain-control fatigue data proposal.
Regarding the mean stress relaxation plot, note that a single regression has been performed to represent both
the R  = 0.6 and R  = 0.0 strain ratios.  Although it would be expected that higher strain ratios would result
in higher stabilized mean stresses, the limited amount of data precludes performing separate regressions for
each strain ratio.  It can be seen from the strain-life plot that using the single regression does represent the
mean fatigue trends fairly well.

9.9.2 FATIGUE CRACK GROWTH— When preparing fatigue crack growth data proposals for
submittal to the MIL-HDBK-5 Coordination Group, several steps must be taken.  First, various factors
potentially influencing crack-propagation rates should be documented in a fatigue crack growth Data Proposal
as shown in Table 9.9.2.  Second, data for individual test conditions should be plotted and compared so that
a determination can be made as to whether combinations of test conditions are appropriate.  If data are avail-
able for a range of specimen thicknesses, it may be desirable to treat such data in separate plots, if fatigue
crack growth rate behavior is influenced by thickness.  Similarly, potential effects of environment, buckling
restraints, specimen width, specimen type, crack orientation, temperature, and frequency should be evaluated;
and, where visible differences in fatigue crack growth rate trends exist, separate plots must be developed.
In some cases, it may be necessary (or helpful) to include working figures of trial combinations of fatigue
crack growth data so that reviewers of the data proposal can more easily see reasons for particular data
combinations.  If a collection of fatigue crack growth data (involving one or more figures) is approved,
working curves and background data sheet will be retained in MIL-HDBK-5 files and only the final data plot
will be incorporated in the Handbook.

Fatigue crack growth data are presented in the Handbook on double logarithmic graphical displays
of crack-growth rate, da/dN, µ-in./cycle, versus stress-intensity factor range, K.  Data points are presented
along with a visually best-fit line judged to be most representative of the median behavior of those data.  A
sample display is presented in Figure 9.9.2.

Since data are not necessarily generated at predesignated stress ratio levels, stress ratio increments
which are used on a given display are selected to present the most complete portrayal of available data. Data
are summarized in graphical displays in the appropriate chapters of MIL-HDBK-5.
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Figure 9.9.1.2(c). /N curve and correlative information for iron alloy at 700 F.
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Correlative Information for Figure 9.3.4.17(c)

Product Form: Bar, 1 inch thick

Thermal Mechanical Processing History:
Not available

Properties:
TUS, ksi      TYS, ksi       E, ksi  Temp., F
 175-180       150-155      27,500  70    

Stress-Strain Equations:
Monotonic

Proportional Limit = 150 ksi
 = 280 ( p)

0.12

Cyclic (Companion Specimens)
Proportional Limit = 105 ksi (est.)
( /2) = 196 ( p/2)0.076

Mean Stress Relaxation

m = 125.4-25666( /2)

Specimen Details: Uniform gage test section
 0.200 inch diameter

Reference: 3.4.5.6.8(a)

Test Parameters:
Strain Rate/Frequency - 180 cpm
Wave Form - Sinusoidal
Temperature - 70 F

No. of Heats/Lots: 4

Equivalent Strain Equation:
Log N = -5.07-3.47 log ( eq-0.00198)

eq = ( )0.61 (Smax/E)0.39

Standard Error of Estimate, Log(Life) = 0.111
Standard Deviation, Log (Life) = 0.555
Adjusted R2 Statistic = 96%

Sample Size = 29

[Caution:  The equivalent strain model may 
provide unrealistic life predictions for strain 
ratios and ranges beyond those represented above.]

Figure 9.9.1.2(c).  /N curve and correlative information for iron alloy at 700 F —
Continued.

9.9.3 FRACTURE TOUGHNESS (NEED SAMPLE PROBLEMS) — To assure proper evaluation of plane
stress and traditional fracture toughness data, adequate documentation of test results must be included with
any data  submittals for MIL-HDBK-5.  The minimum quantity of experimental information considered
appropriate for data proposals on the subject is described in Section 9.2.4.10.

9.9.3.1 Plane Strain — (See Section 9.6.3.1) Room temperature values of KIc are tabulated in
the introductory comments for each chapter. This table will include the range (minimum, average, and
maximum) in KIc values, alloy, product form, heat treat condition, TYS range, product thickness, number of
test specimens, number of lots, test specimen thickness range, and grain direction represented by data.  Where
data are available, effect of temperature on KIc is presented graphically in the appropriate alloy section.  It
is preferable that data incorporated in MIL-HDBK-5 represent a minimum of three specimens each from a
minimum of five lots of material for each test direction.

9.9.3.2 Plane Stress — (See Section 9.6.3.2) Plane stress and transitional fracture toughness data
and other crack damage information are presented in each alloy chapter.  Data are categorized by product
form, grain direction, thickness (or thickness range), temperature, and strain rate.  The presentation format
is dependent upon the flaw and structural configuration as described in the following paragraphs.
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Table 9.9.2.  Sample Listing of Fatigue-Crack-Growth Background Data

Materials: Ti-6Al-4V Titanium
Alloy Designation or Specification: MIL-T-9046, Type III, Composition C
Product Form: Plate
Heat Treatment: Mill Annealed
Heat Number(s): Ingot 295338

Chemistry (% by weight): C 0.02
N 0.010
Fe 0.18
Al 6.4
V 4.2
O 0.127
H 81 (PPM)

Data Source(s): Feddersen, C. E., and Hyler, W. S., “Fracture and
Fatigue-Crack Propagation Characteristics of 1/4 Inch
Mill Annealed Ti-6Al-4V Titanium Alloy Plate”, Report
No. G9706, Battelle (1971).

Specimen Description:
  Type: M (T) Panel
  Thickness: 0.250 inch
  Width: 9, 16, 32 inches
  Crack Orientation: L-T
  Location w-r-t Product Thickness: Through-thickness specimen
  Surface Finish: Not Indicated

Test  Conditions:
  No. of Specimens:         9     7    6
  Maximum Stress or Load: 5, 10, 30 ksi 5, 10, 30, 50 ksi 10, 30, 50 ksi
  Stress Ratio:       0.10     0.40 0.70
  Cyclic Frequency: 1-25 Hz
  Environment: 50% relative humidity
  Temperature: 68 ± 2 F
  Buckling Restraints?: Yes
  Crack Monitoring Technique: Optical

Additional Comments: 1. Frequency was varied from 1 to 25 Hz according to
the magnitude of stress range, no frequency effects
were noted in this environment.

2. From 20 to 70 crack readings were made on each
specimen.

3. No panel width effects on FCG rates were evident.
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Figure X.X.X.X.X.  Typical-crack-growth data for 0.090-inch-thick, 7075-T6 aluminum alloy sheet with
buckling restraint.  [References 3.7.4.1.9(a) through (e)].

Specimen Thickness: 0.090 inch Environment: Lab Air

Specimen Width: 1-1/2 - 12 inches Temperature: RT

Specimen Type: M (T) Orientation: L-T

Figure 9.9.2.  Sample display of fatigue-crack-growth-rate data.
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Figure 9.9.3.2.  Format for the presentation of middle-
tension panel data.

2a

2ao

2ac 2ao

2ao

ac

ao

1
K

2
c

K
app

1 ,

Kc fc acsec ac/W
1/2

Middle-Tension Panel Data — Apparent fracture instability data for middle-tension panels are
presented on the graphical format of maximum gross stress versus initial crack length as illustrated in Figure
 9.9.3.2.  These data plots are presented as information and not as design allowables; hence, additional testing
is necessary to substantiate design allowables over the range of crack lengths of interest.

The data in such graphical display satisfy the screening criterion of Equation 9.6.3.2.

The apparent stability fracture toughness value Kapp associated with each curve is a simple average
of test values determined according to Equation 9.6.3.2.1

The average apparent toughness curve is presented over a range extending from the short crack length
associated with a net section stress of 80 percent of tensile yield strength to either the largest crack length
contained in the data, or one-third the panel width, whichever is greater.

Since slow, stable tear may occur during the loading of a cracked panel, an approximate measure of
crack extension possible prior to fracture is useful to assess conditions of fracture instability.  Where data are
available, the average ratio,  (2a)/(2ao), of crack extension prior to fracture to initial crack length is indicated
in the field of the graphical display.  This ratio is determined through

where
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is the average stress intensity factor associated with critical fracture instability as determined by the reporting
investigator.

Where data for a material include a thickness range from essentially plane stress to plane strain
fracture toughness data will be summarized also as a display of thickness effect similar to Figure 9.9.3.2.
From this figure, K values for the appropriate thickness, t, can be selected and residual strength curve similar
to Figure 9.9.3.2 can be constructed.

At present, since these are not design allowable data, requirements on the quantity of information
necessary will not be specified.  Data displays will be prepared for those materials, product forms and
thicknesses where a sufficient number of tests at various crack and specimen sizes are available to establish
a distinct trend.  Correlative information will be appended below such graphical displays to indicate range
of test panel sizes, crack lengths, and number of heats or lots of the material from which determination of Kapp

was determined.

9.9.4 CREEP AND CREEP RUPTURE — Creep-rupture proposals developed for review and possible
inclusion in MIL-HDBK-5 should contain the following information and meet associated criteria.

Data Reporting—The background information will meet the requirements of Section 9.2.4.11.  Test
results will be listed in a manner such that all data are identifiable in terms of material and test background
information as well as test conditions used in generating data.

Analysis Reporting—The analysis report will display the following;

(a) Trials—Equations tried and reason for ejecting.

(b) Data rejected—Reason.

(c) Best-fit details—Listing of data, calculated values, and deviations.  All data are to be clearly
traceable in terms of data reporting requirements.

(d) Standard error or total variance and correlation coefficient.

(e) Subset variance—If random subsets are used, report both the pooled within-subset variance and
the between-subset variances as well as the total variances.

(f) Constants—Report the average regression constant and regression constants for any subsets.(g)
Coefficients—Report the numerical value of the coefficient of each regression variable and
its standard error.

(h) Equation—Exhibit the equation used; with the coefficients, b1, traceable to the numerical listing
in above item (g).

(i) Deviation—Exhibit plots of deviations in life versus calculated life for each temperature and, as
far as possible, identify according to subsets.  It is also possible to provide a summary table  of
deviations.  As an example of isostrain creep or rupture, divide the life range of data in five equal
logarithmic increments and, for each temperature, give the algebraic sum of deviation with that
increment.  If random subsets are used, deviations summed are to be those from within the
respective subsets.

(j) Data and Curve Comparison—Display data against the calculated average curve.  Encode data
with symbols as the deviation plots.  Scale coordinates such that the curves have an apparent
slope of about -1.0.  Use scales appropriate for the most significant form of the regression
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variable, usually log(stress) versus log(life), with life (dependent variable) on the abscissa and
stress on the ordinate.

(k) Curve Extrapolation Tests—Exhibit the average curve from one to 105 hours for corresponding
temperature levels.  Representative curves may be used including extreme values of independent
variables represented in data.  Further, calculation of desired tolerance limit (e.g., probability
level) should be performed to assist in determining validity of the extrapolation.

The above recommendations apply to incorporation of new creep and/or stress-rupture curves in MIL-
HDBK-5.  The use of creep nomographs has been discontinued.  Creep nomographs in MIL-HDBK-5 will
be replaced as data are reanalyzed and new analytically defined creep and stress rupture curves are developed.

The presentation for MIL-HDBK-5 will include one or more pages of correlative information,
equations, and curves as needed.  Requirements on each will vary with the problem and should be reasonably
obvious from data, background information, and analytical results.

An example of a typical data presentation is shown in Figure 9.9.4.  Note that raw data are displayed
along with mean trend lines, on a semi-logarithmic plot of stress versus time.  Supportive data describing
alloy, specimen details, and analysis results are also presented.  Table 9.9.4 provides even more detailed, but
necessary, information on such factors as heat treatment details and inverse matrix (which can be used in
conjunction with other analysis results to compute lower level tolerance limits for the data).

Some creep data are still presented in creep nomographs.  For these cases, the analysis and presenta-
tion were based primarily on Reference 1.4.8.2.1(b).  The presentation of creep data in the form of a nomo-
graph is not in compliance with the above guidelines. 

9.9.4.1 Creep-Rupture Example Problem —By a slight chemical change and modification
of heat, the former Alloy 325 is now believed to have an increased stress-rupture life of 20 percent to 30
percent.  It is desired to fully characterize these properties over the 1600 to 1900 F range.  Average creep life
is to be from 10 hours to 1,000 hours.

Nineteen stress rupture tests from two heats of new alloy averaged 37.4 hours at 30 ksi/1800 F, s(log
10) = 0.150.  Figure 9.9.4.1(a) is a log-log mean life plot of predicted stress rupture properties of modified
Alloy 325 based on a predicted value.  A 1750 F line has been added to the original plot.  From this log-log
plot, it can be seen that only three temperatures need to be tested because there are stress levels in common
with the 1600 F line, and the same is true for the 1750 F and 1900 F lines.

Next, three temperature lines are bracketed with the 10-hours to 1000-hours life range.  See
Figure 9.9.4.1(b).  Stress levels are then chosen to give the desired life.  There are 25 tests required with this
procedure.  All 25 could be run, or 3 tests could be randomly eliminated from the center cells of the matrix
(see circled cells).  If 3 are deleted this would leave 22 tests, which are near the minimum of 20. These tests
could be conducted and these data added to the 19 specific data points at 30 ksi/1800 F.  This  quantity would
constitute the data set.  Table 9.9.4.1 shows the results of a simulated sampling.

A Larson-Miller analysis of data produced the curves in Figures 9.9.4.1(c) and (d).  Data plotted with
the temperature lines of Figure 9.9.4.1(d) confirm a good fit over the range of data.  The approach described
in this example can be used for any creep or rupture experimental design.
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Figure 9.9.4.  Average isothermal stress rupture curves for alloy XYZ forging.

Correlative Information for Figure 9.9.4

Makeup of Data Collection:
Public Specifications—AMS 5663
Heat Treatment—2, 21 [See Table 9.3.6.7(a)]
Number of Vendors—Not specified
Number of Heats—7
Number of Test Laboratories = 3
Number of Tests = 347

Specimen Description:
Type—Unnotched round bar
Gage Length—N.A.
Gage Thickness—1/4"—3/8"

Stress Rupture Equation:
Log t = c + b1 T + b2 X + b3 X

2 + b4 X
3

T = R, X = log (stress, ksi)
c = 186.27
b1 = -0.01778
b2 = -255.25
b3 = 146.28
b4 = -28.65

Analysis Details:
Inverse Matrix—See Table 9.3.6.7(a)
Standard Deviation = 0.63
Standard Error of Estimate = 0.29
Within Heat Variance = 0.071
Ratio of Between to Within Heat
Variance = (at spec pt.) < 0.10
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Table 9.9.4.  Supplemental Data Pertaining to the Stress Rupture Behavior of Alloy XYZ Forging

Heat Treatment Details

Heat Treatment
No.

Cycle
No.

Temperature,
F

Time,
Hours Cool

2 1
2
3

1800
1325
1150

1
8
8

AC, WQ
FC (100 F/hr)
AC

21 1
2
3

1700-1850
1325
1150

1
8
8

AC
FC (100 F/hr)
AC

Stress Rupture Equation and Inverse Matrix for the Creep Stress =
0.10, 0.20, 0.50, and 5.00% and Stress Rupture Conditions

log t = c + b1T + b2X + b3X
2 + b4X

3 + b5Y1 + b6Y2

                     + b7Y3 + b8Y4 + b9Y5

where Y1 = 1; Y2, Y3, Y4, Y5 = 0 for Creep Strain = 0.10% Data
Y2 = 1; Y1, Y3, Y4, Y5 = 0 for Creep Strain = 0.20% Data
Y3 = 1; Y1, Y2, Y4, Y5 = 0 for Creep Strain = 0.50% Data
Y4 = 1; Y1, Y2, Y3, Y5 = 0 for Creep Strain = 5.00% Data

Y1, Y2, Y3, Y4, Y5 = 0 for Stress Rupture Data

Column

Row

1 2 3 4 5 6 7 8 9

1
2
3
4
5
6
7
8
9

 1.809E+00
-1.108E-03
-1.978E+00
 6.499E-01
-5.748E-02
-1.606E+00
-1.444E+00
-1.015E+00
-9.777E-01

-1.108E-03
 6.834E-07
 1.212E-03
-3.979E-04
 3.517E-05
 9.843E-04
 8.852E-04
 6.219E-04
 5.993E-04

-1.978E+00
 1.212E-03
 3.482E+00
-1.657E+00
 2.032E-01
 1.634E+00
 1.359E+00
 6.886E-01
 5.921E-01

 6.499E-01
-3.979E-04
-1.657E+00
 9.145E-01
-1.220E-01
-4.892E-01
-3.610E-01
-6.305E-02
 3.594E-03

-5.748E-02
 3.517E-05
 2.032E-01
-1.220E-01
 1.697E-02
 3.801E-02
 2.248E-02
-1.245E-02
-2.618E-02

-1.606E+00
 9.843E-04
 1.634E+00
-4.892E-01
 3.801E-02
 1.471E+00
 1.303E+00
 9.401E-01
 9.124E-01

-1.444E+00
 8.852E-04
 1.359E+00
-3.610E-01
 2.248E-02
 1.303E+00
 1.222E+00
 8.806E-01
 8.600E-01

-1.015E+00
 6.219E-04
 6.886E-01
-6.305E-02
-1.245E-02
 9.401E-01
 8.806E-01
 7.491E-01
 6.987E-01

-9.777E-01
 5.993E-04
 5.921E-01
 3.594E-03
-2.618E-02
 9.124E-01
 8.600E-01
6.987E-01
1.195E+00
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Figure 9.9.4.1(a).  Estimated stress rupture curves for Alloy 325 (MOD).

Figure 9.9.4.1(b).  Experimental design matrix for creep rupture.
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Figure 9.9.4.1(d).  Alloy 325 (MOD) stress rupture typical life.

Figure 9.9.4.1(c).  Alloy 325 (MOD) stress rupture
typical life.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-240

Table 9.9.4.1.  Results of Simulated Sampling of Creep-Rupture Data

ksi 1600 F ksi 1750 F ksi 1900 F

63
59
54
52
45
42
39
36

19.0 hrs.
11.1 hrs.
36.3 hrs.

170.7 hrs.
148.0 hrs.
376.0 hrs.
806.9 hrs.
878.0 hrs.

42
39
36
32
29
27
22
20

8.8 hrs.
35.5 hrs.
52.3 hrs.
71.8 hrs.

121.9 hrs.
355.9 hrs.
389.0 hrs.

2912.4 hrs.

25
22
17
15
12
10
*
*

27.6 hrs.
23.9 hrs.
65.4 hrs.

140.3 hrs.
257.5 hrs.
623.5 hrs.

*No interest.

SPECIFICATION DATA
@ 30 KSI 1800 F

Hours

41.4
16.5
35.0
33.6
32.6

33.1
27.4
33.4
51.3
42.7

70.5
37.5
48.6
29.0
26.4

36.1
34.9
74.2
47.5

(n = 19, X
–

 = 37.4, s(log 10) = 0.150)

9.9.5 Mechanically Fastened Joints — The final table of allowable loads must be presented
in a format suitable for use in MIL-HDBK-5, as illustrated in Figures 9.9.5.1(a) and (b).  Figure 9.9.5.1(a)
is the approved format for fastener tables approved prior to December 31, 2002, while Figure 9.9.5.1(b) is
the required format for fastener tables approved after December 31, 2002.  The distinguishing factor between
these two tables is the statistical basis associated with the ultimate and yield loads.  Refer to Section 9.7 for
a detailed discussion of the currently approved statistical analysis procedures for mechanical fasteners.  The
following notes apply to the circled numbers in Figures 9.9.5.1(a) and (b).

(1) Omit table number.  (Secretariat will assign table number.)

(2) Head type:  100  Flush Head, 100  Flush Shear Head, Protruding Head, Protruding Shear
Head, etc.  The shear designation is applied to 100  or protruding head fasteners with heads
similar in size to those on Hi-Shear rivets, shear-type lock-bolts, shear-head Hi-Lok, Taper-
Lok, or similar fasteners.

(3) Fastener material:  steel, aluminum alloy, Monel, A286, nickel alloy, etc.

(4) Type of fastener:  blind rivet, rivet, bolt, blind bolt, screw, tapered fastener, etc.

(5) Type of hole:  machine countersunk or dimpled.  (Omit for protruding head fasteners.)

(6) Sheet material:  consistent with other MIL-HDBK-5 tables.

(7) “Rivet” for blind or conventional rivets, “Fastener” for other type fasteners.
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1 2 3 4
Table XXXX(b).  Static Joint Strength of Flush Head 6061-T8 Aluminum Alloy Rivets in
Machine- 5  Countersunk Clad Aluminum Alloy Sheet 6

Rivet Type 7  .......................................... NASXXXXa (Fsu = AAA ksi) 8

Sheet Material ......................................... Clad 7075-T6 9

Rivet Diameter, in. .................................
(Nominal Hole Diameter, in.)b ...............

3/32 10

(0.096)
1/8 10

(0.1285)
5/32 10

(0.159)
3/16 10

(0.191)
1/4 10

(0.257)

Ultimate Strength, lbs (Estimated Lower Bound)

Sheet thickness:

0.032   ................................................... 12  182c ... ... ... ...

0.040   ...................................................  227 d
12   304 ... ... ...

0.050   ...................................................  246    381 d
12   471 ... ...

0.063   ................................................... ...    441   594 d
12   714 ...

0.071 11  ............................................... ... ...   670   805 d ...

0.080   ................................................... ... ...   675   907 ... 16

0.090   ................................................... ... ... ...   974 12 1375

0.100   ................................................... ... ... ... ... 1525 d

0.125   ................................................... ... ... ... ... 1765

Fastener shear strengthe
13  ......................  246 14   441 14   675 14   974 14 1765 14

Yield Strengthf, lbs (Conservatively Adjusted Average)

Sheet thickness, in.:

0.032   ................................................... 119 15 ... ... ... ...

0.040   ................................................... 188 224 15 ... ... ...

0.050   ................................................... 246 307 349 15 ... ...

0.063   ................................................... ... 414 481  539 15 ...

0.071 11  ............................................... ... ... 563  637 ...

0.080   ................................................... ... ... 655  748 ...

0.090   ................................................... ... ... ...  870 1060 15

0.100   ................................................... ... ... ... ... 1230

0.125   ................................................... ... ... ... ... 1640

Fastener tensile strengthg, lbs 18  ............. 275 495 755 1090 1975

Head height (ref.), in. 19  ......................... 0.039 0.049 0.059 0.070 0.091

 a  Data supplied by ABC Corporation and DEF Company, Confirmatory data provided by XYZ Company.
 b  Fasteners installed in clearance holes (.00XX-.00YY) (Ref. 8.1.X).
 c  Yield value is less than 2/3 of indicated ultimate strength value.

17  d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge
  condition in design of military aircraft requires specific approval of the procuring agency.

 e  Rivet shear strength is documented in NAS XXZZ as AAA ksi.
 f  Permanent set at yield load:  4% of nominal diameter (Ref. 9.4.1.3.3).
 g  System maximum tensile strength as tested in steel fixture.

NOTE:  See Section 9.4.1.6 for format recommendations indicated by circled numbers.

Figure 9.9.5.1(a).  Sample format for MIL-HDBK-5 (non B-Basis) allowable joint strength
tables published prior to December 31, 2002.
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1 2 3 4
Table XXXX(b).  B-Basis Static Joint Strength of Flush Head 6061-T8 Aluminum Alloy Rivets
in Machine- 5  Countersunk Clad Aluminum Alloy Sheet 6

Rivet Type 7  .......................................... NASXXXXa (Fsu = AAA ksi) 8

Sheet Material ......................................... Clad 7075-T6 9

Rivet Diameter, in. .................................
(Nominal Hole Diameter, in.)b ...............

3/32 10

(0.096)
1/8 10

(0.1285)
5/32 10

(0.159)
3/16 10

(0.191)
1/4 10

(0.257)

Ultimate Strength, lbs (B-Basis)

Sheet thickness:

0.032   ................................................... 12  xxxc ... ... ... ...

0.040   ...................................................  xxx d
12   xxx ... ... ...

0.050   ...................................................  xxx    xxx d
12   xxx ... ...

0.063   ................................................... ...    xxx   xxx d
12   xxx ...

0.071 11  ............................................... ... ...   xxx   xxx d ...

0.080   ................................................... ... ...   xxx   xxx ... 16

0.090   ................................................... ... ... ...   xxx 12 xxxx

0.100   ................................................... ... ... ... ... xxxx d

0.125   ................................................... ... ... ... ... xxxx

Fastener shear strengthe
13  ......................  xxx 14   xxx 14   xxx 14   xxx 14 xxxx 14

Yield Strengthf, lbs (B-Basis)

Sheet thickness, in.:

0.032   ................................................... xxx 15 ... ... ... ...

0.040   ................................................... xxx xxx 15 ... ... ...

0.050   ................................................... xxx xxx xxx 15 ... ...

0.063   ................................................... ... xxx xxx  xxx 15 ...

0.071 11  ............................................... ... ... xxx  xxx ...

0.080   ................................................... ... ... xxx  xxx ...

0.090   ................................................... ... ... ...  xxx xxxx 15

0.100   ................................................... ... ... ... ... xxxx

0.125   ................................................... ... ... ... ... xxxx

Fastener tensile strengthg, lbs 18  ............. xxx xxx xxx xxxx xxxx

Head height (ref.), in. 19  ......................... x.xxx x.xxx x.xxx x.xxx x.xxx

 a  Data supplied by ABC Corporation and DEF Company, Confirmatory data provided by XYZ Company.
 b  Fasteners installed in clearance holes (.00XX-.00YY) (Ref. 8.1.X).
 c  Yield value is less than 2/3 of indicated ultimate strength value.

17  d Values above line are for knife-edge condition and the use of fasteners in this condition is undesirable.  The use of knife-edge
  condition in design of military aircraft requires specific approval of the procuring agency.

 e  Rivet shear strength is documented in NAS XXZZ as AAA ksi.
 f  Permanent set at yield load:  4% of nominal diameter (Ref. 9.4.1.3.3).
 g  System maximum tensile strength as tested in steel fixture.

NOTE:  See Section 9.4.1.6 for format recommendations indicated by circled numbers.

Figure 9.9.5.1(b).  Sample format for MIL-HDBK-5 allowable joint strength tables
published after December 31, 2002.
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(8) Add footnote indicator to part numbers and indicate in a footnote the vendor(s) whose part
number is shown if the fastener is not covered by an MS or NAS part number.  Include
fastener shear strength, material temper, and nut or collar identification.

(9) Sheet or plate material and heat treatment or condition.

(10) Nominal fastener diameter.  For H-category fasteners, show nominal fractional hole size and,
in parentheses, show actual nominal hole size in decimal equivalent.  For S-category
fasteners, show nominal fractional shank diameter and, in parentheses, show actual fastener
shank diameter in decimals [i.e., a l/8-inch-diameter NAS1740 rivet would be listed as 1/8
(0.144)].

(11) Select standard sheet and plate thickness from the following:

0.008
0.010
0.012

0.016
0.020
0.025

0.032
0.040
0.050

0.063
0.071
0.080

0.090
0.100
0.125

0.160
0.190
0.250

0.312
0.375
0.500

0.625
0.750
0.875

(12) Present design allowable values starting at first sheet thickness below knife-edge condition
and continuing through the first value equal to or greater than shear strength value.
Allowable loads will not exceed shear strength.  Add footnote indicator to ultimate strength
values when yield is less than two-thirds of ultimate loads as indicated in Item (17).

(13) Use the words: “Rivet shear strength” or “Fastener shear strength” conforming to Item (7)
nomenclature.

(14) Fastener single-shear allowable loads in pounds.

(15) Present yield strength values for the same thickness and diameters for which ultimate
strength values are provided.

(16) For those countersunk head fasteners for which design values are applicable to thin sheet
thicknesses, such that the countersink extends into the bottom sheet, a horizontal line will
be drawn in each column of the joint allowables table above the first ultimate strength design
value for which the countersink still is contained within the top sheet.  For these cases,
footnote (f) will be used, as indicated in Item (17).

(17) Add all applicable footnotes from the list of standard notes shown below.  All footnotes will
be designated by lower case letters.

(a) “Yield value is less than two-thirds of the indicated ultimate strength value.”  (Place footnote
indicator next to applicable ultimate strength value.)

(b)“These allowables apply to double-dimpled sheets and to the upper sheet dimpled into a
machine-countersunk sheet.  The thickness of the machine-countersunk sheet must be at least
one tabulated gage thicker than the upper dimpled sheet.”  (Place footnote indicator next to
the words “Ultimate Strength, lbs” at the top of the table.)

(c) “Data supplied by ABC Corporation.”  When applicable add:  “Confirmatory data provided
by XYZ Company.”  (Place footnote indicator next to part number.)

(d)“Shear strength based on areas computed from nominal hole diameters or nominal shank
diameters, as applicable (indicate Table 8.1.2(a), or list hole diameters), and Fsu = (indicate
shear strength).”  Indicate the source of the shear strength (MIL or NAS specifications or
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data analysis).  The footnote indicator is placed next to the words “Fastener shear strength”
indicated by Item 13 above.  The shear strength will not be greater than the strength
required in the controlling specification or standard.

(e)“Allowables based on nominal hole diameters of (list hole diameters).”  This footnote is used
when shear strength is controlled by MIL or NAS specifications, and Table 8.1.2(a) hole
diameters are not used.

(f) “Values above line are for knife-edge condition and the use of fasteners in this condition is
undesirable.  The use of knife-edge condition in design of military aircraft requires specific
approval of the procuring agency.”

(g)“Permanent set at yield load:  4% of nominal diameter (see Section 9.7.1.1).”

(h)“Fasteners installed in clearance (or interference) holes.”  Indicate actual range of fastener-
hole fits (interference-clearance) from test program.

(i) “System maximum tensile strength as tested in steel fixture.”  This footnote is used when
table contains fastener tensile strength values.  (Place footnote indicator next to the words
“Fastener tensile strength, lbs”.)

(18) When applicable, add line below yield strength section to present “Fastener tensile strength,
lbs”.  List the appropriate value for each fastener diameter.

(19) For flush head fasteners, add line below yield strength section to present “Head height (ref.),
in.”  List appropriate value for each fastener diameter.

9.9.6 Fusion-Welded Joints — The welding conditions of major significance to potential users
of the data should be shown in the data presentation for each basic population of weldments considered.
Among these variables, the following are the minimum that should be specified, where applicable:

(1) Alloys

(2) Weld-heat-treat conditions

(3) Filler materials

(4) Welding processes

(5) Weld repairs

(6) Joint thicknesses

(7) Joint types

(8) Weld quality levels

(9) Welding methods, i.e., manual or mechanized.

Since data presented are based on coupon-derived results, it is also necessary to provide comments
on use of data in structural design.
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Figure 9.9.6.2.  Typical format for presentation of room-temperature properties of
weldments.

9.9.6.1 Additional Information — When weldment data are presented, they should include
comments to aid designers in selecting appropriate welding processes or conditions.  In addition, comments
alerting a designer to possible fabrication problems or environmental effects should be included.  These may
include:

(1) Potential weld heat-treating sequences for the alloy

(2) Applicable welding methods

(3) Comments on weldment properties

(4) Discussion of pertinent welding process variables, such as heat input sensitivity or restrictions,
preheat requirements, atmospheric contamination, and significant metallurgical phenomena.

9.9.6.2 Room-Temperature Properties — Data on room-temperature properties of
weldments are presented in tabular form illustrated in Figure 9.9.6.2.  The figure describes base material,
welding variables, and weld character conditions that the data represent, as well as properties of interest.
Precautionary notes for use of data in design are presented in footnotes and are discussed in Section 9.9.6.4.
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Figure 9.9.6.3.  Typical effect of temperature presentation.

9.9.6.3 Data on Effect of Temperature — A typical effect-of-temperature curve of weldment
properties is shown in Figure 9.9.6.3.  This type of curve should be presented in conjunction with
room-temperature properties, referencing welding conditions and precautionary notes of the
room-temperature case.

9.9.6.4 Use of Design Data — In footnotes to coupon-derived design data, it is necessary to
present precautionary notes on the use of data in structural design.  It is recognized that structures may not
fail under load in the same manner as a coupon.  This lack of one-to-one correlation may be due to differences
either in weldment character resulting from potentially higher variability of production welding, or state of
stress.  Coupon-structure ratios are used to account for these differences.

The coupon-derived basic weld allowable accounts for a sizeable portion of the variability in welded
joints; coupon-structure ratio accounts for the remainder.  Since the state of stress (and to some extent,
distribution of stress) is accounted for in the coupon-structure ratio, it is probable that each general structural
configuration will have a unique coupon-structure ratio.  For example, the coupon-structure ratio for a tank
which must resist internal pressure would be different from the ratio for a welded joint in a sandwich panel.
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9.10 STATISTICAL TABLES

A number of tables of statistical values that are required for analyses described in the MIL-HDBK-5
Guidelines are presented in this section.  For tables containing various fractiles or confidence levels, only
applicable portions are reproduced herein.  Table 9.10.1 was reproduced by permission from Reference
9.10.1.  Tables 9.10.2 through 9.10.6 were reproduced or adapted from tables in Reference 9.1.5, with the
addition of a few individual values from various other sources.  Tables 9.10.7 through 9.10.9 were created
specifically for MIL-HDBK-5J.
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Table 9.10.1.  One-Sided Tolerance Limit Factorsa, k, for the Normal Distribution, 0.95
Confidence, and n-1 Degrees of Freedom

Note: These P values should only be used for substantiation of S-basis minimum properties (see
Section 9.4).  Weibull, Pearson, or nonparametric procedures should be used when calculating
T90 and T99 values to determine A- and B-basis minimum static properties (see Section 9.5). 

n P = 0.99 n P = 0.99 n P = 0.99 n P = 0.99

30 3.064

31 3.048 61 2.802 91 2.704 121 2.648

32 3.034 62 2.798 92 2.701 122 2.646

33 3.020 63 2.793 93 2.699 123 2.645

34 3.007 64 2.789 94 2.697 124 2.643

35 2.995 65 2.785 95 2.695 125 2.642

36 2.983 66 2.781 96 2.692 126 2.640

37 2.972 67 2.777 97 2.690 127 2.639

38 2.961 68 2.773 98 2.688 128 2.638

39 2.951 69 2.769 99 2.686 129 2.636

40 2.941 70 2.765 100 2.684 130 2.635

41 2.932 71 2.762 101 2.682 131 2.634

42 2.923 72 2.758 102 2.680 132 2.632

43 2.914 73 2.755 103 2.678 133 2.631

44 2.906 74 2.751 104 2.676 134 2.630

45 2.898 75 2.748 105 2.674 135 2.628

46 2.890 76 2.745 106 2.672 136 2.627

47 2.883 77 2.742 107 2.671 137 2.626

48 2.876 78 2.739 108 2.669 138 2.625

49 2.869 79 2.736 109 2.667 139 2.624

50 2.862 80 2.733 110 2.665 140 2.622

51 2.856 81 2.730 111 2.663 141 2.621

52 2.850 82 2.727 112 2.662 142 2.620

53 2.844 83 2.724 113 2.660 143 2.619

54 2.838 84 2.721 114 2.658 144 2.618

55 2.833 85 2.719 115 2.657 145 2.617

56 2.827 86 2.716 116 2.655 146 2.616

57 2.822 87 2.714 117 2.654 147 2.615

58 2.817 88 2.711 118 2.652 148 2.613

59 2.812 89 2.709 119 2.651 149 2.612

60 2.807 90 2.706 120 2.649 150 2.611
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n P = 0.99 n P = 0.99 n P = 0.99 n P = 0.99

151 2.610 176 2.587 205 2.566 330 2.512

152 2.609 177 2.587 210 2.563 340 2.509

153 2.608 178 2.586 215 2.560 350 2.506

154 2.607 179 2.585 220 2.557 360 2.504

155 2.606 180 2.584 225 2.555 370 2.501

156 2.605 181 2.583 230 2.552 390 2.496

157 2.604 182 2.583 235 2.549 400 2.494

158 2.603 183 2.583 240 2.547 425 2.489

159 2.602 184 2.581 245 2.544 450 2.484

160 2.601 185 2.580 250 2.542 475 2.480

161 2.600 186 2.580 255 2.540 500 2.475

162 2.600 187 2.579 260 2.537 525 2.472

163 2.599 188 2.578 265 2.535 550 2.468

164 2.598 189 2.577 270 2.533 575 2.465

165 2.597 190 2.577 275 2.531 600 2.462

166 2.596 191 2.576 280 2.529 625 2.459

167 2.595 192 2.575 285 2.527 650 2.456

168 2.594 193 2.575 290 2.525 675 2.454

169 2.593 194 2.574 295 2.524 700 2.451

170 2.592 195 2.573 300 2.522 750 2.447

171 2.592 196 2.572 305 2.520 800 2.443

172 2.591 197 2.572 310 2.518 850 2.439

173 2.590 198 2.571 315 2.517 900 2.436

174 2.589 199 2.570 320 2.515 1000 2.430

175 2.588 200 2.570 325 2.514 2.326

a The following equations may be used to compute k factors in lieu of using table values:

k99 = 2.326 + exp [1.34 - 0.522 ln(n) + 3.87/n]

k90 = 1.282 + exp [0.958 - 0.520 ln(n) + 3.19/n]

These approximations are accurate to within 0.2% of the table values for n greater than or equal to 30.
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Table 9.10.2.  0.950 Fractiles of the F Distribution Associated with n1 and n2 Degrees of Freedom

n2
a

n1, degrees of freedom for numerator

1 2 3 4 5 6 7 8 9 10 12 15 20 24 30 40 60 120
1 161.4  199.5  215.7  224.6  230.2  234.0  236.8  238.9  240.5  241.9  243.9  245.9  248.0  249.0  250.1  251.1  252.2  253.2  254.3

2 18.51 19.00 19.16 19.25 19.30 19.33 19.35 19.37 19.38 19.40 19.41 19.43 19.45 19.45 19.46 19.47 19.48 19.49 19.51

3 10.13 9.55 9.28 9.12 9.01 8.94 8.89 8.85 8.81 8.79 8.74 8.70 8.66 8.64 8.62 8.59 8.57 8.55 8.53

4 7.71 6.94 6.59 6.39 6.26 6.16 6.09 6.04 6.00 5.96 5.91 5.86 5.80 5.77 5.75 5.72 5.69 5.66 5.63

5 6.61 5.79 5.41 5.19 5.05 4.95 4.88 4.82 4.77 4.74 4.68 4.62 4.56 4.53 4.50 4.46 4.43 4.40 4.37

6 5.99 5.14 4.76 4.53 4.39 4.28 4.21 4.15 4.10 4.06 4.00 3.94 3.87 3.84 3.81 3.77 3.74 3.70 3.67

7 5.59 4.74 4.35 4.12 3.97 3.87 3.79 3.73 3.68 3.64 3.57 3.51 3.44 3.41 3.38 3.34 3.30 3.27 3.23

8 5.32 4.46 4.07 3.84 3.69 3.58 3.50 3.44 3.39 3.35 3.28 3.22 2.15 3.12 3.08 3.04 3.01 2.97 2.93

9 5.12 4.26 3.86 3.63 3.48 3.37 3.29 3.23 3.18 3.14 3.07 3.01 2.94 2.90 2.86 2.83 2.79 2.75 2.71

10 4.96 4.10 3.71 3.48 3.33 3.22 3.14 3.07 3.02 2.98 2.91 2.85 2.77 2.74 2.70 2.66 2.62 2.58 2.54

11 4.84 3.98 3.59 3.36 3.20 3.09 3.01 2.95 2.90 2.85 2.79 2.72 2.65 2.61 2.57 2.53 2.49 2.45 2.40

12 4.75 3.89 3.49 3.26 3.11 3.00 2.91 2.85 2.80 2.75 2.69 2.62 2.54 2.51 2.47 2.43 2.38 2.34 2.30

13 4.67 3.81 3.41 3.18 3.03 2.92 2.83 2.77 2.71 2.67 2.60 2.53 2.46 2.42 2.38 2.34 2.30 2.25 2.21

14 4.60 3.74 3.34 3.11 2.96 2.85 2.76 2.70 2.65 2.60 2.53 2.46 2.39 2.35 2.31 2.27 2.22 2.18 2.13

15 4.54 3.68 3.29 3.06 2.90 2.79 2.71 2.64 2.59 2.54 2.48 2.40 2.33 2.29 2.25 2.20 2.16 2.11 2.07

16 4.49 3.63 3.24 3.01 2.85 2.74 2.66 2.59 2.54 2.49 2.42 2.35 2.28 2.24 2.19 2.15 2.11 2.06 2.01

17 4.45 3.59 3.20 2.96 2.81 2.70 2.61 2.55 2.49 2.45 2.38 2.31 2.23 2.19 2.15 2.10 2.06 2.01 1.96

18 4.41 3.55 3.16 2.93 2.77 2.66 2.58 2.51 2.46 2.41 2.34 2.27 2.19 2.15 2.11 2.06 2.02 1.97 1.92

19 4.38 3.52 3.13 2.90 2.74 2.63 2.54 2.48 2.42 2.38 2.31 2.23 2.16 2.11 2.07 2.03 1.98 1.93 1.88

20 4.35 3.49 3.10 2.87 2.71 2.60 2.51 2.45 2.39 2.35 2.28 2.20 2.12 2.08 2.04 1.99 1.95 1.90 1.84

21 4.32 3.47 3.07 2.84 2.68 2.57 2.49 2.42 2.37 2.32 2.25 2.18 2.10 2.05 2.01 1.96 1.92 1.87 1.81

22 4.30 3.44 3.05 2.82 2.66 2.55 2.46 2.40 2.34 2.30 2.23 2.15 2.07 2.03 1.98 1.94 1.89 1.84 1.78

23 4.28 3.42 3.03 2.80 2.64 2.53 2.44 2.37 2.32 2.27 2.20 2.13 2.05 2.01 1.96 1.91 1.86 1.81 1.76

24 4.26 3.40 3.01 2.78 2.62 2.51 2.42 2.36 2.30 2.25 2.18 2.11 2.03 1.98 1.94 1.89 1.84 1.79 1.73

25 4.24 3.39 2.99 2.76 2.60 2.49 2.40 2.34 2.28 2.24 2.16 2.09 2.01 1.96 1.92 1.87 1.82 1.77 1.71

26 4.23 3.37 2.98 2.74 2.59 2.47 2.39 2.32 2.27 2.22 2.15 2.07 1.99 1.95 1.90 1.85 1.80 1.75 1.69

27 4.21 3.35 2.96 2.73 2.57 2.46 2.37 2.31 2.25 2.20 2.13 2.06 1.97 1.93 1.88 1.84 1.79 1.73 1.67

28 4.20 3.34 2.95 2.71 2.56 2.45 2.36 2.29 2.24 2.19 2.12 2.04 1.96 1.91 1.87 1.82 1.77 1.71 1.65

29 4.18 3.33 2.93 2.70 2.55 2.43 2.35 2.28 2.22 2.18 2.10 2.03 1.94 1.90 1.85 1.81 1.75 1.70 1.64

30 4.17 3.32 2.92 2.69 2.53 2.42 2.33 2.27 2.21 2.16 2.09 2.01 1.93 1.89 1.84 1.79 1.74 1.68 1.62

40 4.08 3.23 2.84 2.61 2.45 2.34 2.25 2.18 2.12 2.08 2.00 1.92 1.84 1.79 1.74 1.69 1.64 1.58 1.51

60 4.00 3.15 2.76 2.53 2.37 2.25 2.17 2.10 2.04 1.99 1.92 1.84 1.75 1.70 1.65 1.59 1.53 1.47 1.39

120 3.92 3.07 2.68 2.45 2.29 2.18 2.09 2.02 1.96 1.91 1.83 1.75 1.66 1.61 1.55 1.50 1.43 1.35 1.25

3.84 3.00 2.61 2.37 2.21 2.10 2.01 1.94 1.88 1.83 1.75 1.67 1.57 1.52 1.46 1.39 1.32 1.22 1.00

a  n2 = degrees of freedom for denominator.
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Table 9.10.3.  0.975 Fractilesa of the F Distribution Associated with n1 and n2 Degrees of Freedom, F.975 (n1, n2)

2
b

1, degrees of freedom for numerator

1 2 3 4 5 6 7 8 9 10 12 15 20 24 30 40 60 120

1 647.8 799.5 864.2 899.6 921.8 937.1 948.2 956.7 963.3 968.6 976.7 984.9 993.1 997.2 1001 1006 1010 1014 1018

2 38.51 39.00 39.17 39.25 39.30 39.33 39.36 39.37 39.39 39.40 39.41 39.43 39.45 39.46 39.45 39.47 39.48 39.99 39.50

3 17.44 16.04 15.44 15.10 14.88 14.73 14.62 14.54 14.47 14.42 14.34 14.25 14.17 14.12 14.08 14.04 13.99 13.95 13.90

4 12.22 10.65 9.98 9.60 9.36 9.20 9.07 8.98 8.90 8.84 8.75 8.66 8.56 8.51 8.46 8.41 8.36 8.31 8.26

5 10.01 8.43 7.76 7.39 7.15 6.98 6.85 6.76 6.68 6.62 6.52 6.43 6.33 6.28 6.23 6.18 6.12 6.07 6.02

6 8.81 7.26 6.60 6.23 5.99 5.82 5.70 5.60 5.52 5.46 5.37 5.27 5.17 5.12 5.07 5.01 4.96 4.90 4.85

7 8.07 6.54 5.89 5.52 5.29 5.12 4.99 4.90 4.82 4.76 4.67 4.57 4.47 4.42 4.36 4.31 4.25 4.20 4.14

8 7.57 6.06 5.42 5.05 4.82 4.65 4.53 4.43 4.36 4.30 4.20 4.10 4.00 3.95 3.89 3.84 3.78 3.73 3.67

9 7.21 5.71 5.08 4.72 4.48 4.32 4.20 4.10 4.03 3.96 3.87 3.77 3.67 3.61 3.56 3.51 3.45 3.39 3.33

10 6.94 5.46 4.83 4.47 4.24 4.07 3.95 3.85 3.78 3.72 3.62 3.52 3.42 3.37 3.31 3.26 3.20 3.14 3.08

11 6.72 5.26 4.63 4.28 4.04 3.88 3.76 3.66 3.59 3.53 3.43 3.33 3.23 3.17 3.12 3.06 3.00 2.94 2.88

12 6.55 5.10 4.47 4.12 3.89 3.73 3.61 3.51 3.44 3.37 3.28 3.18 3.07 3.02 2.96 2.91 2.85 2.79 2.72

13 6.41 4.97 4.35 4.00 3.77 3.60 3.48 3.39 3.31 3.25 3.15 3.05 2.95 2.89 2.84 2.78 2.72 2.66 2.60

14 6.30 4.86 4.24 3.89 3.66 3.50 3.38 3.29 3.21 3.15 3.05 2.95 2.84 2.79 2.73 2.67 2.61 2.55 2.49

15 6.20 4.77 4.15 3.80 3.58 3.41 3.29 3.20 3.12 3.06 2.96 2.86 2.76 2.70 2.64 2.59 2.52 2.46 2.40

16 6.12 4.69 4.08 3.73 3.50 3.34 3.22 3.12 3.05 2.99 2.89 2.79 2.68 2.63 2.57 2.51 2.45 2.38 2.32

17 6.04 4.62 4.01 3.66 3.44 3.28 3.16 3.06 2.98 2.92 2.82 2.72 2.62 2.56 2.50 2.44 2.38 2.32 2.25

18 5.98 4.56 3.95 3.61 3.38 3.22 3.10 3.01 2.93 2.87 2.77 2.67 2.56 2.50 2.44 2.38 2.32 2.26 2.19

19 5.92 4.51 3.90 3.56 3.33 3.17 3.05 2.96 2.88 2.82 2.72 2.62 2.51 2.45 2.39 2.33 2.27 2.20 2.13

20 5.87 4.46 3.86 3.51 3.29 3.13 3.01 2.91 2.84 2.77 2.68 2.57 2.46 2.41 2.36 2.29 2.22 2.16 2.09

21 5.83 4.42 3.82 3.48 3.25 3.09 2.97 2.87 2.80 2.73 2.64 2.53 2.42 2.37 2.31 2.25 2.18 2.11 2.04

22 5.79 4.38 3.78 3.44 3.22 3.05 2.93 2.84 2.76 2.70 2.60 2.50 2.39 2.33 2.27 2.21 2.14 2.08 2.00

23 5.75 4.25 3.75 3.41 3.18 3.02 2.90 2.81 2.73 2.67 2.57 2.47 2.36 2.30 2.24 2.18 2.11 2.04 1.97

24 5.72 4.32 3.72 3.38 3.15 2.99 2.87 2.78 2.70 2.64 2.54 2.44 2.33 2.27 2.21 2.15 2.08 2.01 1.94

25 5.69 4.29 3.69 3.35 3.13 2.97 2.85 2.75 2.68 2.61 2.51 2.41 2.30 2.24 2.18 2.12 2.05 1.98 1.91

26 5.66 4.27 3.67 3.33 3.10 2.94 2.82 2.73 2.65 2.59 2.49 2.39 2.28 2.22 2.16 2.09 2.03 1.95 1.88

27 5.63 4.24 3.65 3.31 3.08 2.92 2.80 2.71 2.63 2.57 2.47 2.36 2.25 2.19 2.13 2.07 2.00 1.93 1.85

28 5.61 4.22 3.63 3.29 3.06 2.90 2.78 2.69 2.61 2.55 2.45 2.34 2.23 2.17 2.11 2.06 1.98 1.91 1.83

29 5.59 4.20 3.61 3.27 3.04 2.88 2.76 2.67 2.59 2.53 2.43 2.32 2.21 2.15 2.09 2.03 1.96 1.89 1.81

30 5.57 4.18 3.59 3.25 3.03 2.87 2.75 2.65 2.57 2.51 2.41 2.31 2.20 2.14 2.07 2.01 1.94 1.87 1.79

40 5.42 4.05 3.46 3.13 2.90 2.74 2.62 2.53 2.45 2.39 2.29 2.18 2.07 2.01 1.94 1.88 1.80 1.72 1.64

60 5.29 3.93 3.34 3.01 2.79 2.63 2.51 2.41 2.33 2.27 2.17 2.06 1.94 1.88 1.82 1.74 1.67 1.58 1.48

120 5.15 3.80 3.23 2.89 2.67 2.52 2.39 2.30 2.22 2.16 2.05 1.94 1.82 1.76 1.69 1.61 1.53 1.43 1.31

5.02 3.69 3.12 2.79 2.57 2.41 2.29 2.19 2.11 2.05 1.94 1.83 1.71 1.64 1.57 1.48 1.39 1.27 1.00

a  See following page for footnote.
b  n2 = degrees of freedom for denominator
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F
.975

exp 2 1
z 2 1

3

4 2

3
2 z 1

2(z 2 3)

6

1/2

Table 9.10.3.  0.975 Fractilesa of the F Distribution Associated with n1 and n2 degrees of
Freedom F.975 (n1,n2) (Continued)

a  The following equation may be used to compute 0.975 fractiles of the F distribution in lieu of using table values:

   where

z = 1.96
= 0.5 [1/( 2 - 1) - 1/( 1 - 1)]

2 = 0.5 [(1/( 2 - 1) + 1( 1 - 1)]

1 = degrees of freedom for numerator

2 = degrees of freedom for denominator.

   This approximation is accurate to within 0.4% for 1  10 and 2  16.  See Reference 9.10.3.

Table 9.10.4.  0.95 and 0.975 Fractilesa of the t Distribution Associated with df Degrees of
Freedom

df t.95 t.975 df t.95 t.975

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

6.314
2.920
2.353
2.132
2.015
1.943
1.895
1.860
1.833
1.812
1.796
1.782
1.771
1.761
1.753
1.746
1.740
1.734
1.729
1.725

12.706
4.303
3.182
2.776
2.571
2.447
2.365
2.306
2.262
2.228
2.201
2.179
2.160
2.145
2.131
2.120
2.110
2.101
2.093
2.086

21
22
23
24
25
26
27
28
29
30
40
50
60
80
100
120
200
500

1.721
1.717
1.714
1.711
1.708
1.706
1.703
1.701
1.699
1.697
1.684
1.676
1.671
1.664
1.660
1.658
1.653
1.648
1.645

2.080
2.074
2.069
2.064
2.060
2.056
2.052
2.048
2.045
2.042
2.021
2.009
2.000
1.990
1.984
1.980
1.972
1.965
1.960

a The following equations may be used to compute 0.95 and 0.975 fractiles of the t distribution in lieu of
using table values:

t.95  1.645 + exp [0.377 - 0.990 ln( ) + 1.15/ ]
t.975  1.96 + exp [0.779 - 0.980 ln( ) + 1.57/ ]

where  is the degrees of freedom (df).  These approximations are accurate to within 0.5% for  4.
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Table 9.10.5.  Area Under the Normal Curve from -  to the Mean + Zp Standard
Deviationsa,b

Zp 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

.0 .5000 .5040 .5080 .5120 .5160 .5199 .5239 .5279 .5319 .5359

.1 .5398 .5438 .5478 .5517 .5557 .5596 .5636 .5675 .5714 .5753

.2 .5793 .5832 .5871 .5910 .5948 .5987 .6026 .6064 .6103 .6141

.3 .6179 .6217 .6255 .6293 .6331 .6368 .6406 .6443 .6480 .6517

.4 .6554 .6591 .6628 .6664 .6700 .6736 .6772 .6808 .6844 .6879

.5 .6915 .6950 .6985 .7019 .7054 .7088 .7123 .7157 .7190 .7224

.6 .7257 .7291 .7324 .7357 .7389 .7422 .7454 .7486 .7517 .7549

.7 .7580 .7611 .7642 .7673 .7704 .7734 .7764 .7794 .7823 .7852

.8 .7881 .7910 .7939 .7967 .7995 .8023 .8051 .8078 .8106 .8133

.9 .8159 .8186 .8212 .8238 .8264 .8289 .8315 .8340 .8365 .8389

1.0 .8413 .8438 .8461 .8485 .8508 .8531 .8554 .8577 .8599 .8621

1.1 .8643 .8665 .8686 .8708 .8729 .8749 .8770 .8790 .8810 .8820

1.2 .8849 .8869 .8888 .8907 .8925 .8944 .8962 .8980 .8997 .9015

1.3 .9032 .9049 .9066 .9082 .9099 .9115 .9131 .9147 .9162 .9177

1.4 .9192 .9207 .9222 .9236 .9251 .9265 .9279 .9292 .9306 .9319

1.5 .9332 .9345 .9357 .9370 .9382 .9394 .9406 .9418 .9429 .9441

1.6 .9452 .9463 .9474 .9484 .9495 .9505 .9515 .9525 .9535 .9545

1.7 .9554 .9564 .9573 .9582 .9591 .9599 .9608 .9616 .9625 .9633

1.8 .9641 .9649 .9656 .9664 .9671 .9678 .9686 .9693 .9699 .9706

1.9 .9713 .9719 .9726 .9732 .9738 .9744 .9750 .9756 .9761 .9767

2.0 .9772 .9778 .9783 .9788 .9793 .9798 .9803 .9808 .9812 .9817

2.1 .9821 .9826 .9830 .9834 .9838 .9842 .9846 .9850 .9854 .9857

2.2 .9861 .9864 .9868 .9871 .9875 .9878 .9881 .9884 .9887 .9890

2.3 .9893 .9896 .9898 .9901 .9904 .9906 .9909 .9911 .9913 .9916

2.4 .9918 .9920 .9922 .9925 .9927 .9929 .9931 .9932 .9934 .9936

2.5 .9938 .9940 .9941 .9943 .9945 .9946 .9948 .9949 .9951 .9952

2.6 .9953 .9955 .9956 .9957 .9959 .9960 .9961 .9962 .9963 .9964

2.7 .9965 .9966 .9967 .9968 .9969 .9970 .9971 .9972 .9973 .9974

2.8 .9974 .9975 .9976 .9977 .9977 .9978 .9979 .9979 .9980 .9981

2.9 .9981 .9982 .9982 .9983 .9984 .9984 .9985 .9985 .9986 .9986

3.0 .9987 .9987 .9987 .9988 .9988 .9989 .9989 .9989 .9990 .9990

3.1 .9990 .9991 .9991 .9991 .9992 .9992 .9992 .9992 .9993 .9993

3.2 .9993 .9993 .9994 .9994 .9994 .9994 .9994 .9995 .9995 .9995

3.3 .9995 .9995 .9995 .9996 .9996 .9996 .9996 .9996 .9996 .9997

3.4 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9997 .9998

a For negative values of Zp, subtract the tabular value from unity.
b The following equation may be used to compute the probabilities in lieu of using table values:

p  0.5 {1 - [1 + (A + BZp)
C]D + [1 + (A - BZp)

C]D}
where

A = 0.644693
B = 0.161984
C = 4.874
D = -6.158

This approximation is accurate to within 0.07% of the true probabilities, see Reference 9.10.5.
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Table 9.10.6.  One-Sided Tolerance-Limit Factors for the Three-Parameter  Weibull
Acceptability Test with 95 Percent Confidence

Sample Size V99

10
15
20
25
30
35
40
50
75
100
150
200
300
400
500
750

1,000
2,000
5,000
10,000

-4.46
-4.77
-4.98
-5.12
-5.23
-5.32
-5.40
-5.51
-5.71
-5.82
-5.97
-6.05
-6.17
-6.23
-6.27
-6.29
-6.34
-6.39
-6.51
-6.55
-6.65
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Table 9.10.7 One-Sided Tolerance Factors for the Three-Parameter Weibull Distribution
with 95 Percent Confidence

V99 for T99 V90 for T90

N Uncensored
20%

Censored
50%

Censored Uncensored
20%

Censored
50%

Censored

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

12.330
11.885
11.520
11.214
10.955
10.730
10.535
10.362
10.208
10.071
9.946
9.834
9.731
9.636
9.549
9.469
9.394
9.325
9.260
9.199
9.142
9.089
9.038
8.990
8.945
8.902
8.862
8.823
8.786
8.751
8.717
8.685
8.654
8.624
8.596
8.569
8.543
8.517
8.493

16.508
15.700
15.053
14.522
14.078
13.700
13.374
13.090
12.840
12.617
12.417
12.238
12.074
11.926
11.789
11.664
11.548
11.441
11.341
11.248
11.160
11.078
11.002
10.929
10.861
10.796
10.735
10.676
10.621
10.568
10.518
10.470
10.424
10.380
10.338
10.298
10.259
10.221
10.186

29.921
27.134
25.086
23.514
22.266
21.251
20.406
19.692
19.080
18.548
18.082
17.669
17.300
16.969
16.670
16.398
16.150
15.922
15.712
15.518
15.338
15.170
15.014
14.868
14.730
14.601
14.479
14.364
14.256
14.153
14.055
13.962
13.873
13.789
13.708
13.631
13.558
13.487
13.419

6.763
6.529
6.337
6.177
6.040
5.922
5.820
5.729
5.649
5.577
5.512
5.453
5.399
5.349
5.304
5.262
5.223
5.187
5.153
5.121
5.091
5.063
5.037
5.012
4.989
4.966
4.945
4.925
4.906
4.887
4.870
4.853
4.837
4.822
4.807
4.793
4.779
4.766
4.753

8.466
8.067
7.747
7.485
7.266
7.079
6.918
6.778
6.655
6.545
6.447
6.358
6.278
6.204
6.137
6.075
6.018
5.966
5.916
5.870
5.828
5.787
5.750
5.714
5.680
5.648
5.618
5.590
5.562
5.537
5.512
5.488
5.466
5.444
5.423
5.404
5.385
5.366
5.349

13.182
12.004
11.138
10.474
9.946
9.516
9.159
8.857
8.597
8.372
8.174
8.000
7.843
7.703
7.577
7.461
7.356
7.260
7.171
7.088
7.012
6.941
6.875
6.813
6.754
6.700
6.648
6.599
6.553
6.510
6.468
6.429
6.391
6.356
6.321
6.289
6.258
6.228
6.199
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V99 for T99 V90 for T90

N Uncensored
20%

Censored
50%

Censored Uncensored
20%

Censored
50%

Censored

9-256

49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89

8.469
8.447
8.425
8.404
8.383
8.364
8.344
8.326
8.308
8.290
8.273
8.257
8.241
8.225
8.210
8.195
8.181
8.167
8.153
8.140
8.127
8.114
8.102
8.090
8.078
8.067
8.055
8.044
8.034
8.023
8.013
8.003
7.993
7.983
7.974
7.964
7.955
7.946
7.938
7.929
7.921

10.151
10.118
10.086
10.055
10.025
9.996
9.968
9.940
9.914
9.889
9.864
9.840
9.817
9.794
9.772
9.751
9.730
9.709
9.690
9.671
9.652
9.634
9.616
9.598
9.581
9.565
9.549
9.533
9.517
9.502
9.487
9.473
9.459
9.445
9.431
9.418
9.405
9.392
9.380
9.367
9.355

13.354
13.292
13.232
13.174
13.118
13.064
13.012
12.962
12.914
12.867
12.822
12.778
12.735
12.694
12.654
12.615
12.577
12.541
12.505
12.470
12.436
12.404
12.372
12.340
12.310
12.280
12.252
12.223
12.196
12.169
12.143
12.117
12.092
12.067
12.043
12.020
11.997
11.975
11.952
11.931
11.910

4.741
4.729
4.718
4.707
4.696
4.686
4.676
4.666
4.657
4.648
4.639
4.631
4.622
4.614
4.606
4.599
4.591
4.584
4.577
4.570
4.563
4.557
4.550
4.544
4.538
4.532
4.526
4.520
4.515
4.509
4.504
4.499
4.494
4.489
4.484
4.479
4.474
4.470
4.465
4.461
4.456

5.332
5.315
5.300
5.284
5.270
5.255
5.242
5.228
5.216
5.203
5.191
5.179
5.168
5.157
5.146
5.135
5.125
5.115
5.106
5.096
5.087
5.078
5.069
5.061
5.053
5.044
5.036
5.029
5.021
5.014
5.006
4.999
4.992
4.986
4.979
4.973
4.966
4.960
4.954
4.948
4.942

6.171
6.145
6.119
6.095
6.071
6.048
6.026
6.005
5.985
5.965
5.946
5.927
5.909
5.892
5.875
5.858
5.842
5.827
5.811
5.797
5.782
5.769
5.755
5.742
5.729
5.716
5.704
5.692
5.681
5.669
5.658
5.647
5.637
5.626
5.616
5.606
5.596
5.587
5.578
5.568
5.559
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Table 9.10.7.  One-Sided Tolerance Factors for the Three-Parameter Weibull
Distribution with 95 Percent Confidence (Continued)
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V99 for T99 V90 for T90

N Uncensored
20%

Censored
50%

Censored Uncensored
20%

Censored
50%

Censored

9-257

90
91
92
93
94
95
96
97
98
99

100
102
104
106
108
110
112
114
116
118
120
122
124
126
128
130
132
134
136
138
140
142
144
146
148
150
152
154
156
158
160

7.912
7.904
7.896
7.888
7.881
7.873
7.866
7.859
7.851
7.844
7.837
7.824
7.811
7.798
7.786
7.774
7.762
7.751
7.740
7.729
7.719
7.709
7.699
7.690
7.680
7.671
7.663
7.654
7.646
7.637
7.629
7.622
7.614
7.606
7.599
7.592
7.585
7.578
7.571
7.565
7.558

9.344
9.332
9.321
9.309
9.298
9.288
9.277
9.267
9.257
9.247
9.237
9.217
9.199
9.181
9.163
9.146
9.130
9.114
9.099
9.084
9.069
9.055
9.041
9.028
9.015
9.002
8.989
8.977
8.965
8.954
8.943
8.932
8.921
8.910
8.900
8.890
8.880
8.871
8.861
8.852
8.843

11.889
11.869
11.849
11.829
11.810
11.791
11.773
11.755
11.737
11.720
11.703
11.669
11.637
11.606
11.576
11.546
11.518
11.491
11.464
11.439
11.414
11.389
11.366
11.343
11.320
11.299
11.278
11.257
11.237
11.217
11.198
11.180
11.161
11.144
11.126
11.109
11.093
11.077
11.061
11.045
11.030

4.452
4.448
4.444
4.440
4.436
4.432
4.428
4.424
4.420
4.417
4.413
4.406
4.399
4.393
4.387
4.380
4.374
4.369
4.363
4.357
4.352
4.347
4.342
4.337
4.332
4.327
4.323
4.318
4.314
4.310
4.306
4.302
4.298
4.294
4.290
4.286
4.283
4.279
4.276
4.272
4.269

4.936
4.930
4.925
4.919
4.914
4.909
4.904
4.899
4.894
4.889
4.884
4.874
4.865
4.857
4.848
4.840
4.832
4.824
4.816
4.809
4.802
4.795
4.788
4.782
4.775
4.769
4.763
4.757
4.751
4.746
4.740
4.735
4.730
4.724
4.719
4.715
4.710
4.705
4.700
4.696
4.692

5.551
5.542
5.534
5.525
5.517
5.509
5.502
5.494
5.486
5.479
5.472
5.458
5.444
5.431
5.418
5.406
5.394
5.382
5.371
5.360
5.349
5.339
5.329
5.319
5.310
5.301
5.292
5.283
5.275
5.266
5.258
5.250
5.243
5.235
5.228
5.221
5.214
5.207
5.200
5.194
5.187
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Table 9.10.7.  One-Sided Tolerance Factors for the Three-Parameter Weibull
Distribution with 95 Percent Confidence (Continued)
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V99 for T99 V90 for T90

N Uncensored
20%

Censored
50%

Censored Uncensored
20%

Censored
50%

Censored

9-258

162
164
166
168
170
172
174
176
178
180
182
184
186
188
190
192
194
196
198
200
204
208
212
216
220
224
228
232
236
240
244
248
252
256
260
264
268
272
276
280
284

7.552
7.546
7.540
7.534
7.528
7.522
7.517
7.511
7.506
7.501
7.495
7.490
7.485
7.480
7.475
7.471
7.466
7.461
7.457
7.452
7.443
7.435
7.427
7.419
7.411
7.404
7.396
7.389
7.382
7.375
7.369
7.363
7.356
7.350
7.344
7.339
7.333
7.327
7.322
7.317
7.312

8.834
8.826
8.817
8.809
8.801
8.793
8.785
8.777
8.770
8.762
8.755
8.748
8.741
8.734
8.727
8.720
8.714
8.707
8.701
8.695
8.683
8.671
8.659
8.648
8.638
8.627
8.617
8.607
8.597
8.588
8.579
8.570
8.562
8.553
8.545
8.537
8.529
8.522
8.514
8.507
8.500

11.015
11.001
10.987
10.973
10.959
10.946
10.932
10.920
10.907
10.894
10.882
10.870
10.859
10.847
10.836
10.825
10.814
10.803
10.793
10.782
10.762
10.742
10.724
10.705
10.687
10.670
10.653
10.637
10.621
10.606
10.591
10.576
10.562
10.548
10.535
10.522
10.509
10.497
10.485
10.473
10.461

4.266
4.263
4.260
4.257
4.254
4.251
4.248
4.245
4.242
4.239
4.237
4.234
4.231
4.229
4.226
4.224
4.221
4.219
4.217
4.214
4.210
4.206
4.201
4.197
4.193
4.189
4.186
4.182
4.178
4.175
4.171
4.168
4.165
4.162
4.159
4.156
4.153
4.150
4.147
4.145
4.142

4.687
4.683
4.679
4.675
4.671
4.667
4.663
4.659
4.656
4.652
4.649
4.645
4.642
4.638
4.635
4.632
4.629
4.625
4.622
4.619
4.613
4.608
4.602
4.597
4.591
4.586
4.581
4.576
4.572
4.567
4.563
4.559
4.554
4.550
4.546
4.542
4.539
4.535
4.531
4.528
4.524

5.181
5.175
5.169
5.163
5.157
5.151
5.146
5.140
5.135
5.130
5.125
5.120
5.115
5.110
5.105
5.100
5.096
5.091
5.087
5.082
5.074
5.066
5.058
5.050
5.042
5.035
5.028
5.021
5.014
5.008
5.002
4.995
4.990
4.984
4.978
4.972
4.967
4.962
4.957
4.952
4.947
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Table 9.10.7.  One-Sided Tolerance Factors for the Three-Parameter Weibull
Distribution with 95 Percent Confidence (Continued)

MIL-HDBK-5J
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V99 for T99 V90 for T90

N Uncensored
20%

Censored
50%

Censored Uncensored
20%

Censored
50%

Censored

9-259

288
292
296
300
310
320
330
340
350
360
370
380
390
400
425
450
475
500
525
550
575
600
625
650
675
700
725
750
775
800
825
850
875
900
925
950
975

1000
1100
1200
1300

7.307
7.302
7.297
7.292
7.281
7.270
7.260
7.250
7.241
7.232
7.223
7.215
7.207
7.200
7.182
7.166
7.151
7.138
7.125
7.114
7.103
7.093
7.083
7.074
7.066
7.058
7.050
7.043
7.037
7.030
7.024
7.018
7.013
7.007
7.002
6.997
6.993
6.988
6.972
6.957
6.945

8.493
8.486
8.479
8.473
8.457
8.442
8.428
8.415
8.402
8.390
8.378
8.367
8.356
8.346
8.321
8.299
8.279
8.261
8.244
8.228
8.213
8.199
8.186
8.174
8.162
8.152
8.141
8.132
8.123
8.114
8.106
8.098
8.090
8.083
8.076
8.069
8.063
8.057
8.034
8.015
7.998

10.450
10.439
10.428
10.417
10.392
10.368
10.345
10.323
10.302
10.282
10.263
10.245
10.227
10.211
10.172
10.136
10.104
10.074
10.047
10.021
9.997
9.975
9.955
9.935
9.917
9.900
9.884
9.868
9.854
9.840
9.827
9.814
9.802
9.791
9.780
9.769
9.759
9.750
9.714
9.684
9.657

4.139
4.137
4.134
4.132
4.126
4.121
4.115
4.110
4.106
4.101
4.097
4.092
4.088
4.084
4.075
4.067
4.060
4.053
4.046
4.040
4.035
4.030
4.025
4.020
4.016
4.012
4.008
4.004
4.001
3.998
3.994
3.991
3.989
3.986
3.983
3.981
3.978
3.976
3.968
3.960
3.954

4.521
4.518
4.514
4.511
4.504
4.496
4.489
4.483
4.477
4.471
4.465
4.459
4.454
4.449
4.437
4.427
4.417
4.408
4.400
4.392
4.385
4.378
4.372
4.366
4.360
4.355
4.350
4.345
4.341
4.337
4.332
4.329
4.325
4.321
4.318
4.315
4.312
4.309
4.298
4.288
4.280

4.942
4.937
4.933
4.928
4.917
4.907
4.898
4.888
4.880
4.871
4.863
4.855
4.848
4.841
4.825
4.810
4.796
4.783
4.772
4.761
4.751
4.742
4.733
4.725
4.717
4.710
4.703
4.697
4.690
4.685
4.679
4.674
4.669
4.664
4.659
4.655
4.651
4.646
4.632
4.619
4.608
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Table 9.10.7.  One-Sided Tolerance Factors for the Three-Parameter Weibull
Distribution with 95 Percent Confidence (Continued)

MIL-HDBK-5J

31 January 2003

V99 for T99 V90 for T90

N Uncensored
20%

Censored
50%

Censored Uncensored
20%

Censored
50%

Censored

9-260

d 1 ckn

a11 2a01g(p) a00g(p)2 c 2(a
2
01 a00a11)/n

1/2

1 c 2a00/n
n 1/2 g(p) kn

g(p) c 2a01/n

1 c 2a00/n

1400
1500
1600
1700
1800
1900
2000
3000
4000
5000
6000
7000
8000
9000

10000
15000
20000
25000
30000

6.934
6.924
6.914
6.906
6.899
6.892
6.886
6.841
6.815
6.797
6.784
6.773
6.765
6.758
6.753
6.733
6.722
6.714
6.708

7.983
7.969
7.957
7.946
7.936
7.926
7.918
7.858
7.822
7.798
7.781
7.767
7.756
7.747
7.739
7.713
7.698
7.688
7.680

9.633
9.612
9.593
9.575
9.560
9.545
9.532
9.438
9.383
9.346
9.319
9.298
9.281
9.267
9.255
9.215
9.192
9.176
9.164

3.948
3.943
3.938
3.934
3.930
3.927
3.923
3.901
3.887
3.878
3.871
3.866
3.862
3.859
3.856
3.846
3.840
3.836
3.833

4.273
4.266
4.260
4.255
4.250
4.246
4.241
4.212
4.195
4.183
4.175
4.168
4.163
4.159
4.155
4.142
4.135
4.130
4.126

4.597
4.589
4.580
4.573
4.567
4.560
4.555
4.515
4.492
4.477
4.465
4.456
4.449
4.443
4.438
4.422
4.412
4.405
4.400

The values provided in Table 9.10.7  are calculated by the following formula:

where d=0.7796968, c=1.645, kn=(n/(n-1))½, p is the percentile being estimated (T99: p=0.01, T90: p=0.10),
and g(p)=0.45 + 0.7797 ln(-ln(1-p)).  The constants a00, a01, and a11 depend on the level of censoring, and
are given below.  The statistical methodology employed here is discussed in detail in Reference 9.10.7.

Constant Uncensored 20% Censored 50% Censored

a00

a01

a11

 0.6079
-0.4740
 0.9775

 0.9282
-0.4562
 0.9841

 1.7162
-0.0428
 1.2169

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J

31 January 2003

9-261

Table 9.10.8. -values for Computing Threshold of Three-Parameter Weibull
Distribution

n

Anderson-Darling Test T90 T99

Uncensored
or 20%

Censored

50,0 or

50,20

50%
Censored

50,50

Uncensored

90,0

20%
Censored

90,20

50%
Censored

90,50

Uncensored

99,0

20%
Censored

99,20

50%
Censored

99,50

10 0.50000  .     0.79644 0.85391  .     0.85162 0.86596  .

15 0.60692 0.50000 0.75277 0.78329 0.97146 0.81292 0.81934 0.86090

20 0.62147 0.57859 0.73316 0.75477 0.91726 0.79728 0.80072 0.83039

25 0.63033 0.60692 0.72186 0.73795 0.86979 0.78583 0.78741 0.80818

30 0.64057 0.62147 0.71316 0.72479 0.83400 0.77155 0.77185 0.79208

35 0.64379 0.62147 0.70831 0.71771 0.81708 0.76529 0.76477 0.78734

40 0.64630 0.63033 0.70472 0.71247 0.79441 0.76006 0.75893 0.77634

45 0.64997 0.63629 0.70113 0.70736 0.77717 0.75255 0.75101 0.76759

50 0.65135 0.64057 0.69900 0.70434 0.76374 0.74903 0.74714 0.76046

55 0.65252 0.64379 0.69724 0.70187 0.75306 0.74592 0.74376 0.75451

60 0.65440 0.64630 0.69522 0.69914 0.74440 0.74113 0.73882 0.74947

65 0.65516 0.64630 0.69401 0.69748 0.73985 0.73881 0.73632 0.74809

70 0.65583 0.64832 0.69296 0.69605 0.73347 0.73670 0.73406 0.74395

75 0.65697 0.64997 0.69163 0.69433 0.72810 0.73331 0.73062 0.74033

80 0.65745 0.65135 0.69084 0.69327 0.72352 0.73164 0.72885 0.73713

85 0.65789 0.65252 0.69013 0.69233 0.71959 0.73009 0.72721 0.73428

90 0.65865 0.65353 0.68917 0.69113 0.71618 0.72753 0.72464 0.73172

95 0.65898 0.65353 0.68860 0.69040 0.71433 0.72625 0.72330 0.73107

100 0.65929 0.65440 0.68808 0.68973 0.71157 0.72505 0.72206 0.72882

105 0.65983 0.65516 0.68735 0.68884 0.70912 0.72303 0.72004 0.72678

110 0.66007 0.65583 0.68692 0.68829 0.70694 0.72201 0.71899 0.72491

115 0.66030 0.65643 0.68652 0.68779 0.70499 0.72105 0.71799 0.72319

120 0.66071 0.65697 0.68593 0.68709 0.70323 0.71940 0.71636 0.72160

125 0.66090 0.65697 0.68559 0.68667 0.70229 0.71857 0.71551 0.72122

130 0.66107 0.65745 0.68528 0.68628 0.70079 0.71778 0.71469 0.71978

135 0.66139 0.65789 0.68479 0.68571 0.69942 0.71640 0.71334 0.71844

140 0.66154 0.65828 0.68452 0.68537 0.69817 0.71570 0.71263 0.71718

145 0.66167 0.65865 0.68425 0.68506 0.69702 0.71503 0.71195 0.71601

150 0.66193 0.65898 0.68385 0.68459 0.69597 0.71385 0.71080 0.71491

155 0.66205 0.65898 0.68361 0.68431 0.69541 0.71325 0.71019 0.71466

160 0.66216 0.65929 0.68339 0.68404 0.69448 0.71268 0.70961 0.71364

165 0.66237 0.65957 0.68304 0.68365 0.69361 0.71166 0.70862 0.71268

170 0.66247 0.65983 0.68284 0.68341 0.69281 0.71114 0.70810 0.71177

175 0.66256 0.66007 0.68266 0.68319 0.69206 0.71064 0.70760 0.71091

180 0.66273 0.66030 0.68235 0.68285 0.69135 0.70975 0.70673 0.71010

185 0.66282 0.66030 0.68218 0.68265 0.69100 0.70930 0.70628 0.70992

190 0.66289 0.66051 0.68201 0.68245 0.69036 0.70886 0.70584 0.70915

195 0.66304 0.66071 0.68174 0.68215 0.68977 0.70806 0.70507 0.70842

200 0.66311 0.66090 0.68159 0.68198 0.68921 0.70766 0.70467 0.70773

205 0.66318 0.66107 0.68145 0.68181 0.68868 0.70727 0.70428 0.70706

210 0.66331 0.66123 0.68121 0.68155 0.68818 0.70656 0.70360 0.70643

215 0.66337 0.66123 0.68108 0.68140 0.68793 0.70620 0.70324 0.70630

220 0.66342 0.66139 0.68095 0.68125 0.68747 0.70585 0.70289 0.70570

225 0.66353 0.66154 0.68073 0.68101 0.68704 0.70521 0.70228 0.70512

230 0.66358 0.66167 0.68061 0.68088 0.68663 0.70489 0.70196 0.70456

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



Table 9.10.8. -values for Computing Threshold of Three-Parameter Weibull
Distribution (continued)

MIL-HDBK-5J

31 January 2003

n

Anderson-Darling Test T90 T99

Uncensored
or 20%

Censored

50,0 or

50,20

50%
Censored

50,50

Uncensored

90,0

20%
Censored

90,20

50%
Censored

90,50

Uncensored

99,0

20%
Censored

99,20

50%
Censored

99,50

9-262

235 0.66364 0.66181 0.68049 0.68075 0.68623 0.70457 0.70165 0.70403

240 0.66373 0.66193 0.68030 0.68053 0.68586 0.70399 0.70109 0.70352

245 0.66378 0.66193 0.68019 0.68041 0.68568 0.70370 0.70080 0.70342

250 0.66382 0.66205 0.68009 0.68029 0.68533 0.70341 0.70052 0.70293

255 0.66391 0.66216 0.67991 0.68010 0.68500 0.70288 0.70002 0.70246

260 0.66395 0.66227 0.67981 0.67999 0.68468 0.70261 0.69975 0.70200

265 0.66399 0.66237 0.67971 0.67989 0.68438 0.70235 0.69949 0.70157

270 0.66406 0.66247 0.67955 0.67971 0.68409 0.70186 0.69903 0.70114

275 0.66410 0.66247 0.67946 0.67961 0.68396 0.70161 0.69879 0.70106

280 0.66413 0.66256 0.67937 0.67951 0.68368 0.70137 0.69855 0.70066

285 0.66420 0.66265 0.67922 0.67935 0.68342 0.70093 0.69813 0.70026

290 0.66423 0.66273 0.67914 0.67926 0.68317 0.70070 0.69790 0.69988

295 0.66426 0.66282 0.67906 0.67917 0.68293 0.70047 0.69768 0.69951

300 0.66433 0.66289 0.67892 0.67902 0.68269 0.70006 0.69729 0.69916

310 0.66438 0.66297 0.67877 0.67886 0.68237 0.69964 0.69688 0.69875

320 0.66446 0.66311 0.67857 0.67864 0.68195 0.69906 0.69633 0.69809

330 0.66454 0.66324 0.67838 0.67844 0.68156 0.69851 0.69580 0.69747

340 0.66459 0.66331 0.67825 0.67830 0.68130 0.69815 0.69545 0.69711

350 0.66466 0.66342 0.67807 0.67811 0.68095 0.69764 0.69497 0.69654

360 0.66472 0.66353 0.67790 0.67794 0.68063 0.69716 0.69451 0.69600

370 0.66476 0.66358 0.67779 0.67781 0.68041 0.69684 0.69420 0.69570

380 0.66482 0.66368 0.67764 0.67765 0.68012 0.69639 0.69378 0.69520

390 0.66487 0.66378 0.67749 0.67749 0.67984 0.69596 0.69337 0.69472

400 0.66490 0.66382 0.67739 0.67739 0.67965 0.69568 0.69310 0.69446

425 0.66501 0.66399 0.67707 0.67706 0.67912 0.69477 0.69224 0.69356

450 0.66511 0.66417 0.67678 0.67675 0.67858 0.69395 0.69146 0.69258

475 0.66519 0.66430 0.67655 0.67651 0.67816 0.69328 0.69083 0.69185

500 0.66526 0.66441 0.67631 0.67626 0.67778 0.69258 0.69017 0.69117

525 0.66534 0.66452 0.67608 0.67602 0.67743 0.69193 0.68955 0.69054

550 0.66539 0.66461 0.67589 0.67583 0.67711 0.69140 0.68906 0.68995

575 0.66545 0.66470 0.67569 0.67562 0.67682 0.69083 0.68852 0.68940

600 0.66550 0.66480 0.67551 0.67543 0.67652 0.69030 0.68802 0.68879

625 0.66554 0.66487 0.67536 0.67528 0.67627 0.68986 0.68762 0.68832

650 0.66559 0.66494 0.67519 0.67511 0.67604 0.68939 0.68718 0.68788

675 0.66563 0.66500 0.67503 0.67495 0.67583 0.68895 0.68676 0.68746

700 0.66567 0.66506 0.67490 0.67481 0.67563 0.68859 0.68642 0.68706

725 0.66570 0.66511 0.67476 0.67467 0.67545 0.68819 0.68605 0.68669

750 0.66574 0.66517 0.67463 0.67454 0.67524 0.68781 0.68570 0.68626

775 0.66576 0.66522 0.67452 0.67442 0.67508 0.68750 0.68541 0.68593

800 0.66579 0.66526 0.67440 0.67430 0.67493 0.68715 0.68509 0.68561

825 0.66582 0.66531 0.67428 0.67418 0.67478 0.68683 0.68479 0.68531

850 0.66584 0.66534 0.67419 0.67409 0.67464 0.68656 0.68454 0.68502

875 0.66587 0.66538 0.67408 0.67398 0.67451 0.68626 0.68426 0.68474

900 0.66589 0.66542 0.67398 0.67387 0.67437 0.68597 0.68400 0.68442

925 0.66591 0.66546 0.67389 0.67379 0.67425 0.68573 0.68377 0.68417

950 0.66593 0.66549 0.67380 0.67369 0.67414 0.68547 0.68353 0.68393
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n

Anderson-Darling Test T90 T99

Uncensored
or 20%

Censored

50,0 or

50,20

50%
Censored

50,50

Uncensored

90,0

20%
Censored

90,20

50%
Censored

90,50

Uncensored

99,0

20%
Censored

99,20

50%
Censored

99,50

9-263

M

0.425384 0.74068p 8.12668/n

0.58478 0.97165p
for calculating 90

1.778 2.748/ n p(7.051/ n 1.253)

0.959
for calculating 99.

975 0.66595 0.66552 0.67371 0.67360 0.67403 0.68521 0.68330 0.68369

1000 0.66597 0.66554 0.67363 0.67353 0.67393 0.68500 0.68310 0.68347

1100 0.66603 0.66565 0.67332 0.67322 0.67354 0.68414 0.68231 0.68262

1200 0.66609 0.66574 0.67305 0.67295 0.67321 0.68339 0.68162 0.68188

1300 0.66613 0.66581 0.67282 0.67271 0.67294 0.68275 0.68103 0.68126

1400 0.66617 0.66587 0.67261 0.67250 0.67269 0.68216 0.68049 0.68069

1500 0.66620 0.66592 0.67241 0.67231 0.67246 0.68162 0.68000 0.68017

1600 0.66623 0.66597 0.67225 0.67214 0.67227 0.68116 0.67958 0.67973

1700 0.66626 0.66601 0.67209 0.67198 0.67209 0.68072 0.67918 0.67931

1800 0.66628 0.66605 0.67194 0.67184 0.67193 0.68032 0.67882 0.67893

1900 0.66630 0.66608 0.67181 0.67171 0.67179 0.67997 0.67849 0.67859

2000 0.66632 0.66611 0.67168 0.67158 0.67165 0.67963 0.67819 0.67827

3000 0.66643 0.66630 0.67080 0.67071 0.67072 0.67725 0.67604 0.67604

4000 0.66649 0.66639 0.67027 0.67019 0.67017 0.67584 0.67477 0.67474

5000 0.66653 0.66644 0.66990 0.66983 0.66981 0.67487 0.67390 0.67385

6000 0.66655 0.66648 0.66963 0.66956 0.66953 0.67415 0.67326 0.67321

7000 0.66657 0.66651 0.66942 0.66935 0.66933 0.67360 0.67277 0.67271

8000 0.66658 0.66653 0.66924 0.66919 0.66916 0.67315 0.67237 0.67230

9000 0.66659 0.66654 0.66910 0.66905 0.66902 0.67278 0.67204 0.67197

10000 0.66660 0.66656 0.66898 0.66893 0.66890 0.67247 0.67176 0.67169

The values of  in Table 9.10.8 can be derived as percentiles of the beta distribution as follows. 
Let k be the greatest integer less than or equal to the minimum of 4n/15 and (1-p)n/3, where n represents
the sample size and p represents the proportion of the sample being censored.  When determining the 
value for an Anderson-Darling test (when calculating 50), let =0.50.  When calculating 90 or 99 let

exp(M)

1 exp(M)

where

The value of  in Table 9.10.8 represents the th percentile of the beta distribution with parameters 2k-2
and k.

Note: The sequential Weibull procedure which makes use of Table 9.10.8 has only been validated for
sample sizes between 50 and 1000.
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r99 n/100 1.645 99n/10000 0.29 19.1/n , for n 299

Table 9.10.9.  Ranks, r, of Observations, n, for an Unknown Distribution Having the
Probability and Confidence of T99 and T90 Values

T99 Value T90 Value

n  r99   n  r99   n   r99   n r90   n  r90   n   r90

298
299

 473
 628
 773
 913
1049
1182
1312
1441
1568
1693
1818
1941
2064
2185
2305
2425
2546
2665
2784
2902
3020
3137
3254
3371
3487
3603
3719
3834
3949
4064
4179
4293
4407
4521

a
 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
15
16
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

4635
4749
4862
4975
5088
5201
5314
5427
5539
5651
5764
5876
5988
6099
6211
6323
6434
6545
6657
6768
6879
6990
7100
7211
7322
7432
7543
7653
7763
7874
7984
8094
8204
8314
8423
8533

36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

8643
8753
8862
8972
9081
9190
9300
9409
9518
9627
9736
9845
9954

10063
10172
10281
10390
10498
10607
10716
10824
10933
11041
11150
11258
11366
11475
11583
11691

 72
 73
 74
 75
 76
 77
 78
 79
 80
 81
 82
 83
 84
 85
 86
 87
 88
 89
 90
 91
 92
 93
 94
 95
 96
 97
 98
 99
100

28
 29
 46
 61
 76
 89
103
116
129
142
154
167
179
191
203
215
227
239
251
263
275
298
321
345
368
391
413
436
459
481
504
526
549
571

 593
 615

b
 1
 2
 3
 4
 5
 6
 7
 8
 9
10
11
12
13
14
15
16
17
18
19
20
22
24
26
28
30
32
34
36
38
40
42
44
46
 48
 50

638
660

 682
 704
 726
 781
 836
 890
 945
 999
1053
1107
1161
1269
1376
1483
1590
1696
1803
1909
2015
2120
2226
2331
2437
2542
2647
2752
2857
2962
3066
3171
3276
3380
3484
3589

 52
 54
 56
 58
 60
 65
 70
 75
 80
 85
 90
 95
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330

2693
3797
3901
4005
4109
4213
4317
4421
4525
4629
4733
4836
4940
5044
5147
5251
5354
5613
5871
6130
6388
6645
6903
7161
7418
7727
8036
8344
8652
8960
9268
9576
9884

10191
10499

340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
490
500
525
550
575
600
625
650
675
700
730
760
790
820
850
880
910
940
970

1000

a T99 value is lower than value of lowest observation.
b T90 value is lower than value of lowest observation.

The following equations may be used to compute ranks in lieu of using table values or for n
values greater than these presented in the table:
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r90 n/10 1.645 9n/100 0.23 , for n 29

rounded to the nearest integer.  For n less than 299, the T99 value does not exist.  This approximation is
exact for all but 23 values of n in the range of the table (299  n  11691), which is an error rate of about
0.2%.  For this small percentage of n values, the approximation gives an r value 1 below the actual r,
resulting in a conservative T99 value.  For T90 values, the approximation is

rounded to the nearest integer.  For n less than 29, the T90 value does not exist.  The approximation is
exact for all but 12 values of n in the range of the table (29  n  10499), and errs conservatively by one
rank for this small percentage (0.1%).
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STANDARDS AND REFERENCES

STANDARDS

AMS 2355 Quality Assurance Sampling and Testing of Aluminum Alloys and Magnesium Alloys,
Wrought Products, Except Forging Stock, and Rolled, Forged, or Flash Welded Rings

AMS 2370 Quality Assurance Sampling and Testing, Carbon and Low-Alloy Steel Wrought Products
and Forging Stock

AMS 2371 Quality Assurance Sampling and Testing, Corrosion and Heat Resistant Steels and
Alloys, Wrought Products and Forging Stock

ASTM B557 Method of Tension Testing Wrought and Cast Aluminum – and Magnesium-Alloy
Products (vol. 02.02, 02.03, 03.01)

ASTM B769 Test Method for Shear Testing of Aluminum Alloys (vol. 02.02)

ASTM B831 Standard Test Method for Shear Testing of Thin Aluminum Alloy Products (vol. 02.02)

ASTM C693 Test Method for Density of Glass by Buoyancy (vol. 15.02)

ASTM C714 Test Method for Thermal Diffusivity of Carbon and Graphite by a Thermal Pulse Method
(vol. 15.01)

ASTM D2766 Test Method for Specific Heat of Liquids and Solids (vol. 05.02)

ASTM E8 Test Methods of Tension Testing of Metallic Materials (vol. 01.02, 02.01, 02.03, 03.01)

ASTM E9 Compression Testing of Metallic Materials at Room Temperature (vol. 03.01)

ASTM E21 Recommended Practice for Elevated Temperature Tension Tests of Metallic Materials
(vol. 03.01)

ASTM E29 Standard Practice for Using Significant Digits in Test Data to Determine Conformance
with Specifications (vol. 14.02)

ASTM E83 Method of Verification and Classification of Extensometers (vol. 03.01)

ASTM E111 Test Method for Young’s Modulus, Tangent Modulus, and Chord Modulus (vol. 03.01)

ASTM E132 Test Method for Poisson’s Ratio at Room Temperature (vol. 03.01)

ASTM E139 Recommended Practice for Conducting Creep, Creep-Rupture, and Stress-Rupture Tests
of Metallic Materials (vol. 03.01)

ASTM E143 Test Method for Shear Modulus at Room Temperature (vol. 03.01)
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ASTM E228 Test Method for Linear Thermal Expansion of Solid Materials with a Vitreous Silica
Delatometer (vol. 03.01, 14.02)

ASTM E238 Method for Pin-Type Bearing Test of Metallic Materials (vol. 03.01)

ASTM E399 Test Method for Plane-Strain Fracture Toughness of Metallic Materials (vol. 02.02,
03.01)

ASTM E466 Recommended Practice for Constant Amplitude Axial Fatigue Tests of Metallic Materials
(vol. 03.01)

ASTM E561 Recommended Practice for R-Curve Determination (vol. 03.01)

ASTM E606 Recommended Practice for Constant-Amplitude Low-Cycle Fatigue Testing (vol. 03.01)

ASTM E647 Test Method for Measurement of Fatigue Crack Growth Rates (vol. 03.01)

ASTM E739 Practice for Statistical Analysis of Linear or Linearized Stress-Life (S-N) and Strain-Life
( -N) Fatigue Data (vol. 03.01)

ASTM G34 Test Method for Exfoliation Corrosion Susceptibility in 2XXX and 7XXX Series
Aluminum Alloys (EXCO Test) (vol. 03.02)

ASTM G47 Test Method for Determining Susceptibility to Stress-Corrosion Cracking of High-
Strength Aluminum Alloy Products (vol. 02.02, 03.02)

NASM 1312-4 Fastener Test Methods- Method 4 Lap Joint Shear

NASM 1312-8 Fastener Test Methods- Method 8 Tensile Strength

NASM 1312-13 Fastener Test Methods- Method 13 Double Shear Test

NASM 1312-20 Fastener Test Methods- Method 20 Single Shear
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CHAPTER 10

NOTES

10.1 INTENDED USE – The intent of this handbook is to provide standardized
design values and related design information for metallic materials and structural elements used
in aerospace structures.  The data contained herein, or from approved items in the minutes of
MIL-HDBK-5 coordination meetings, are acceptable to the Air Force, the Navy, the Army, and
the Federal Aviation Administration.  Approval by the procuring or certificating agency must be
obtained for the use of design values for products not contained herein.

10.2 SUBJECT TERM (KEY WORD) LISTING

alloy

aluminum

bearings

brazing

columns

compression

copper

creep

element

failure

fastener

fatigue

fracture

instability

joints

shear

steel

strain

stress

tensile

titanium

torsion

weld

10.3 CHANGES FROM PREVIOUS ISSUE – Marginal notations are not used in
this revision to identify changes with respect to the previous issue due to the extent of changes.
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A.0 GLOSSARY

A.1 ABBREVIATIONS

a — Amplitude; crack or flaw dimension; measure of flaw size, inches.
ac — Critical half crack length.
ao — Initial half crack length.
A — Area of cross section, square inches; ratio of alternating stress to mean stress; subscript

“axial”; A basis for mechanical-property values (see Section 1.4.1.1 or Section 9.1.6); “A”
ratio, loading amplitude/mean load; or area.

A — Strain “A” ratio, strain amplitude/mean strain.
Ai — Model parameter.
AD — Anderson-Darling test statistic, computed in goodness-of-fit tests for normality or

Weibullness.
AISI — American Iron and Steel Institute.
AMS — Aerospace Materials Specification (published by Society of Automotive Engineers, Inc.).
Ann — Annealed.
AN — Air Force-Navy Aeronautical Standard.
ASTM — American Society for Testing and Materials.
b — Width of sections; subscript “bending”.
br — Subscript “bearing”.
B — Biaxial ratio (see Equation 1.3.2.(h)); B-basis for mechanical-property values (see Section

1.4.1.1 or Section 9.1.6).
Btu — British thermal unit(s).
BUS — Individual or typical bearing ultimate strength.
BYS — Individual or typical bearing yield strength.
c — Fixity coefficient for columns; subscript “compression”.
cpm — Cycles per minute.
C — Specific heat; Celsius; Constant.
CEM — Consumable electrode melted.
CRES — Corrosion resistant steel (stainless steel).
C(T) — Compact tension.
CYS — Individual or typical compressive yield strength.
d — Mathematical operator denoting differential.
D or d — Diameter, or Durbin Watson statistic; hole or fastener diameter; dimpled hole.
df — Degrees of freedom.
e — Elongation in percent, a measure of the ductility of a material based on a tension test; unit

deformation or strain; subscript “fatigue or endurance”; the minimum distance from a hole,
center to the edge of the sheet; Engineering strain.

ee — Elastic strain.
ep — Plastic strain.
e/D — Ratio of edge distance (center of the hole to edge of the sheet) to hole diameter (bearing

strength).
E — Modulus of elasticity in tension or compression; average ratio of stress to strain for stress

below proportional limit.

APPENDIX A
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Ec — Modulus of elasticity in compression; average ratio of stress to strain below proportional
limit.

Es — Secant modulus of elasticity, Eq. 9.8.4.2(c).
Et — Tangent modulus of elasticity.
ELI — Extra low interstitial (grade of titanium alloy).
ER — Equivalent round.
ESR — Electro-slag remelted.
f — Internal (or calculated) tension stress; stress applied to the gross flawed section; creep

stress.
fb — Internal (or calculated) primary bending stress.
fc — Internal (or calculated) compressive stress; maximum stress at fracture: gross stress limit

(for screening elastic fracture data).
fpl — Proportional limit.
fs — Internal (or calculated) shear stress.
ft — Internal (or calculated) tensile stress.
ft — Foot: feet.
F — Design stress; Fahrenheit; Ratio of two sample variances.
FA — Design axial stress.
Fb — Design bending stress; modulus of rupture in bending.
Fbru — Design ultimate bearing stress.
Fbry — Design bearing yield stress.
Fc — Design column stress.
Fcc — Design crushing or crippling stress (upper limit of column stress for local failure).
Fcu — Design ultimate compressive stress.
Fcy — Design compressive yield stress at which permanent strain equals 0.002.
FH — Design hoop stress.
Fs — Design shear stress.
Fsp — Design proportional limit in shear.
Fst — Design modulus of rupture in torsion.
Fsu — Design ultimate stress in pure shear (this value represents the average shear stress over the

cross section).
Fsy — Design shear yield stress.
Ftp — Design proportional limit in tension.
Ftu — Design tensile ultimate stress.
Fty — Design tensile yield stress at which permanent strain equals 0.002.
g — Gram(s).
G — Modulus of rigidity (shear modulus).
Gpa — Gigapascal(s).
hr — Hour(s).
H — Subscript “hoop”.
HIP — Hot isostatically pressed.
i — Slope (due to bending) of neutral plane of a beam, in radians (1 radian = 57.3 degrees).
in. — Inch(es).
I — Axial moment of inertia.
J — Torsion constant (= Ip for round tubes); Joule.
k — Tolerance limit factor for the normal distribution and the specified probability, confidence,

and degrees of freedom; Strain at unit stress.
k99, k90 — One-sided tolerance limit factor for T99 and T90, respectively (see Section 9.10.1 and

9.10.7).
kA,B — k factor for A basis or B basis, respectively (see Section 9.10.1 and 9.10.7).
ksi — Kips (1,000 pounds) per square inch.
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K — A constant, generally empirical; thermal conductivity; stress intensity; Kelvin; correction
factor.

Kapp — Apparent plane stress fracture toughness or residual strength.
Kc — Critical plane stress fracture toughness, a measure of fracture toughness at point of crack

growth instability.
Kf — Fatigue notch factor, or fatigue strength reduction factor.
KIc — Plane strain fracture toughness.
KN — Empirically calculated fatigue notch factor.
Kt — Theoretical stress concentration factor.
lb — Pound.
ln — Natural (base e) logarithm.
log — Base 10 logarithm.
L — Length; subscript “lateral”; longitudinal (grain direction).
LT — Long transverse (grain direction).
m — Subscript “mean”; metre; slope.
mm — Millimeter(s).
M — Applied moment or couple, usually a bending moment.
Mc — Machine countersunk.
Mg — Megagram(s).
MIG — Metal-inert-gas (welding).
MPa — Megapascal(s).
MS — Military Standard.
M.S. — Margin of safety.
M(T) — Middle tension.
n — Number of individual measurements or pairs of measurements; subscript “normal”; cycles

applied to failure; shape parameter for the standard stress-strain curve (Ramberg-Osgood
parameter); number of fatigue cycles endured.

N — Fatigue life, number of cycles to failure; Newton; normalized.
Nf — Fatigue life, cycles to failure.
Ni* — Fatigue life, cycles to initiation.
Nt* — Transition fatigue life where plastic and elastic strains are equal.
NAS — National Aerospace Standard.
p — Subscript “polar”; subscript “proportional limit”.
psi — Pounds per square inch.
P — Load; applied load (total, not unit, load); exposure parameter; probability.
Pa — Load amplitude.
Pm — Mean load.
Pmax — Maximum load.
Pmin — Minimum load.
Pu — Test ultimate load, pounds per fastener.
Py — Test yield load, pounds per fastener.
q — Fatigue notch sensitivity.
Q — Static moment of a cross section.
Q&T — Quenched and tempered.
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r — Radius; root radius; reduced ratio (regression analysis); ratio of two pair measurements;
rank of test point within a sample.

— average ratio of paired measurements.r

R — Load (stress) ratio, or residual (observed minus predicted value); stress ratio, ratio of
minimum stress to maximum stress in a fatigue cycle; reduced ratio.

Rb — Stress ratio in bending.
Rc — Stress ratio in compression; Rockwell hardness - C scale.
R — Strain ratio, min/ max.
Rs — Stress ratio in shear or torsion; ratio of applied load to allowable shear load.
Rt — Ratio of applied load to allowable tension load.
RA — Reduction of area.
R.H. — Relative humidity.
RMS — Root-mean-square (surface finish).
RT — Room temperature.
s — Estimated population standard deviation; sample standard deviation; subscript “shear”.
s2 — Sample variance.
S — Shear force; nominal engineering stress, fatigue; S-basis for mechanical-property values 

(see Section 1.4.1.1).
Sa — Stress amplitude, fatigue.
Se — Fatigue limit.
Seq* — Equivalent stress.
Sf — Fatigue limit.
sm — Mean stress, fatigue.
Smax — Highest algebraic value of stress in the stress cycle.
Smin — Lowest algebraic value of stress in the stress cycle.
Sr — Algebraic difference between the maximum and minimum stresses in one cycle.
Sy — Root mean square error.
SAE — Society of Automotive Engineers.
SCC — Stress-corrosion cracking.
SEE — Estimate population standard error of estimate.
SR — Studentized residual.
ST — Short transverse (grain direction).
STA — Solution treated and aged.
SUS — Individual or typical shear ultimate strength.
SYS — Individual or typical shear yield strength.
t — Thickness; subscript “tension”; exposure time; elapsed time; tolerance factor for the “t”

distribution with the specified probability and appropriate degrees of freedom.
T — Transverse direction; applied torsional moment; transverse (grain direction); subscript

“transverse”.
TF — Exposure temperature.
T90 — Statistically based lower tolerance bound for a mechanical property such that at least

90 percent of the population is expected to exceed T90 with 95 percent confidence.
T99 — Statistically based lower tolerance bound for a mechanical property such that at least

99 percent of the population is expected to exceed T99 with 95 percent confidence.
TIG — Tungsten-inert-gas (welding).
TUS — Individual or typical tensile ultimate strength.

Downloaded from http://www.everyspec.com on 2012-01-30T5:33:12.



MIL-HDBK-5J  APPENDIX A

31 January 2003

*  Different from ASTM.

A-5

TUS (Su)* — Tensile ultimate strength.
TYS — Individual or typical tensile yield strength.
u — Subscript “ultimate”.
U — Factor of utilization.
V99,V90 — The tolerance limit factor corresponding to T99, T90 for the three-parameter Weibull

distribution, based on a 95 percent confidence level and a sample of size n.
W — Width of center-through-cracked tension panel; Watt.

— Distance along a coordinate axis.x
x — Sample mean based upon n observations.
X — Value of an individual measurement; average value of individual measurements.
y — Deflection (due to bending) of elastic curve of a beam; distance from neutral axis to given

fiber; subscript “yield”; distance along a coordinate axis.
Y — Nondimensional factor relating component geometry and flaw size.  See Reference

1.4.12.2.1(a) for values.
z — Distance along a coordinate axis.
Z — Section modulus, I/y.

A.2 SYMBOLS

— (1) Coefficient of thermal expansion, mean; constant. (2)  Significance level; probability
(risk of erroneously rejecting the null hypothesis (see Section 9.5.3)).

99, 90 — Shape parameter estimates for a T99 or T90 value based on an assumed three-parameter
Weibull distribution.

50 — Shape parameter estimate for the Anderson-Darling goodness-of-fit test based on an
assumed three-parameter Weibull distribution.

— Constant.

99, 90 — Scale parameter estimate for a T99 or T90 value based on an assumed three-parameter
Weibull distribution.

50 — Scale parameter estimate for the Anderson-Darling goodness-of-fit test based on an
assumed three-parameter Weibull distribution.

 or r
* — strain range, max - min.

e — Elastic strain range.

p — Plastic strain range.
S (Sr)

* — Stress range.
— True or local stress range.
— True or local strain.

eq* — Equivalent strain.

m — Mean strain, ( max + min)/2.

max — Maximum strain.

min — Minimum strain.

t — Total (elastic plus plastic) strain at failure determined from tensile stress-strain curve.
— Deflection.
— Angular deflection.
— Radius of gyration; Neuber constant (block length).

µ — Poisson’s ratio.

— True or local stress; or population standard deviation.
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x — Population standard deviation of x.

x
2 — Population variance of x.

99, 90 — Threshold estimates for a T99 or T90 value based on an assumed three-parameter Weibull

distribution.

50 — Threshold estimate for the Anderson-Darling goodness-of-fit test based on an assumed

three-parameter Weibull distribution. 
— Density; flank angle.
— Infinity.
— The sum of.
— Superscript that denotes value determined by regression analysis.

A.3 DEFINITIONS

A-Basis.—The lower of either a statistically calculated number, or the specification minimum (S-basis).
The statistically calculated number indicates that at least 99 percent of the population of values is expected
to equal or exceed the A-basis mechanical design property, with a confidence of 95 percent.

Alternating Load.—See Loading Amplitude.

B-Basis.—At least 90 percent of the population of values is expected to equal or exceed the B-basis
mechanical property allowable, with a confidence of 95 percent.

Cast.—Cast consists of the sequential ingots which are melted from a single furnace change and poured in
one or more drops without changes in the processing parameters.  (The cast number is for internal
identification and is not reported.)  (See Table 9.2.4.2).

Casting.—One or more parts which are melted from a single furnace change and poured in one or more
molds without changes in the processing parameters.  (The cast number is for internal identification and is
not reported.)  (See Table 9.2.4.2).

Confidence.—A specified degree of certainty that at least a given proportion of all future measurements can
be expected to equal or exceed the lower tolerance limit.  Degree of certainty is referred to as the confidence
coefficient.  For MIL-HDBK-5, the confidence coefficient is 95 percent which, as related to design
properties, means that, in the long run over many future samples, 95 percent of conclusions regarding
exceedance of A and B-values would be true.

Confidence Interval.—An interval estimate of a population parameter computed so that the statement “the
population parameter lies in this interval” will be true, on the average, in a stated proportion of the times
such statements are made.

Confidence Interval Estimate.—Range of values, computed with the sample that is expected to include the
population variance or mean.

Confidence Level (or Coefficient).—The stated portion of the time the confidence interval is expected to
include the population parameter.
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Figure A.1.  Typical creep-rupture curve.

Confidence Limits*.—The two numeric values that define a confidence interval.

Constant-Amplitude Loading.—A loading in which all of the peak loads are equal and all of the valley loads
are equal.

Constant-Life Fatigue Diagram.—A plot (usually on Cartesian coordinates) of a family of curves, each of
which is for a single fatigue life, N—relating S, Smax, and/or Smin to the mean stress, Sm. Generally, the
constant life fatigue diagram is derived from a family of S/N curves, each of which represents a different
stress ratio (A or R) for a 50 percent probability of  survival.  NOTE—MIL-HDBK-5 no longer presents
fatigue data in the form of constant-life diagrams.

Creep.—The time-dependent deformation of a solid resulting from force.

Note 1—Creep tests are usually made at constant load and temperature.  For tests on metals, initial
loading strain, however defined, is not included.

Note 2—This change in strain is sometimes referred to as creep strain.

Creep-Rupture Curve.—Results of material tests under constant load and temperature; usually plotted as
strain versus time to rupture.  A typical plot of creep-rupture data is shown below.  The strain indicated in
this curve includes both initial deformation due to loading and plastic strain due to creep.

Creep-Rupture Strength.—Stress that will cause fracture in a creep test at a given time, in a specified
constant environment.  Note: This is sometimes referred to as the stress-rupture strength.

Creep-Rupture Test.—A creep-rupture test is one in which progressive specimen deformation and time for
rupture are measured.  In general, deformation is much larger than that developed during a creep test.
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Creep-Strain.—The time-dependent part of the strain resulting from stress, excluding initial loading strain
and thermal expansion.

Creep Strength.—Stress that causes a given creep in a creep test at a given time in a specified constant
environment.

Creep Stress.—The constant load divided by the original cross-sectional area of the specimen.

Creep Test.—A creep test has the objective of measuring deformation and deformation rates at stresses
usually well below those which would result in fracture during the time of testing.

Critical Stress Intensity Factor.—A limiting value of the stress intensity factor beyond which continued
flaw propagation and/or fracture may be expected.  This value is dependent on material and may vary with
type of loading and conditions of use.

Cycle.—Under constant-amplitude loading, the load varies from the minimum to the maximum and then to
the minimum load.  The symbol n or N (see definition of fatigue life) is used to indicate the number of
cycles.

Deformable Shank Fasteners.—A fastener whose shank is deformed in the grip area during normal
installation processes.

Degree of Freedom.—Number of degrees of freedom for n variables may be defined as number of variables
minus number of constraints between them.  Since the standard deviation calculation contains one fixed
value (the mean) it has n - 1 degrees of freedom.

Degrees of Freedom.—Number of independent comparisons afforded by a sample.

Discontinued Test.—See Runout.

Elapsed Time.—The time interval from application of the creep stress to a specified observation.

Fatigue.—The process of progressive localized permanent structural change occurring in a material
subjected to conditions that produce fluctuating stresses and strains at some point or points, and which may
culminate in cracks or complete fracture after a sufficient number of fluctuations.  NOTE—fluctuations in
stress and in time (frequency), as in the case of “random vibration.”

Fatigue Life.—N—the number of cycles of stress or strain of a specified character that a given specimen
sustains before failure of a specified nature occurs.

Fatigue Limit.—Sf—the limiting value of the median fatigue strength as N becomes very large.  NOTE—-
Certain materials and environments preclude the attainment of a fatigue limit.  Values tabulated as “fatigue
limits” in the literature are frequently (but not always) values of SN for 50 percent survival at N cycles of
stress in which Sm = 0.

Fatigue Loading.—Periodic or non-periodic fluctuating loading applied to a test specimen or experienced
by a structure in service (also known as cyclic loading).

Fatigue Notch Factor*.—The fatigue notch factor, Kf (also called fatigue strength reduction factor), is the
ratio of the fatigue strength of a specimen with no stress concentration to the fatigue strength of a specimen
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with a stress concentration at the same number of cycles for the same conditions. NOTE—In specifying Kf,
it is necessary to specify the geometry, mode of loading, and the values of Smax, Sm, and N for which it is
computed.

Fatigue Notch Sensitivity.—The fatigue notch sensitivity, q, is a measure of the degree of agreement
between Kf and Kt.  NOTE—the definition of fatigue notch sensitivity is q = (Kf - 1)/(Kt - 1).

Heat.—All material identifiable to a single molten metal source.  (All material from a heat is considered to
have the same composition.  A heat may yield one or more ingots.  A heat may be divided into several lots
by subsequent processing.)

Heat.—Heat is material which, in the case of batch melting, is cast at the same time from the same furnace
and is identified with the same heat number; or, in the case of continuous melting, is poured without
interruption. (See Table 9.2.4.2)

Heat.—Heat is a consolidated (vacuum hot pressed) billet having a distinct chemical composition.  (See
Table 9.2.4.2)

Hysteresis Diagram.—The stress-strain path during a fatigue cycle.

Isostrain Lines.—Lines representing constant levels of creep.

Isothermal Lines.—Lines of uniform temperature on a creep or stress-rupture curve.

Interrupted Test*.—Tests which have been stopped before failure because of some mechanical problem,
e.g., power failure, load or temperature spikes.

Loading Amplitude.—The loading amplitude, Pa, Sa, or a represents one-half of the range of a cycle.  (Also
known as alternating load, alternating stress, or alternating strain.)

Loading Strain.—Loading strain is the change in strain during the time interval  from  the  start  of loading
to the instant of full-load application, sometimes called initial strain.

Loading (Unloading) Rate.—The time rate of change in the monotonically increasing (decreasing) portion
of the load-time function.

Load Ratio.—The load ratio, R, A, or R , A , or R , A , is the algebraic ratio of the two loading parameters
of a cycle; the two most widely used ratios are
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R
minimum load

maximum load

Pmin

Pmax

R
Smin

Smax

R min/ max

A
loading amplitude

mean load

Pa

Pm

or
Sa

SM

A
strain amplitude

mean strain

a

M

or max min / max min .

or

or

and

NOTE—load ratios R or R  are generally used in MIL-HDBK-5.

Longitudinal Direction.—Parallel to the principal direction of flow in a worked metal.  For die forgings this
direction is within ±15  of the predominate grain flow.

Long-Transverse Direction.—The transverse direction having the largest dimension, often called the
“width” direction.  For die forgings this direction is within ±15  of the longitudinal (predominate) grain
direction and parallel, within ±15 , to the parting plane.  (Both conditions must be met.)

Lot.—All material from a heat or single molten metal source of the same product type having the same
thickness or configuration, and fabricated as a unit under the same conditions.  If the material is heat
treated, a lot is the above material processed through the required heat-treating operations as a unit.

Master Creep Equation.—An equation expressing combinations of stress, temperature, time and creep, or
a set of equations expressing combinations of stress, temperature and time for given levels of creep.

Master Rupture Equation.—An equation expressing combinations of stress, temperature, and time that
cause complete separation (fracture or rupture) of the specimen.
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Pm

Pmax Pmin

2
, or

Sm

Smax Smin

2
, or

m
max min

2
,

Maximum Load.—The maximum load, Pmax, Smax, max is the load having the greatest algebraic value.

Mean Load.—The mean load, Pm, is the algebraic average of the maximum and minimum loads in constant-
amplitude loading:

or the integral average of the instantaneous load values.

Median Fatigue Life.—The middlemost of the observed fatigue life values (arranged in order of magnitude)
of the individual specimens in a group tested under identical conditions.  In the case where an even number
of specimens are tested, it is the average of the two middlemost values (based on log lives in
MIL-HDBK-5).  NOTE 1—The use of the sample median instead of the arithmetic mean (that is, the
average) is usually preferred.  NOTE 2—In the literature, the abbreviated term “fatigue life” usually has
meant the median fatigue life of the group.  However, when applied to a collection of data without further
qualification, the term “fatigue life” is ambiguous.

Median Fatigue Strength at N Cycles.—An estimate of the stress level at which 50 percent of the
population would survive N cycles.  NOTE—The estimate of the median fatigue strength is derived from a
particular point of the fatigue-life distribution, since there is no test procedure by which a frequency
distribution of fatigue strengths at N cycles can be directly observed.  That is, one can not perform
constant-life tests.

Melt.—Melt is a single homogeneous batch of molten metal for which all processing has been completed
and the temperature has been adjusted and made ready to pour castings.  (For metal-matrix composites, the
molten metal includes unmelted reinforcements such as particles, fibers, or whiskers.)  (See Table 9.1.6.2)

Minimum Load.—The minimum load, Pmin, Smin, or min, is the load having the least algebraic value.

Nominal Hole Diameters.—Nominal hole diameters for deformable shank fasteners will be according to
Table 9.4.1.2(a).  When tests are made with hole diameters other than those tabulated, hole sizes used will
be noted in the report and on the proposed joint allowables table.

Nominal Shank Diameter.—Nominal shank diameter of fasteners with shank diameters equal to those used
for standard size bolts and screws (NAS 618 sizes) will be the decimal equivalents of stated fractional or
numbered sizes.  These diameters are those listed in the fourth column of Table  9.7.1.1.  Nominal shank
diameters for nondeformable shank blind fasteners are listed in the fifth column of Table 9.7.1.1.  Nominal
shank diameters for other fasteners will be the average of required maximum and minimum shank
diameters.
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Nondeformable Shank Fasteners.—A fastener whose shank does not deform in the grip area during normal
installation processes.

Outlier*—An experimental observation which deviates markedly from other observations in the sample.
An outlier is often either an extreme value of the variability in the data, or the result of gross deviation in
the material or experimental procedure.

Peak.—The point at which the first derivative of the load-time history changes from a positive to a negative
sign; the point of maximum load in constant-amplitude loading.

Plane Strain.—The stress state in which all strains occur only in the principal loading plane.  No strains
occur out of the plane, i.e., z = 0, and z  0.

Plane Stress.—The stress state in which all stresses occur only in the principal loading plane.  No stresses
occur out of the plane, i.e., z = 0, and z  0.

Plastic Strain During Loading.—Plastic strain during loading is the portion of the strain during loading
determined as the offset from the linear portion to the end of a stress-strain curve made during load
application.

Plane-Strain Fracture Toughness.—A  generic term now generally adopted for the critical plane-strain
stress intensity factor characteristic of plane-strain fracture, symbolically denoted KIc.  This is because in
current fracture testing practices, specification of the slowly increasing load test of specimen materials in
the plane-strain stress state and in opening mode (I) has been dominant.

Plane-Stress and Transitional Fracture Toughness.—A generic term denoting the critical stress intensity
factor associated with fracture behavior under nonplane-strain conditions.  Because of plasticity effects and
stable crack growth which can be encountered prior to fracture under these conditions, designation of a
specific value is dependent on the stage of crack growth detected during testing.  Residual strength or
apparent fracture toughness is a special case of plane-stress and transitional fracture toughness wherein the
reference crack length is the initial pre-existing crack length and subsequent crack growth during the test is
neglected.

Population.—All potential measurements having certain independent characteristics in common; i.e., “all
possible TUS(L) measurements for 17-7PH stainless steel sheet in TH1050 condition”.

Precision.*—The degree of mutual agreement among individual measurements.  Relative to a method of
test, precision is the degree of mutual agreement among individual measurements made under prescribed
like conditions.  The lack of precision in a measurement may be characterized as the standard deviation of
the errors in measurement.

Primary Creep.—Creep occurring at a diminishing rate, sometimes called initial stage of creep.

Probability.—Ratio of possible number of favorable events to total possible number of equally likely
events.  For example, if a coin is tossed, the probability of heads is one-half (or 50 percent) because heads
can occur one way and the total possible events are two, either heads or tails.  Similarly, the probability of
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TUS
TUS1 TUS2 ... TUSn

n

n

i 1
(TUSi)

n

throwing a three or greater on a die is 4/6 or 66.7 percent.  Probability, as related to design allowables,
means that chances of a material-property measurement equaling or exceeding a certain value (the one-
sided lower tolerance limit) is 99 percent in the case of a A-basis value and 90 percent in the case of a B-
basis value.

Range.—Range, P, Sr, , r,  is the algebraic difference between successive valley and peak loads
(positive range or increasing load range) or between successive peak and valley loads (negative range or
decreasing load range), see Figure 9.3.4.3. In constant-amplitude loading, for example, the range is given by

P = Pmax - Pmin.

Rate of Creep.—The slope of the creep-time curve at a given time determined from a Cartesian plot.

Residual.*—The difference between the observed fatigue (log) life and the fatigue (log) life estimated from
the fatigue model at a particular stress/strain level.

Runout.*—A test that has been terminated prior to failure.  Runout tests are usually stopped at an arbitrary
life value because of time and economic considerations.  NOTE—Runout tests are useful for estimating a
pseudo-fatigue-limit for a fatigue data sample.

Sample.—A finite number of observations drawn from the population.

Sample.—The number of specimens selected from a population for test purposes.  NOTE—The method of
selecting the sample determines the population about which statistical inferences or generalization can be
made.

Sample Average (Arithmetic  Mean).—The sum of all the observed values in a sample divided by the
sample size (number).  It is a point estimate of the population mean.

Sample Mean.—Average of all observed values in the sample.  It is an estimate of population mean.  A
mean is indicated by a bar over the symbol for the value observed.  Thus, the mean of n observations of
TUS would be expressed as:

Sample Median.—Value of the middle-most observation.  If the sample is nearly normally distributed, the
sample median is also an estimate of the population mean.

Sample Median.—The middle value when all observed values in a sample are arranged in order of
magnitude if an odd number of samples are tested.  If the sample size is even, it is the average of the two
middlemost values.  It is a point estimate of the population median, or 50 percentile point.

Sample Point Deviation.—The difference between an observed value and the sample mean.

Sample Standard Deviation.**—The standard deviation of the sample, s,  is the square root of the sample
variance.  It is a point estimate of the standard deviation of a population, a measure of the "spread" of the
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frequency distribution of a population.  NOTE—This value of s provides a statistic that is used in
computing interval estimates and several test statistics.

Sample Variance.*—Sample variance, s2, is the sum of the squares of the differences between each
observed value and the sample average divided by the sample size minus one.  It is a point estimate of the
population variance.  NOTE—This value of s2 provides both an unbiased point estimate of the population
variance and a statistic that is used on computing the interval estimates and several test statistics.  Some
texts define s2 as “the sum of the squared differences between each observed value and the sample average
divided by the sample size”, however, this statistic underestimates the population variance, particularly for
small sample sizes.

Sample Variance.—The sum of the squared deviations, divided by n - 1, and, based on n observations of
TUS, expressed as

S-Basis.—The S-value is the minimum property value specified by the governing industry specification (as
issued by standardization groups such as SAE Aerospace Materials Division, ASTM, etc.) or federal or mil-
itary standards for the material.  (See MIL-STD-970 for order of preference for specifications.)  For certain
products heat treated by the user (for example, steels hardened and tempered to a designated Ftu), the S-
value may reflect a specified quality-control requirement.  Statistical assurance associated with this value is
not known.

Secondary Creep.—Creep occurring at a constant rate, sometimes called second stage creep.

Short-Transverse Direction.—The transverse direction having the smallest dimension, often called the
“thickness” direction.  For die forgings this direction is within ±15  of the longitudinal (predominate) grain
direction and perpendicular, within ±15 , to the parting plane.  (Both conditions must be met.)  When
possible, short transverse specimens will be taken across the parting plane.

Significance Level (As Used Here).—Risk of concluding that two  samples were drawn from different
populations when, in fact, they were drawn from the same population.  A significance level of  = 0.05 is
employed through these Guidelines.*

Significance Level.—The stated probability (risk) that a given test of significance will reject the hypothesis
that a specified effect is absent when the hypothesis is true.

Significant (Statistically Significant).—An effect or difference between populations is said to be present if
the value of a test statistic is significant, that is, lies outside of predetermined limits. NOTE—An effect that
is statistically significant may not have engineering importance.

S/N Curve for 50 Percent Survival.**—A curve fitted to the median values of fatigue life at each of several
stress levels.  It is an estimate of the relationship between applied stress and the number of cycles-to-failure
that 50 percent of the population would survive.  NOTE 1—This is a special case of the more general
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definition of S/N curve for P percent survival.  NOTE 2—In the literature, the  abbreviated term “S/N
Curve” usually has meant either the S/N curve drawn through the mean (averages) or through the medians
(50 percent values) for the fatigue life values.  Since the term “S/N  Curve” is ambiguous, it should be used
only when described appropriately.  NOTE 3—Mean S/N curves (based on log lives) are shown in
MIL-HDBK-5.

S/N Diagram.—A plot of stress against the number of cycles to failure.  The stress can be Smax, Smin, or Sa.
The diagram indicates the S/N relationship for a specified value of Sm, A, or R and a specified probability of
survival.  Typically, for N, a log scale (base 10) is used.  Generally, for S, a linear scale is used, but a log
scale is used occasionally.  NOTE—Smax-versus-log N diagrams are used commonly in MIL-HDBK-5.

Standard Deviation.—An estimate of the population standard deviation; the square root of the variance, or

Stress Intensity Factor.—A physical quantity describing the severity of a flaw in the stress field of a loaded
structural element.  The gross stress in the material and flaw size are characterized parametrically by the
stress intensity factor,

Stress-Rupture Test—A stress-rupture test is one in which time for rupture is measured, no deformation
measurement being made during the test.

Tertiary Creep.—Creep occurring at an accelerating rate, sometimes called third stage creep.

Theoretical Stress Concentration Factor (or Stress Concentration Factor).—This  factor, Kt, is the ratio of
the nominal stress to the greatest stress in the region of a notch (or other stress concentrator) as  determined
by the theory of elasticity (or by experimental procedures that give equivalent values).  NOTE—The theory
of plasticity should not be used to determine Kt.

Tolerance Interval.—An interval computed so that it will include at least a stated percentage of the
population with a stated probability.

Tolerance Level.—The stated probability that the tolerance interval includes at least the stated percentage of
the population.  It is not the same as a confidence level, but the term confidence level is frequently
associated with tolerance intervals.
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Tolerance Limits.—The two statistics that define a tolerance interval. (One value may be “minus infinity”
or “plus infinity”.)

Total Plastic Strain.—Total plastic strain at a specified time is equal to the sum of plastic strain during
loading plus creep.

Total Strain.—Total strain at any given time, including initial loading strain (which may include plastic
strain in addition to elastic strain) and creep strain, but not including thermal expansion.

Transition Fatigue Life.*—The point on a strain-life diagram where the elastic and plastic strains are equal.

Transverse Direction.—Perpendicular to the principal direction of flow in a worked metal; may be defined
as T, LT or ST.

Typical Basis.—A typical property value is an average value and has no statistical assurance associated with
it.

Waveform.—The shape of the peak-to-peak variation of a controlled mechanical test variable (for example,
load, strain, displacement) as a function of time.
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ksi in. Megapascal meter

(MPa m ½ )d

A.4  Conversion of U.S. Units of Measure Used in MIL-HDBK-5 to SI Units

Quantity or

Property

To Convert From

U. S. Unit

Multiply

bya SI Unitb

Area in.2 645.16c   Millimeter2 (mm2)

Force lb 4.4482   Newton (N)

Length in. 25.4c   Millimeter (mm)

Stress ksi 6.895   Megapascal (MPa)d

Stress intensity factor 1.0989

Modulus 103 ksi 6.895   Gigapascal (GPa)d

Temperature F F + 459.67
1.8

  Kelvin (K)

Density ( ) lb/in.3 27.680   Megagram/meter3

  (Mg/m3)

Specific heat (C) Btu/lb F
(or Btu lb-1 F-1)

4.1868c   Joule/(gram Kelvin)
  (J/g K) or (J g-1 K-1)

Thermal
conductivity (K)

Btu/[(hr)(ft2)(F)/ft]
(or Btu hr-1 ft-2 F-1 ft)

1.7307   Watt/(meter Kelvin)
  W/(m K) or (W m-1 K-1)

Thermal 
expansion ( )

in./in./F
(or in. in.-1 F-1)

1.8   Meter/meter/Kelvin
  m/(m K) or (m m-1 K-1)

a Conversion factors to give significant figures are as specified in ASTM E 380, NASA SP-7012, second revision.  NBS Special
Publication 330, and Metals Engineering Quarterly.  Note: Multiple conversions between U.S. and SI units should be avoided
because significant round-off errors may result.

b Prefix Multiple Prefix Multiple
giga (G)   109 milli (m)   10-3

mega (M)   106 micro (µ)   10-6

kilo (k)   103

c Conversion factor is exact.
d One Pascal (Pa) = one Newton/meter2.
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APPENDIX B

B.0  Alloy Index

Alloy Name Form Specification Section

250 Bar AMS 6512 2.5.1
250 Sheet and Plate AMS 6520 2.5.1
280 Sheet and Plate AMS 6521 2.5.1
280 Bar AMS 6514 2.5.1
354.0 Casting AMS-A-21180 3.9.1
355.0 Permanent Mold Casting AMS 4281 3.9.2
356.0 Sand Casting AMS 4217 3.9.4
356.0 Investment Casting AMS 4260 3.9.4
356.0 Permanent Mold Casting AMS 4284 3.9.4
359.0 Casting AMS-A-21180 3.9.8
2014 Bare Sheet and Plate AMS 4028 3.2.1
2014 Bare Sheet and Plate AMS 4029 3.2.1
2014 Bar and Rod, Rolled or Cold Finished AMS 4121 3.2.1
2014 Forging AMS 4133 3.2.1
2014 Extrusion AMS 4153 3.2.1
2014 Forging AMS-A-22771 3.2.1
2014 Extruded Bar, Rod and Shapes AMS-QQ-A-200/2 3.2.1
2014 Rolled or Drawn Bar, Rod and Shapes AMS-QQ-A-225/4 3.2.1
2014 Clad Sheet and Plate AMS-QQ-A-250/3 3.2.1
2014 Forging AMS-QQ-A-367 3.2.1
2017 Bar and Rod, Rolled or Cold-Finished AMS 4118 3.2.2
2017 Rolled Bar and Rod AMS-QQ-A-225/5 3.2.2
2024 Bare Sheet and Plate AMS 4035 3.2.3
2024 Bare Sheet and Plate AMS 4037 3.2.3
2024 Tubing, Hydraulic, Seamless, Drawn AMS 4086 3.2.3
2024 Bar and Rod, Rolled or Cold-Finished AMS 4120 3.2.3
2024 Extrusion AMS 4152 3.2.3
2024 Extrusion AMS 4164 3.2.3
2024 Extrusion AMS 4165 3.2.3
2024 Extruded Bar, Rod and Shapes AMS-QQ-A-200/3 3.2.3
2024 Rolled or Drawn Bar, Rod and Wire AMS-QQ-A-225/6 3.2.3
2024 Bare Sheet and Plate AMS-QQ-A-250/4 3.2.3
2024 Clad Sheet and Plate AMS-QQ-A-250/5 3.2.3
2024 Tubing AMS-WW-T-700/3 3.2.3
2025 Die Forging AMS 4130 3.2.4
2026 Extruded Bars, Rods, and Profiles AMS 4338 3.2.5
2090 Sheet AMS 4251 3.2.6
2124 Plate AMS 4101 3.2.7
2124 Plate AMS-QQ-A-250/29 3.2.7
2219 Sheet and Plate AMS 4031 3.2.8
2219 Hand Forging AMS 4144 3.2.8
2219 Extrusion AMS 4162 3.2.8
2219 Extrusion AMS 4163 3.2.8
2219 Sheet and Plate AMS-QQ-A-250/30 3.2.8
2297 Plate AMS 4330 3.2.9
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2424 Sheet (Clad) AMS 4270 3.2.10
2424 Sheet (Bare) AMS 4273 3.2.10
2519 Plate MIL-DTL-46192 3.2.11
2524 Sheet and Plate AMS 4296 3.2.12
2618 Die and Hand Forgings AMS 4132 3.2.13
2618 Die Forging AMS-A-22771 3.2.13
2618 Forging AMS-QQ-A-367 3.2.13
4130 Bar and Forging AMS 6348 2.3.1
4130 Sheet, Strip and Plate AMS 6350 2.3.1
4130 Sheet, Strip and Plate AMS 6351 2.3.1
4130 Tubing AMS 6361 2.3.1
4130 Tubing AMS 6362 2.3.1
4130 Bar and Forging AMS 6370 2.3.1
4130 Tubing AMS 6371 2.3.1
4130 Tubing AMS 6373 2.3.1
4130 Tubing AMS 6374 2.3.1
4130 Bar and Forging AMS 6528 2.3.1
4130 Sheet, Strip and Plate AMS-S-18729 2.3.1
4130 Bar and Forging AMS-S-6758 2.3.1
4130 Tubing AMS-T-6736 2.3.1
4135 Sheet, Strip and Plate AMS 6352 2.3.1
4135 Tubing AMS 6365 2.3.1
4135 Tubing AMS 6372 2.3.1
4135 Tubing AMS-T-6735 2.3.1
4140 Bar and Forging AMS 6349 2.3.1
4140 Tubing AMS 6381 2.3.1
4140 Bar and Forging AMS 6382 2.3.1
4140 Sheet, Strip and Plate AMS 6395 2.3.1
4140 Bar and Forging AMS 6529 2.3.1
4140 Bar and Forging AMS-S-5626 2.3.1
4340 Sheet, Strip and Plate AMS 6359 2.3.1
4340 Bar and Forging AMS 6414 2.3.1
4340 Tubing AMS 6414 2.3.1
4340 Bar and Forging AMS 6415 2.3.1
4340 Tubing AMS 6415 2.3.1
4340 Sheet, Strip and Plate AMS 6454 2.3.1
4340 Bar and Forging AMS-S-5000 2.3.1
5052 Sheet and Plate AMS 4015 3.5.1
5052 Sheet and Plate AMS 4016 3.5.1
5052 Sheet and Plate AMS 4017 3.5.1
5052 Sheet and Plate AMS-QQ-A-250/8 3.5.1
5083 Bare Sheet and Plate AMS 4056 3.5.2
5083 Extruded Bar, Rod and Shapes AMS-QQ-A-200/4 3.5.2
5083 Bare Sheet and Plate AMS-QQ-A-250/6 3.5.2
5086 Extruded Bar, Rod and Shapes AMS-QQ-A-200/5 3.5.3
5086 Sheet and Plate AMS-QQ-A-250/7 3.5.3
5454 Extruded Bar, Rod and Shapes AMS-QQ-A-200/6 3.5.4
5454 Sheet and Plate AMS-QQ-A-250/10 3.5.4
5456 Extruded Bar, Rod and Shapes AMS-QQ-A-200/7 3.5.5
5456 Sheet and Plate AMS-QQ-A-250/9 3.5.5
6013 Sheet (T4) AMS 4347 3.6.1
6013 Sheet (T6) AMS 4216 3.6.1
6061 Sheet and Plate AMS 4025 3.6.2
6061 Sheet and Plate AMS 4026 3.6.2
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6061 Sheet and Plate AMS 4027 3.6.2
6061 Tubing Seamless, Drawn AMS 4080 3.6.2
6061 Tubing Seamless, Drawn AMS 4082 3.6.2
6061 Bar and Rod, Rolled or Cold Finished AMS 4115 3.6.2
6061 Bar and Rod, Cold Finished AMS 4116 3.6.2
6061 Bar and Rod, Rolled or Cold Finished AMS 4117 3.6.2
6061 Forging AMS 4127 3.6.2
6061 Extrusion AMS 4160 3.6.2
6061 Extrusion AMS 4161 3.6.2
6061 Extrusion AMS 4172 3.6.2
6061 Hand Forging AMS 4248 3.6.2
6061 Forging AMS-A-22771 3.6.2
6061 Extruded Rod, Bar Shapes and Tubing AMS-QQ-A-200/8 3.6.2
6061 Rolled Bar, Rod and Shapes AMS-QQ-A-225/8 3.6.2
6061 Extruded Rod, Bars and Shapes AMS 4150 3.6.2
6061 Extruded Rod, Bars and Shapes AMS 4173 3.6.2
6061 Sheet and Plate AMS-QQ-A-250/11 3.6.2
6061 Forging AMS-QQ-A-367 3.6.2
6061 Tubing Seamless, Drawn AMS-WW-T-700/6 3.6.2
6151 Die Forging AMS 4125 3.6.3
6151 Forging AMS-A-22771 3.6.3
7010 Plate AMS 4204 3.7.1
7010 Plate AMS 4205 3.7.1
7040 Plate AMS 4211 3.7.2
7049 Forging AMS-QQ-A-367 3.7.3
7049 Forging AMS 4111 3.7.3
7049 Extrusion AMS 4157 3.7.3
7049 Forging AMS-A-2271 3.7.3
7049 Plate AMS 4200 3.7.3
7050 Bare Plate AMS 4050 3.7.4
7050 Die Forging AMS 4107 3.7.4
7050 Hand Forging AMS 4108 3.7.4
7050 Bare Plate AMS 4201 3.7.4
7050 Die Forging AMS 4333 3.7.4
7050 Extruded Shape AMS 4340 3.7.4
7050 Extruded Shape AMS 4341 3.7.4
7050 Extruded Shape AMS 4342 3.7.4
7050 Forging AMS-A-22771 3.7.4
7055 Plate AMS 4206 3.7.5
7055 Extrusion AMS 4337 3.7.5
7055 Extrusion AMS 4324 3.7.5
7055 Extrusion AMS 4336 3.7.5
7075 Bare Sheet and Plate AMS 4044 3.7.6
7075 Bare Sheet and Plate AMS 4045 3.7.6
7075 Clad Sheet and Plate AMS 4049 3.7.6
7075 Bare Plate AMS 4078 3.7.6
7075 Bar and Rod, Rolled or Cold Finished AMS 4122 3.7.6
7075 Bar and Rod, Rolled or Cold Finished AMS 4123 3.7.6
7075 Bar and Rod, Rolled or Cold Finished AMS 4124 3.7.6
7075 Forging AMS 4126 3.7.6
7075 Die Forging AMS 4141 3.7.6
7075 Forging AMS 4147 3.7.6
7075 Bar and Rod, Rolled or Cold Finished AMS 4186 3.7.6
7075 Bar and Rod, Rolled or Cold Finished AMS 4187 3.7.6
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7075 Forging AMS-A-22771 3.7.6
7075 Extruded Bar, Rod and Shapes AMS-QQ-A-200/11, 15 3.7.6
7075 Rolled or Drawn Bar and Rod AMS-QQ-A-225/9 3.7.6
7075 Bare Sheet and Plate AMS-QQ-A-250/12, 24 3.7.6
7075 Clad Sheet and Plate AMS-QQ-A-250/13, 25 3.7.6
7075 Forging AMS-QQ-A-367 3.7.6
7149 Forging AMS 4320 3.7.3
7149 Forging AMS-A-2271 3.7.3
7149 Extrusion ASM 4343 3.7.3
7150 Bare Plate AMS 4252 (T7751) 3.7.7
7150 Bare Plate AMS 4306 (T6151) 3.7.7
7150 Extrusion AMS 4307 (T61511) 3.7.7
7150 Extrusion AMS 4345 (T77511) 3.7.7
7175 Die Forging AMS 4148 (T66) 3.7.8
7175 Die and Hand Forging AMS 4149 (T74) 3.7.8
7175 Hand Forging AMS 4179 (T7452) 3.7.8
7175 Extrusion AMS 4344 (T73511) 3.7.8
7175 Forging AMS-A-22771 3.7.8
7249 Hand Forging AMS 4334 3.7.9
7475 Bare Sheet AMS 4084 (T61) 3.7.10
7475 Bare Sheet AMS 4085 (T761) 3.7.10
7475 Bare Plate AMS 4089 (T7651) 3.7.10
7475 Bare Plate AMS 4090 (T651) 3.7.10
7475 Clad Sheet AMS 4100 (T761) 3.7.10
7475 Bare Plate AMS 4202 (T7351) 3.7.10
7475 Clad Sheet AMS 4207 (T61) 3.7.10
8630 Bar and Forging AMS 6280 2.3.1
8630 Tubing AMS 6281 2.3.1
8630 Sheet, Strip and Plate AMS-S-18728 2.3.1
8630 Bar and Forging AMS-S-6050 2.3.1
8630 Sheet, Strip and Plate AMS 6350 2.3.1
8735 Tubing AMS 6282 2.3.1
8735 Bar and Forging AMS 6320 2.3.1
8735 Sheet, Strip and Plate AMS 6357 2.3.1
8740 Bar and Forging AMS 6322 2.3.1
8740 Tubing AMS 6323 2.3.1
8740 Bar and Forging AMS 6327 2.3.1
8740 Sheet, Strip and Plate AMS 6358 2.3.1
8740 Bar and Forging AMS-S-6049 2.3.1
15-5PH Investment Casting AMS 5400 2.6.7
15-5PH Bar, Forging, Ring and Extrusion (CEVM) AMS 5659 2.6.7
15-5PH Sheet, Strip and Plate (CEVM) AMS 5862 2.6.7
17-4PH Investment Casting (H1100) AMS 5342 2.6.9
17-4PH Investment Casting (H1000) AMS 5343 2.6.9
17-4PH Investment Casting (H900) AMS 5344 2.6.9
17-4PH Sheet, Strip and Plate AMS 5604 2.6.9
17-4PH Bar, Forging and Ring AMS 5643 2.6.9
17-7PH Plate, Sheet and Strip AMS 5528 2.6.10
2024-T3 ARAMID Fiber Reinforced Sheet Laminate AMS 4254 7.5.1
280 (300) Bar AMS 6514 2.5.1
280 (300) Sheet and Plate AMS 6521 2.5.1

300M (0.42C) Bar and Forging AMS 6257 2.3.1
300M (0.42C) Tubing AMS 6257 2.3.1
300M (0.42C) Bar and Forging AMS 6419 2.3.1
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300M (0.42C) Tubing AMS 6419 2.3.1
300M (0.4C) Bar and Forging AMS 6417 2.3.1
300M (0.4C) Tubing AMS 6417 2.3.1
4130 - N Tubing AMS 6360 2.3.1
4330V Bar and Forging AMS 6411 2.3.1
4330V Tubing AMS 6411 2.3.1
4330V Bar and Forging AMS 6427 2.3.1
4330V Tubing AMS 6427 2.3.1
4335V Bar and Forging AMS 6429 2.3.1
4335V Tubing AMS 6429 2.3.1
4335V Bar and Forging AMS 6430 2.3.1
4335V Tubing AMS 6430 2.3.1
4335V Sheet, Strip and Plate AMS 6433 2.3.1
4335V Sheet, Strip and Plate AMS 6435 2.3.1
5Cr-Mo-V Sheet, Strip and Plate AMS 6437 2.4.1
5Cr-Mo-V Bar and Forging (CEVM) AMS 6487 2.4.1
5Cr-Mo-V Bar and Forging AMS 6488 2.4.1
7475-T761 ARAMID Fiber Reinforced Sheet Laminate AMS 4302 7.5.2
9Ni-4Co-0.20C Sheet, Strip and Plate AMS 6523 2.4.2
9Ni-4Co-0.20C Sheet, Strip and Plate AMS 6524 2.4.3

9Ni-4Co-0.20C Bar and Forging, Tubing AMS 6526 2.4.3
A201.0 Casting (T7 Temper) AMS-A-21180 3.8.1
A-286 Sheet, Strip and Plate AMS 5525 6.2.1
A-286 Bar, Forging, Tubing and Ring AMS 5731 6.2.1
A-286 Bar, Forging, Tubing and Ring AMS 5732 6.2.1
A-286 Bar, Forging and Tubing AMS 5734 6.2.1
A-286 Bar, Forging and Tubing AMS 5737 6.2.1
A356.0 Casting AMS 4218 3.9.5
A356.0 Casting AMS-A-21180 3.9.5
A357.0 Casting AMS-A-21180 3.9.6
AerMet 100 Bar and Forging AMS 6478 2.5.3
AerMet 100 Bar and Forging AMS 6532 2.5.3
AF1410 Bar and Forging AMS 6527 2.5.2
AISI 1025 Sheet, Strip, and Plate AMS 5046 2.2.1
AISI 1025 Bar ASTM A 108 2.2.1
AISI 1025 Sheet and Strip AMS-S-7952 2.2.1
AISI 1025 Tubing AMS 5077 2.2.1
AISI 1025 - N Seamless Tubing AMS 5075 2.2.1
AISI 1025 - N Tubing AMS 5077 2.2.1
AISI 1025 - N Tubing AMS-T-5066 2.2.1
AISI 301 Sheet and Strip AMS 5517 2.7.1
AISI 301 Sheet and Strip AMS 5518 2.7.1
AISI 301 Sheet and Strip AMS 5519 2.7.1
AISI 301 Sheet, Strip and Plate AMS 5901 2.7.1
AISI 301 Sheet and Strip (175 ksi) AMS 5902 2.7.1
AISI 302 Sheet, Strip and Plate AMS 5516 2.7.1
AISI 302 Sheet and Strip (125 ksi) AMS 5903 2.7.1
AISI 302 Sheet and Strip (150 ksi) AMS 5904 2.7.1
AISI 302 Sheet and Strip (175 ksi) AMS 5905 2.7.1
AISI 302 Sheet and Strip (185 ksi) AMS 5906 2.7.1
AISI 304 Sheet and Strip AMS 5913 2.7.1
AISI 304 Sheet, Strip and Plate (125 ksi) AMS 5910 2.7.1
AISI 304 Sheet and Strip (150 ksi) AMS 5911 2.7.1
AISI 304 Sheet and Strip (175 ksi) AMS 5912 2.7.1
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AISI 304 Sheet and Strip (185 ksi) AMS 5913 2.7.1
AISI 316 Sheet and Strip AMS 5524 2.7.1
AISI 316 Sheet, Strip and Plate (125 ksi) AMS 5907 2.7.1
AM100A Investment Casting AMS 4455 4.3.1
AM100A Permanent Mold Casting AMS 4483 4.3.1
AM-350 Sheet and Strip AMS 5548 2.6.1
AM-355 Sheet and Strip AMS 5547 2.6.2
AM-355 Plate AMS 5549 2.6.2

AM-355 Bar, Forging and Forging Stock AMS 5743 2.6.2
AZ31B Sheet and Plate AMS 4375 4.2.1
AZ31B Plate AMS 4376 4.2.1
AZ31B Sheet and Plate AMS 4377 4.2.1
AZ31B Forging ASTM B 91 4.2.1
AZ31B Extrusion ASTM B 107 4.2.1
AZ61A Extrusion AMS 4350 4.2.2
AZ61A Forging ASTM B 91 4.2.2
AZ91C/AZ91E Sand Casting AMS 4437 4.3.2
AZ91C/AZ91E Sand Casting AMS 4446 4.3.2
AZ91C/AZ91E Investment Casting AMS 4452 4.3.2
AZ92A Sand Casting AMS 4434 4.3.3
AZ92A Permanent Mold Casting AMS 4484 4.3.3
AZ92A Investment Casting AMS 4453 4.3.3
C355.0 Casting AMS-A-21180 3.9.3
Copper Beryllium Strip (TB00) AMS 4530 7.3.2

Copper Beryllium Strip (TD02) AMS 4532 7.3.2

Copper Beryllium Bar and Rod (TF00) AMS 4533 7.3.2
Copper Beryllium Bar and Rod (TH04) AMS 4534 7.3.2
Copper Beryllium Mechanical tubing (TF00) AMS 4535 7.3.2
Copper Beryllium Bar, Rod, Shapes and Forging (TB00) AMS 4650 7.3.2
Copper Beryllium Bar and Rod (TD04) AMS 4651 7.3.2
Copper Beryllium Sheet (TB00, TD01, TD02, TD04) ASTM B 194 7.3.2
CP Titanium Sheet, Strip and Plate AMS 4900 5.2.1
CP Titanium Sheet, Strip and Plate AMS 4901 5.2.1
CP Titanium Sheet, Strip and Plate AMS 4902 5.2.1
CP Titanium Bar AMS 4921 5.2.1
CP Titanium Extruded Bars and Shapes AMS-T-81556 5.2.1
CP Titanium Sheet, Strip and Plate AMS-T-9046 5.2.1
CP Titanium Bar MIL-T-9047 5.2.1
Custom 450 Bar, Forging, Tubing, Wire and Ring (air melted) AMS 5763 2.6.3
Custom 450 Bar, Forging, Tubing, Wire and Ring (CEM) AMS 5773 2.6.3
Custom 455 Tubing (welded) AMS 5578 2.6.4
Custom 455 Bar and Forging AMS 5617 2.6.4
Custom 465 Bars, Wires, and Forgings AMS 5936 2.6.5
D357.0 Sand Composite Casting AMS 4241 3.9.7
D6AC Bar and Forging AMS 6431 2.3.1
D6AC Tubing AMS 6431 2.3.1
D6AC Bar and Forging AMS 6439 2.3.1
D6AC Sheet, Strip and Plate AMS 6439 2.3.1
EZ33A Sand Casting AMS 4442 4.3.4
Hastelloy X Sheet and Plate AMS 5536 6.3.1
Hastelloy X Bar and Forging AMS 5754 6.3.1
Haynes®230® Plate, Sheet, and Strip AMS 5878 6.3.9

Haynes®230® Bar and Forging AMS 5891 6.3.9

Haynes HR 120 Sheet, Strip and Plate AMS 5916 6.3.10
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HS 188 Sheet and Plate AMS 5608 6.4.2
HS 188 Bar and Forging AMS 5772 6.4.2
Hy-Tuf Bar and Forging AMS 6425 2.3.1
Hy-Tuf Tubing AMS 6425 2.3.1
Inconel 718 Investment Casting AMS 5383 6.3.5
Inconel 718 Tubing; Creep Rupture AMS 5589 6.3.5
Inconel 718 Tubing; Short-Time AMS 5590 6.3.5
Inconel 718 Sheet, Strip and Plate; Creep Rupture AMS 5596 6.3.5
Inconel 718 Sheet, Strip and Plate; Short-Time AMS 5597 6.3.5
Inconel 718 Bar and Forging; Creep Rupture AMS 5662 6.3.5
Inconel 718 Bar and Forging; Creep Rupture AMS 5663 6.3.5
Inconel 718 Bar and Forging; Short-Time AMS 5664 6.3.5
Inconel Alloy 600 Plate, Sheet and Strip AMS 5540 6.3.2
Inconel Alloy 600 Tubing, Seamless AMS 5580 6.3.2
Inconel Alloy 600 Bar and Rod ASTM B 166 6.3.2
Inconel Alloy 600 Forging ASTM B 564 6.3.2
Inconel Alloy 625 Sheet, Strip and Plate AMS 5599 6.3.3
Inconel Alloy 625 Bar, Forging and Ring AMS 5666 6.3.3
Inconel Alloy 706 Sheet, Strip and Plate AMS 5605 6.3.4
Inconel Alloy 706 Sheet, Strip and Plate AMS 5606 6.3.4
Inconel Alloy 706 Bar, Forging and Ring AMS 5701 6.3.4
Inconel Alloy 706 Bar, Forging and Ring AMS 5702 6.3.4
Inconel Alloy 706 Bar, Forging and Ring AMS 5703 6.3.4
Inconel Alloy X-750 Sheet, Strip and Plate; Annealed AMS 5542 6.3.6
Inconel Alloy X-750 Bar and Forging; Equalized AMS 5667 6.3.6
L-605 Sheet AMS 5537 6.4.1
L-605 Bar and Forging AMS 5759 6.4.1
Manganese Bronzes Casting AMS 4860 7.3.1
Manganese Bronzes Casting AMS 4862 7.3.1
MP159 Alloy Bar (solution treated and cold drawn) AMS 5842 7.4.2
MP159 Alloy Bar (solution treated, cold drawn and aged) AMS 5843 7.4.2
MP35N Alloy Bar (solution treated and cold drawn) AMS 5844 7.4.1
MP35N Alloy Bar (solution treated, cold drawn and aged) AMS 5845 7.4.1
N-155 Sheet AMS 5532 6.2.2
N-155 Tubing (welded) AMS 5585 6.2.2
N-155 Bar and Forging AMS 5768 6.2.2
N-155 Bar and Forging AMS 5769 6.2.2
PH13-8Mo Bar, Forging Ring and Extrusion (VIM+CEVM) AMS 5629 2.6.5
PH15-7Mo Plate, Sheet and Strip AMS 5520 2.6.7
QE22A Magnesium Sand Casting AMS 4418 4.3.5
René 41 Plate, Sheet and Strip AMS 5545 6.3.7
René 41 Bar and Forging AMS 5713 6.3.7
René 41 - STA Bar and Forging AMS 5712 6.3.7
Standard Grade Beryllium Sheet and Plate AMS 7902 7.2.1
Standard Grade Beryllium Bar, Rod, Tubing and Machined Shapes AMS 7906 7.2.1
Ti-10V-2Fe-3Al (Ti-10-2-3) Forging AMS 4983 5.5.3
Ti-10V-2Fe-3Al (Ti-10-2-3) Forging AMS 4984 5.5.3
Ti-10V-2Fe-3Al (Ti-10-2-3) Forging AMS 4986 5.5.3
Ti-13V-11Cr-3Al Sheet, Strip and Plate AMS-T-9046 5.5.1
Ti-13V-11Cr-3Al Bar MIL-T-9047 5.5.1
Ti-15V-3Cr-3Sn-3Al (Ti-15-3-3-3) Sheet and Strip AMS 4914 5.5.2
Ti-4.5Al-3V-2Fe-2Mo Sheet AMS 4899 5.4.3
Ti-4.5Al-3V-2Fe-2Mo Bars, Wires, forgings and Rings AMS 4964 5.4.3
Ti-5Al-2.5Sn Sheet, Strip and Plate AMS 4910 5.3.1
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Ti-5Al-2.5Sn Bar AMS 4926 5.3.1
Ti-5Al-2.5Sn Forging AMS 4966 5.3.1
Ti-5Al-2.5Sn Extruded Bar and Shapes AMS-T-81556 5.3.1
Ti-5Al-2.5Sn Sheet, Strip and Plate AMS-T-9046 5.3.1
Ti-5Al-2.5Sn Bar MIL-T-9047 5.3.1
Ti-6Al-2Sn-4Zr-2Mo Sheet, Strip and Plate AMS 4919 5.3.3
Ti-6Al-2Sn-4Zr-2Mo Bar AMS 4975 5.3.3
Ti-6Al-2Sn-4Zr-2Mo Forging AMS 4976 5.3.3
Ti-6Al-2Sn-4Zr-2Mo Sheet and Strip AMS-T-9046 5.3.3
Ti-6Al-4V Sheet, Strip and Plate AMS 4911 5.4.1
Ti-6Al-4V Die Forging AMS 4920 5.4.1
Ti-6Al-4V Bar and Die Forging AMS 4928 5.4.1
Ti-6Al-4V Extrusion AMS 4934 5.4.1
Ti-6Al-4V Extrusion AMS 4935 5.4.1

Ti-6Al-4V Casting AMS 4962 5.4.1
Ti-6Al-4V Bar AMS 4967 5.4.1
Ti-6Al-4V Sheet, Strip and Plate AMS-T-9046 5.4.1
Ti-6Al-4V Bar AMS 4965 5.4.1
Ti-6Al-4V Bar MIL-T-9047 5.4.1
Ti6Al-6V-2Sn Sheet, Strip and Plate AMS 4918 5.4.2
Ti6Al-6V-2Sn Bar and Forging AMS 4971 5.4.2
Ti6Al-6V-2Sn Bar and Forging AMS 4978 5.4.2
Ti6Al-6V-2Sn Bar and Forging AMS 4979 5.4.2
Ti6Al-6V-2Sn Extruded Bar and Shapes AMS-T-81556 5.4.2
Ti6Al-6V-2Sn Sheet, Strip and Plate AMS-T-9046 5.4.2
Ti-8Al-1Mo-1V Sheet, Strip and Plate AMS 4915 5.3.2
Ti-8Al-1Mo-1V Sheet, Strip and Plate AMS 4916 5.3.2
Ti-8Al-1Mo-1V Forging AMS 4973 5.3.2
Ti-8Al-1Mo-1V Sheet, Strip and Plate AMS-T-9046 5.3.2
Ti-8Al-1Mo-1V Bar MIL-T-9047 5.3.2
Waspaloy Plate, Sheet and Strip AMS 5544 6.3.8
Waspaloy Forging AMS 5704 6.3.8
Waspaloy Bar, Forgings and Ring AMS 5706 6.3.8
Waspaloy Bar, Forgings and Ring AMS 5707 6.3.8
Waspaloy Bar, Forgings and Ring AMS 5708 6.3.8
Waspaloy Bar, Forgings and Ring AMS 5709 6.3.8
ZE41A Magnesium Sand Casting AMS 4439 4.3.6
ZK60A-F Extrusion ASTM B 107 4.2.3
ZK60A-T5 Extrusion AMS 4352 4.2.3
ZK60A-T5 Die and Hand Forging AMS 4362 4.2.3
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APPENDIX C

C.0  Specification Index

Specification Alloy Name Form/Application Section

AMS 4015 5052 Sheet and Plate 3.5.1
AMS 4016 5052 Sheet and Plate 3.5.1
AMS 4017 5052 Sheet and Plate 3.5.1
AMS 4025 6061 Sheet and Plate 3.6.2
AMS 4026 6061 Sheet and Plate 3.6.2
AMS 4027 6061 Sheet and Plate 3.6.2
AMS 4028 2014 Bare Sheet and Plate 3.2.1
AMS 4029 2014 Bare Sheet and Plate 3.2.1
AMS 4031 2219 Sheet and Plate 3.2.8
AMS 4035 2024 Bare Sheet and Plate 3.2.3
AMS 4037 2024 Bare Sheet and Plate 3.2.3
AMS 4044 7075 Bare Sheet and Plate 3.7.6
AMS 4045 7075 Bare Sheet and Plate 3.7.6
AMS 4049 7075 Clad Sheet and Plate 3.7.6
AMS 4050 7050 Bare Plate 3.7.4
AMS 4056 5083 Bare Sheet and Plate 3.5.2
AMS 4078 7075 Bare Plate 3.7.6
AMS 4080 6061 Tubing Seamless, Drawn 3.6.2
AMS 4082 6061 Tubing Seamless, Drawn 3.6.2
AMS 4084 (T61) 7475 Bare Sheet 3.7.10
AMS 4085 (T761) 7475 Bare Sheet 3.7.10
AMS 4086 2024 Tubing, Hydraulic, Seamless, Drawn 3.2.3
AMS 4089 (T7651) 7475 Bare Plate 3.7.10
AMS 4090 (T651) 7475 Bare Plate 3.7.10
AMS 4100 (T761) 7475 Clad Sheet 3.7.10
AMS 4101 2124 Plate 3.2.7
AMS 4107 7050 Die Forging 3.7.4
AMS 4108 7050 Hand Forging 3.7.4
AMS 4111 7049 Forging 3.7.3
AMS 4115 6061 Bar and Rod, Rolled or Cold Finished 3.6.2
AMS 4116 6061 Bar and Rod, Cold Finished 3.6.2
AMS 4117 6061 Bar and Rod, Rolled or Cold Finished 3.6.2
AMS 4118 2017 Bar and Rod, Rolled or Cold-Finished 3.2.2
AMS 4120 2024 Bar and Rod, Rolled or Cold-Finished 3.2.3
AMS 4121 2014 Bar and Rod, Rolled or Cold Finished 3.2.1
AMS 4122 7075 Bar and Rod, Rolled or Cold Finished 3.7.6
AMS 4123 7075 Bar and Rod, Rolled or Cold Finished 3.7.6
AMS 4124 7075 Bar and Rod, Rolled or Cold Finished 3.7.6
AMS 4125 6151 Die Forging 3.6.3
AMS 4126 7075 Forging 3.7.6
AMS 4127 6061 Forging 3.6.2
AMS 4130 2025 Die Forging 3.2.4
AMS 4132 2618 Die and Hand Forgings 3.2.13
AMS 4133 2014 Forging 3.2.1
AMS 4141 7075 Die Forging 3.7.6
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AMS 4144 2219 Hand Forging 3.2.8
AMS 4147 7075 Forging 3.7.6
AMS 4148 (T66) 7175 Die Forging 3.7.8
AMS 4149 (T74) 7175 Die and Hand Forging 3.7.8
AMS 4150 6061 Extruded Rod, Bars, and Shapes 3.6.2
AMS 4152 2024 Extrusion 3.2.3
AMS 4153 2014 Extrusion 3.2.1
AMS 4157 7049 Extrusion 3.7.3
AMS 4160 6061 Extrusion 3.6.2
AMS 4161 6061 Extrusion 3.6.2
AMS 4162 2219 Extrusion 3.2.8
AMS 4163 2219 Extrusion 3.2.8
AMS 4164 2024 Extrusion 3.2.3
AMS 4165 2024 Extrusion 3.2.3
AMS 4172 6061 Extrusion 3.6.2
AMS 4173 6061 Extruded Rod, Bars, and Shapes 3.6.2
AMS 4179 (T7452) 7175 Hand Forging 3.7.8
AMS 4186 7075 Bar and Rod, Rolled or Cold Finished 3.7.6
AMS 4187 7075 Bar and Rod, Rolled or Cold Finished 3.7.6
AMS 4200 7049 Plate 3.7.3
AMS 4201 7050 Bare Plate 3.7.4
AMS 4202 (T7351) 7475 Bare Plate 3.7.10
AMS 4204 7010 Plate 3.7.1
AMS 4205 7010 Plate 3.7.1
AMS 4206 7055 Plate 3.7.5
AMS 4207 (T61) 7475 Clad Sheet 3.7.10
AMS 4211 7040 Plate 3.7.2
AMS 4216 6013 (T4) Sheet 3.6.1
AMS 4217 356.0 Sand Casting 3.9.4
AMS 4218 A356.0 Casting 3.9.5
AMS 4241 D357.0 Sand Composite Casting 3.9.7
AMS 4248 6061 Hand Forging 3.6.2
AMS 4251 2090 Sheet 3.2.6
AMS 4252 (T7751) 7150 Bare Plate 3.7.7
AMS 4254 2024-T3 ARAMID Fiber Reinforced Sheet Laminate 7.5.1
AMS 4260 356.0 Investment Casting 3.9.4
AMS 4270 2424 (Clad) Sheet 3.2.10
AMS 4273 2424 (Bare) Sheet 3.2.10
AMS 4281 355.0 Permanent Mold Casting 3.9.2
AMS 4284 356.0 Permanent Mold Casting 3.9.4
AMS 4296 2524-T3 Sheet and Plate 3.2.12
AMS 4302 7475-T761 ARAMID Fiber

Reinforced
Sheet Laminate 7.5.2

AMS 4306 (T6151) 7150 Bare Plate 3.7.7
AMS 4307 (T61511) 7150 Extrusion 3.7.7
AMS 4320 7149 Forging 3.7.3
AMS 4324 7055 Extrusion 3.7.5
AMS 4330 2297 Plate 3.2.9
AMS 4333 7050 Die Forging 3.7.4
AMS 4334 7249 Hand Forging 3.7.9
AMS 4336 7055 Extrusion 3.7.5
AMS 4337 7055 Extrusion 3.7.5
AMS 4338 2026 Bars, Rods, and Profiles 3.2.5
AMS 4340 7050 Extruded Shape 3.7.4
AMS 4341 7050 Extruded Shape 3.7.4
AMS 4342 7050 Extruded Shape 3.7.4
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AMS 4343 7149 Extrusion 3.7.3
AMS 4344 (T73511) 7175 Extrusion 3.7.8
AMS 4345 (T77511) 7150 Extrusion 3.7.7
AMS 4347 6013 (T6) Sheet 3.6.1
AMS 4350 AZ61A Extrusion 4.2.2
AMS 4352 ZK60A-T5 Extrusion 4.2.3
AMS 4362 ZK60A-T5 Die and Hand Forging 4.2.3
AMS 4375 AZ31B Sheet and Plate 4.2.1
AMS 4376 AZ31B Plate 4.2.1
AMS 4377 AZ31B Sheet and Plate 4.2.1
AMS 4418 QE22A Magnesium Sand Casting 4.3.5
AMS 4434 AZ92A Sand Casting 4.3.3
AMS 4437 AZ91C/AZ91E Sand Casting 4.3.2
AMS 4439 ZE41A Magnesium Sand Casting 4.3.6
AMS 4442 EZ33A Sand Casting 4.3.4
AMS 4446 AZ91C/AZ91E Sand Casting 4.3.2
AMS 4452 AZ91C/AZ91E Investment Casting 4.3.2
AMS 4453 AZ92A Investment Casting 4.3.3
AMS 4455 AM100A Investment Casting 4.3.1
AMS 4483 AM100A Permanent Mold Casting 4.3.1
AMS 4484 AZ92A Permanent Mold Casting 4.3.3
AMS 4530 Copper Beryllium Strip (TB00) 7.3.2

AMS 4532 Copper Beryllium Strip (TD02) 7.3.2

AMS 4533 Copper Beryllium Bar and Rod (TF00) 7.3.2
AMS 4534 Copper Beryllium Bar and Rod (TH04) 7.3.2
AMS 4535 Copper Beryllium Mechanical tubing (TF00) 7.3.2
AMS 4650 Copper Beryllium Bar, Rod, Shapes and Forging (TB00) 7.3.2
AMS 4651 Copper Beryllium Bar and Rod (TD04) 7.3.2
AMS 4860 Manganese Bronzes Casting 7.3.1
AMS 4862 Manganese Bronzes Casting 7.3.1
AMS 4899 Ti-4.5Al-3V-2Fe-2Mo Sheet 5.4.3
AMS 4900 CP Titanium Sheet, Strip and Plate 5.2.1
AMS 4901 CP Titanium Sheet, Strip and Plate 5.2.1
AMS 4902 CP Titanium Sheet, Strip and Plate 5.2.1
AMS 4910 Ti-5Al-2.5Sn Sheet, Strip and Plate 5.3.1
AMS 4911 Ti-6Al-4V Sheet, Strip and Plate 5.4.1
AMS 4914 Ti-15V-3Cr-3Sn-3Al (Ti-15-3)-3-3 Sheet and Strip 5.5.2
AMS 4915 Ti-8Al-1Mo-1V Sheet, Strip and Plate 5.3.2
AMS 4916 Ti-8Al-1Mo-1V Sheet, Strip and Plate 5.3.2
AMS 4918 Ti6Al-6V-2Sn Sheet, Strip and Plate 5.4.2
AMS 4919 Ti-6Al-2Sn-4Zr-2Mo Sheet, Strip and Plate 5.3.3
AMS 4920 Ti-6Al-4V Die Forging 5.4.1
AMS 4921 CP Titanium Bar 5.2.1
AMS 4926 Ti-5Al-2.5Sn Bar 5.3.1
AMS 4928 Ti-6Al-4V Bar and Die Forging 5.4.1
AMS 4934 Ti-6Al-4V Extrusion 5.4.1
AMS 4935 Ti-6Al-4V Extrusion 5.4.1
AMS 4962 Ti-6Al-4V Casting 5.4.1
AMS 4964 Ti-4.5Al-3V-2Fe-2Mo Bars, Wires, Forgings and Rings 5.4.3
AMS 4965 Tii-6Al-4V Bar 5.4.1
AMS 4966 Ti-5Al-2.5Sn Forging 5.3.1
AMS 4967 Ti-6Al-4V Bar 5.4.1
AMS 4971 Ti6Al-6V-2Sn Bar and Forging 5.4.2
AMS 4973 Ti-8Al-1Mo-1V Forging 5.3.2
AMS 4975 Ti-6Al-2Sn-4Zr-2Mo Bar 5.3.3
AMS 4976 Ti-6Al-2Sn-4Zr-2Mo Forging 5.3.3
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AMS 4978 Ti6Al-6V-2Sn Bar and Forging 5.4.2
AMS 4979 Ti6Al-6V-2Sn Bar and Forging 5.4.2
AMS 4983 Ti-10V-2Fe-3Al (Ti-10-2-3) Forging 5.5.3
AMS 4984 Ti-10V-2Fe-3Al (Ti-10-2-3) Forging 5.5.3
AMS 4986 Ti-10V-2Fe-3Al (Ti-10-2-3) Forging 5.5.3
AMS 5046 AISI 1025 Sheet, Strip, and Plate 2.2.1
AMS 5075 AISI 1025 - N Seamless Tubing 2.2.1
AMS 5077 AISI 1025 - N Tubing 2.2.1
AMS 5342 17-4PH Investment Casting (H1100) 2.6.9
AMS 5343 17-4PH Investment Casting (H1000) 2.6.9
AMS 5344 17-4PH Investment Casting (H900) 2.6.9
AMS 5383 Inconel 718 Investment Casting 6.3.5
AMS 5400 15-5PH Investment Casting 2.6.7
AMS 5513 AISI 301 Sheet, Strip and Plate 2.7.1
AMS 5516 AISI 302 Sheet, Strip and Plate 2.7.1
AMS 5517 AISI 301 Sheet and Strip (125 ksi) 2.7.1
AMS 5518 AISI 301 Sheet and Strip (150 ksi) 2.7.1
AMS 5519 AISI 301 Sheet and Strip (185 ksi) 2.7.1
AMS 5520 PH15-7Mo Plate, Sheet and Strip 2.6.8
AMS 5524 AISI 316 Sheet, Strip and Plate 2.7.1
AMS 5525 A-286 Sheet, Strip and Plate 6.2.1
AMS 5528 17-7PH Plate, Sheet and Strip 2.6.10
AMS 5532 N-155 Sheet 6.2.2
AMS 5536 Hastelloy X Sheet and Plate 6.3.1
AMS 5537 L-605 Sheet 6.4.1
AMS 5540 Inconel Alloy 600 Plate, Sheet and Strip 6.3.2
AMS 5542 Inconel Alloy X-750 Sheet, Strip and Plate; Annealed 6.3.6
AMS 5544 Waspaloy Plate, Sheet and Strip 6.3.8
AMS 5545 René 41 Plate, Sheet and Strip 6.3.7
AMS 5547 AM-355 Sheet and Strip 2.6.2
AMS 5548 AM-350 Sheet and Strip 2.6.1
AMS 5549 AM-355 Plate 2.6.2

AMS 5578 Custom 455 Tubing (welded) 2.6.4
AMS 5580 Inconel Alloy 600 Tubing, Seamless 6.3.2
AMS 5585 N-155 Tubing (welded) 6.2.2
AMS 5589 Inconel 718 Tubing; Creep Rupture 6.3.5
AMS 5590 Inconel 718 Tubing; Short-Time 6.3.5
AMS 5596 Inconel 718 Sheet, Strip and Plate; Creep Rupture 6.3.5
AMS 5597 Inconel 718 Sheet, Strip and Plate; Short-Time 6.3.5
AMS 5599 Inconel Alloy 625 Sheet, Strip and Plate 6.3.3
AMS 5604 17-4PH Sheet, Strip and Plate 2.6.9
AMS 5605 Inconel Alloy 706 Sheet, Strip and Plate 6.3.4
AMS 5606 Inconel Alloy 706 Sheet, Strip and Plate 6.3.4
AMS 5608 HS 188 Sheet and Plate 6.4.2
AMS 5617 Custom 455 Bar and Forging 2.6.4
AMS 5629 PH13-8Mo Bar, Forging Ring and Extrusion (VIM+CEVM) 2.6.6
AMS 5643 17-4PH Bar, Forging and Ring 2.6.9
AMS 5659 15-5PH Bar, Forging, Ring and Extrusion (CEVM) 2.6.7
AMS 5662 Inconel 718 Bar and Forging; Creep Rupture 6.3.5
AMS 5663 Inconel 718 Bar and Forging; Creep Rupture 6.3.5
AMS 5664 Inconel 718 Bar and Forging; Short-Time 6.3.5
AMS 5666 Inconel Alloy 625 Bar, Forging and Ring 6.3.3
AMS 5667 Inconel Alloy X-750 Bar and Forging; Equalized 6.3.6
AMS 5701 Inconel Alloy 706 Bar, Forging and Ring 6.3.4
AMS 5702 Inconel Alloy 706 Bar, Forging and Ring 6.3.4
AMS 5703 Inconel Alloy 706 Bar, Forging and Ring 6.3.4
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AMS 5704 Waspaloy Forging 6.3.8
AMS 5706 Waspaloy Bar, Forgings and Ring 6.3.8
AMS 5707 Waspaloy Bar, Forgings and Ring 6.3.8
AMS 5708 Waspaloy Bar, Forgings and Ring 6.3.8
AMS 5709 Waspaloy Bar, Forgings and Ring 6.3.8
AMS 5712 René 41 - STA Bar and Forging 6.3.7
AMS 5713 René 41 Bar and Forging 6.3.7
AMS 5731 A-286 Bar, Forging, Tubing and Ring 6.2.1
AMS 5732 A-286 Bar, Forging, Tubing and Ring 6.2.1
AMS 5734 A-286 Bar, Forging and Tubing 6.2.1
AMS 5737 A-286 Bar, Forging and Tubing 6.2.1
AMS 5743 AM-355 Bar, Forging and Forging Stock 2.6.2
AMS 5754 Hastelloy X Bar and Forging 6.3.1
AMS 5759 L-605 Bar and Forging 6.4.1
AMS 5763 Custom 450 Bar, Forging, Tubing, Wire and Ring (air melted) 2.6.3
AMS 5768 N-155 Bar and Forging 6.2.2
AMS 5769 N-155 Bar and Forging 6.2.2
AMS 5772 HS 188 Bar and Forging 6.4.2
AMS 5773 Custom 450 Bar, Forging, Tubing, Wire and Ring (CEM) 2.6.3
AMS 5842 MP159 Alloy Bar (solution treated and cold drawn) 7.4.2
AMS 5843 MP159 Alloy Bar (solution treated, cold drawn and aged) 7.4.2
AMS 5844 MP35N Alloy Bar (solution treated and cold drawn) 7.4.1
AMS 5845 MP35N Alloy Bar (solution treated, cold drawn and aged) 7.4.1
AMS 5862 15-5PH Sheet, Strip and Plate (CEVM) 2.6.7
AMS 5878 Haynes®230® Plate, Sheet and Strip 6.3.9
AMS 5891 Haynes®230® Bar and Forging 6.3.9
AMS 5901 AISI 301 Plate, Sheet and Strip 2.7.1
AMS 5902 AISI 301 Sheet and Strip (175 ksi) 2.7.1
AMS 5903 AISI 302 Sheet and Strip (125 ksi) 2.7.1
AMS 5904 AISI 302 Sheet and Strip (150 ksi) 2.7.1
AMS 5905 AISI 302 Sheet and Strip (175 ksi) 2.7.1
AMS 5906 AISI 302 Sheet and Strip (185 ksi) 2.7.1
AMS 5907 AISI 316 Sheet, Strip and Plate (125 ksi) 2.7.1
AMS 5910 AISI 304 Sheet, Strip and Plate (125 ksi) 2.7.1
AMS 5911 AISI 304 Sheet and Strip (150 ksi) 2.7.1
AMS 5912 AISI 304 Sheet and Strip (175 ksi) 2.7.1
AMS 5913 AISI 304 Sheet and Strip (185 ksi) 2.7.1
AMS 5916 Haynes HR-120 Sheet, Strip and Plate 6.3.10
AMS 5936 Cutsom 465 Bar, Wires and Forgings 2.6.5
AMS 6257 300M (0.42C) Bar and Forging 2.3.1
AMS 6257 300M (0.42C) Tubing 2.3.1
AMS 6280 8630 Bar and Forging 2.3.1
AMS 6281 8630 Tubing 2.3.1
AMS 6282 8735 Tubing 2.3.1
AMS 6320 8735 Bar and Forging 2.3.1
AMS 6322 8740 Bar and Forging 2.3.1
AMS 6323 8740 Tubing 2.3.1
AMS 6327 8740 Bar and Forging 2.3.1
AMS 6348 4130 Bar and Forging 2.3.1
AMS 6349 4140 Bar and Forging 2.3.1
AMS 6350 4130 Sheet, Strip and Plate 2.3.1
AMS 6350 8630 Sheet, Strip and Plate 2.3.1
AMS 6351 4130 Sheet, Strip and Plate 2.3.1
AMS 6352 4135 Sheet, Strip and Plate 2.3.1
AMS 6355 8630 Tubing 2.3.1
AMS 6357 8735 Sheet, Strip and Plate 2.3.1
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AMS 6358 8740 Sheet, Strip and Plate 2.3.1
AMS 6359 4340 Sheet, Strip and Plate 2.3.1
AMS 6360 4130 Tubing (normalized) 2.3.1
AMS 6361 4130 Tubing 2.3.1
AMS 6362 4130 Tubing 2.3.1
AMS 6365 4135 Tubing 2.3.1
AMS 6370 4130 Bar and Forging 2.3.1
AMS 6371 4130 Tubing 2.3.1
AMS 6372 4135 Tubing 2.3.1
AMS 6373 4130 Tubing 2.3.1
AMS 6374 4130 Tubing 2.3.1
AMS 6381 4140 Tubing 2.3.1
AMS 6382 4140 Bar and Forging 2.3.1
AMS 6395 4140 Sheet, Strip and Plate 2.3.1
AMS 6411 4330V Bar and Forging 2.3.1
AMS 6411 4330V Tubing 2.3.1
AMS 6414 4340 Bar and Forging 2.3.1
AMS 6414 4340 Tubing 2.3.1
AMS 6415 4340 Bar and Forging 2.3.1
AMS 6415 4340 Tubing 2.3.1
AMS 6417 300M (0.4C) Bar and Forging 2.3.1
AMS 6417 300M (0.4C) Tubing 2.3.1
AMS 6419 300M (0.42C) Bar and Forging 2.3.1
AMS 6419 300M (0.42C) Tubing 2.3.1
AMS 6425 Hy-Tuf Bar and Forging 2.3.1
AMS 6425 Hy-Tuf Tubing 2.3.1
AMS 6427 4330V Bar and Forging 2.3.1
AMS 6427 4330V Tubing 2.3.1
AMS 6429 4335V Bar and Forging 2.3.1
AMS 6429 4335V Tubing 2.3.1
AMS 6430 4335V Bar and Forging 2.3.1
AMS 6430 4335V Tubing 2.3.1
AMS 6431 D6AC Bar and Forging 2.3.1
AMS 6431 D6AC Tubing 2.3.1
AMS 6433 4335V Sheet, Strip and Plate 2.3.1
AMS 6435 4335V Sheet, Strip and Plate 2.3.1
AMS 6437 5Cr-Mo-V Sheet, Strip and Plate 2.4.1
AMS 6439 D6AC Sheet, Strip and Plate 2.3.1
AMS 6439 D6AC Bar and Forging 2.3.1
AMS 6454 4340 Sheet, Strip and Plate 2.3.1
AMS 6478 AerMet 100 Bar and Forging 2.5.3
AMS 6487 5Cr-Mo-V Bar and Forging (CEVM) 2.4.1
AMS 6488 5Cr-Mo-V Bar and Forging 2.4.1
AMS 6512 250 Bar 2.5.1
AMS 6514 280 (300) Bar 2.5.1
AMS 6520 250 Sheet and Plate 2.5.1
AMS 6521 280 (300) Sheet and Plate 2.5.1

AMS 6523 9Ni-4Co-0.20C Sheet, Strip and Plate 2.4.2
AMS 6524 9Ni-4Co-0.20C Sheet, Strip and Plate 2.4.3

AMS 6526 9Ni-4Co-0.20C Bar and Forging, Tubing 2.4.3
AMS 6527 AF1410 Bar and Forging 2.5.2
AMS 6528 4130 Bar and Forging 2.3.1
AMS 6529 4140 Bar and Forging 2.3.1
AMS 6532 AerMet 100 Bar and Forging 2.5.3
AMS 7902 Standard Grade Beryllium Sheet and Plate 7.2.1
AMS 7906 Standard Grade Beryllium Bar, Rod, Tubing and Machined Shapes 7.2.1
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AMS-A-21180 A201.0 Casting (T7 Temper) 3.8.1
AMS-A-21180 354.0 Casting 3.9.1
AMS-A-21180 C355.0 Casting 3.9.3
AMS-A-21180 A356.0 Casting 3.9.5
AMS-A-21180 A357.0 Casting 3.9.6
AMS-A-21180 359.0 Casting 3.9.8
AMS-A-22771 2014 Forging 3.2.1
AMS-A-22771 2618 Die Forging 3.2.13
AMS-A-22771 6061 Forging 3.6.2
AMS-A-22771 6151 Forging 3.6.3
AMS-A-22771 7049/7149 Forging 3.7.3
AMS-A-22771 7050 Forging 3.7.4
AMS-A-22771 7075 Forging 3.7.6
AMS-A-22771 7175 Forging 3.7.8
AMS-QQ-A-367 2014 Forging 3.2.1
AMS-QQ-A-367 2618 Forging 3.2.13
AMS-QQ-A-367 6061 Forging 3.6.2
AMS-QQ-A-367 7049/7149 Forging 3.7.3
AMS-QQ-A-367 7075 Forging 3.7.6
AMS-QQ-A-200/2 2014 Extruded Bar, Rod and Shapes 3.2.1
AMS-QQ-A-200/3 2024 Extruded Bar, Rod and Shapes 3.2.3
AMS-QQ-A-200/4 5083 Extruded Bar, Rod and Shapes 3.5.2
AMS-QQ-A-200/5 5086 Extruded Bar, Rod and Shapes 3.5.3
AMS-QQ-A-200/6 5454 Extruded Bar, Rod and Shapes 3.5.4
AMS-QQ-A-200/7 5456 Extruded Bar, Rod and Shapes 3.5.5
AMS-QQ-A-200/8 6061 Extruded Rod, Bar Shapes and Tubing 3.6.2
AMS-QQ-A-200/11, 15 7075 Extruded Bar, Rod and Shapes 3.7.6
AMS-QQ-A-225/4 2014 Rolled or Drawn Bar, Rod and Shapes 3.2.1
AMS-QQ-A-225/5 2017 Rolled Bar and Rod 3.2.2
AMS-QQ-A-225/6 2024 Rolled or Drawn Bar, Rod and Wire 3.2.3
AMS-QQ-A-225/8 6061 Rolled Bar, Rod and Shapes 3.6.2
AMS-QQ-A-225/9 7075 Rolled or Drawn Bar and Rod 3.7.6
AMS-QQ-A-250/3 2014 Clad Sheet and Plate 3.2.1
AMS-QQ-A-250/4 2024 Bare Sheet and Plate 3.2.3
AMS-QQ-A-250/5 2024 Clad Sheet and Plate 3.2.3
AMS-QQ-A-250/6 5083 Bare Sheet and Plate 3.5.2
AMS-QQ-A-250/7 5086 Sheet and Plate 3.5.3
AMS-QQ-A-250/8 5052 Sheet and Plate 3.5.1
AMS-QQ-A-250/9 5456 Sheet and Plate 3.5.5
AMS-QQ-A-250/10 5454 Sheet and Plate 3.5.4
AMS-QQ-A-250/11 6061 Sheet and Plate 3.6.2
AMS-QQ-A-250/12, 24 7075 Bare Sheet and Plate 3.7.6
AMS-QQ-A-250/13, 25 7075 Clad Sheet and Plate 3.7.6
AMS-QQ-A-250/29 2124 Plate 3.2.7
AMS-QQ-A-250/30 2219 Sheet and Plate 3.2.8
AMS-QQ-A-367 7049 Forging 3.7.3
AMS-S-5000 4340 Bar and Forging 2.3.1
AMS-S-5626 4140 Bar and Forging 2.3.1
AMS-S-6049 8740 Bar and Forging 2.3.1
AMS-S-6050 8630 Bar and Forging 2.3.1
AMS-S-6758 4130 Bar and Forging 2.3.1
AMS-S-7952 AISI 1025 Sheet and Strip 2.2.1
AMS-S-18728 8630 Sheet, Strip and Plate 2.3.1
AMS-S-18729 4130 Sheet, Strip and Plate 2.3.1
AMS-T-5066 AISI 1025 - N Tubing 2.2.1
AMS-T-6735 4135 Tubing 2.3.1
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AMS-T-6736 4130 Tubing 2.3.1
AMS-T-81556 CP Titanium Extruded Bars and Shapes 5.2.1
AMS-T-81556 Ti-5Al-2.5Sn Extruded Bar and Shapes 5.3.1
AMS-T-81556 Ti6Al-6V-2Sn Extruded Bar and Shapes 5.4.2
AMS-T-9046 CP Titanium Sheet, Strip and Plate 5.2.1
AMS-T-9046 Ti-5Al-2.5Sn Sheet, Strip and Plate 5.3.1
AMS-T-9046 Ti-8Al-1Mo-1V Sheet, Strip and Plate 5.3.2
AMS-T-9046 Ti-6Al-2Sn-4Zr-2Mo Sheet and Strip 5.3.3
AMS-T-9046 Ti-6Al-4V Sheet, Strip and Plate 5.4.1
AMS-T-9046 Ti6Al-6V-2Sn Sheet, Strip and Plate 5.4.2
AMS-T-9046 Ti-13V-11Cr-3Al Sheet, Strip and Plate 5.5.1
AMS-WW-T-700/3 2024 Tubing 3.2.3
AMS-WW-T-700/6 6061 Tubing Seamless, Drawn 3.6.2
ASTM A 108 AISI 1025 Bar 2.2.1
ASTM B 91 AZ31B Forging 4.2.1
ASTM B 91 AZ61A Forging 4.2.2
ASTM B 107 ZK60A-F Extrusion 4.2.3
ASTM B 107 AZ31B Extrusion 4.2.1
ASTM B 166 Inconel Alloy 600 Bar and Rod 6.3.2
ASTM B 194 Copper Beryllium Sheet (TB00, TD01, TD02, TD04) 7.3.2
ASTM B 564 Inconel Alloy 600 Forging 6.3.2
MIL-DTL-46192 2519 Plate 3.2.11
MIL-T-9047 CP Titanium Bar 5.2.1
MIL-T-9047 Ti-5Al-2.5Sn Bar 5.3.1
MIL-T-9047 Ti-8Al-1Mo-1V Bar 5.3.2
MIL-T-9047 Ti-6Al-4V Bar 5.4.1
MIL-T-9047 Ti-13V-11Cr-3Al Bar 5.5.1
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D.0 Subject Index

A-Basis, 1-5, 9-9, 9-25
AMS Specifications, 9-11
Anderson-Darling Test

k-Sample Test, 9-77
Normality, 9-82
Pearsonality, 9-85
Weibullness, 9-89

Applicability of Procedures, 9-5
Approval Procedures, 9-5
ASTM

ASTM A 370, 9-13, 9-15
ASTM B 557, 9-13, 9-15
ASTM B 769, 1-12, 9-13, 9-15
ASTM B 831, 1-12, 9-13, 9-16
ASTM C 693, 9-12, 9-16, 9-184
ASTM C 714, 9-13, 9-16, 9-184
ASTM D 2766, 9-13, 9-16, 9-184
ASTM E 8, 1-8, 1-21, 9-12, 9-13, 9-15, 9-38
ASTM E 9, 1-11, 9-12, 9-15
ASTM E 21, 9-13
ASTM E 29, 9-10
ASTM E  83, 9-12, 9-31
ASTM E 111, 9-12, 9-31, 9-183
ASTM E 132, 9-13, 9-16, 9-183
ASTM E 139, 9-12, 9-22
ASTM E 143, 9-12, 9-183
ASTM E 228, 9-12, 9-16, 9-184
ASTM E 238, 1-12, 9-12,  9-15, 9-16
ASTM E 399, 1-21, 9-13, 9-18, 9-24, 9-133
ASTM E 466, 9-12, 9-17
ASTM E 561, 9-13
ASTM E 606, 9-12, 9-17, 9-33, 9-41, 9-45, 

9-110
ASTM E 647, 9-12, 9-17
ASTM E 739, 9-40
ASTM G 34, 9-12
ASTM G 47, 9-13

B-Basis, 1-7, 9-9, 9-25
Beams, Properties of

Aluminum, 3-518
Magnesium, 4-53
Steel, 2-237
Titanium, 5-144

Bearing Failure, 1-28
Bearing Properties, 1-12, 9-7
Bearing Test Procedures, 9-106, 9-109
Bearings, 8-172

Bending Failure, 1-28
Biaxial Properties, 1-17

Modulus of Elasticity, 1-18
Ultimate Stress, 1-19
Yield Stress, 1-18

Biaxial Stress-Strain Curves, 9-198
Brittle Fracture, 1-20

Analysis, 1-20
Cast, Definition of, 9-30
Clad Aluminum Alloy Plate, 9-107
Coefficient of Thermal Expansion, 9-16
Columns, 1-30

Aluminum, 3-519
Local Instability, 1-30
Magnesium, 4-53
Primary Instability, 1-30
Stable Sections, 1-30
Steel, 2-237
Test Results, 1-30
Yield Stress, 1-32

Combinability of Data, 9-77
Anderson-Darling k-Sample Test, 9-77
F-Test, 9-77, 9-79
t-Test, 9-77, 9-80

Compressive Failure, 1-26
Compressive Properties, 1-11, 9-7
Computational Procedures, 9-60

Derived Properties, 9-106, 9-109
Nonparametric, 9-103
Normal Distribution, 9-82
Pearson Distribution, 9-82, 9-100
Population Specification, 9-60
Unknown Distribution, 9-103
Weibull Distribution, 9-82, 9-102

Confidence, 9-9, A-6
Confidence Interval, A-6
Confidence Level, A-6
Confidence Limit, A-7
Creep/Stress Rupture, 1-13, 9-22, 9-234

Data Analysis, 9-137
Data Generation, 9-46, 9-135
Data Requirements, 9-35
Equations, 9-138, 9-140
Example Problems, 9-235
Presentation of Data, 9-235
Terminology, 9-135, 9-140

Data Basis, 9-8
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Data Format, 9-50
A- and B-basis, 9-52
Derived Properties, 9-51
Fasteners, 9-55
Stress-Strain Curves, 9-55
Other Property, 9-56

Data Generation, 9-24
Creep/Stress Rupture, 9-46
Fatigue, 9-40
Fatigue Crack Growth, 9-130
Fracture Toughness, 9-133
Fusion-Welded Joints, 9-48
Mechanically Fastened Joints, 9-142
Mechanical Properties, 9-24, 9-30
Stress-Strain, 9-184

Data Presentation
Creep-Rupture, 9-234
Elevated Temperature Curves, 9-202
Fatigue, 9-212
Fatigue Crack Growth, 1-26, 9-228
Fracture Toughness, 9-230
Fusion-Welded Joints, 9-244
Mechanically Fastened Joints, 9-240
Room-Temperature Design Values, 9-179,

 9-184
Typical (Full-Range) Stress-Strain, 9-194
Typical Stress-Strain, 9-184

Data Requirements, 9-24, 9-26, 9-29
Creep/Stress Rupture, 9-26, 9-35
Derived Properties, 9-26, 9-30
Directly Calculated, 9-9, 9-26
Elevated Temperature Properties, 9-26, 9-32
Experimental Design, 9-40
Fatigue, 9-27, 9-32, 9-40
Fatigue Crack Growth, 9-27, 9-35
Fracture Toughness, 9-35
Fusion-Welded Joints, 9-40
Mechanically Fastened Joints, 9-36
Mechanical Properties, 9-24, 9-25, 9-27
Modulus, 9-26, 9-31
New Materials, 9-7, 9-24
Physical Properties, 9-26, 9-27
Stress-Strain, 9-28, 9-31 

Data Submission, 9-50
Definition of Terms, 9-30

Creep/Stress Rupture, 9-135
Fatigue, 9-110
Fracture Toughness, 9-133
Mechanically Fastened Joints, 9-142
Mechanical Properties, 9-14
Statistics, A-6

Degrees of Freedom, 9-81, A-8
Density, 9-16

Derived Properties, 9-30
Design Mechanical Properties, 9-60

By Regression, 9-63, 9-64
Determining Form of Distribution, 9-82
Determining Population, 9-60
Direct Computation,

Non Parametric, 9-103
Pearson, 9-100
Weibull, 9- 102

Example Problems, 9-162, 9-175
Presentation, 9-179

Dimensionally Discrepant Castings, 9-11
Direct Computation of Allowables, 9-60, 9-94, 

9-104, 9-162 
Nonparametric Distribution, 9-103
Pearson Distribution, 9-100
Weibull Distribution, 9-102

Distribution, Form of, 9-82
Documentation Requirements, 9-5
Elastic Properties, 9-183
Element Properties

Aluminum, 3-518
Magnesium, 4-53
Steel, 2-237
Titanium, 5-144

Elevated Temperature Curves, 1-13, 9-68, 9-202
Data Requirements, 9-32
Presentation, 9-203
Working Curves, 9-202

Environmental Effects, 1-21
Elongation, 1-8, 9-204
Examples of Computation Procedures

Complex Exposure, 9-210
Creep/Stress Rupture, 9-235
Design Allowables, 9-162
Fatigue, 9-212, 9-219, 9-223
F-Test, 9-79
Linear Regression, 9-104
Strain-Departure Method, 9-185
t-Test, 9-80

F-Distribution Fractiles, 9-253, 9-254
F-Test, 9-79
Failure

General, 1-28
Identification code, 9-57, 9-58
Instability, 1-29
Local, 1-30
Material, 1-28
Types, 1-28

Fasteners, 9-142
Data Format, 9-55
H-Type, 9-144
S-Type, 9- 144
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Fatigue, 9-8, 9-17, 9-110
Data Analysis, 9-114, 9-127
Data Generation, 9-40, 9-113, 9-223
Data Requirements, 9-17, 9-110, 9-223, 9-34
Example Problems, 9-212, 9-223
Life Models, 9-115, 9-125, 9-221, 9-226, 

9-227
Load Control, 9-219
Outliers, 9-124, 9-221, 9-227
Presentation of Data, 1-15, 9-223
Properties, 1-14
Run-outs, 9-128, 9-222, 9-228
Strain Control, 9-223
Terminology, 9-40
Test Planning, 9-40
Time Dependent Effects, 9-130

Fatigue Crack Growth, 1-24, 9-17, 9-130, 9-228
Crack-Growth Analysis, 1-24
Data Analysis, 9-134
Data Generation, 9-133
Data Requirements, 9-35, 9-131
Presentation of Data, 1-26, 9-228

Forgings, Definition of Grain Directions in, 9-15
Fracture Toughness, 1-19, 9-18, 9-230

Analysis, 1-20, 9-133
Apparent Fracture Toughness, 1-23
Brittle Fracture, 1-20
Critical Plane-Strain, 1-21
Data Analysis, 9-133
Data Generation, 9-35
Data Requirements, 9-35
Definitions, 9-133
Environmental, 1-21
Middle Tension Panels, 1-23, 9-19, 9-35, 

9-134
Plane Stress, 1-22, 9-18, 9-133
Plane Strain, 1-21, 9-18, 9-133
Presentation of Data, 9-230
Transitional Stress States, 1-22, 9-133

Full-Range Stress-Strain Curves, 9-194
Fusion-Welded Joints, 9-23, 9-40, 9-158

Data Analysis, 9-161
Data Generation, 9-48, 9-159, 9-160
Data Requirements, 9-40, 9-160
Presentation of Data, 9-244

Goodness-of-Fit Tests, 9-82
Anderson-Darling, 9-82
Normality, 9-82
Pearsonality, 9-85
Weibullness, 9-83

Grain Direction, Treatment of, 9-106
Grouped Data Analysis, 9-77
Heat Requirements, 9-7

Indirect Design Allowables, 9-7, 9-60, 9-106
Without Regression, 9-108
With Regression, 9-109

Instability, 1-29
Bending, 1-29
Combined Loadings, 1-29
Compression, 1-29
Local, 1-30
Torsion, 1-29

International System of Units, 1-3
k-Sample Anderson-Darling Test, 9-77
Larson-Miller Analysis, 9-138
Location of Test Specimens, 9-14
Lot Requirements, 9-7
Material Failures, 1-28

Bearing, 1-28
Bending, 1-28
Combined Stress, 1-28
Compression, 1-28
Shear, 1-28
Stress Concentrations, 1-28
Tension, 1-28

Material Specifications, 9-11
Maximum Likelihood Estimation, 9-129
Mean Stress/Strain Effects, Evaluation of, 9-117
Mechanical Properties, 9-60

Computation of Design Allowables, 9-60
Derived Properties, 9-30, 9-106, 9-109
Example Problems, 9-162, 9-175
Presentation, 9-179
Terminology for, 9-14
Test Matrix, 9-29

Mechanically Fastened Joints, 9-22, 9-142
Data Analysis, 9-144, 9-146, 9-148, 9-158
Data Requirements, 9-36
Definitions, 9-143
Presentation of Data, 9-240

Melt, Definition of, 9-30
Metallurgical Instability, 1-17
Modulus of Elasticity, 1-9, 9-16, 9-31, 9-183, 

9-206
Modulus of Rigidity, 1-12
NASM-1312, 9-11, 9-12, 9-22, 9-23, 9-38, 

9-144
Nomenclature, 1-3
Nonparametric Data Analysis, 9-103
Normal Curve Statistics, 9-256
Normality, Assessment of, 9-82
Outliers, Treatment of, 9-124, 9-221, 9-227
Pearson Method, 9-100

Anderson-Darling, 9-85
Backoff, 9-85
Probability Plot, 9-86
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Physical Properties, 9-16, 9-207
Poisson’s Ratio, 1-8, 9-16, 9-183
Presentation of Data, 9-162, 9-212

Creep/Stress Rupture, 9-234
Design Allowables, 9-179
Effect of Temperature Curves, 9-246
Fatigue, 9-212
Fatigue Crack Growth, 9-228
Fracture Toughness, 9-230
Fusion-Welded Joints, 9-244, 9-245
Mechanically Fastened Joints, 9-240
Physical Properties, 9-183
Stress-Strain, 9-184

Primary Test Direction, 9-15
Probability, A-12
Probability Plots

Normal, 9-83
Pearson, 9-86
Weibull, 9-92

Proportional Limit
Shear, 1-12
Stress, 9-201
Tension and Compression 9-201

Pulleys, 8-172
Ramberg-Osgood Method, 9-8, 9-188, 9-191
Ratioed Values, 1-7
Rank Values for A- and B-Basis, 9-267
Ratioing of Mechanical Properties, 9-106
Reduced Ratios

By Regression, 9-109
Direct Computation, 9-106

Reduction in Area, 1-8, 1-11, 9-204
Reduction of Column Test Results, 1-31
Regression, 9-63, 9-64

Direct Computation, 9-104
Determining Design Allowables, 9-65
Determining Reduced Ratios, 9-106
Example Computations, 9-175
Least Squares, 9-67
Linear, 9-67
Tests for Adequacy of, 9-71
Tests for Equality, 9-74
Quadratic, 9-68

Rounding, 9-10
Runouts, Treatment of, 9-128
S-Basis, 1-7, 9-24, 9-59
Separately Cast Test Bars, 9-11
Shear Failure, 1-28
Shear Properties, 1-11, 9-7
Shear Test Procedures, 9-106, 9-109
Shear Yield Stress, 9-202
Significance, A-14
Skewness, 9-101

Specific Heat, 9-16
Specifying the Population, 9-60
Statistics

Symbols, A-5
Terms/Definitions, A-6

Strain, 1-8
Rate, 1-8
Shear, 1-8

Strain Departure Method, 9-194
Stress, 1-8, 1-28
Stress-Strain Curves, 9-184

Biaxial, 9-198
Compression Tangent Modulus, 9-202
Data Requirements, 9-31, 9-55
Example Computation, 9-198
Full-Range, 9-194
Presentation, 9-184
Typical, 9-184

Stress Rupture, 1-13
Symbols and Definitions, 1-3

Creep/Stress Rupture, 9-136, A-7
Fatigue, 9-110, A-8
Fracture Toughness, 9-133
General, 1-3, A-5, A-6
Mechanically Fastened Joints, 9-143
Mechanical Properties, 9-14
Physical Properties, 9-16, 9-183, 9-184
Statistics, A-5, A-6

t-Distribution Fractiles, 9-255
t-Test, 9-80
Tangent Modulus Curves, 9-202
Temperature Effects, 1-13, 9-202
Tensile Properties, 1-9

Tensile Proportional Limit, 1-9
Tensile Ultimate Stress, 1-11
Tensile Yield Stress, 1-9

Terminology
Creep Rupture, 9-135
Fatigue, 1-15, 9-110
Mechanical Property, 9-14

Test Specimens, 9-14
Duplication, 9-29
Location, 9-14, 9-107
Orientation, 9-14
Primary Test Direction, 9-15

Testing Procedures, 9-11
Bearing, 9-12
Creep/Stress Rupture, 9-12, 9-22
Elastic Properties, 9-12
Fatigue, 9-12, 9-17
Fatigue Crack Growth, 9-12, 9-17
Fusion-Welded Joints, 9-23
Fracture Toughness, 9-18
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Mechanically Fastened Joints, 9-22
Mechanical Properties, 9-15
Modulus, 9-16
Physical Properties, 9-16
Shear, 9-13
Stress-Strain, 9-28, 9-184
Testing Standards, 9-12, 9-15

Tests of Significance, 9-77
Definitions, A-6
F-Test, 9-79
t-Test, 9-80

Thermal Conductivity, 9-16
Thermal Exposure, 9-8, 9-208

Complex, 9-210
Simple, 9-209

Thin Walled Sections, 1-40
Tolerance Bounds, A-15

T90, 9-10
T99, 9-10

Tolerance Interval, A-15
Tolerance Level, A-15
Tolerance Limit Factors

Normal, One-Sided, 9-248
Weibull, One-Sided, 9-257, 9-258

Torsion, Properties
Aluminum, 3-521
Magnesium, 4-56
Steel, 2-240

Typical Basis, 9-8
Ultimate Bearing Stress, 1-12
Ultimate Compression Stress, 1-1
Ultimate Shear Stress, 1-12
Ultimate Tensile Stress, 1-11
Units, 9-16
Weibull Procedure, 9-102
Weibull Acceptability Test, 9-83, 9-89
Weibull Back-Off, 9-91
Weibull Distribution Estimating, 9-89
Weibullness, Assessment of, 9-215
Weibull Probability Plot, 9-92
Wire Rope, 8-172
Working Curves, Determination of, 9-202

Yield Stress
Bearing, 1-12
Compression, 1-11
Shear, 1-12
Tensile, 1-9 Tensile Proportional Limit, 1-7 
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APPENDIX E

E.0 Figure Index
Figure No. Current Form Figure No. Current Form

1.4.4.1 Scanned

1.4.8.2.1(a) Scanned

1.4.8.2.1(b) Scanned

1.4.9.3(a) Scanned

1.4.11.1 Scanned

1.4.11.3 Scanned

1.4.12.2 Scanned

1.4.12.3 Scanned

1.4.12.4 Scanned

1.4.12.4.1 Scanned

1.4.13.2(a) Scanned

1.4.13.2(b) Scanned

1.4.13.4 Scanned

1.6.2.2 Scanned

1.6.4.4(a) Vector Graphic

1.6.4.4(b) Vector Graphic

1.6.4.4(c) Vector Graphic

1.6.4.4(d) Vector Graphic

1.6.4.4(e) Vector Graphic

1.6.4.4(f) Vector Graphic

1.6.4.4(g) Vector Graphic

1.6.4.4(h) Vector Graphic

1.6.4.4(i) Vector Graphic

2.2.1.0 Vector Graphic

2.3.0.2 Scanned

2.3.1.0 Vector Graphic

2.3.1.1.1 Vector Graphic

2.3.1.1.2 Vector Graphic

2.3.1.1.3 Vector Graphic

2.3.1.1.4 Vector Graphic

2.3.1.2.6(a) Vector Graphic

2.3.1.2.6(b) Vector Graphic

2.3.1.2.6(c) Vector Graphic

2.3.1.2.8(a) Vector Graphic

2.3.1.2.8(b) Vector Graphic

2.3.1.2.8(c) Vector Graphic

2.3.1.2.8(d) Vector Graphic

2.3.1.2.8(e) Vector Graphic

2.3.1.2.8(f) Vector Graphic

2.3.1.2.8(g) Vector Graphic

2.3.1.2.8(h) Vector Graphic

2.3.1.3.6(a) Vector Graphic

2.3.1.3.6(b) Vector Graphic

2.3.1.3.6(c) Vector Graphic

2.3.1.3.6(d) Scanned

2.3.1.3.6(e) Vector Graphic

2.3.1.3.6(f) Vector Graphic

2.3.1.3.6(g) Vector Graphic

2.3.1.3.8(a) Vector Graphic

2.3.1.3.8(b) Vector Graphic

2.3.1.3.8(c) Vector Graphic

2.3.1.3.8(d) Vector Graphic

2.3.1.3.8(e) Vector Graphic

2.3.1.3.8(f) Vector Graphic

2.3.1.3.8(g) Vector Graphic

2.3.1.3.8(h) Vector Graphic

2.3.1.3.8(i) Vector Graphic

2.3.1.3.8(j) Vector Graphic

2.3.1.3.8(k) Vector Graphic

2.3.1.3.8(l) Vector Graphic

2.3.1.3.8(m) Vector Graphic

2.3.1.3.8(n) Vector Graphic

2.3.1.3.8(o) Vector Graphic

2.3.1.4.8(a) Scanned

2.3.1.4.8(b) Scanned

2.3.1.4.8(c) Scanned

2.3.1.4.8(d) Scanned

2.3.1.4.9 Scanned

2.3.1.5.9 Scanned

2.4.1.0 Vector Graphic

2.4.1.1.1(a) Vector Graphic

2.4.1.1.1(b) Vector Graphic

2.4.1.1.2(a) Vector Graphic

2.4.1.1.2(b) Vector Graphic

2.4.1.1.3(a) Vector Graphic

2.4.1.1.3(b) Vector Graphic

2.4.1.1.4 Vector Graphic

2.4.2.0 Vector Graphic

2.4.2.1.1 Vector Graphic

2.4.2.1.2 Vector Graphic

2.4.2.1.4 Vector Graphic

2.4.2.1.6(a) Vector Graphic

2.4.2.1.6(b) Vector Graphic

2.4.3.0 Vector Graphic

2.4.3.1.1 Vector Graphic

2.4.3.1.2 Vector Graphic
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2.4.3.1.3 Vector Graphic

2.4.3.1.4 Vector Graphic

2.4.3.1.6(a) Vector Graphic

2.4.3.1.6(b) Vector Graphic

2.4.3.1.6(c) Vector Graphic

2.4.3.1.6(d) Vector Graphic

2.4.3.1.8 Scanned

2.5.0.2(a) Vector Graphic

2.5.1.0 Vector Graphic

2.5.1.1.1 Vector Graphic

2.5.1.1.2 Vector Graphic

2.5.1.1.3 Vector Graphic

2.5.1.1.4 Vector Graphic

2.5.1.1.6(a) Vector Graphic

2.5.1.1.6(b) Vector Graphic

2.5.1.1.6(c) Vector Graphic

2.5.1.1.6(d) Vector Graphic

2.5.1.1.6(e) Scanned

2.5.2.1.6(a) Vector Graphic

2.5.2.1.6(b) Vector Graphic

2.5.3.1.6(a) Vector Graphic

2.5.3.1.6(b) Vector Graphic

2.5.3.1.6(c) Vector Graphic

2.5.3.2.6(a) Vector Graphic

2.5.3.2.6(b) Vector Graphic

2.5.3.2.6(c) Vector Graphic

2.6.1.0 Vector Graphic

2.6.1.1.1 Vector Graphic

2.6.1.1.2 Vector Graphic

2.6.1.1.3 Vector Graphic

2.6.1.1.4 Vector Graphic

2.6.1.1.6(a) Vector Graphic

2.6.1.1.6(b) Vector Graphic

2.6.2.0 Vector Graphic

2.6.2.1.1 Scanned

2.6.2.1.2 Vector Graphic

2.6.2.1.3 Scanned

2.6.2.1.4 Vector Graphic

2.6.3.0 Vector Graphic

2.6.3.1.1 Vector Graphic

2.6.3.1.2 Vector Graphic

2.6.3.1.5 Vector Graphic

2.6.3.1.6 Vector Graphic

2.6.3.1.8 Scanned

2.6.3.2.1 Vector Graphic

2.6.3.2.2 Vector Graphic

2.6.3.2.5 Vector Graphic

2.6.3.2.6 Vector Graphic

2.6.3.2.8 Scanned

2.6.4.0 Vector Graphic

2.6.4.1.1 Vector Graphic

2.6.4.1.2 Vector Graphic

2.6.4.1.5 Vector Graphic

2.6.4.1.6 Vector Graphic

2.6.4.1.8(a) Scanned

2.6.4.1.8(b) Scanned

2.6.4.2.1 Vector Graphic

2.6.4.2.2 Vector Graphic

2.6.4.2.5 Scanned

2.6.4.2.6 Vector Graphic

2.6.4.2.8 Scanned

2.6.5.0(a) Vector Graphic

2.6.5.1(a) Vector Graphic

2.6.5.1(b) Vector Graphic

2.6.5.1(c) Vector Graphic

2.6.6.0 Vector Graphic

2.6.6.1.1 Vector Graphic

2.6.6.1.6(a) Vector Graphic

2.6.6.1.6(b) Vector Graphic

2.6.6.1.6(c) Vector Graphic

2.6.6.1.8(a) Vector Graphic

2.6.6.1.8(b) Vector Graphic

2.6.6.1.8(c) Vector Graphic

2.6.7.0 Vector Graphic

2.6.7.1.1 Vector Graphic

2.6.7.1.4 Vector Graphic

2.6.7.1.6(a) Vector Graphic

2.6.7.1.6(b) Scanned

2.6.7.1.6(c) Vector Graphic

2.6.7.2.2 Vector Graphic

2.6.7.2.6(a) Scanned

2.6.7.2.6(b) Vector Graphic

2.6.7.2.8(a) Vector Graphic

2.6.7.2.8(b) Vector Graphic

2.6.7.2.8(c) Vector Graphic

2.6.7.3.2 Scanned

2.6.7.3.6 Scanned

2.6.8.0 Vector Graphic

2.6.8.1.1 Scanned

2.6.8.1.4 Scanned

2.6.8.1.6(a) Scanned

2.6.8.1.6(b) Scanned

2.6.8.1.6(c) Scanned

2.6.8.1.8(a) Scanned

2.6.8.1.8(b) Scanned

2.6.8.1.8(c) Scanned

2.6.8.1.8(d) Scanned

2.6.8.1.8(e) Vector Graphic
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2.6.8.1.8(f) Scanned

2.6.9.0 Vector Graphic

2.6.9.1.2 Vector Graphic

2.6.9.1.3 Vector Graphic

2.6.9.1.4 Vector Graphic

2.6.9.1.8(a) Scanned

2.6.9.1.8(b) Scanned

2.6.9.1.8(c) Scanned

2.6.9.2.1 Vector Graphic

2.6.9.2.6(a) Vector Graphic

2.6.9.2.6(b) Vector Graphic

2.6.9.3.6(a) Vector Graphic

2.6.9.3.6(b) Vector Graphic

2.6.9.4.8 Scanned

2.6.9.5.8 Scanned

2.6.9.6.1 Vector Graphic

2.6.10.0 Vector Graphic

2.6.10.1.1 Vector Graphic

2.6.10.1.2 Vector Graphic

2.6.10.1.4(a) Vector Graphic

2.6.10.1.4(b) Vector Graphic

2.6.10.1.6(a) Vector Graphic

2.6.10.1.6(b) Vector Graphic

2.6.10.1.6(c) Vector Graphic

2.7.1.0 Vector Graphic

2.7.1.1.1(a) Vector Graphic

2.7.1.1.1(b) Vector Graphic

2.7.1.2.6(a) Vector Graphic

2.7.1.2.6(b) Vector Graphic

2.7.1.3.1 Vector Graphic

2.7.1.3.2 Vector Graphic

2.7.1.3.3 Vector Graphic

2.7.1.3.4 Vector Graphic

2.7.1.3.6(a) Vector Graphic

2.7.1.3.6(b) Vector Graphic

2.7.1.4.6(a) Vector Graphic

2.7.1.4.6(b) Vector Graphic

2.7.1.5.1 Vector Graphic

2.7.1.5.2(a) Vector Graphic

2.7.1.5.2(b) Vector Graphic

2.7.1.5.3 Vector Graphic

2.7.1.5.4 Vector Graphic

2.7.1.5.6(a) Vector Graphic

2.7.1.5.6(b) Vector Graphic

2.7.1.5.6(c) Vector Graphic

2.7.1.5.6(d) Vector Graphic

2.8.1.1(a) Vector Graphic

2.8.1.1(b) Vector Graphic

2.8.3.2(a) Vector Graphic

2.8.3.2(b) Vector Graphic

2.8.3.2(c) Vector Graphic

2.8.3.2(d) Scanned

2.8.3.2(e) Scanned

2.8.3.2(f) Vector Graphic

2.8.3.2(g) Scanned

2.8.3.2(h) Scanned

2.8.3.2(i) Vector Graphic

2.8.3.2(j) Scanned

3.1.2.1.1(a) Scanned

3.1.2.1.1(b) Scanned

3.1.2.1.1(c) Scanned

3.2.1.0 Vector Graphic

3.2.1.1.1(a) Scanned

3.2.1.1.1(b) Vector Graphic

3.2.1.1.1(c) Vector Graphic

3.2.1.1.1(d) Vector Graphic

3.2.1.1.1(e) Vector Graphic

3.2.1.1.1(f) Vector Graphic

3.2.1.1.2(a) Vector Graphic

3.2.1.1.2(b) Vector Graphic

3.2.1.1.3(a) Vector Graphic

3.2.1.1.3(b) Vector Graphic

3.2.1.1.4 Scanned

3.2.1.1.5(a) Vector Graphic

3.2.1.1.5(b) Vector Graphic

3.2.1.1.6(a) Vector Graphic

3.2.1.1.6(b) Vector Graphic

3.2.1.1.6(c) Vector Graphic

3.2.1.1.6(d) Vector Graphic

3.2.1.1.6(e) Vector Graphic

3.2.1.1.6(f) Vector Graphic

3.2.1.1.6(g) Vector Graphic

3.2.1.1.6(h) Vector Graphic

3.2.1.1.6(i) Vector Graphic

3.2.1.1.6(j) Vector Graphic

3.2.1.1.6(k) Vector Graphic

3.2.1.1.6(l) Vector Graphic

3.2.1.1.6(m) Vector Graphic

3.2.1.1.6(n) Vector Graphic

3.2.1.1.6(o) Vector Graphic

3.2.1.1.6(p) Vector Graphic

3.2.1.1.6(q) Vector Graphic

3.2.1.1.6(r) Vector Graphic

3.2.1.1.6(s) Vector Graphic

3.2.1.1.6(t) Vector Graphic

3.2.1.1.6(u) Vector Graphic

3.2.1.1.6(v) Vector Graphic

3.2.1.1.8(a) Scanned
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E-4

3.2.1.1.8(b) Vector Graphic

3.2.1.1.8(c) Vector Graphic

3.2.1.1.8(d) Vector Graphic

3.2.1.1.8(e) Vector Graphic

3.2.2.0 Vector Graphic

3.2.2.1.4 Vector Graphic

3.2.3.0 Vector Graphic

3.2.3.1.1(a) Vector Graphic

3.2.3.1.1(b) Vector Graphic

3.2.3.1.1(c) Vector Graphic

3.2.3.1.1(d) Vector Graphic

3.2.3.1.1(e) Vector Graphic

3.2.3.1.1(f) Vector Graphic

3.2.3.1.2(a) Vector Graphic

3.2.3.1.2(b) Vector Graphic

3.2.3.1.3(a) Vector Graphic

3.2.3.1.3(b) Vector Graphic

3.2.3.1.4 Scanned

3.2.3.1.5(a) Vector Graphic

3.2.3.1.5(b) Vector Graphic

3.2.3.1.6(a) Vector Graphic

3.2.3.1.6(b) Vector Graphic

3.2.3.1.6(c) Vector Graphic

3.2.3.1.6(d) Vector Graphic

3.2.3.1.6(e) Vector Graphic

3.2.3.1.6(f) Vector Graphic

3.2.3.1.6(g) Vector Graphic

3.2.3.1.6(h) Vector Graphic

3.2.3.1.6(i) Vector Graphic

3.2.3.1.6(j) Vector Graphic

3.2.3.1.6(k) Vector Graphic

3.2.3.1.6(l) Vector Graphic

3.2.3.1.6(m) Vector Graphic

3.2.3.1.6(n) Vector Graphic

3.2.3.1.6(o) Vector Graphic

3.2.3.1.6(p) Vector Graphic

3.2.3.1.6(q) Vector Graphic

3.2.3.1.6(r) Vector Graphic

3.2.3.1.6(s) Vector Graphic

3.2.3.1.6(t) Vector Graphic

3.2.3.1.6(u) Vector Graphic

3.2.3.1.6(v) Vector Graphic

3.2.3.1.6(w) Vector Graphic

3.2.3.1.6(x) Vector Graphic

3.2.3.1.6(y) Vector Graphic

3.2.3.1.6(z) Vector Graphic

3.2.3.1.6(aa) Vector Graphic

3.2.3.1.8(a) Scanned

3.2.3.1.8(b) Vector Graphic

3.2.3.1.8(c) Vector Graphic

3.2.3.1.8(d) Vector Graphic

3.2.3.1.8(e) Scanned

3.2.3.1.8(f) Vector Graphic

3.2.3.1.8(g) Vector Graphic

3.2.3.1.8(h) Vector Graphic

3.2.3.1.8(i) Vector Graphic

3.2.3.3.1(a) Vector Graphic

3.2.3.3.1(b) Vector Graphic

3.2.3.3.1(c) Vector Graphic

3.2.3.3.1(d) Vector Graphic

3.2.3.3.5(a) Vector Graphic

3.2.3.3.5(b) Vector Graphic

3.2.3.3.6(a) Vector Graphic

3.2.3.3.6(b) Vector Graphic

3.2.3.3.6(c) Vector Graphic

3.2.3.3.6(d) Vector Graphic

3.2.3.3.6(e) Vector Graphic

3.2.3.4.1(a) Vector Graphic

3.2.3.4.1(b) Vector Graphic

3.2.3.4.1(c) Vector Graphic

3.2.3.4.1(d) Vector Graphic

3.2.3.4.1(e) Scanned

3.2.3.4.1(f) Scanned

3.2.3.4.2(a) Vector Graphic

3.2.3.4.2(b) Vector Graphic

3.2.3.4.3(a) Vector Graphic

3.2.3.4.3(b) Vector Graphic

3.2.3.4.5(a) Vector Graphic

3.2.3.4.5(b) Vector Graphic

3.2.3.4.6(a) Vector Graphic

3.2.3.4.6(b) Vector Graphic

3.2.3.4.6(c) Vector Graphic

3.2.3.4.6(d) Vector Graphic

3.2.3.4.6(e) Vector Graphic

3.2.3.4.6(f) Vector Graphic

3.2.3.4.6(g) Vector Graphic

3.2.3.4.6(h) Vector Graphic

3.2.3.4.6(i) Vector Graphic

3.2.3.4.6(j) Vector Graphic

3.2.3.5.1(a) Vector Graphic

3.2.3.5.1(b) Vector Graphic

3.2.3.5.1(c) Vector Graphic

3.2.3.5.1(d) Vector Graphic

3.2.3.5.2(a) Vector Graphic

3.2.3.5.2(b) Vector Graphic

3.2.3.5.3(a) Vector Graphic

3.2.3.5.3(b) Vector Graphic

3.2.3.5.3(c) Vector Graphic
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3.2.3.5.5(a) Scanned

3.2.3.5.5(b) Scanned

3.2.3.5.6(a) Vector Graphic

3.2.3.5.6(b) Vector Graphic

3.2.3.5.6(c) Vector Graphic

3.2.3.5.6(d) Vector Graphic

3.2.3.5.10(a) Scanned

3.2.3.5.10(b) Scanned

3.2.4.0 Vector Graphic

3.2.6.1.6(a) Vector Graphic

3.2.6.1.6(b) Vector Graphic

3.2.7.1.1(a) Vector Graphic

3.2.7.1.1(b) Vector Graphic

3.2.7.1.6(a) Scanned

3.2.7.1.6(b) Scanned

3.2.7.1.9(a) Scanned

3.2.7.1.9(b) Scanned

3.2.7.1.9(c) Scanned

3.2.7.1.9(d) Scanned

3.2.7.1.9(e) Scanned

3.2.8.0 Vector Graphic

3.2.8.1.1(a) Vector Graphic

3.2.8.1.1(b) Vector Graphic

3.2.8.1.6(a) Vector Graphic

3.2.8.1.6(b) Vector Graphic

3.2.8.2.1(a) Vector Graphic

3.2.8.2.1(b) Vector Graphic

3.2.8.2.6(a) Vector Graphic

3.2.8.2.6(b) Vector Graphic

3.2.8.2.8(a) Scanned

3.2.8.2.8(b) Scanned

3.2.8.2.8(c) Scanned

3.2.8.2.8(d) Scanned

3.2.8.3.6(a) Vector Graphic

3.2.8.3.6(b) Vector Graphic

3.2.8.3.6(c) Vector Graphic

3.2.8.3.6(d) Vector Graphic

3.2.8.3.6(e) Vector Graphic

3.2.8.4.1(a) Vector Graphic

3.2.8.4.1(b) Vector Graphic

3.2.8.4.6(a) Vector Graphic

3.2.8.4.6(b) Vector Graphic

3.2.8.4.6(c) Vector Graphic

3.2.8.4.6(d) Vector Graphic

3.2.8.4.6(e) Vector Graphic

3.2.10.1.6(a) Vector Graphic

3.2.10.1.6(b) Vector Graphic

3.2.11.1.6(a) Vector Graphic

3.2.11.1.6(b) Vector Graphic

3.2.11.1.6(c) Vector Graphic

3.2.12.0 Vector Graphic

3.2.12.1.1(a) Vector Graphic

3.2.12.1.1(b) Vector Graphic

3.2.12.1.1(c) Vector Graphic

3.2.12.1.1(d) Vector Graphic

3.2.12.1.2 Vector Graphic

3.2.12.1.3 Vector Graphic

3.2.12.1.4 Vector Graphic

3.2.12.1.5 Vector Graphic

3.2.12.1.6(a) Vector Graphic

3.2.12.1.6(b) Vector Graphic

3.5.1.0 Vector Graphic

3.5.1.1.1 Vector Graphic

3.5.1.1.4 Vector Graphic

3.5.1.1.5 Vector Graphic

3.5.1.3.1(a) Vector Graphic

3.5.1.3.1(b) Vector Graphic

3.5.1.3.1(c) Vector Graphic

3.5.1.3.1(d) Vector Graphic

3.5.1.3.5(a) Vector Graphic

3.5.1.3.5(b) Vector Graphic

3.5.1.5.1(a) Vector Graphic

3.5.1.5.1(b) Vector Graphic

3.5.1.5.1(c) Vector Graphic

3.5.1.5.1(d) Vector Graphic

3.5.1.5.5(a) Vector Graphic

3.5.1.5.5(b) Vector Graphic

3.5.2.0 Vector Graphic

3.5.2.1.6(a) Vector Graphic

3.5.2.1.6(b) Vector Graphic

3.5.2.1.6(c) Vector Graphic

3.5.3.1.6(a) Vector Graphic

3.5.3.1.6(b) Vector Graphic

3.5.3.1.6(c) Vector Graphic

3.5.3.2.6(a) Vector Graphic

3.5.3.2.6(b) Vector Graphic

3.5.3.2.6(c) Vector Graphic

3.5.3.3.6(a) Vector Graphic

3.5.3.3.6(b) Vector Graphic

3.5.3.3.6(c) Vector Graphic

3.5.3.4.6 Vector Graphic

3.5.3.7.6 Vector Graphic

3.5.4.1.6 Vector Graphic

3.5.4.2.6 Vector Graphic

3.5.4.3.6(a) Vector Graphic

3.5.4.3.6(b) Vector Graphic

3.5.5.0 Vector Graphic

3.5.5.1.6(a) Vector Graphic
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3.5.5.1.6(b) Vector Graphic

3.5.5.2.6 Vector Graphic

3.5.5.4.6 Vector Graphic

3.6.1.1.6(a) Vector Graphic

3.6.1.1.6(b) Vector Graphic

3.6.2.0 Vector Graphic

3.6.2.2.1(a) Vector Graphic

3.6.2.2.1(b) Vector Graphic

3.6.2.2.1(c) Vector Graphic

3.6.2.2.1(d) Vector Graphic

3.6.2.2.4 Vector Graphic

3.6.2.2.5(a) Vector Graphic

3.6.2.2.5(b) Vector Graphic

3.6.2.2.6(a) Vector Graphic

3.6.2.2.6(b) Vector Graphic

3.6.2.2.6(c) Vector Graphic

3.6.2.2.6(d) Vector Graphic

3.6.2.2.6(e) Vector Graphic

3.6.2.2.6(f) Vector Graphic

3.6.2.2.6(g) Vector Graphic

3.6.2.2.6(h) Vector Graphic

3.6.2.2.6(i) Vector Graphic

3.6.2.2.6(j) Vector Graphic

3.6.2.2.6(k) Vector Graphic

3.6.2.2.6(l) Vector Graphic

3.6.2.2.6(m) Vector Graphic

3.6.2.2.6(n) Vector Graphic

3.6.2.2.6(o) Vector Graphic

3.6.2.2.8 Vector Graphic

3.6.3.0 Vector Graphic

3.7.1.1.1 Vector Graphic

3.7.1.1.6(a) Vector Graphic

3.7.1.1.6(b) Vector Graphic

3.7.1.1.6(c) Vector Graphic

3.7.1.1.6(d) Vector Graphic

3.7.1.2.6(a) Vector Graphic

3.7.1.2.6(b) Vector Graphic

3.7.1.2.6(c) Vector Graphic

3.7.1.2.6(d) Vector Graphic

3.7.2.0 Vector Graphic

3.7.3.1.1 Vector Graphic

3.7.3.1.6(a) Vector Graphic

3.7.3.1.6(b) Vector Graphic

3.7.3.1.6(c) Vector Graphic

3.7.3.1.6(d) Vector Graphic

3.7.3.1.6(e) Vector Graphic

3.7.3.1.6(f) Vector Graphic

3.7.3.1.6(g) Vector Graphic

3.7.3.1.8(a) Scanned

3.7.3.1.8(b) Scanned

3.7.3.1.8(c) Scanned

3.7.3.1.8(d) Scanned

3.7.3.1.8(e) Scanned

3.7.3.1.8(f) Scanned

3.7.3.1.8(g) Scanned

3.7.4.1.6(a) Vector Graphic

3.7.4.1.6(b) Vector Graphic

3.7.4.1.6(c) Vector Graphic

3.7.4.1.6(d) Vector Graphic

3.7.4.1.8(a) Scanned

3.7.4.1.8(b) Scanned

3.7.4.2.1 Vector Graphic

3.7.4.2.6(a) Vector Graphic

3.7.4.2.6(b) Vector Graphic

3.7.4.2.6(c) Vector Graphic

3.7.4.2.6(d) Vector Graphic

3.7.4.2.6(e) Vector Graphic

3.7.4.2.6(f) Vector Graphic

3.7.4.2.6(g) Vector Graphic

3.7.4.2.6(h) Vector Graphic

3.7.4.2.6(i) Vector Graphic

3.7.4.2.6(j) Vector Graphic

3.7.4.2.8(a) Scanned

3.7.4.2.8(b) Vector Graphic

3.7.4.2.8(c) Vector Graphic

3.7.4.2.8(d) Vector Graphic

3.7.4.2.8(e) Scanned

3.7.4.2.8(f) Scanned

3.7.4.2.8(g) Scanned

3.7.4.2.8(h) Scanned

3.7.4.2.8(i) Scanned

3.7.4.2.8(j) Scanned

3.7.4.2.8(k) Scanned

3.7.4.2.8(l) Scanned

3.7.4.2.9(a) Scanned

3.7.4.2.9(b) Scanned

3.7.4.2.9(c) Scanned

3.7.4.3.6(a) Vector Graphic

3.7.4.3.6(b) Vector Graphic

3.7.4.3.6(c) Vector Graphic

3.7.4.3.6(d) Vector Graphic

3.7.4.3.6(e) Vector Graphic

3.7.4.3.6(f) Vector Graphic

3.7.4.3.8(a) Scanned

3.7.4.3.8(b) Scanned

3.7.6.0 Vector Graphic

3.7.6.1.1(a) Scanned

3.7.6.1.1(b) Scanned
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E-7

3.7.6.1.1(c) Vector Graphic

3.7.6.1.1(d) Vector Graphic

3.7.6.1.2(a) Vector Graphic

3.7.6.1.2(b) Vector Graphic

3.7.6.1.3(a) Vector Graphic

3.7.6.1.3(b) Vector Graphic

3.7.6.1.4 Vector Graphic

3.7.6.1.5(a) Vector Graphic

3.7.6.1.5(b) Vector Graphic

3.7.6.1.6(a) Vector Graphic

3.7.6.1.6(b) Vector Graphic

3.7.6.1.6(c) Vector Graphic

3.7.6.1.6(d) Vector Graphic

3.7.6.1.6(e) Vector Graphic

3.7.6.1.6(f) Vector Graphic

3.7.6.1.6(g) Vector Graphic

3.7.6.1.6(h) Vector Graphic

3.7.6.1.6(i) Vector Graphic

3.7.6.1.6(j) Vector Graphic

3.7.6.1.6(k) Vector Graphic

3.7.6.1.6(l) Vector Graphic

3.7.6.1.6(m) Vector Graphic

3.7.6.1.6(n) Vector Graphic

3.7.6.1.6(o) Vector Graphic

3.7.6.1.6(p) Vector Graphic

3.7.6.1.6(q) Vector Graphic

3.7.6.1.8(a) Scanned

3.7.6.1.8(b) Scanned

3.7.6.1.8(c) Scanned

3.7.6.1.8(d) Vector Graphic

3.7.6.1.8(e) Scanned

3.7.6.1.8(f) Vector Graphic

3.7.6.1.8(g) Scanned

3.7.6.1.8(h) Vector Graphic

3.7.6.1.9 Scanned

3.7.6.1.10(a) Scanned

3.7.6.1.10(b) Scanned

3.7.6.1.10(c) Scanned

3.7.6.1.10(d) Scanned

3.7.6.1.10(e) Scanned

3.7.6.1.10(f) Scanned

3.7.6.1.10(g) Scanned

3.7.6.1.10(h) Scanned

3.7.6.2.6(a) Vector Graphic

3.7.6.2.6(b) Vector Graphic

3.7.6.2.6(c) Vector Graphic

3.7.6.2.6(d) Vector Graphic

3.7.6.2.6(e) Vector Graphic

3.7.6.2.6(f) Vector Graphic

3.7.6.2.9(a) Scanned

3.7.6.2.9(b) Scanned

3.7.6.2.9(c) Scanned

3.7.6.2.10(a) Scanned

3.7.6.2.10(b) Scanned

3.7.7.1.6(a) Vector Graphic

3.7.7.1.6(b) Vector Graphic

3.7.7.1.6(c) Vector Graphic

3.7.7.1.6(d) Vector Graphic

3.7.7.2.6(a) Vector Graphic

3.7.7.2.6(b) Vector Graphic

3.7.7.2.6(c) Vector Graphic

3.7.7.2.6(d) Vector Graphic

3.7.7.2.8(a) Vector Graphic

3.7.7.2.8(b) Vector Graphic

3.7.7.2.8(c) Vector Graphic

3.7.8.1.6(a) Vector Graphic

3.7.8.1.6(b) Vector Graphic

3.7.8.1.8(a) Vector Graphic 

3.7.8.1.8(b) Vector Graphic

3.7.8.1.8(c) Vector Graphic

3.7.8.1.8(d) Vector Graphic

3.7.8.2.6(a) Vector Graphic

3.7.8.2.6(b) Vector Graphic

3.7.8.2.6(c) Vector Graphic

3.7.8.2.6(d) Vector Graphic

3.7.8.2.6(e) Vector Graphic

3.7.8.2.6(f) Vector Graphic

3.7.8.2.8(a) Scanned

3.7.8.2.8(b) Scanned

3.7.9.1.6(a) Vector Graphic

3.7.9.1.6(b) Vector Graphic

3.7.9.1.6(c) Vector Graphic

3.7.10.1.6(a) Vector Graphic

3.7.10.1.6(b) Vector Graphic

3.7.10.1.6(c) Vector Graphic

3.7.10.1.6(d) Vector Graphic

3.7.10.1.6(e) Vector Graphic

3.7.10.1.6(f) Vector Graphic

3.7.10.1.6(g) Vector Graphic

3.7.10.1.8(a) Scanned

3.7.10.1.8(b) Vector Graphic

3.7.10.1.8(c) Scanned

3.7.10.1.10(a) Scanned

3.7.10.1.10(b) Scanned

3.7.10.1.10(c) Scanned

3.7.10.1.10(d) Scanned

3.7.10.2.6(a) Vector Graphic

3.7.10.2.6(b) Vector Graphic
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3.7.10.2.8(a) Scanned

3.7.10.2.8(b) Scanned

3.7.10.2.9(a) Scanned

3.7.10.2.9(b) Scanned

3.7.10.3.6(a) Vector Graphic

3.7.10.3.6(b) Vector Graphic

3.7.10.3.6(c) Vector Graphic

3.7.10.3.6(d) Vector Graphic

3.7.10.3.6(e) Vector Graphic

3.7.10.3.6(f) Vector Graphic

3.7.10.3.6(g) Vector Graphic

3.7.10.3.6(h) Vector Graphic

3.7.10.3.6(i) Vector Graphic

3.7.10.3.6(j) Vector Graphic

3.7.10.3.6(k) Vector Graphic

3.7.10.3.6(l) Vector Graphic

3.7.10.3.10(a) Scanned

3.7.10.3.10(b) Scanned

3.8.1.0 Vector Graphic

3.8.1.1.6 Vector Graphic

3.8.1.1.8(a) Scanned

3.8.1.1.8(b) Scanned

3.8.1.1.8(c) Scanned

3.9.2.0 Vector Graphic

3.9.4.0 Vector Graphic

3.9.5.1.6(a) Vector Graphic

3.9.5.1.6(b) Vector Graphic

3.9.6.1.6 Vector Graphic

3.9.7.1.6 Vector Graphic

3.10.1.1.1 Vector Graphic

3.10.2.3(a) Scanned

3.10.2.3(b) Scanned

3.10.3.2(a) Scanned

3.10.3.2(b) Vector Graphic

3.10.3.2(c) Scanned

3.10.3.2(d) Scanned

3.10.3.2(e) Vector Graphic

3.10.3.2(f) Vector Graphic

3.10.3.2(g) Vector Graphic

4.2.1.0 Vector Graphic

4.2.1.1.4 Scanned

4.2.1.1.6 Vector Graphic

4.2.1.2.1 Scanned

4.2.1.2.2 Scanned

4.2.1.2.3 Scanned

4.2.1.2.4 Scanned

4.2.1.2.6 Vector Graphic

4.2.1.4.8(a) Vector Graphic

4.2.1.4.8(b) Scanned

4.2.3.0 Vector Graphic

4.2.3.2.6(a) Vector Graphic

4.2.3.2.6(b) Scanned

4.2.3.2.8(a) Scanned

4.2.3.2.8(b) Scanned

4.2.3.2.8(c) Scanned

4.3.2.1.4 Vector Graphic

4.3.2.1.6 Vector Graphic

4.3.3.0 Vector Graphic

4.3.3.1.1(a) Vector Graphic

4.3.3.1.1(b) Vector Graphic

4.3.3.1.1(c) Vector Graphic

4.3.3.1.4 Vector Graphic

4.3.3.1.6(a) Vector Graphic

4.3.3.1.6(b) Vector Graphic

4.3.4.0 Vector Graphic

4.3.4.1.1(a) Scanned

4.3.4.1.1(b) Scanned

4.3.4.1.1(C) Scanned

4.3.4.1.6 Vector Graphic

4.3.5.1.1 Scanned

4.3.5.1.4 Scanned

4.3.5.1.6 Vector Graphic

4.3.6.0 Scanned

4.3.6.1.1 Scanned

4.3.6.1.4 Scanned

4.3.6.1.6(a) Scanned

4.3.6.1.6(b) Vector Graphic

4.4.2.3(a) Scanned

4.4.2.3(b) Scanned

4.4.3.2 Scanned

5.2.1.0 Scanned

5.2.1.1.1(a) Scanned

5.2.1.1.1(b) Scanned

5.2.1.1.2(a) Scanned

5.2.1.1.2(b) Scanned

5.2.1.1.3(a) Scanned

5.2.1.1.3(b) Scanned

5.2.1.1.6(a) Scanned

5.2.1.1.6(b) Scanned

5.3.1.0 Vector Graphic

5.3.1.1.1 Scanned

5.3.1.1.2 Scanned

5.3.1.1.3 Scanned

5.3.1.1.4 Scanned

5.3.1.1.5 Scanned

5.3.1.1.9(a) Scanned

5.3.1.1.9(b) Scanned

5.3.1.1.9(c) Scanned
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5.3.2.0 Scanned

5.3.2.1.1 Scanned

5.3.2.1.4 Scanned

5.3.2.1.6(a) Vector Graphic

5.3.2.1.6(b) Vector Graphic

5.3.2.2.1 Scanned

5.3.2.2.6(a) Vector Graphic

5.3.2.2.6(b) Vector Graphic

5.3.2.2.8(a) Scanned

5.3.2.2.8(b) Scanned

5.3.2.2.8(c) Scanned

5.3.2.2.8(d) Scanned

5.3.2.2.8(e) Scanned

5.3.2.2.8(f) Scanned

5.3.3.0 Scanned

5.3.3.1.1 Scanned

5.3.3.1.2 Scanned

5.3.3.1.4 Scanned

5.3.3.1.6(a) Vector Graphic

5.3.3.1.6(b) Vector Graphic

5.3.3.1.6(c) Scanned

5.4.1.0 Vector Graphic

5.4.1.1.1 Vector Graphic

5.4.1.1.2 Scanned

5.4.1.1.3 Scanned

5.4.1.1.4 Scanned

5.4.1.1.5 Scanned

5.4.1.1.6(a) Vector Graphic

5.4.1.1.6(b) Vector Graphic

5.4.1.1.6(c) Vector Graphic

5.4.1.1.6(d) Scanned

5.4.1.1.8(a) Scanned

5.4.1.1.8(b) Scanned

5.4.1.1.8(c) Scanned

5.4.1.1.8(d) Scanned

5.4.1.1.8(e) Scanned

5.4.1.1.8(f) Scanned

5.4.1.1.8(g) Scanned

5.4.1.1.9 Scanned

5.4.1.2.1 Scanned

5.4.1.2.2 Scanned

5.4.1.2.3 Scanned

5.4.1.2.4 Scanned

5.4.1.2.6(a) Vector Graphic

5.4.1.2.6(b) Vector Graphic

5.4.1.2.6(c) Vector Graphic

5.4.1.2.6(d) Vector Graphic

5.4.1.2.6(e) Vector Graphic

5.4.1.2.6(f) Vector Graphic

5.4.1.2.6(g) Vector Graphic

5.4.1.2.6(h) Scanned

5.4.1.2.7 Scanned

5.4.1.2.8(a) Scanned

5.4.1.2.8(b) Scanned

5.4.1.2.8(c) Scanned

5.4.1.2.8(d) Scanned

5.4.1.2.8(e) Scanned

5.4.1.2.8(f) Scanned

5.4.1.2.8(g) Scanned

5.4.1.2.8(h) Scanned

5.4.1.2.8(i) Scanned

5.4.2.0 Scanned

5.4.2.1.1(a) Scanned

5.4.2.1.1(b) Scanned

5.4.2.1.2(a) Scanned

5.4.2.1.2(b) Scanned

5.4.2.1.3(a) Scanned

5.4.2.1.3(b) Scanned

5.4.2.1.6(a) Vector Graphic

5.4.2.1.6(b) Vector Graphic

5.4.2.1.6(c) Scanned

5.4.2.1.8(a) Scanned

5.4.2.1.8(b) Scanned

5.4.2.2.1 Scanned

5.4.2.2.2 Scanned

5.4.3.1(a) Vector Graphic

5.4.3.1(b) Vector Graphic

5.4.3.1(c) Vector Graphic

5.4.3.2(a) Scanned

5.4.3.2(b) Scanned

5.4.3.3 Scanned

5.5.1.0 Scanned

5.5.1.1.1 Scanned

5.5.1.1.2 Scanned

5.5.1.1.3(a) Scanned

5.5.1.1.3(b) Scanned

5.5.1.1.4 Scanned

5.5.1.1.6 Vector Graphic

5.5.1.1.8(a) Scanned

5.5.1.1.8(b) Scanned

5.5.1.1.8(c) Scanned

5.5.1.1.8(d) Scanned

5.5.1.2.1 Scanned

5.5.1.2.2 Scanned

5.5.1.2.3 Scanned

5.5.1.2.4 Scanned

5.5.1.2.6 Vector Graphic

5.5.1.2.8(a) Scanned
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5.5.1.2.8(b) Scanned

5.5.1.2.8(c) Scanned

5.5.2.0 Scanned

5.5.2.1.6(a) Vector Graphic

5.5.2.1.6(b) Vector Graphic

5.5.3.1.6 Vector Graphic

5.5.3.2.6 Vector Graphic

5.6.1.1.1 Scanned

6.2.1.0 Scanned

6.2.1.1.1 Scanned

6.2.1.1.3 Scanned

6.2.1.1.4(a) Scanned

6.2.1.1.4(b) Scanned

6.2.1.1.4(c) Scanned

6.2.1.1.8(a) Scanned

6.2.1.1.8(b) Scanned

6.2.1.1.8(c) Scanned

6.2.1.1.8(d) Scanned

6.2.1.1.8(e) Scanned

6.2.2.0 Scanned

6.2.2.1.1(a) Scanned

6.2.2.1.1(b) Scanned

6.2.2.1.4(a) Scanned

6.2.2.1.4(b) Scanned

6.3.1.0 Scanned

6.3.1.1.1 Scanned

6.3.1.1.4 Scanned

6.3.1.1.6(a) Vector Graphic

6.3.1.1.6(b) Vector Graphic

6.3.2.0 Scanned

6.3.2.1.1 Scanned

6.3.2.1.2 Scanned

6.3.2.1.3 Scanned

6.3.2.1.4 Scanned

6.3.3.0 Scanned

6.3.3.1.1(a) Scanned

6.3.3.1.1(b) Scanned

6.3.3.1.4(a) Scanned

6.3.3.1.4(b) Scanned

6.3.3.1.6(a) Vector Graphic

6.3.3.1.6(b) Vector Graphic

6.3.3.1.6(c) Vector Graphic

6.3.3.1.6(d) Vector Graphic

6.3.3.1.8(a) Scanned

6.3.3.1.8(b) Scanned

6.3.3.1.8(c) Scanned

6.3.3.1.8(d) Scanned

6.3.4.0 Vector Graphic

6.3.4.1.1 Vector Graphic

6.3.4.1.4 Vector Graphic

6.3.4.1.5 Vector Graphic

6.3.4.1.6(a) Vector Graphic

6.3.4.1.6(b) Vector Graphic

6.3.4.1.6(c) Scanned

6.3.5.0 Vector Graphic

6.3.5.1.1 Scanned

6.3.5.1.4(a) Scanned

6.3.5.1.4(b) Scanned

6.3.5.1.4(c) Scanned

6.3.5.1.6(a) Vector Graphic

6.3.5.1.6(b) Vector Graphic

6.3.5.1.6(c) Vector Graphic

6.3.5.1.6(d) Scanned

6.3.5.1.7(a) Scanned

6.3.5.1.7(b) Scanned

6.3.5.1.7(c) Scanned

6.3.5.1.7(d) Vector Graphic

6.3.5.1.7(e) Vector Graphic

6.3.5.1.8(a) Vector Graphic

6.3.5.1.8(b) Vector Graphic

6.3.5.1.8(c) Vector Graphic

6.3.5.1.8(d) Vector Graphic

6.3.5.1.8(e) Vector Graphic

6.3.5.1.8(f) Vector Graphic

6.3.5.1.8(g) Vector Graphic

6.3.5.1.9(a) Vector Graphic

6.3.5.1.9(b) Scanned

6.3.5.1.9(c) Scanned

6.3.6.0 Scanned

6.3.6.1.1 Scanned

6.3.6.1.2 Scanned

6.3.6.1.3 Scanned

6.3.6.2.1(a) Scanned

6.3.6.2.1(b) Scanned

6.3.6.2.4(a) Scanned

6.3.6.2.4(b) Scanned

6.3.7.0 Scanned

6.3.7.1.1 Vector Graphic

6.3.7.1.2 Vector Graphic

6.3.7.1.3(a) Scanned

6.3.7.1.3(b) Scanned

6.3.7.1.4 Scanned

6.3.7.1.5 Scanned

6.3.7.1.7 Scanned

6.3.8.0 Scanned

6.3.8.1.1 Scanned

6.3.8.1.4 Scanned

6.3.8.1.5(a) Scanned
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6.3.8.1.5(b) Scanned

6.3.8.1.6(a) Scanned

6.3.8.1.6(b) Scanned

6.3.9.0(a) Vector Graphic

6.3.9.0(b) Vector Graphic

6.3.9.0(c) Vector Graphic

6.3.9.1.1(a) Vector Graphic

6.3.9.1.1(b) Vector Graphic

6.3.9.1.4 Vector Graphic

6.3.9.1.5 Vector Graphic

6.3.9.1.6(a) Vector Graphic

6.3.9.1.6(b) Vector Graphic

6.3.9.1.6(c ) Vector Graphic

6.3.9.1.6(d ) Vector Graphic

6.3.9.1.6(e ) Vector Graphic

6.3.9.1.6(f ) Vector Graphic

6.3.9.1.6(g ) Vector Graphic

6.3.9.1.6(h) Vector Graphic

6.3.9.1.6(i) Vector Graphic

6.3.10.0(a) Vector Graphic

6.3.10.0(b) Vector Graphic

6.3.10.0(c) Vector Graphic

6.3.10.0(d) Vector Graphic

6.3.10.1.1(a) Vector Graphic

6.3.10.1.7(a) Vector Graphic

6.3.10.1.7(b) Vector Graphic

6.4.1.0 Scanned

6.4.1.1.1 Vector Graphic

6.4.1.1.2 Vector Graphic

6.4.1.1.3 Vector Graphic

6.4.1.1.4(a) Vector Graphic

6.4.1.1.4(b) Scanned

6.4.1.1.5 Scanned

6.4.1.1.7 Scanned

6.4.2.0 Scanned

6.4.2.1.1(a) Scanned

6.4.2.1.1(b) Scanned

6.4.2.1.2 Scanned

6.4.2.1.4(a) Scanned

6.4.2.1.4(b) Scanned

6.4.2.1.4(c) Scanned

6.4.2.1.5 Scanned

6.4.2.1.6(a) Vector Graphic

6.4.2.1.6(b) Vector Graphic

6.4.2.1.8(a) Scanned

6.4.2.1.8(b) Scanned

6.4.2.1.8(c) Scanned

6.4.2.1.8(d) Scanned

7.2.1.0 Vector Graphic

7.2.1.1.1 Vector Graphic

7.2.1.1.4 Vector Graphic

7.3.2.0 Vector Graphic

7.3.2.1.6(a) Vector Graphic

7.3.2.1.6(b) Vector Graphic

7.3.2.2.6 Vector Graphic

7.4.1.0 Scanned

7.4.1.1.1 Scanned

7.4.1.1.4(a) Scanned

7.4.1.1.4(b) Scanned

7.4.1.1.5 Scanned

7.4.1.1.6 Vector Graphic

7.4.2.0 Scanned

7.4.2.1.4 Scanned

7.4.2.1.6 Vector Graphic

7.5.1.1.6(a) Vector Graphic

7.5.1.1.6(b) Vector Graphic

7.5.1.1.6(c) Vector Graphic

7.5.1.1.6(d) Vector Graphic

7.5.1.1.6(e) Vector Graphic

7.5.1.1.6(f) Vector Graphic

7.5.1.1.6(g) Vector Graphic

7.5.1.1.6(h) Vector Graphic

7.5.1.1.6(i) Vector Graphic

7.5.1.1.6(j) Vector Graphic

7.5.1.1.6(k) Vector Graphic

7.5.1.1.6(l) Vector Graphic

7.5.2.1.6(a) Vector Graphic

7.5.2.1.6(b) Vector Graphic

7.5.2.1.6(c) Vector Graphic

7.5.2.1.6(d) Vector Graphic

7.5.2.1.6(e) Vector Graphic

7.5.2.1.6(f) Vector Graphic

7.5.2.1.6(g) Vector Graphic

7.5.2.1.6(h) Vector Graphic

7.5.2.1.6(i) Vector Graphic

7.5.2.1.6(j) Vector Graphic

8.2.1 Scanned

8.2.2.3.1.1(a) Scanned

8.2.2.3.1.1(b) Scanned

8.2.2.3.1.1(c) Scanned

8.2.2.3.2.1 Scanned

8.2.2.3.2.2(a) Scanned

8.2.2.3.2.2(b) Scanned

8.2.2.3.2.2(c) Scanned

8.2.2.3.2.2(d) Scanned

8.2.2.3.2.2(e) Scanned

9.2.3 Scanned

9.2.4 Scanned
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9.2.6 Scanned

9.2.11 Scanned

9.2.12 Scanned

9.2.15(a) Scanned

9.2.15(b) Scanned

9.3.1.1.2 Scanned

9.3.1.1.3(a) Scanned

9.3.1.1.3(b) Scanned

9.3.1.2 Scanned

9.3.1.3 Scanned

9.3.1.4(a) Scanned

9.3.1.4(b) Scanned

9.3.1.5 Scanned

9.3.1.6.1 Scanned

9.3.1.6.2 Vector Graphic

9.3.2.3(a) Scanned

9.3.2.3(b) Scanned

9.3.2.3(c) Vector Graphic

9.3.2.4 Scanned

9.3.2.5(a) Scanned

9.3.2.5(b) Vector Graphic

9.3.2.5(c) Vector Graphic

9.3.2.5(d) Vector Graphic

9.3.2.7(a) Scanned

9.3.2.7(b) Scanned

9.3.2.7(c) Scanned

9.3.4.1(a) Scanned

9.3.4.1(b) Scanned

9.3.4.1(c) Scanned

9.3.4.1(d) Scanned

9.3.4.3 Scanned

9.3.4.4 Scanned

9.3.4.5 Scanned

9.3.4.7 Scanned

9.3.4.10(a) Scanned

9.3.4.10(b) Scanned

9.3.4.10(c) Scanned

9.3.4.12(a) Scanned

9.3.4.12(b) Scanned

9.3.4.13 Scanned

9.3.4.16(a) Scanned

9.3.4.17(a) Scanned

9.3.4.17(b) Scanned

9.3.4.17(c) Scanned

9.3.4.17(d) Scanned

9.3.4.17(e) Scanned

9.3.4.17(f) Scanned

9.3.4.17(g) Scanned

9.3.4.17(h) Scanned

9.3.5.1(a) Scanned

9.3.5.1(b) Scanned

9.3.5.2 Scanned

9.3.5.6 Scanned

9.3.6.2 Scanned

9.3.6.7 Scanned

9.3.6.8(a) Scanned

9.3.6.8(b) Scanned

9.3.6.8(c) Scanned

9.3.6.8(d) Scanned

9.4.1.3 Scanned

9.4.1.3.4(a) Scanned

9.4.1.3.4(b) Scanned

9.4.1.3.4(c) Scanned

9.4.1.3.4(d) Scanned

9.4.1.3.4(e) Scanned

9.4.1.5.2(a) Scanned

9.4.1.5.2(b) Scanned

9.4.1.5.2(c) Scanned

9.4.1.5.2(d) Scanned

9.4.1.5.2(e) Scanned

9.4.1.5.2(f) Scanned

9.4.1.5.2(g) Scanned

9.4.1.5.2(h) Scanned

9.4.1.5.3 Scanned

9.4.1.6 Scanned

9.4.1.7.2 Scanned

9.4.1.7.2, cont. Scanned

9.4.2.2 Scanned

9.4.2.3.2 Scanned

9.4.2.3.5(a) Scanned

9.4.2.3.5(b) Scanned

9.4.2.5.2 Scanned

9.4.2.5.3 Scanned

9.5.1.3 Scanned

9.5.1.5.1(a) Scanned

9.5.1.5.1(b) Scanned

9.5.1.5.1(c) Scanned

9.5.1.5.3 Scanned

9.6.3 Scanned

A.1 Scanned
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FOREWORD

This handbook provides E wcrking knowledge of phosphate and black oxide

coatings of ferrous metala a9 used by the Department of Defense for equipment

and ordnance. lt 19 not intended to be an exhaustive treatiee on the subject,

but rether to furnish detailed information on phosphate and black oxide

coatinge that have proved seti9fectory in service, It ie intended to

supplement, but not replace, varioua apecificationaand standarde covering

these continga.

A eurvey of military ueere of phosphate and black oxide coatings was

conducted. Consequently, the infomnetion contained in thie handbook describee

processing procedures, chemical control methode, cleaning oparation9 end

equipment used by the military.

iii
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GENERAL REFERENCES

and Military specificationsand standards are government publications

available frem the Naval Publication and FOIUISCenter, 5801 Tabor

Philadelphia, PA 19120.

)

Aerespace Material Specification are available from the Society of Automotive

Engineere, Inc., 400 Commonwealth Drive, Warrendale, PA 15096,

ASTM apecificationesnd standards mey be obteined from the American Society

for Testing and Materials, 1916 Race Street, Philadelphia, PA 19103.
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1. INTRODUCTION

1.1 Ceneral. Protective coatings composed of ineoluble phosphate crystals

or iron oxideg are applied to ferrous metal parts by a number of component

processes In wh]ch varying types cf chemical solutions are used. (The iron

oxide coatings are commonly known aa black oxide coatings.) The following

three stageg are normally used to apply the coatings. These are:

Cleaning and pretreatment

Coating

Preservation Treatment

The ~b.iectivecf the coating prbceag is to provide an economical beae for

subsequent.treatment which will protect parts from corrogion resulting from

abrsgltinor exposure tc molature and perspiration.

The zinc or manganese phosphate coatings are formed on the parta by dipping

the 1ron or steel parts In a solution of zinc or manganese dihydrogan

phosphate containing an oxidizing agent such aa nitrate. The PH of tha

aolut]on ranges from ?.0 to 2.5. Aa iron is dissolved from the part by the

acidic solution, the PH of the solution adjacent to the part increaaes until

the insoluble phosphate coating ig deposited on the part. In the spray

operation the reactions are similar and occur at the interface between the

solut.]on and the gurface cf the parts beingtreated.

The insoluble phosphate involved in the phosphate processes are of three

types. An inscluble phosphate consisting of zinc, manganeae or iron

monohydrogen phosphate ia precipitated at a pH of about 4. This meterial ie

found in the sludge in the bottom of the tanks and in the scale on heating

surfaces and tank walls. The monohydrogen phosphate salts are soluble in an

excess of phosphoric ac~d and serve as a buffer to prevent the accumulation of

excess phosphoric acid in tha proceaaing bath. The phosphate coatings, normal

phosphate salts, ~re formed at a PH of approximately 5.8 and are nOt eaailY

disgolved in phGaphcric acid even when exposed to an excess of that acid.

The zinc base phosphate coatings conaigt primarily of two cryatala

[Zn~Fe(P04)2:4H20antiZn~(PG4)2:4H20]. The proportions of the
two crystals vary depending upon many factora. ‘hew factOra includa: The

composition of the phoephatlng bath, the temperature of the phoaphating bath,

and the gurface preparation which detec?aineathe number of aitea on which the

crystala form.

The mangnnese base phosphate coatlnga have not been aa well characterized aa

the zinc base phosphate coatinga but it ia believed that the crystal

compusltion is simzlar.

Water c,fCrystallizationwill be lcat when the phogphate coating is expoaad

to elevated temperature. Thie loss results in a non-adherent powde~ coating

nnd a subsequent decreage in ccrrosion resistance. Expoaura of no ❑ore than

15 minutes to temperature in air of 225°F (107CC) will not advereely

affect a zinc phosphate coating Corresponding temperaturefor ❑anganeae

phosphate ccatings ia 375GF (190CC). Expcaure at these temperature for

longer times or for ghorter times at higher temperatureswill cauae a decreaee

in corrc,9ionresistance.
1
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The black oxide coatings are formed by immersing the iron or steel parts In

solution where the iron or steel surface is converted to cm.oxide, generallya

believed to be Fe3 04. The bath for Class 1 treatments IS a concentrated

solution of 9odium hydroxide and sodium nitrate. The bath for cla99 3

treatments 1s a molten bichromate salt, u9uallY potassiw bichromate. Tne

bath for claas 4 treatments i9 a concentrated 9olution of 9odium hydroxije and

proprietary sulfur compound9 which form an oxide-sulfide coating.

The phosphate coatings are intended to provida supplementary resistance by

holding a corrosion resistant finish such aa an oil >n the vo]ds of the

cxyatalline coating. Recent work haa demonstrated that the phosphate coating

itself prot-ideasome temporaxy corrosion resistance Independent of the o]1.

To obtain coatinga (pho9phate or bleck oxide) with the ❑aximum corrosion

re9iatance, it ia nece9aary to remove all foreign matter from the part and

process the part in a properly controlled chemical bath. On perta to be

phosphate the surface must be conditioned to ensure that the cryataIline

coating haa the deaired structure. The preferred ay9tem is to remove all

grease and oil, clean with abrasive blaating and proceaa in a properly

controlled bath.

Phoaphate coating9 meeting TT-C-490 are commonly suggested as the ba9e f~r a

paint specified by the procuring agency. The presence of the phosphate coat-

ing under the paint film aid9 in preventing underfilm corrosion and increase9

the durability of the paint film.

The black oxide coatings are commonly finished with a corrosion resistant

Gil. Both phcsp.hstear.tiblack cride co~tings nre used on a variety of

military parta. Some examplea of applications are listed in the Append)x.

Any of thaae protective coatings will be ineffective if their cont]nuiLy ~s

broken by surface defects that serve as points of entry for corroaive

aubstancea. Such imperfections are unavoidable unlea9 the metal 9urface is

completely free of dust, grit, oil, acid and alkaline residues, rust, and

other contaminant before the protective coating ia applied.

1.2 Cleanin&. Thorough cleaning of the metal surface 1s of prime

importance in the application of any of the coatings described in this

handbook. With few exceptions, the method9 followed for the removal of

specific conteminanta are aimilar in all syat,ems. Thus, the cleaning methods

deecribad In this handbook apply to all the protective coatinga described.

1.3 Conditionin&. Some cleaning methods which are u9ed to remove certa>n

types of Boil will cauae the formation of coarse crystalline pho$phate

coatinga which give inferior corrosion resistance. The uae of these cleaners

IS required to remove the soil. The uae of a grain refinement treatmemt

chemical will change the surface and will result in a corrosion resistant

crystalline structure. The material commonly used for this purpose ahead of

zinc phosphate treatment is sodium monohydrogen phosphate containing titanium

phoaphate. The material commonly used prior to manganeae phosphate treatment9

is a manganeae phosphate. In order for thase chemica19 to have tha de9ired

affect on the coatin8 fomation, they are specially treated during manufacture.

Conditioning aalta increaae the number of 9itea at which the phosphate coating

iz formed, thus producing a fine uniform coating rather than e coarse

crystalline coating.
~

I
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1.4 Phosphate coatings.

1,4.1 Manganese base phosphate coating, DOD-P-16232, type H. This

phosphate protective costing, which ranges in color from gray to black

depending upon the alloy being treated with high carbon alloys being darker,

ia used cn iron and steel. The manganeae base phosphate coating, although

more reslatant to heat than the zinc base phosphate coating, decomposes

between 375°F (lgOOC) and 4250F (2160C). The coating may be applied

to 911 clean ferrous metal parte with the exception of springs having a wire

diameter less than one-eighth Inch (lam) and barrel bores, Patent No. 4194929,

“Technique for Peeaiveting Steinless Steel”, describee e procedure for phospha-

ting etalnlesa steel. This phoephate coating is commonly used with a

petroleun base, supplementary finish on article9 or sections of articles not

recelvlng paint. If the pho9phete coeted Item is to be painted, no petroleum

or wax baeed finish should be used prior to the application of the peint, as

the petroleum or wax will interfere with the edhesion of the paint to the

part. Mangane9e phosphate coatinge are alao used to improve the wear

re91$tanceor sliding surfece9 which are under heavy loed euch es gear teeth.

These coatings 9hould not be ueed on roller or ball bearings.

1.4.2 Z>nc base phoephate coating, EOD-P-16232, type Z. This phosphate

protective coating, uhich ranues in color from gray to bleck depending upon

the elloy, IS used on iron end eteel. It i9 euitable for explication to parta

where contact with elkaline materiale or exposure to temperature in exceee of

225°? (1050C) is not expected. The maintenance of the equipmant is eaeier
with the zinc based phosphate then with the manganese based phosphate. Aleo,

zinc phosphate coatings normally provide greater corroeion registence then

!WWWrese phosphate Caa$:ngS, with or wit!mut supplemental coatir,gs.

1.4.3 Phogphate coating for paint baae, ‘M’-C-49O,type I. This costing

process congists of a chemical treatment which uroduces a uniform, adherent,

cry’etalline, pho9phate coating on iron and steel surfacee. The color of the

coating ranges from gray to black depending upon the alloy. The coating

Inhlblts corroa]on, retards the prcgrese of filifoxm and underfilm corrosion,

increases adhesion, and results in greater durability of applied peint

flmshes. The surface to be treetedmust be clean and free of rust, scale,

dirt, paint or similar contaminant. The coatmgs ueed for TT-C-490, Type I

nommally ere much lower In ceating weight than thoee meeting DOD-P-16232.

1.5 Black Oxide Coatings,

These coatings are particularly eulted for use on

mo~&lpa-”or bearing surfaces) which cannot tolerate the
dimensional bu]Id-up of the more rust-resistantcoatings, They are not

recommended for weapons going into long-term 8torege because of their poor

corrosion resistance.

1.5.2 Alkel~ne cxldi~ing process (for wrought iron, plain cerbon, end low

alloy steels), MIL-C-13924 cless 1. Thi9 coeting ie applied by immereing the

cleen ferrous metel parta in an aoueoua elkeline oxidizir&!beth at tempera-

ture In the range of 2850 to 290~F (1400 to 1430C). The-perta ere

then rinsed >n water, dipped in a chromete rinse golution and dried. This

coailng IS applicable to plein carbon steel, most 10V alley ateels test and

m=illeableIrons.

3
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1.5.3 Fused salt oxidizing process (for corrosion resistant steel alloys

which are heated to 9000F (4280C) or higher MIL-C-13924, Class 3. This

coating is applied by immersing the clean parte in molten dichrocnatesalts at

temperatures ranging from 825°F (4400C) to 8500F (4550C). Temperiu

can be done in conjunction with the blackening at temperaturesup to 9000F

(482°C) end is applicable to chrcmium stainless steels with drew

temperature abeve 9~0F (4820C).

1.5.4 Alkaline oxidizing process (for 300 series corrosion resiatent

alloYs), MIL-C-13924, Class 4. This coating is applied by immersing the clean

parta in the aqueous alkaline oxidizin8 bath at temperatures in the 250° to

260°F (1210 to 1270C) range.

2. CLEANING

2.1 Cleaning methode.

2.1.1 General. Surfece preparation io one of the most importent factors

affecting the performance of the protective coeting. The selection of an

appropriate Cleanlns method for ferrous metals depends cm three important

factors:

The type and quantity of the greaee, oil, and other soil

The equipment available, and

The residual effact of the cleaner on the coating produced

CAUTION: Protection from eolvent eplaehing and projected particles is

required. Goggles are the minimum protection and must be worn.

!.lee,fsce @hielcla,rubber aprona, rubber gloves, rubber boote,

etc., must be used If needed.

)

)

Sacondary, but very practical conaiderationainclude coat, quantities of parts

involved, etc.

In general, there are three types of surface contaminants which must be

removed to obtain adheaion of the protective coating. They are:

Greaee, oil, drawing compounds, and dust from rolling,

fozming, extruding, machining, handling, etc.

Rust and mill scale, and

Salta or othar chemicsla which may or may not be visible but which eerve

aa nuclei for rust fomstion.

No single cleaning procesB removes all of the surface contaminants

encountered. Therefore. proper selection as well ae the order of application

of any combination of cleaning processes met be made. The best way to

understand how a cleaning method or mathoda ie selected is through knowledge

of the properties and limitations of the various cleaning materla19 avalleble
commercially. Therefore, in this chapter the varioue mechanical and chemical

surface cleaning methode and eauipment presently in uae will be outlined. It

should be noted that abrasive

cwquired) aa a final cleaning

(mD-P-16232).

bla~ting is recommended (and for

process prior to heavy phosphste

4

some item9

coatiqg
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2.1.2 Solvent cleaning. Before adopting any 8olvent cleaning procedure, an

Investigation of the h.9Z8rd8involved and the regulationsis8ued by the EPA

and/or OSHA pertaining to the use of the solvent9 being considered should be

completed.

Solvent cleanlng IS one of the oldest method8 u8ed fOT the removal of aO1l

from a metal surface. The 8olvent8 employed cover a wide class of ChetiCa18

xncludlng mineral 8plrits, chlorinated hydrocarbons, etc. All solvent8 axw

potentially hazardous and 8hould be used under such conditions that their

concentration In the air being breathed by the worbnen ia within safe limits.

Benzene, ga9011ne, and carbon tetrachlorideshould be avoided becauee of their

toxlclty or flammability. Solvents readily remove oi19 and grea8ea, are

eaaily applled, and the necessary equipment occupies a minimum of apace.

Unfortunately there are 8ome seriou8 diaadvantage8 inherent in solvent

cleaning which impose limitations on its use. The8e di8advantagea include:

Both eolvent and applicator are soon contaminatedand therefore

instead of removing oil completely, only redistribute it.

Solvent cleaning IS expensive If carried out properly. Effective

solvents have a high initial cost, distillation for re-u9e i8

expen91ve, and losse9 may be expected.

Only oils and grea8e8 are removed. No rust or scale ie removed.

Rust et]mulators, soaps, and selts mey not be removed by 8ome

solvents in which cese they must be removed or neutralized by

other menn~.

The fumeg frcm some of the best solvents are toxic or represent

long or short term health hazard8 in many instance8. Thi9

1nclude9 mo8t chlorinated solvents and aromatxcs.

Some chlorinated solvents are decomposed by heat in contact with

water and metal, fomn]nR hydrochloric acid whxch attacks the

equipment and stimulete8 corroeion of clean parts.

The methods Kenerally used In 8olvent cleaning!ar8 outlined in paregraph8

2.1.2.1 and 2.1.2.2.

2.1.2.1 D]pplng. In d]pping operations, parta are immersed in either cold

or warm eolvent. Usually two or more tanks are used for preliminary cleaning

WIth the remainder used for rinsing. When the solvent in the fir8t tank

become8 contaminated, it 9hould be discanted. The next tank should then be

u8ed for the preliminary cleaning and the clean solvent used for the final

rinse.

2.1.2.2 Vapor degreaaln~. Gleaning materia18 by vapor degraaaing conaiats

of removing oi18 and greases from the part by 9u9pending it in the vapor of

chlorinated solvents. The vapors conden8e on the relatively cold metal

8urface and the condensate di9S01ve8 and rin9e9 off tha grea9e and other aoila

soluble in the 9olvent.

5
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Equpment for vapor degreaslng IS specially engineered by the equlprent

manufacturers for proper heat input to control the .eolventllquid and vapors.

Mechxnea are built with one or more compartment as required by the proce9s.

For continuous production, unit9 are conveyorized and normally enclo9ed.

Equipment for this type of cleaning la described briefly In sect]cn 2.2.2 and

mu9t be designed and assembled to enable the user to comply with all EPA and

OSHA regulations. Vapor degreaaing equipment ia available meeting OSHA nnd

EPA requirements.

2.1.3 Alkali cleanin&. Alkali cleanzng i9 usually more efflclent, cheaper,

and less hazardoua than solvent c-leaning. Alkaline cleaner chemicals, which

are formulated to perforn a variety of cleaning and pretreatment func:xons,

are soluble in water and used at elevated temperatures. These formulations

clean by saponifying certain oils and grease9 while their surface act>ve

additive component wash away other types of contaminant. Soi1 removal is

accomplx9hed through detergency or sapcmif]catitin,rather than sclven,:y. SC,::

is removed mainly by displacement from the 9urfece rather than by direct

solution, as in solvent cleaning. One of the desirable characterlstzcs of an

alkaline cleaner is its ability to maintein reasonably high alkal]nity desplte
the introduction of acidic 8011s or consumption of the alkali in the

)

saponification of oils. Since no sirgle aikaline salt has all the necessary

propertie8 (i.e., high PH. buffering action, rinsability, wettinp,and

emulsifying action, detergent properties, etc.), blended alkaline cleaners are

almost exclusively used today. These blends will differ depending on the

cleaning problem of any given meterial, the kind of 9oil to be removed, and

tha equipment availeble.

1
Temperature ie an importent consideration in the application of any alkel]ne

cleaner. Heat enhances the activity of the cleaner and improves the

effectiveness of the alkaline cleaner components. S08p9 formed by

saponification of fatty ecid9 are soluble in water and are readily removed by

rin9ing with water. Alkaliea are less effective than solvents for remov>ng

heavy or carbonized oils, rust inhibitive oils, etc. Alk81ina cleancra can be

formulated to remove rust by immer9ion or electrolytic methods. (See

FIIL-C-14460.) Removal of heavy rust will require electrolytic ection. The

methods used in alkaline cleaning are outlined in paragraphs 2.1.3.1 to

2.1.3.3.

2.1.3.1 Diuping. In dipping operations, the contaminated parts are

immersed in hot alkaline solutions contained in tanks. The use of two tanks

is recommended. Some mechanical agitation is desirable to increnae the

effectiveness of thi9 method of alkaline cleaning. One simple metho!dof

supplying thi9 agitation ia to maintain the cleaner at a rolling boll.

Alkaline cleanera in a dip proce9s ere usually used at concentration of 4 to

10 ounces per gallon (3o to 75 gram Per liter), and at temperaturesramsiw

from 1800F (820C) to a roiling boil. Tanks 9hould be equipped with an

overflow weir 80 that oil and other floating contamination can be 9kimmed or

overflowed periodically. See section 2.1.EJ.3concerning di9p0aal Of the

ekimmings from the alkaline cleaner .eolution8.

)

6
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2.1.3.2 Pressure spraying. In the spray process the contaminated parts are

sprayed with the alkaline cleening solution, usually in a mechanical system.

The .alkellnecleanlng 9olution is pumped from a heated re9ervoir and applied

to the metal under pres9ure through an array of nozzles. Alkaline apray

cleaners are generally focmlated with low foaming surface active agents to

elininate excessive foaming. Alkali concentrationsused in power apraying

are, in general, considerably lower than those used in other ❑ethods. One-

quarter to 2 ounces per gallon (2 to 15 grama per liter) ia the usual

concentration range recommended. Recommended temperatures range from 160°F

to 1800F (7o0 to .90cC), and cleanlng time ranges from 30 to 75 .eeconda.

2.1.3.3 Electrolytic cleanin&. Electrolytic cleaning is seldom used ahead

of phosphate treatment due to the tendency for thla type of cleaning to

ccndition the metal 9urface such that non-uniform coatinga are produced

(phosphate co~tinga cona19ting of larga crystals .saparatedby uncoatad

areas). !dhenelectrolytec cleaning is u9ed ahead of pho9phate treatment, it

ia necessary to follow it with conditioning treatment aa described in Section

3 which ensure the formation of the desired coating cry9tal structure.

Electrolytic alkallne cleanlng generatea large quantities of gas close to the

soil and is, consequently, very effective in providing a high level of

mechanical 8E1tation. The ga9 can be generated at the anode or cathode

depending on the system employed. While a greater volume of gaa ia evolved

the cathode, there 1s a tendency to deposit 9mall quantities of impurities.

The trend hna recently developed to combine cathodic and anodic cycles
although atra]ght anodic cleaning has been effectively used. High

conductivity is important 90 electrolytic cleaners usually contain cauatic

at

soda. The electrolytic cleaners ere used at higher concentrations than other

alkaline cleaning methods. Recommended concentration range from 6 to 14

ounces per gallon (45 to 105 grams per llter) and temperature range from

1800F (B20C) to a roll~ng boll. In this method of cleaning, a reasonable

amount of foam is de9irable to hold down the ❑ist that is generated by

electrolysis.

2.1.4 Emulslon cleanin~. Emu19ion cleaning methods are designed to bring a

goil into contact with both an organic solvent and water solution of surface

active agenta, so that the water and solvent goluble soils may be dissolved,

and the aolla dispersed in a water medium prior to being flushed avay by a

water rinse. In general, these cleaners leave a thin residue of en oily

nature. When 8 protective coating is to be applied to the parta, this film

must,be removed by an additional cleanxng operation. In other in9tances, it

is de9irable to have this light film of oily material to provide some ru9t

protection during in-plant storage.

Because of the nature of the emulslorm, there are no convenient methods for

the control of the concentration of these cleaners other than perfoniance

checks.

While these cleaners are more effective in spray equipment, they have been

ueed in dipping tanka. In dipping in9tallationa, the emulsion cleaner9 ahov

9ome effectivenea9 at dllutlona close to 1 to 10, and at temperature of

160KIto 2000F (710 to g30c). In apray cleaning, the tank may be

140e to lEIOOP(60n to k330C). Above these temperature, golvent
evaporation becomes a problem. A hot water rinse ia recommended following

enulsion cleaning.
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In emulsion cleaners the solvent is present in the form of very fine

droplete dispersed in the water solution and stabilized by surface active

egente. In general, the solvents used are of the hydrocarbon type so that

flammability becomes a problem but in emulsion cleening the solvent is so well

dispersed in water that a moderate flash point eolvent can be ueed et

temperature as high as 160°F (83°C) without much denser. This cleener

concentrate consiets of emulsifying agente, eurface ective egent9, organic

aolvent9, and, in 8ome fonnulation9, water. These formulations emu19ify when

mixed with water. Emuleion cleaners are used at concentretiona ranging from 1

part of concentrate to 10 to 200 parta of weter.

2.1.5 Steam cleanin&. Steam cleaning ia quite often used to remove soil

when the parta to be cleaned do not lend themselves to aoak or epray cleaning

and the improved quality of cleaning over hand cleaning is desired. In steam

cleaning, steam or hot water under preegure, elong with detergent, is

directed againet the work to be cleaned through a hose fitted with an
appropriate nozzle. The detergent u9ed can be cauatic enough to remove all

oil paint as well a9 dirt, grease, smudge, soot, etc. The surface to be

cleaned should be wetted to allow the cleaning compound to loosen foreign

matter which is later removed by a cleaning paa9. In applying the cleaning

compound, the speed of spraying 9hould be comparable to that used for spr8y

painting. Several rapid passes are better than one very slow paes. Since

large emounta of eteam and chemicala are coneumed in this type of cleaning,

the coat may be several time8 that of immereion or spray cleaning.

CAUTION: The operators of 8teem cleaning equipment must

wear protective clothing aa well a9 face and eye

protection to avoid burns frnm the steam, the hot

equipment, and/or the cauatic solutions.

2.1.6 Phosphoric Acid Cleaning.

2.1.6.1 Brueh cleani~. The waah-off type material is commonly applled by

hand using bruahee or aponge9 when; production ia small or infrequent, the

area to be treated is lnrge, and the most economical and practical application

is by hand.

The uae of the brueh-on ❑ethod require9 cleaning of the metal before using the

phosphoric acid if a heavy coating of greaee or drawing compounds are

present. For mild rust, a concentration of 1 volume of acid cleaner to 1 or 2

volumes of water ehould be used. Experience will indicate the mo9t effective

concentration to uee. The diluted cleaner ia appliedwith a brush or sponge

end the surface thoroughly scrubbed. More than one application may be

neceaaary. Before the cleaning eolution drxea, it ia rinsed with clean water

in a tank or with running water from a hose.

CAUTION: For eafety raaaons, the operatora ❑ust use

face 9hielde, rubber gloves, rubber aprons,

and rubber boots when ue.ingthe9e ❑ateriala.

Care must be taken to protect adjacent

equipment.

)

)

)
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2.1.6.2 Spray application. The nonfoemng type solutions are applied by

spraying a solution of the chemical on the parts. The operating solution is

prepnred by dllut~ng the concentrate with water. The normal dilution i8 1

volume of concentrate to 3 volumes of water. However, experience may indicate

tha& greater or smaller dilutlone should be used, The solution is .xppliedat

temperatures of about 1500F (650C). Thle type of application ia normally

use in a spray tunnel in which the part9 are transferred from stage to stage

by a conveyor. Theee stages consist of a spray alkali cleaning, a water

rinee, a phosphoric ncxd pickle, another water rinse, a conditioning compound
treatment (Section 111), a zinc phosphate treatment, another water rinee

followed by a chromate rin9e. After the chromate rinse the part ie dried. It

should be noted that some of these stagea are omitted at times.

2.1.6.3 Immersion cle.sning. Immersion tank type eolutions are recommended

for parts w]th medium to large production which can be conveniently treated in

immersion tnnks. The recommended dilution i9 three volumes of water per eech
vO~~e 0[ the cOnce”tr.gte. However, experience may Indicate that greater or

less dilution is preferred.

CAUTION: For safety reasons, the operators must wear

face ahield9, rubber glovee, and rubber

boots when ueing theee chemicale.

2.1.7 Acid pickli~. Acid cleaning ie not recommendedas a method of

clennlng lf any other method WZ1l remove the 8oi19. When metal dieeolves in

acid, atomic hydrogen is relaased and a portion of this is absorbed or

dissolved In the metal. Any reeulting embrittlementof the metal, known as

liydrcgefiefibrittlement,can result in breakage of steel under atrees ur>iess

the hydrogen 1s removed. Hydrogen removal ie usually accomplished with heat.

The temperature and times required to remove the hydrogen abeorbed during

p>ckllng may also destroy the corrosion resistance of the phosphste coatings.

For this reason, pickling should never be employed before a phoaphating

operat]on wh]ch 1s used to meet DOD-P-16232 without permieaion of the procuring

agency. The higher temperaturesused in the black oxide treatmentswill

normally dr]ve off the abeotbed hydrogen from most hydrochloricacid picklee.

Thie acid is frequently used prior to black oxide treatment$ to remove all

traces of corrosion.

Spec]al provlsions shall be required to handle embrittlementwhen treating

stael parts with an ultimate tensile etrength of 200,000 pai (1379 MPa) or

above. Sae 5.1.5.

In ncld plckllng, metals are immersed In acxd 8olutions for the purpoee of

removing oxides and/or scale. The var>oue acids used in commercial pickling

are sulfurlc, hydrochloric (murietic), nitric, phoephorlc, and mixturee of

these acide. Sulfuric acid, becauee of its 10M coet, high boiling point,

Svallabillty, and general suitability, 19 used widely in the pickling of mild

and low carbon ateala. Pickling i9 usually carriad out by immarsing the work

in SU1table pickle baths. However, the same factore apply if the pickling

solution is aprayed or flowed over the work or if the work ia pulled through

baths of Rcld aa ~n the continuous pickling of strip 9teel. Acids suitable

for pickling not only remove scale from tha bees metal but alao attack and pit

it. When t.hleoccure, metal and acid ara wasted, and more smut develops which

❑ust be removed before subsequent coating treatment. To prevent the formation

of smut, Inhlb]tors, such as dibutylthiourea or proprietary materiala are

9
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frequently recommended. When inhibitors are used, care must be taken to

prevent the inhibitor from being carried into the coating treatment bath.

.(phosphateor black oxide). Careful control of the amount of metal removed by

controlling the acid concentration, time in the acid, and the temperature,is

preferred as the means of avoiding excess pickling of the parts but when some

areas are heavily rusted or scaled and other areas are not, the use of an

inhibitor may be necessary.

Before pickling, oils, grease, and surface conteminanta should be removed by

solvent or alkali cleaning. After pickling, the work should be thoroughly

rinsed. Then the metal should be treated to give a surface suitable for the

treatment which are to follow.

When acid pickling is used, provision for safe handling of the9e hazardous

materials must be provided. Workmen must wear eye protection, face shields,

acid resistant clothing, gloves, and boots. Provlsicn for the removal of the

fumes released must be provided. Copies of the applicable EPA and OSHA

regulating should be obtained and provision made to comply vith them.

The rate at which acid eolution approaches saturation with iron varies

depending upon production conditions. Eventually it becomes nece9sary to

discard the spent pickle solution. Local regulations vary as to the treatment

required. Provision must be made to comply vith these regulations.

2.1.6 Abrasive blasting. Blast cleaning consiata of cutting, chipping, or

abrading the surface through the high velocity impact of abrasive particles

against the surface. Ordinarily, no other cleaning is necessary on pieces
th=t have been b]a~t ~ie=ned. !?s:0:,mill scale, znd cltipaint, are remved.
On parts which are contaminated with grease or oil, decreasing ig required

before blast cleaning.

There are three methods that can be used to accelerate and discharge the

abrasive from the equipment:

Discharging the abrasive in a stream of high pressure gas such as a>r,

Discharging the abrasive in a 9trecm of high preseure liquid such es

water,

Discharging the abraaive centrifugally from the periphe~ of a

rotating paddle wheel traveling at a high peripheral speed.

In blast cleaning operating, the impact veloclty of the abrasive a~a]nst

the metal should correspond to itg ❑eet effective abrasion level which depends

upon the particle size, ehape, herdne99 and its breakdown rate. The key to

obtaining economical blaet cleening rates lies in the proper selection and use

of the abraaive. The abraaive used ❑ay be metallic, siliceoug (containing

free silica), or nonmetallic synthetic (containing no free silica). lihen

aluminum oxide abrasivea are used, care must be taken to remove all ebra9ives

and abrasive’dusts from the parts before they are immerged in the phosphate

solution. The aluminum can dissolve In the phosphate bath and inhibit the

coating formation. Abra9ives may be any one of three shapes (shot, grit, or

setishape ebrasive) or may consigt of a mixture of ahapeg.

)

)

)

10

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



UIL-HDBK-205A

I

I

Some of the important factors which help to determine the abrasives to be

ueed are:

Type of metal to be cleaned

Shape of the part

Kind of material to ba removed

Leas of abraaive

Breakdown rate of the abrasive

cost of

Hazards

reclaiming the abrasive

asaociate~ with

CAUTION:

uee of the abrasive

Any abrasive cleaning system should be

designed to protect the workers from the

dust. This ia particularly important if

silica containing abrasiva9 ara u9ed.

All mill ecale, ruet, rust scale, paint or any other foreign matter should

be removed and the 9urface appear .ssa grayish metallic white, vary uniform in

color and slightly roughened. Abrasive blaating is required aa the final

cleaning before haavy coatings (DOD-P-16232)ara applied.

2.1.8.1 Nozzle blaat cleaning. Nozzle blast cleaning utilizaa a fluid

medium to transport the abrasive. The fluid medium may be air or water.

Three types of nozzle blast cleaning unite are in general use.

2.1.5.1.1 Direct preaaure type. A compartment or tank is held under

constant pressure during the bls~ting operation. Abra9ive is fed under

pressure from the bottom outlet where the biaatlng stream of alr meets the

abrasive and carries it to the blast nozzle. Thi9 eystem offera many

edvanta~es over the gravity feed and suction feed units.

2.1.6.1.2 Suction Feed Type. The abraeive is drawn to the blast gun

through en Induction chember. In the induction chamber the abraaive ie fed to

the blaat gun by a small jat of compreaaed sir. The expanded air and abrasive

are paesed thrcugh a large nozzle and directed at the work. This system is

seldom employed in large applications.

2.1.El.1,> Gravity Feed Type. The feed flows from a hopper at an elevation

above the blast gun through the induction chamber behind the larger nozzle of

the suction blast gun similar to the one described in 2.1.9.1.2.

2.1.8.2 Wheel Blast Cleanin&. Lowest coeta are achieved by use of a wheel

blast cleanlng ayatem. The many advantages of wheel blaat cleaning over air

or nozzle blaat cleaning are sufficiently great to warrant the installation of

extena~ve wheel blaat machines where feaaible. One of the big mdvantagaa of

ueing wheel blaat cleaning equipment is the elimination of air compreaaora nnd

pipelines and attendant labor. Other advantage are in thescompactneaa and
ee~f-sufficiencyof the “nit as well as the ease Of starting, the simplicity

of the power supply, etc. The principle diaadvantagea of this type of

equipment are the high initial cost, the high maintenance cost and shut down

t]me for repair and maintenance. Where the equipmant ie used a high

percentage of the time, it will furni9h low co9t cleaning.

Twc typee of wheels are ueed, the batter type and the elide type. In the

batter type, the abrasive is prcpelled by impact when it comas in contact with

the edge of the vanea. In the commonly used slide type, the abrasive is

11
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charged through the hub of the wheel and slides on the vanes to the edge of

the wheel where it is projected at high velocity towards the work. The type

of abrasive used with the wheel blest cleaning equipment is usually metalllc.

2.1.8.3 Dieposel of spent cleaning media. Considerationmust be given to

the proper disposal of spent cleaning media and the soil removed when eelect-
ing a cleaning method. Mo9t cleaning procedures auapend the soils removed in

the cleaning ❑edia and it i9 necessary to discafi the mixture periodically in

order to continue to remove coil. Selection of the diapoaal method will

depend upon the local waate disposal regulation, the cleaning method used,

and the soils being removed. Diacuaaion of the diapoeal procedures and

instructions is outaide the scope of this handbook.

2.2 Cleaning Equipment

2.2.1 General. Only the major equipment required for each method of

cleaning ‘ined in this eection. Further information concerning euch

equipment or any acceaaories needed may be obtained from current literature or

from manufacturers. The neceaaity to comply vith EPA and OSHA regulationsand

to allow for treatment of the spent cleaning media for proper di9poeal should

be considered in the design and layout of any equipment.

2.2.2 Solvent Cleaning Equipment. Two or more solvent tanke are necessem

for immersion solvent cleaning. For vapor decreasing, equipment which is

specially engineered for proper heat input and control of solvent liquid end

vapor is required. Uachinea are built with one to three or occasionally more

compartment. Figure 1 illustrates a conventional degreaser with one

compartment. For all solvent cleaning, equipment for reclaiming or recycling

the solvent is needed, otherwise thi9 method of cleaning is prohibitively

expensive.

2.2.3 Alkali Cleaning Equipment. For immereion cleaning, tanks for the

eolution and equipment for heating the eolution are required. Tanks equipped

with electrodes or tumbling barrels with electrodes (ve!y effective fcr small

part9 where electrolytic and mechanical action are combined) and accessories

are required for electrolytic cleanxng.

There are two general methods of applying cleaning solutions by spray. The

most widely ueed method requirea two banks of nozzlea ❑ounted on opposite

9ides of a conveyor. The nozzles may be mounted in vertical bank9 and

directed at the work being conveyed between them vith the eolution retumi.ng

to the heated reeervoir. A variation of this sy9tem has the banka of nozzles

mounted horizontally above and below a belt type conveyor. The eecond method

i9 de9cribed in section 2.2.5 and, in thie caae, only one nozzle la used and

the cleaner ie not reueed.

2.2.4 Rnulaion Cleaning Equipment. Emu1910n type cleeners are um~ by both

immersion and by spray. The equipment used ia similar to that used in alkali

cleaning (Section 2.2.3).

2.2.5 Steam Cleaning Equipmant. Equipment for eteam cleanlng u9ually

consists of a small flaah type boiler, a motor driven PUMP. and a water

supply. The unit ie normally mounted on wheels so that it can be easily moved

to the part to be cleaned. Various type9 of nozzle9 are available depending

on the type of cleaning problem.

12
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2.2.6 Acid-pickling Equipment. The materiels of construction for the

pickle tank, the rinse tank, and the heat exchamer mu9t be resi9tant to the

acid and temperature used.

2.2.7 Abrasive Blasting Equipment

2.2.7.1 Direct Pressure Type Equipment. In gener91, the equipment for

direct preaaure blast cleaning consists of a tank in which the abrasive is

stored under pregsure. The pre9sure on the abrasive forces it from the bottom

of the tank into a mixing chamber. In the mixing chamber a 9tream of a]r

picks up the abraaive and carrie9 it to the nozzle. The design of direct

preesure blast cleaning equipment is a specialized field. The services of

manufacturers should be drawn upon for installation of this type of

equipment. Their advice is particularly valuable in selecting abrasive lines,

hoses, mixing chambers, valves, nozzles and reclematlon,separation and

ventilation equipment.

2.2.7.2 Suction Feed Type Equipment. The construction and des],gnof

suction feed type equipment ie very simple. Operation of the equipment is

based on a vacuum created by compressed air passing through a small jet. The

vacuum drawa the abrasive into an induction chamber where it IS picked up by

air from a larger nozzle. The mixture of alr and abraeive is d]rected ~gainsl

the work through the blast gun.

2.2.1.3 Gravity Feed Type Equipment. Gravity feed equipment relles upon

the flow of abrasive from a hopper to the nozzle by gravity alone. The

conventional suction feed type equipment may be used fur grav]ty feed abras]ve

blasting *J.raising :F,e abrasive 3upply to n Ic,:clabove th,e g.ur.. A fCCti

control may be necessav to prevent blocking of the feed IIne becau9e of the

exce99ive amount of abraeive.

2.2.7.4 Wet Bla9t Cleaning Equipment. For 9ome types of wet blast

c~eating, 9pecial equipment must be used. For other types, 9tand.arddry blest

unite can be employed. Specially de$i~ned wet blast equipment 19 Renerally

suitable for dry blasting. On the other hand, standard dry blaatlng equipment

1s usually not suitable for wet blast~ng.

2.2.7.5 Wheel Blast Equipment. The equipment for this type of cleaning

con9ists of an abrasive feeding mechanism, 9 vaned wheel which 9upplles the

final velocity of the abrasive, the drive a9sembly, and the wheel hou91ng.

Directional control of the stream is secured by varying the Want at uhlch the

abrasive is fed to the vanes. Figure 2 illustrates an abresive throwing wheel.

3. CONDITIONING PRIOR TO PHOSPHATE COATING

3,1 General. The phosphate coatings conaiet of many small cryatels which

are formed on and adhere firmly to the metal surface. Each crystal grows from

a single point (a cathode) on the metal surface and continues to grow unti1 It

contacts a neighboring cry9tal. If there are few cathodee on the sur~9ce, few

cry9tals will be formed. Thus, large crystala are formed which are easily

broken and much of tbe 9urface i9 uncoated. If many cathodic sites are

present when the parts are introduced into the pho9phating bath many amel1
crysta19 are formed. The coatinga formed under these conditions ere lese

ea9ily broken (more resistant to abrasion). There ia less uncoated 9urface,

therefore, better corro9ion resi9tence re9ults.
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3.2 Cleanlng avatems which leave many cathodic sites on the metal surface.

Solvent cleaning, (with the exception of vapor decreasing), emulsion cleaning

and abrasive bla9ting all appear”to leave m&y cathodic sites on the 9urface.

The phosphate coatinga produced following the9e cleaning procedures consist of

small den9e crystals and are capable of meeting the required te9ts.

3.3 Clesning systems which leave few cathodic 9ites on the metal surface.

Strom caustic cleaner9, electrolytic alkaline cleaners, pickles, and vapor

degrea9ing appear to leave few cathodic 9itea on the metal surface. Pho9phate

coatings produced on these surfaces tend to be “sparse” in that there are

uncoated areaa between larga cryata19. The9e coatings frequently are not

capable of meet~ng the required tests.

3.3.1 The .a~ of c~nditi~ning agent9. The aurface9 referred to in Section

>.3 can be modified to produce the desired fine grain coatings by rubbing the

surface wilh a demp rag or by the uae of proprietary “conditioning”agenta. A

titanium-dioodiumphosphate complex (U.S. Patent 2,310,239-Jernetedt) is

effective with zinc phosphate processes and can be obtained from many of the

aupplier9 of phosphate coating chemicala. A proprietary chemical which

produces a similar affect when used before manganese phosphate coating

chemicals ia aleo available.

4. PHOSPHATE COATINGS

4.1 Introduction

4.1.1 Char8cter~stics. Phosphate coatings consist of crystalline,

non-reflective, water insolubie metal phosphates which are very adherenl lo

the base metal. The manganese and zinc phosphate coatings of MD-P-16232 are

impregnated with a rust-inhibitingoil, a solvent cut-back preservative, or

other epeclfled finish. The Type I phosphate coating of T1’-C-49Oie not

oiled, eince thi9 coeting is used as a baae for paint.
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The manganese based phosphate coetings are more resistant then the zinc

based phosphate coatinge to high temperatures but should not be expoeed for

long times to temperaturesabove 3500F (175°C). Zinc based phosphate

coatings should not be exposed for long times to temperaturesskmve 2000F

(950C). The maintenance of the beet exchangers ie much easier with zinc

besed phosphate processee than with the msnganeee based phoephate proceesee.

The coetlnge meeting DOD-P-16232 are particularly effective in resisting

corro9ion between meting metal surface9, such a9 encountered in faetenere end

metslllc belt l]nks. These coat]ngs reduce the tendency for parte to

“freeze”’. Neither of these costings ie recommended for .slkslineenvironment.

The color of the phosphate coatings rangee from grsy to bleck depending upon

the elloy end the dimensional buildup varies from O.MO1 to 0.W5 inch

(0.0225 to 0.0125 millimeters). When the psrte require close fit fOr proper

funcLi9nx~g, no allowance should be made for this buildup ea the ccyetala are

easllY broken end the parts quickly return to their originel uncoated

dimensions.

WARNING: When uorking with phosphating solutions and ealts, goggle9, face

shlelde, impervous rubber apron9, boots and glovee must be worn.

4.1.2 Adaptebillty. Phoephate cost>ngs may be applied to all ferroue metal

parte used in military m.eterialby normal proceeding procedure with the

exceptions noted In 4.1.2.1 through 4.1.2.6 below.

4.1.2.1 Springe. Sprlnge, primarily those hsving a small diameter, are apt

to become brlttle during the phosphating process. Thie applies SISO to leaf

sprlng9 and other parte of emall cross section that taicespring loade.

Cert8Jn aesembllee that contain springe which cannot be dieaesembled without

damaging the parte may be phospheted without disassembling.

Any sprzngs which are phosphstized should be relieved of hydrogen

embrittlement by holding them at room temperaturefor 120 houre or heating

them for eight hours at temperatures of 2100 to 2200F (1000 to 1040C).

4.1.2.2 Nonferrous Metnle. The phosphate coatings deecribed in this

h8ndbook cannot be epplied to braes and copper. However, nonferrous metal

psrt9 euch 89 brass bushing9, which are permanently eesembled to iron or steel

components, will not normally be eeriously damaged during proceeding. A smell

amount of copper will be dis901ved in a normal operating phosphating bath and

large amounts may be diesolved If the free acxd ie high. The dissnlved copper

#i11 cause the coatings produced to be less resistant to corrosion than they

would heve been in the absence of copper in the bath. Brace, bronze, or other

nonferrous metal holding fixtures or baaket9 should not be ueed to hold pieces

of work wh]le ]nthe phoephating tank.

To

wool

Iron

remcve copper from the phoephate bath, proceea batchea of degreased eteel

or clean 9crap iron for approximately 5 minutes. The steel wool or scrap

should be removed as the copper plates out on tha metal.
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4.1.2.3 Stainless Steel. This material cannot be successfully treated wzth

arivknown phosphate treatment. However, stainless steel is “activated” by. .

blasting the metal surface with cast iron grit or cut 9teel b19st1ng abrsslve.

Particlea of ferroue metal abraaive are embedded in the corrosion resistant
ateel eurfaca, causing a passive coating to form in a conventional phcaphatng

or oxalating solution. This may be desirable to make the stainleas steel

surface non-reflectiveand more corrosion resistant.

4.1.2.4 Gun Barrela. The barrels of ell weapona must be plugged before

phoephating. For thi9 purpose, silicone plugs, tapered wooden plugs, rubber

stoppers, or straight or tapered cork stoppers may be used. New corks should

be soaked for 15 mnutes et 2@J0F (950C) in a dilute solutlon of 9ode ash

and water to remove tannic acid, which ❑ay cause discoloration of the Imrrel.

4.1.2.5 Gaa Ports. Gaa ports on automatic rifles must be plugged before

phoaphating.

4.1.2.6 Reprocessing Phosphate Parta. Abraaive blasting is a process for

cleaning and fini9hing of materials by propelling an abra9ive media in a dry

condition or auepended in a weter slurry. Aa a cleaning tool it has t}.e

ability to remove pho9phate coatings when required and will prepare that

surface for additional treatment. 1t is highly recommended that abrasslve

blaating be used for these oparationa.

4.1.3 Cleaning of Phosphete Coatings. After thie type of firosh has been

applied, it should be cleaned only with hot water and a surfactant or with
solvent-type cleanera such ae dry-cleening solvent, mineral spirits, or

de6reaaing 8olvent.

Phoephete coatings are soluble in alkali. Therefore, Csustlc soda, soda

aah, triaodium phosphate, and all other strong alkali materials must be

avoided, since they will destroy the phosphate finish.

4.1.4 Exercise of Aaeembled Ueapone. Refinished weapone should be operated

by hand until the moving parts work smouthly w]thout b>ndlng or undue effort.

4.2 Processing Tanks and Eauipment

4.2.1 General. The cleaning and other pretreatment operations preceedlng

the application of the phosphate coating have been described. This eection

covers the tanka and equipment used after the pretreatment operctions are

completed and includes those required for:

Phosphating,

Water rinsing,

Chromate rinsing, and

The application of the gupplementaxy preservative coating

4.2.2 Pho9phating Tank

4.2.2.1 Materials of ConstructIon. Since the phosphatlng aolutlon WI1l

corrode ❑ild gtael, the tank should be constructed of stainlesa steel (typea
304, 316, >21, or 347), or plastic which i9 resistant to both the chemicals

and the temperature used in the process. If plaatic is used, the material

18
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should be checked to be sure that no plasticizer are present which can leach

out and inhibit the phosphating reactions. A piece of the plastic, represent-

ative in composition, can be immersed in the phosphating solution at operating

concentration and temperaturefor 48 hours. The volume of the phosphating

solution and the size of the plastic part should be close to the relative

volume and area that will exist in the operating tank. Te9t pieces should be

run in this phosphate 9olution after it has been cooled, mixed thoroughly xith

the eludge formed, and reheated to be 9ure that the coating9 produced are

9atiafactory. Mild steel may be used to con9truct the tank but the life of

the tank will probably not exceed one year.

4.2.2.2 Construction. The tank should be double-wall construction with

suitable insulation installed between the walla to conserve heat (Figure 3).

The tank should be provided with a cover to conserve heat. Draina are not

recommended in the pho9phate procea9ing tanks due to the tendency of the

sludge to Lnlerfere with clo9ing of the valves which leads to loaa of solution.

The dimensions of the tank are governed by the number and 9ize of tha parta

to be proce9sed. Provislnna should be made for et least 6 inches (15 centi-

meters) of sludge to accumulate on the bottom without contacting the work

being proce99ed. If a perfc,rated processing barrel (F~gure9 4 and 5) ia to be

u9ed in the procea9ing system, the tenk 9hould be 8ized to accommodate the

perforated barrel and Its drive system.

4.2.2.3 Tank heatin~. Under no circumatancea should any phoaphating tank

be heated from the bottom. If bottom heating i8 u8ed, steam pockets will form

under the sludge. These pockets can erupt violently, throwing hot 8olution on

per80nnel i.nthe vlclnlty.

Heating with entrance and exit pipes welded Into the tank wal18 is

ob.iectionablefor two reasons. The etreaaea due to temperatureand

differential expan9ion of the metal can cau8e leaks to develop. The ramoval

of scale and sludge from the heating surfacea can M done only after the

processing solutlon ha9 been removed from the tank.

Excellent result8 have been obtained when the temperaturedifferential

betwean heating surf.aceand the operating bath doe9 not exceed 500F

(looC). Higher temperaturedlfferentlala have adver8e affects on the

phosphate bath and may cau8e distortion of portiona of the tank and/or the

heater.

Mixed results have been obtained when the heat i9 supplied through the tank

walls by mean8 of either a jacketed tank or by attaching electric strip

heatera to the uutaxde of the tank. The electric heaters produce local area8

with a high temperaturedifferential between the tank wall and the solution.

Excallent results have been obtained when the heat i8 supplied by a heating

medium circulating in a jacket around the tank as long a8 the temperature

differential ia le8s than 500F (100C). However, poor reaulta have been

obtained uith higher heat differentlela.

The u8e of electmc immersion-type heatera ahculd be avoided a9 the heating

surfaces are normally at high temperatures 8nd the high heat differential ia
harmful to the pho9phating solution.
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Steam at 30 PSI (2.1 kg/sq cm) cr less is the most desirable source of

for a phosphating process. Downdraft gas heating units have been used

heat

“succes;fuliy where-steam wss not available. Unfortunately, there is a high

heat differential between the heating tube and the phosphate bath end adveree

affecta occur in the phosphate solution. In addition, the removal of scale

and sludge is more difficult. Both the 9teem and the gas heating elements

must be so installed that they can be e89ily removed from the tank for the

removal of accumulated scale. The heating coil may be suepended on atrap iron

hringer9hooked over the tank edge and equipped with e lifting lug to

facilltate it9 remnval from the sclution. The coil should not be installed on

the tank bottom nor should steam return nipplea be cut through the tank wall.

A 9team trap should be placed in the return line et floor level to free the

coil of water. At least two acts of COIIS should be provided for each

phosphating tank to en9ure continuous operation, and these should preferably

be constructed of stainless steel to minimize scaling.

Effective steam heat exchangers are commercially available. These

exchanger cons]st of eteel plates welded together with paseages between the

plates through which the steam flows. These beet exchangers are light, eaey

to cleen, and CCCUPY less epace than pipe coils. Heat exchangers of thie

type, constructed of mild steel or of etainleee steel, are available. One

type consists of two sheets embossed to form a tube similar to a pipe coil

when the two sheete are joined. Another type ie manufactured by welding the

adges of the flat plates together, Intermittentlyspot welding the two aheete,

and inflating the eheete with hydraulic preesure to form “pillows” through

which the steam flows. Both of theee heat exchangers ere light, easy to

clean, and occupy less epace then the pipe coile.

Immerelon-t,vpedGwndraft .ge9heating equipment can be used for heating the

phosphatizing solution. The piping layout in this heating system ie eimilar

to that used for steam, but the ducts are much larger than the steam pipes.

They are removable for removal of scale end sludge.

4.2.3 Proce9slng Barrel. When the parts to be treated ere small, it is

frequently erpen9ive to place them individually on racks. A common eolution

to this problem is to pince the parts in 8 perforated barrel 9uch as that

shown ..nFigures 4 and 5. The parta are cleaned, rinsed, processed and,

occn910nallY, flni9hed without removal from the perforated barrel. The barrel

ia rotated while immersed i.nthe cleaning end proceeding eolution9. Rinsing

1s be9t nccomp?lsned by :mmerslng the barrel in tha rlnee solution, and then

removing It to allow the contaminated rinse solution to drain. This may be

repea:ed 2 OY 3 times for lmprov~a rlneing. Tc minimize abrstion of the

coating during processing it is sugge9ted thet the barrel be filled completely.

The des]gn flhownin Figures 4 and 5 combinee the reck to 9upport the bsrrel

nnd the mechanism to rotate the barrel in a single unit. An older design,

9tlll used ]n msny places, uees a frame mounted in the tank. The shafts at

each .?ndcf the barrel re9t in bearinge in the frame permitting the barrel to

be rota’ed. A drlvlng mechaniam i9 mounted’on the rear of the tank. The

barrel is placed in the frame end the rotating mechanism engages the ratchet

at,the end of the barrei so the barrel can be rotated. Thi9 de9ign requires

that a frnme and dr~ving mechaniam be preeent in each tank where the berrel ia
to be rctated. The speed of rotati~n ia normally one revolution every 3-5

minutes in t.~,ephosphating bathe used to produce coatinge meeting DOD-P-16232.

23
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4.2.4 Ventilating System. Steam end fumes rising from heated tanks

containing corrosive liquids muet be removed from the vicinity of operating

pereonnel. The required venti~.ation is effectively accomplished with built-in

exh.euatequipment. The recommended type of exhaust system ha9 a slot-type

openiog on the rear of the tanks, air is fed acroe.sthe surfece from the front

and provision is made to scrub the fumes exh.euetedfrom the rear. The fan

capacity for these unit8 ie based on 200 cubic feet of air per minute for each

square foot of tank 9urface (10.6 cubic meters of .eirfor each equare meter of

surface).

4.2.5 Cold Water Rinse Tank

4.2.5.1 Construction. The cold water rin9e tank is constructed of mild

steel, ia provided with a bottom drain nipple, and hae a weir type overflow

eith discharge nipple.

4.2.5.2 Location. The tank ehould be located as close as possible to the

phoephatizing tank, thus reducing the time required to tranafer the work from

the phosphatin& solution to the rinse.

4.2.5.3 Water SuPPl~. The water supply to the cold water rinse tenk should

enter the tank on the side of the tank opposite the overflow. The water

should be delivered cloee to the botton of the tank using a vacuum breaker or

other meane to prevent siphoning of water from the rinse tank into the water

line. Heating coils need not be installed.

4.2.6 Chromate Rinse Tank. The chromate rinse tank is constructed of mild

steel with double walla end insulated 8idea and ends. It hes a heating coii

mounted on one side of the tank and a bottom drain. A water inlet fur

replacement of water lost by evaporation is installed at the top of the tank,

This tamk should be located adjacent to the cold water rinee tank.

4.2.7 Compressed Air Outlet. It may be advisable to use compressed air to

remove excea8 moisture from parta after the chromate ringe or to remove dust

left on grit or sand ble8ted parta. If compressed air is to be u8ed, an

outlet ehould be provided near the erea where the 8ir will be used The air

must be free of oil, moisture, and other contaminants. This can be

accomplished by installing a moisture trap and particulate filter before the

point of u8e.

4.2.8 Preservative Oil Tank. The tank holding the preservative oi1 can be

constructed of mild eteel. The oil being u8ed may require specific features

which would be unnecessary with other oils. When a weter displacing oil is

U8ed, a bottom drain may be required to remove displaced v8ter. Some cil in

water emulsion type oi18 work best when recirculatedcontmuoualy with the

emulsion overflowing into a sump from where it is pumped beck into the tank.

Some oil in water emulsiong are uged at elevated temperature to help dry the

parte. In these caeea heat must be supplied to the tank.

4.2.9 Autometed Immer8ion Lines

24
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4.2.9.1 General. The preceding discussion has covered batch type

operations ‘h the immersion of the parts to be cleaned, rinsed, or

processed was controlled by an operator. In most cases he use9 a hoist to

handle the heavy loads but contro19 the treatment time and sequences. Uany

types of equipment are available in which the parts are transferred from

operation to operation without operator dependence.

4.2.9.2 Types of Automated Equipment. There are many different designs for

accomplishing the desired results. The most commonly used are of three

general types.

Tumbllng barrels automatically transferred from one station to the next

station

Rotatlne or oscillating open perforated drum9, automatically transferred

from station to station

Horizontal rotating drum with an internal screw which advance9 the parts

through the drum where they are immersed in the different solution9

4.2.9.2.1 Automated tumbling barrels. The tumbling barrels are basically

the same as those described in Section 4.2.3. The barrel, loaded with parta,

1s placed on the automated 9ystem where it is transferred to the processing

stages in the correct order and left in each stage for the proper time before

transfer to the next stage. The results are comparable to a manually

controlled system.

4.2.!!.2.2 Open rotst:r.gcr oscillsiirs drum. ?hcsa systems uee drums

which sre open at the top making loading and unloading rapid and eimple but

the loosely loaded parts are subjected to more abrasion than when in a closed,

completely filled barrel. Heavy parts with sharp edges may be severely

abraded. To m]nlm]ze abrasion, parts should be tumbled as little as possible

when not immersed in liquid.

4.2.q.2.3 Horizontal drum with Internal screw. An example of this type of

un]t is shown in Fiuurea 6 and 7. Parta are fed into the rotating drum at the

entrnnce and are moved forweml as the drum rotates. The exterior shel1 of the

drum IS solxd in the processing and rinse 9tages. Scoops on the drum pick up

9olut10n from the tank and transfer It to the drum where the parts are kept

immersed for the designated time. The shell is perforated in the section9
fo~~owl~ the pr~cessl~ and rinse stages permitkzng the solution to return to

!,hetenk.

Parts are part]cul.srlysubject to abrasion when be>ng advanced by the 9crew

in drain areas where no solution cu9hions the part9 as they are tumbled. The

weight and design of the parts contribute to the severity of the abrasion.

4.2.10 Spray Process Systems. The 9pray method for application of

phosphate coatinga may be used when applying

never for coatings meeting DOD-P-16232. The

a conveycrlzed syetem.

The construction of the equipment for this

and expensive. It is recommended that an experienced equipment builder be

consulted or contracted tc bu]ld the equipment to avoid costly mi9takes.

coatings meeting TT-C-490 but

spray method is normally used in

type of application ia complex
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4.3 Phosphate Coating Process

4.3.1 Cleaning end Conditioning Before Phosphatin&. All parts must be

completely free of oil, grease, rust, residues, and other contaminant before

treatment with the phospheting solution. The tnethod9used for the removal of

such substances depend on the equipment and facilities available, the type of

ferrous metal of which the parts are made, and their service explication. See

Section 2.

Eech cleanlng medium and each cleaning method, such as w]ping, brushing,

abrasive blasting, pickling, etc. have different and distinctive effects On

the depth and deeign of the metal etching and the crystalline structure of the

phoaphete coating. This leads to the variation9 in the corrosion resistance

of the phosphate coatings. Therefore, the conditioning procedures used for

specific perts must be either baaed on experience or determined by trial. See

Section 3. Several veriations in the conditiorung proce9aes that can be used

era illustrated in Yigure 8. The conditioning procedure which includes a

pickle ehown in Figure 8 muet not be ueed prior to heavy phosphete coatinge

(DOD-P-16232) without authorization from the purchasing facility.

The application of a phoephate finieh with maximum corrosion reaietant

qualities depends not only on the accurete control of the phoephating

solutions, but, particularly, on the cleaning and conditioning operating that

precede the application of this coating. T.herafore,the conditioning

procedures de9cribed below muet be observed if the desired raaults are to be

obtainad.

4.3.1.1 For phosphate coatings meeting the requirement of DOD-P-162j2,

abra9ive blaating of all ~ork is necessary to obtain the best raaults.

Abrasiva blasting provida9 the ❑ost sati9fectory surface for receiving the

phosphate coating and, if properly u9ed, will not change the dimensions of

most parts. Thin cross-9ection8 and surface 9moothne9a may require special

consideration during processing.

4.3.1.1.1 Dust on abrasive blaeted work should be removed with compressed

air. It mu9t not ba removed by wiping with a cloth or by bru9hing.

,

)

)

26

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



. SCOOP .S.COOP
/

r

ROTATING

DRUM

_ INTERNAL

SCREW

FIGURE f): ROTATING DRUM WITH INTERNAL SCRSW (sIDE vIEw)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://w

w
w

.e
v
e
ry

s
p
e
c
.c

o
m

 o
n
 2

0
1
2
-0

4
-0

4
T

4
:2

1
:5

7
.



MIL-HDBK-205A

)

SCOOP

~

——

- ROTATING DRUM

~lNTERNAL SCREW

- SCOOP

/ SOLUTION

——-— L— LEVEL——. -——
)

FIGURE 7 : RoTAFrmG DRUM WITH INTERNAL SCREW (END VIEW)

)

2a

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



t I )IIL-HDBK-20>A

r

T

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



MIL-HDBK-205A

4.3.1.1.2 Abrasive blasted work must not be touched by bare hands. Clean

cotton or rubber gloveg ghould be used when parts are turned on the blast

table or placed in bagkets or rackg uged for processing.

4.3.1.1.3 Abra9ive bla9ted wOrk mu9t not be deburred Or exp09ed in anY

manner to oil or any 9ubstance that will require removal by washing or rinsing

before phosphating.

4.3.1.2 In most in9tancea, oil and grease ara ramoved from the work by

vapor degrea9ing. However, 9ome soapa with ru9t preventative and greases

contain substances that are insoluble in the 9olvents u9ed. These substances

are not ramoved by vapor decreasing. If these goilg are present, othar

cleaning procedural have to be used. Vapor degraaging may still be included

in the cleaning sequence to remove the oil and grease.

4.3.3 Proceaaing Sequence. Cleaning materials, cleanlng procedures,

conditioning and cleaning equipment have bean described in Sections 2 and 3.

This section coverg the oparationa that follow the cleaning and conditioning

proceeaes and includes phosphating, water rinsing, chromate ringing, and the

application of the supplementarypreservative coating (Figure 9).

4.3.4 Phoaphating PrOcesa

4.3.4.1 Materials. Pho9phating materia19 may be either a manganese-base or

a zinc-base phosphate chemical. The chemicala can be obtained by apeclfying

the dagired chemical meeting MIL-P-50CK12or from commercial sources which

eupply chemica19 capeble of producing coating9 meeting the requirementsof the

Specification called for in the dravlng.

4.3.4.2 Preparation of the Phoephating Solution

4.3.4.2.1 ‘BPe M and Z coatings (DOD-P-16232). Proper adherance to the

procedures listed in (a) through (g), for preparation of the pho9phating

solution ie necessary in order to prevent serious difficulty in the ]n~tinl

atege9 of use of the phosphating solution.

(a)

(b)

(c)

(d)

FI1l the tank with water to wxthin 6 inches (15 centimeters) of the

level at which it will ultimately be operated.

Heat the water to 1600F (710C). Do not exceed this temperature

during the preparation of the solution. This ia particularly

important with the zinc-basad chemicale aa the nitrate contant i9

higher in these chemicals than in the mangane9e-basedchemicala. The

nitrate may be raduced to nitrite while the ferrous iron content is

10W.

Add the proper amount of phoephating chemical for the deeired

solution a9 show-nin Table I or aa recommended by the supplier of the

chemical.

Add the required amount of iron to the bath u9ing any of the

procedures given in 4.4.2.4.1.

30

)

)

)

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



HIL-HDBK-205A

QPRESERVATIVEOIL

9
CHROMATE

RINSE

aCOLD WATER

RINSE

SPRAY RINSE
/////#

PHOSPHATIZING

SOLUTION

I

1-
1-——— .—— — ——— —

1

I I

I
CLEANING AND i

: CONOITIONINC I

I

L___– —__– —–—_J
NOTE: THE TYPE 1 TT-C-490 FINISH

ISNOT TO BE OILED. THIS FINISH WILL

BE THOROUGHLY DRIED AFTER THE
CHROMIC AC IDRINSE, AND THEN PAINTEO

OR COATED WITH THE REOUIREO FINISH.

FIGURE 9 : PHOSPHATING SEQUENCE

31

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



MIL-HDBK-205A

(e) Add water to the operating level, stir thoroughly,and remove a

sample of the solution for analysis. See 4.4.2 for manganese-base

and zinc-baee baths.

(f) At this point, it is desirable to continue to u9e every means at hand

to rai9e the iron content of the solution to within the range of 0.2

to 0.4% for the mangane9e-type solution and 0.2 to 0.45% for the

zinc-type 901ution. When the iron content of the solution has

reached the lower figure in the concentration range indicated above

and the total acid has been adju9ted ae indicated in paragraph

4.4.2.1, the eolution is ready for use.

(g) The themoatat may then be set between 190°F (EE30C)and 2100F

(99°C) and the pho9pheting process mey begin.

(h) To meintain the concentration of iron in the sclution within the

designated percentage, the steam or other heat source should be shut

off when the 9olution ia not being used to proce9s parts. In the hot

9olution ferroug iron is oxidized by air to the ferric form which

forme in901uble ferric phosphate and drop9 out es 91udge.

TABLE 1.

Coating Material

Spcc:f:cll:icln Specification,

Type M Type M

D3D-P-16232 Composition B

MIL-P-5CX302

Type Z Type Z

DOD-P-16232 MIL-P-50002

●in pounds per 100 gallons (kg per 100 l]ters)

)

Quantity
)

iiequ]retie

62 (16.4)

40 (4.e)

The oxidation of the ferrous iron is accompanied by ~n increaee in the free

acid content of the bath because for every unit of Iron oxidized, one uni~ of

phosphoric acid is released into solution. When work 18 being processed, the

free acid is normally consumed by the dissolving iron a9 rapidly as ].tis

formed. Under theee condition, there ie no significantchnnge in the free

acid content and the ferrous iron may tend to increase. If the aolutlon ]s

kept hot when no work i9 baing procassed, the ferreu9 iron may decrense and

the free acid increase. When the use of the phosphating solution i9 to be

discontinued, for ovarnight or a longar period, and the heat has been ahut

Off, water should be added to the solution until the .qUrfaceof the so]”t>cn

is 3 to 5 inche9 (7.5 to 12.5 centlmetere) above oormal. This reduces the

rates of oxidation by cooling the solut,ion and, at the same time, preventg

exceegive loss of water by evaporation which normally occurs during longer

periods cf cooling.
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4.3.4.2.2 ‘Type I coating (TT-C-490). Preparation

is accomplished by following steps (a] through (g).

(8)

(b)

(c)

(d)

(e)

(f)

(g)

of the phosphating

Fzll tank to within 6 Lnches (15 centimeters) of the operating

bath

level.

Add the proper amount of phcsphating material for the desired

solution as recommended by the supplier of the chemical.

Add water to the operating level.

Add any additional chemica19 according to the supplier’s instruction,e.

Heat the snlutlon to operating temperature. The recommended

temperaturefor immersion processing is lEOOF to 1900F (820C to
t380c)and fnr spray processing is 1300F to 1750F (55°C tO

79CC).

Stir thoroughlyand take samples for analysis. See 4.4.3.

Sodium nitrite accelerator. When specified in the operation of the

bath, add one nunce per 100 gallons (7.5 grams per 100 liters) of

sodium nitrite for lmmer9ion proceeding end twn ounces per lCQ

gallcn9 (15 grams per 100 llters) of sodium nitrite for spray

proce99in.gimmediately before proceeding work.

Some phc9ph&tlng proces8e9 make use of accele,rator9other than sodium

nitrite. The most commonly u9ed of the9e i9 sodium chlorate, This material

IS stable i~ tie concentrated pho9phate chemical while sodium mitrite ie not.

The fact that no erternsl accelerator is required aimplifie9 the control of

the bath but the costlog weights tend to be below the weight9 required to meet

TT-C-490.

4.7.4.3 proce~9ing Procedures

4.3.4.3.1 Type M Coal~w (DOD-P-16232).

(a) The work should be completely immersed xn the pho9phatizing bath

ehould be kept between 2000 and 21o0F (930 to ggOC) for approximately

and

45 minutes. The chemical reactions involved in the formation of the-coating9

release hydrogen G09. The visible evolution of gas normal~j ceases w>thin 15

mlnute9 but the psrt9 ehould be left in the processing solution for 45 minutee

to produce ccatzngs WI15 the uaxlmum corrosion reelstance.

(b) Unlees previous experience with pert. nf like composition and

pretreatment ]ndlcate otherwise, a continuation of vieible gassing beyond a

pericd of 15 minutes may be an indication of high acidity, high iron content,

or poc<rclean]ng. In euch cases, the parts 9hould be removed from the bath,

thoroughly rinse?, and prepared for reprocessingas outlined in paragraph
4.J.2.6.

(t) ticrk loed9 should be as large as po9aible and the interval between the

removal of one load from the golution and the introduction of the next load

should be 8s s’crt as pogs]ble. It 19 much more advantageous, frou the

standpoint cf aclution control, to operate the solution eteadily for one day,

than tc s>read one day’s work over two days.
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(d) Evaporation losses should be replaced at least twice during the

proceeding of each load of work if no previsions for automatic level control

,areavailable. The electronic level controller is superior to the ❑echanical

float type in the phosphating solution, becauae layers of phosphate scale form

on the floata and other mechanical parts of thaae device9. Water ahoulj be

added in frequent 9mall quantitie9 rather than in infrequent large quantities.

(e) Shating the work at intervala during processingminimizeg contact.

marka. It alao ensurea the eecape of gag, which might collect in blind holes

or cavities and cau9e a poor or apotty finish.

4.3.4.3.2 Type z coeting (DOD-P-16232).

(a) The temperatureof this eolution should be maintained at 1900 tc

2050F (B!30to 960C). It ia best to eatabligh a temperatureand ma]nta]n

it ao that less than a 50P (30C) variation will occur. The solut].on

should not be allowed to boil.

(b) The clean work ia completely immereed in the aoluticn for approximately

x minutes. Shorter immersion periode produce coatinga WIth a suitable

appearance but such coatinga usually have subatendard corrosion resistence.
Longer immersion in the phosphating eolution will not provxde 8 significant

improvement in corrosion re918tance.

(c) ‘l’he processing is continued as in paragraph 4.3.4.3.1 (c) through (e).

4.3.4.3.3 Type I coating (TT-C-490).

(a) Metala being prepared for this coeting should be cleaned by vapor

degreaeing, emulsion cleaning, or alkaline cleaning. In some instances it may

be desirable to clean with phosphoric ecxd In accordance with Method VI of

TT-C-490, using phosphoric acid solution complying with MIL-M-1057J3. After

cleaning, the metal must be rinsed with water to remove any solution on the

surfaces. Carrying cleaning solution into the processing eolution mill

destroy the chemical balance of the solutlon. This can result In excewive

use of chemical and/or loaa of the ability of the solution to produce a

satisfactory coating. If a strong alkaline cleaner or phosphoric ac]c la used

in the cleening sequence, a conditioning egent (Section 3) should be used “

following the water rinse. It ehould be noted that baths have been developed

that operate at relatively low temperature, e.g. 1000F, for energy conser-

vation.

(b) When treating parte by immersion, the properly cleaned parts should be

immersed for a minimum of three minutes in the phoaphating solution. The

temperature et which the proce9aing solution is operated should no! be allowed

to vary more than 5oP [30C). ‘Thistemperature ie egtabliahed for each

installation and may vary from 1300 to 1650F (550 to 750C) in spray

installation and from l@OO to 1900F (820 to ~OC) in immersion

installation. Fluctuation of more than 50F (30C) will tend to produce

unsatisfactory results.

)

J

I
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4.3.5 Water Rineing

4.3.5.1 Immerszon Water Rinsing. The w8ter in the immersion rinse tank ia

unheated and immersion time should be about one minute. Agitation of tha work

in the rinse water is more effective than additional time for thorough

rinsing. The most effective rinsing ia obtained by raiaing the parta out of

the mnse water and reimmersing them two or three timee. The rinse weter must

overflow continuously while being used. The tank should be completely drained

daily and filled uith clean water. Use of double counter flow rinses should

be considered for reduction of water consumption and more effective waate
treatment of smaller volume rinse effluents.

4.>.5.2 >ray Water Rinsing on Immersion Processing Lines. The time lag in

the transfer of work from the phosphating tank to the immersion rinse tank

should be a9 ehort a9 poseible to prevent the phoaphating solution from drying

and 0’9ettingup” on the surface of the work. This “eetting up” ie mo9t

effectively prevented if a cold water rinse ia applied immediately after the

work i9 lifted out of the phosphating 8olution by either of the methods

deecribed below:

(a) Install a 9Yetem of spray nozzles positioned along the front and rear

edges of the phosphating tank. The8e nozzles should be approximately two feet

(60 centimeters) above the top of the tank and so directad that the cone of

the spray will fall within the confine9 of the tank. The sprays should be

controlled by a foot operated valve positioned euch that it and the power

hoist used to lift the work from the tank can be operated aimultaneoualy by

one man. After being phosphate for the required time, the work ia slowly

r8ieed frcm the sclution th~ough the cold tiataraprsy and then trunaferredto

the mmersion rinse tank.

(b) If a permanently .netalled tank spray eyatem ia not avaialble, the work

can be hand sprayed by means of a hose and attached nozzle.

(c) It is desirable to spray the parte until they are cool but the volume

of water required may cauae the phosphate solution to overflow. By using

nozzles vith the minmuun flow rate which givee complete coverage, the

phosphate eolution on the parte can be removed eo that no ‘setting up” of

phosphatlng chemicals cccurs even when the part ia still hot when the spraye

are shut off.

4.7.6 Chromate Rinse

4.3.6.1 Rinsee Controlled by Free Acid. The chromate rinee playe a ve~

important role in the corrosion reaiatance of the phosphate coatinga. Thia

rirwe can be prepared by diaaolving 8 ounces of chromic acid (Cr~) or 4

ounces of chromic acid and 4 ounces (by weight) of 75$ phosphoric acid

(H3P04) in 100 gallona (6o gram of chromic acid or 30 rama of chromic

acid and 30 grams of 75% phosphoric acid per 100 liters! of water. ‘1’heee
baths are normally controlled by titrating the free acid (ace paragraph

4.6.2.3). A constant free acid concentration ia maintained by additione of

chromic acid or equal parts by weight of chromic acid and 75% phosphoric

acid. The corroeion reaista”ce offered by rineea prepared in thie manner vacy

from plant to plant. Hexavalent chromium ig the major contributor to the

corrosion protection provided by the rinse which will vary with the amount of
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hexavalent chromium present in the rinse. The alkalinity of the water

available varies widely. Larger amounts of acid, and thus the hexavalent

chromium, are required where the alkalinity of the water ia high in otier tc

obtain the 9ame free acid.

4.3.6.2 Rinses with Controlled Chromate. The problem of verying hezevalen!

chromium levels can be eolved by the uee of commercially available solutions.

These are ueed to build up and maintain a con9tant chromate concentration in

waters with va~ing alkalinities by means of two solutione. One is e solution

of chromic acid and the other a eolution of e bichromate salt (usually a

calcium salt). The control procedure9 will be furnished by the supplier of

the chemicals end should include a test for hexavalent chromium end PH or free

acid.

4.3.6.3 Rinses Containing Trivelent Chromium. Rinse,qcontaining trivalent

chromium (U.S. Patent Nos. 3,222,226 and 3,279,958) are available which may or

may not contain hexavalent chromium. These rinsee, when properly controlled,

can be followed by a water rinse (deionized water is preferred) without

reducxng the benefits provided by the chromate rinse. This makes poesible the

removal of any soluble salts which can cause problems under paint. See

4.8.4.2. This type of rinse is nonmally used with proces9es meeting TT-C-490.

4.3.6.4 Chromium Free Rin9es. Proprietary rinses which contain no chromate

are available for uae over phosphate co8tings meeting TT-C-490. The9e are

ueed where there are no provisions for disposing of the chromate selts and

where anodic or cathodic paints, which can be banned by the chr@mate salts,

are being ueed.

4.3.6.5 Temperature. The temperature at which the chromate rinse :s

operated can vary widely and ia frequently selected on the basis of what IS

needed to obtein dry parts. Many parts are efficiently massive to reta]n

enough heat from a hot chromate rinse to cause the part9 to dry with no
further treatment other than to remove any chromate solution from recessed

areas. In these cases the chromate rinse is maintained at the temperature

required to obtain dry parta. When the parta are made of th]n sheet metal an

additional drying stage may be required in which caae the temperature of the

chromate rinse is not important but temperaturesbelow 1300F (550C) are

seldom used.

4.3.7 DryinG. After tne work is removed from the chrcmate rlnee, it must

be thoroughly dried before the finel finish is spplied unleaa a water

displacing oil is used. Even when the latter type of oil la used, most of the

moisture 9hould be removed from the parte before they are placed in the oil.

Parta being finished with e Type I finieh (TT-C-490)must not be oiled. Heavy

parts which retain heat will dry spontaneouslywhen removed frnm a hct

chromate rinse. Thinnar metal parta may require a heated dry off. However,

the temperature of the dry off should not exceed 2250F (1070C) mth

DOD-P-16232 Type Z coatinge or 3750F (1900c) with DOD-P-16232 Type !4

coatinga. Small parts phosphate ,in tumbling barrel unite ❑ay be dried

conveniently by centrifuge, preferably equipped with heated air circl~lation.

The last traces of moisture can be removed from parte which are to be oiled by

dipping them in a water displacing oil.

)

)
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4.>.8 Preservative011 DIP. The preservative oil dip is used only on parts

coated to meet IxID-P-16232.The parts should be oiled as soon as possible

after phosphatlrtg. The parts should be dried before oiling. However, the

degree of d~neaa required varies with the type of oil used.

Water displmclng oi1s can be used on parta with damp area9 where the

dry-off haa not removed all traces of moisture. For the beat corrosion

reslatance the water diaplsclng oil should be followed by a rust

preventative oil.

Other OIIS require that the parta be thoroughlydry before dipping in the

oil.

4.3.9 Fln]sh for TT-C-493 Type I Coatinga. Parta given a Type I (TT-C-490)

coating are to receive en organic coating and must not be oiled. Parta to be

pa]nted af:er assembly or 10 be held for a period of time should be given a

prime coat of paint immediately after phosphating.

4.4 Maintenance of the Phosphating Tank and Chemical Control of the

Phoaphating Solution

4.4.1 Maintenance of the PhosphfltingTanA

4.4.1.1 Sludge Removel. In the normal operation nf the phoepheting

process, a quantity of sludge Ie fonued. This sludge consists primarily of

ferric phosphate. However, in the operation of the process, partially soluble

Iron and zinc or manganese phosphates are alao formed. These compounds act as

buft’ersin stabilization of the irnn, zinc, and free acid of the solution.

Complete removal of theee compounds from the solution permits large

fluctuations in the concentrationof the constituents of the solution.

Therefore, sludge should not be completely removed from the tank. A

satisfactory method consist9 of removing a small portion with e hoe each day.

This prevents drastic chnnges in the solution and diaturbence of work

schedules. In eddition, the sludge should be stirred into the cold solution

before Lurnlng on the beet when atartlng production.

4.4.1.2 Level Control, Thermo-regulator Bulbs and Temperature Regulator.

Level controls, thermo-regulatorbulbs and temperature regulator must ba

removed periodically and all scale removed from the surfacea exposed to the

solutions. In no Instance should any reguletor or other device constructed of

lead, copper or its zinc and tin alloya be used in the phosphate solution.

Only etalnless steel or glaas equipment 9hould be used.

4.4.1.3 Coils. Scale on the coils may be removed by the u9e of a tool or

with the a]d of chemicals. Scale may be removed quickly by means of a tool

shaped to the contour of the coil and a 5 pound air hammer.

CAUTION: Eye protection should be worn when removing

scale in this manner.

The scale on coils can be removed more easily if the scale ie heated before

removal ia attempted. A simple way of heating the scale ia to run eteem

through the COI1 while It is not immersed in the solution. (If the tank is
emptied, the coil cen be heated in place.)

37

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



MIL-HDBK-205A

Heating COZIS for the zinc-base phosphatlns solutlons ma? be cleaned

chemically as indicated in (a) through (d) below:

(a) Remove the CO1l from the phosphating solution and place it In a narrow

mild-steel tenk just large enough to accommodate the coil Hith about three

inches (7.6 cm) of clearance on all sides.

(b) Att.schthe coil to a steem line.

(c) Fill the tank with a solution of the following composlt,on:

Rochelle Salts 15 pound9 (6.82 K )

Ceu9tic soda 150 pound9 (68.18 fg)

Water 100 pound9 (45.45 Kg)

(d) The steam in the coil must be regulated so thet the solution ie

maintained just below the boiling point. An automatic temperaturecontrol i9

required to avoid hazardous boiling of the highly caustic eolution. The heat

transfer efficiency of the coil increaee9 as the scele i9 dzssolved and

adequate manual control is nearly impo8aible.

Immediately aftar being cleaned, the coils should be rinsed with a hose,

followed by immersion in a water rinse tank. The cleaning solution will

gradually lose its strength and a heavy 91udge will accumulate on the bottom

of the tank. When this interferes with the coil cleaning, the 9olution should

be discarded, The cleaning eo:ution, when ready for disposal, contains 8

large amount of cauatic 9oda and phosphatea of iron and zinc P1U9 the Rochelle

aalta. The disposal of the solution must comply with all government, state

and local regulation concerning waste diapoaal.

CAUTION: Protective clothing and face and eye

protection must be used by operatore workinK
with this material.

4.4.2 Control of Phoephating Solutions. The manganese - base phosphate

solution i9 used in producing heavy manganese phosphate coatln~s and the

zinc-baae phosphate solution ia used in producing heavy zinc phosphate

coatinga. These coating9 meet the requirement of DoD-p-16232.Type M and

Type Z respectively. The pho9phating baths 9hould be operated in the

concentration ranges recommended In Table 2. The control measure for

adjuating the concentration are given in the following paragraphs:
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TABLE 2

Recommended Concentration Ranges

Phosphating Solution

Manganese-Base Zinc-Baee

Free Acid, points(a) maximum
J

5.0 5.5

Total Acxd, points(a 26 to 30.0 26 to 30.0

Free Acid to Total Acid Ratio

Minimum 1 to 5.5 1 to 5.5

Optimlm 1 to 6.0 1 to 6.o

Iron (ferrous), percent 0.2 to 0.4 0.2 to 0.4

(a) One point equals 1 ml of 0.1 N NeOH per 10 ml sample.

4.4.2.1 Total Acid. The total acidity of the phosph.stingsolution is

maintained ae follows:

Manganese - base phosphate 9olution - add a eolution of manganese

phosphate, manganese nitrate and phosphoric acid.

Zinc - base phosphate eolution - add a solution of zinc phosphate, zinc

nitrate and phosphoric acid.

The total acldlty of theee bath9,ig maintained within the limit9 shown in

Table 2. Small deviations are maintained by frequent small additions of the

above solutions. The amount of chemical required to increase the total acid

one point i9 2.1 pound9 per 100 gallons for the manganese - baee phosphate

eolutxon when ueing the chemical conforming to MIL-P-5CXM2 Type H,

Composition B, end 1.5 pound9 per 100 gallon9 for zinc - base phosphete

eolution when u9ing the chenical ❑eeting MIL-P-5002 Type Z. When material

not covered by epecificetion is ueed, this information mey be obtained from

the suppller. It is advisable to add the phoaphating chemical in small

frequent additions rather than larger infrequent edditions. The bath ehould

be stirred thorougly after the addition of chemical.

4.4.2.2. Free Acid. Maintenance of the free acidity of the 8olution is of

great importance in the reactions involved in the coating formation. The free

acidity which tends to ri9e due to dissociation of the dihydrogen phosphate

ealts in water, reache9 n point where excessive etching of the work may

occur. This condition is generally accompanied by inability to produce a

complete coating within the normal processing period. Severe hydrogen

embrittlement may be encountered aa a result of the large amount of hydrogen

formed when th~s condition arises. High free acidity is caused by the

following:

(a) Prolonged Idle periods during which’tha bath i9 heated but no work ia

proce9sed.

(b) Overheating the solution.

(c) Proces9xng small loads of work in a relatively large volume of

eolution.
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Should the free acidity rise above the range desi~nated, corrections should

be made. The method u9ed will depend upon the concentrationof the ferrous

iron ag described in the two methods below.

4.4.2.2.1 If the iron content is near or approaching the upper limits, add

B ounce9 per 100 gallons (60 grams per 100 liters) of mangenese carbonate

(manganeee - base phosphate) or B ounces of zinc carbonate (zinc - base

phosphate)for every point of free acid above the desired level. Mangane9e

carbonate (for manganese-basephosphate solution) or zinc carbonate (for

zinc-base phosphate solution) 9hould be weighed, placed in a bucket, weter

added and mixed thoroughly. The resulting 91urry should be stirred well and

distributed over the solution surface. This treatment w1ll reduce the free

acidity but it may have to be repeated 9everal times before the free acid

remains within the desired range.

4.4.2.2.2 If the Iron content of the solution is in the ltiwerpart of the

recommended range or below, the free acid can be reduced by processing iron as

de9cribed in 4.4.2.4.1.

4.4.2.3 Total Acid to Free Acid Ratio. The ratio of total acid to free

acid should be maintained above the limit of 5.5 parts total acid (i.e.. free

ecid plus combined acid) to one part frae acid. The ratio, for most rapid

coating action and begt corrogion reaiatance, ehould be held at approximately

6 parts total acid to 1 part free acid. Should the free acidity tend to drop,

the cause is usually contaminationof the bath with alkaline cleaning salts.

The source of the contaminationmust be located and eliminated. If the low

free acid is causing poor coatings, it may be necessary to discard the

contaminated phosphate bath and begin again WIth a new phospnaie SC.lMIIon.

4.4.2.4 Ferrous Iron

4.4.2.4.1 Low ferrous iron. Ferrous iron can be introduced into the

phosphating eolution to build up a new solution or to raiae the concentration

in an existing bath by dissolving iron in the processing solution. The source

of the iron is.not important and the most readily available and cheapest

source can be used providing it is clean or can be cleaned before it is

immersed in the processing eolution. Rusty metal ehould be pickled ancl

thoroughly rinsed before being used. Steel wool, cast iron chips, scrup

steel, and steel ehavings can be placed in baskets and immersed until vigorous
ga99ing ceases. No ham is done by leaving the iron in the phosphate solutlon

after gassing ceases, but little iron Mill be dissolved after this point is

reached. Iron powder and steel dust are best added by placing a cloth across

the top of the tank eo that it is 2 to 3 inches (5 to 7.5 centimeters) below

the solution surface and scattering the powder or fine grit onto the solutlon

surface. Additione should be at a rate which maintains vigorous gaesing.

When finished, remove the cloth and discard any material remalnlng on it. One

pound of iron dis901ved in 100 gallona (120 grame per 100 liters) will raiae

the ferrous iron content O.12%. When introducing iron into a newly prepared

phosphating solution, the instructions for temperaturegiven in 4.3.4.2.1

should be observed.

)

)

)
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4.4.2.4.2 High ferrous iron. While processing

dissolved during the coating action m8Y cause the

work, the iron which is

concentrationof the ferrous

iron to incre8s~ and eventually exceed the m8ximum level shown in Table 2.

The concentration of the ferrou9 iron should be reduced before the maximum i8

reached. The ferrous Iron content can be lowered by the addition of an

oxidizing agent such a9 hydrogan peroxide. If the ferrous iron content ia

lowered in this m8nner It la essential that mang8nese c8rbon8te (for m8nganaae

baae phoaph8te solution) or zinc carbon8te ( for zinc - baae phosphate

aclutlon) be added to neutralize the phosphoric 8cid vhen ferrous phosphate ia

oxidized to form insoluble ferric phosphate. The addition of 0.5 pounds of

35% hydrOgen peroxide to 100 gallona of proceaaing solution (6o grams per 100

liters) will lower the ferrous iron 0.05%.

CAUTION: 35% hydrogen peroxide ia a hazardoua material

and the precaution given by the supplier

must be observed.

The ~drogen peroxide should be diluted with water before being added to

phoaphatlng solutlon. For every added unit of weight of 35% hydrogen

peroxide, two unlts by weight of umnganeae carbonate (for manganeae - base

the

phosphate solution) or two units by weight of zinc carbonate (for zinc - baee

phoph8te solutlon) 9hould be added. The manganeae CarbOn8be or zinc carbonate

should be separately mixed with water to form a slurry bafore addition to the

phO.$phatlu solutlon. (Do not mlx the hydrogen peroxide with either the

manganese or the zinc carbonate.) No IUOre than 0.05% ferrous iron should be

removed at one time u8iw thla procedure.

Ari61ternstive rmthoi tc lower the ferrous iron concentration conai8t9 of

placarding a port~on of the bath, and restoring the bath to the proper total

ac>d following restoration of the level of the bath with water that haa been

thoroughly mixed Into the bath. This method requires proper treatment of the

discarded solution prior to disposal.

4.4.2 .4.3 Ferrous Iron vs. nitrite accelerator. If a bath which i9 thought

to cents].nferrous iron is milky in appearance or a sharp and point ia not

ach]eved when teatlnR w]th potassium penmnganete, the bath may contain

nitrite instead of iron.

4.4.3 Control of Paint Baae Zinc Phosphate Baths (TT-C-490 Type I).

Zinc-based phosphate baths designed to produce coatinga used aa a baee for

paint (TT-C-490 Type I) are used In lmmerslon appllcationa and by spraying the

solutxon on the work which is enclosed in a tunnel. With few exceptions these

baths operate with nltrlte aa an accelerator and with no ferrous iron in the

batha. The fact that the sodium nitrite ia converted to volatile gaasea in

the pho9phate aolutiona requires aubatantial differences in the control of

immersion and spray proceaaes and the instructions for their control will be

given separately. See sect~ona 4.4.4.1 and 4.4.4.2.

The zinc phosphate batha which do not uae nitrite aa the accelerator are

seldom used on items being procured by the military and their control will not

be covered in this manual. If these proceages are being used, the control

procedures will be furnlahed by the wpplier.
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4.4.3.1 Control of Immerglon Type Processes. As work i9 prGcesaed Ln the

solution, metallic acid phosphate, nitrate9, and free phosphoric acid are

con9umed in the formation of-the coatings. The bath nu~t be replenished from

time to time with the pho9phating chemical. Frequent emall addition9 of the

phosphate chemical will produce more uniform work than occa910nal large

addition9. Not more than one point variance should be allowed. The ~lroce99e9

are controlled by the operating temperature, the ab9ence of any ferrou9 iron,

the total acid, and the free acid (in decrea9i~ order of importance).

4.4.3.1.1 Temperature. Operation of these baths below 1700F (760C)

greatly increa9es the risk of ferrou9 iron accumulation in the bath.

Operation above lgOoF (@@C) is not harmful but increases the cost of

operation. The temperature9hould not be pernntted to very ❑ore than 50F
(30C).

4.4.3.1.2 Absence of ferrous Iron and presence of nltrlte. For proper

operation of the9e baths, some nitrite and no ferrou9 iron must be present.

4.4.3.1.3 Total acid. The total acidity of the bath 9hould be malntelned

at 19 to 21 points. The amount of pho9phating chemicals to increase the total

acid 1 point can be obtained from the supplier of the chemical.

4.4.3.1.4 Free ecid

4.4.3.1.4.1 High free acid. Free acid velues above 5.0 in a 20 point bath

may cauee poor coatings. They are normelly caused by exces9ive loss of

proce991ng 9olution due to leak9 or drag-out of 9olution on the parts being

processed. The 10s9 of solution 9hould be corrected and the free acid lowered

by adding sodium hydroxide (or soda ash). The free acid w>ll be reduced 1.0

points by the addition of 5.4 ounces of sodium hydroxide or 7.6 ounceg of soda

ash per 100 gallons of solution (40 grams of sodium hydroxide or 56 grams of

soda ash par 100 litere). The eodium hydroxide or soda ash must first be

dissolved in water to form a dilute solution before being added to the

phosphate solution.

Another source of high free acid which is occasionally encountered occurs

when pickling solution is carried into the phosphate eolution. The source of
the contamination should be determined and corrected and the free acid

adjuated with eodium hydroxide (or sode ash) a9 in the previous paragraph.

4.4.3.1.4.2 Low free acid. If the free acid drops below 2.5 In a 20 point

bath, the ❑ost frequent cause is contamination by alkaline cleaner salts. Any

contamination should be eliminated. Normally, the bath WIII restore itself to

a proper free acid level after a few hours of operation and no further

adjustments should be neceseary. If the free acid drops below 2 it may be

neceasa~ to discard the bath and prepare a new golution. If the bath ig

dis+cerded,make sure that all waste dlspogal compliance requirements are met.

4.4.3.2 Control of Spray Type Procea9ee. A9 work ia processed in the

solution, metallic acid pho9phate9 and free acid are congumed In the formation

of the coatingg as in the immersion treatment. Control of the gpray type
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processes differs from that for the immersion type due to the neces9ity of

continuously adding sodium nitrite to replace the nitrite which ie volatilized

a9 the solution 19 9prayed. Unle99 corrective step9 are taken, the 9odium

accumulates in the bath and the zinc decreases if the total acid ia maintained

at a c0n9tant value. A satisfactory bath can be maintained baaed on the total

acid control if one nitrate ion i9 added (nitrate ie contained in the zinc

phosphate chenical)#for each 9odium ion added as sodium nitrite. (Us.

Patent, 2,351,605-R.C. Gib90n.) For beat re9ulta, both the phosphate chemical

and a solution of 9odium nitrite are added by means of small pumps capable of

feeding small meaeured amounts of chemical.

The spray type processes are controlled by the total acid, nitrite, the free

acid and the temperature (in decreasing order of importance).

4.4.3.2.2 Total acid. The total acidity of the bath 9hould be maintained

at 14 to 16 points. The supplier of the chemical will advi9e as to the amount

of chemical required to increase the total acid one point.

4.4.3.2.3 Accelerator (nitrite). Sodium nitrite accelerator must be added

continuously while processing parta in a spray process. (Avoid operating the

9praye and adding 9odium nitrite when no work ie being proceaaed.) The

concentration of the accelerator should be maintained at the lowest leval
which will produce a 9atiafactoqy coating. Thie level ia normally between 0.5

and 2.0. If it ia determined that concentration above 2.0 are required,

refer to the discussion below under free acid (4.4.3.2.4). The problems due

to Improper free acid (high or low) are frequently counteracted by increa9ed

accelerator concantretions at the expense of ueing needlessly large amounts of

chemical.

4.4.3.2.4 Free acid. The factora vhlch affect the free acid in immerslcn

type proceesea also affect the free acid in spray type proceaees. In
add]tion, In sprsy type processas, the continuous additiona of sodium nitrite

can cau9e high or low free acid depending upon the composition of the

phoaphatlng chemical findratio of phosphating chemical to sodium nitrite being

u9ed.

Frequently it is observed that satisfactory coatinge can be obtained by

operating with the accelerator at a higher level. While this produces

aati9factory coatings, Lt.does so at the cost of excessive usage of chemical.

4.4.3.2.4.1 Low free acid. Low free acid in the processing bath will

develop if fewer ions of nitrate are furnished by the phoephating chemical

than are necessary to compensate for tha sodium ions being added aa sodium

nltrlte. Low free acid values may also occur if exceaa nitrite ie present in

the phosphating chemical in the form of zinc nitrate.

The correction of low free acid due to e>ther of thesa problems requirea

formulation of the phosphate chemical concentration by the supplier.

4.4.3.2.4.2 High free acid. If the free acid is high enough to give an

acid ratio lower than 1 to 10 (i.e., 1 to 8) it may be difficult or impossible

to obtain a satisfactory coating. The free acid can be lowered with sodium

hydroxide aa discuaaed in 4.4.3.1.4.1.
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The high free acid values are normally the result of one of two conditions.

If processing solution is lost due to leaks or is dragged out on the parts

being proce99ed, the problem of h~gh free acid and high consumption can be

corrected by eliminating the solution los9e9. If the phoephate chemical

concentrate contains axcess nitrate as nitric acid, the problem can be

corrected by the 9upplier of your chemical by reformulating the material.

4.4.3.2.4.4 Temperature. The spray type process will operate

satisfactorily at temperatures ranging from 1300F to 1600F (550C to
700C). The solution must be kept at the established temperature within

59F (30C) in order to produce consistent coatinga.

4.5 Maintenance of the Chromate Rinse. During operation of the chromate

rinse, evaporation cauaaa the aalt9 preeent in the water to tmome more

concentrated. In addition, chemicals dissolved from the coatings accumulate

in the chromate solution. The9e salte will be present in the solution @nd can

dry on the work as it ia removed from the chromate rinse. If present in

efficient quantities, failure in performance can reeult.

4.5.1 Control of the Chromate Rinse. The chromate solutions are controlled

with a free acid test combined, in some caeea, with a te9t for hexavalent

chromium. A total acid teet may be used a9 a guide for discarding the bath se

discuaaed above and In section 4.5.2. The use of both a free acid test and a

hexavalent chromium test permit9 excellent control and con9iatent re9ults but

requires the uae of two chromate concentrate with different acidities. These

are available from most euppliers of phosphate chemicals.

4.5.1.1 Free Acid. The free acid concentration ia normally maintained at

about 0.5 point with valuea aa low as O.2 and ae high ae 1.0 being uged

occasionally.

4.5.1.2 Hexavalent Chromium. The test and optimum concentration will be

supplied by the auppliar of the chemical.

4.5.1.3 Total acid. The acid ia used aa an indicator es to when to discard

the bath. For further information 9ee the firat paragraph of this eection

(4.5) and paragraph 4.6.3.

4.5.2 Diepoeal of Chromate Solutions

4.5.2.1 Theee solution9, due to evaporation, accumulate salta pre9ent in

the water and a small amount of the diaaolved coating. When excaa$ive acnounta

of theee contaminants are preeent, they can cau9e failure of the finished

parte. To prevant failuree, all rinses muet be discarded whenever they become

contaminated. The final rinse shall be checked i+tleaat weekly and ehBll be

diecarded when the total acid reading riaee to more than 7 times the free acid

reading.

4.5.2.2 Common methods for determining when to discard the chromate

solution are basad on the free and/or total acid valuee. Diacardlng is

recommended when the total acid exceeds an e9tabliahed value or divided by the

frea acid exceeds an establi9had value.

These methods of determining when to discard the solutlons frequently require

discarding solutions which are capable of producing satisfactory reeults.

)

)’
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4.5.2.3 The CCSL of the chemicals 1s small and the cost of prep8ring new

soluti0n9 is relatively minor. However, since the spent solutions usually

must be treated to comply with waste d19posal regulations (see paragraph

4.5.2.4), the cost to accomplish compliance requiree thet the baths not be

discarded more often then necess8ry. The best procedure to u9e with e

particular beth is to extend the time of u9e one shift at a time while testing

all work processed. When it ha9 been determined that proce9s failures begin

to occur after a given period of uee, then aet up a schedule for discarding

the solutlon before thzs failure point is reached.

4.5.2.4 Wa9te Dispo9el. The method of di9p09al of chromate aolutione

depends on the local waste disposal regulation and is beyond the ecope of

this handbook. Generally it will be necessary to reduce tha hexavalent

chromium to trivalent chrom>um, precipitate the trivalent chromium, separate

the precipitate from the liquid, and adjust the liquid to the proper PH.

The liqu]d can, In most caaes, be discharged Into the 9ewer but the

precipitated trivalent chromlu.mi9 normally shipped to a land fill 9ite.

4.6 Chemical Analyses of Phosphatlng and Chromate Rinsing Solutions

4.6.1 Analytical Reagent9. It is recommended that reagenta required in the

analysls of phosphatlng compounds be requisitionedLf aveilable from chemical

supply houses. These are already made up to the proper strength. If local

laboratory facll>ties ere available, solutlona may be made up as outllned in

(e) through (j) below.

(a) Methyl omnge-xylene cyanole Indicator: Diseoive 1 gram ❑ethyl

orange and O.14 gram xylene cyanole in one liter of deionized water.

(b) One percent phenolphthnlein indicator: Dis901ve 1 gram

phenolphthalein in 100 ml of alcohol.

(c) One percent bromcreaol ereen lndicetor: Dis901ve 1 grem bromcresol

green in 100 ml of nlcohol.

(d) 0.4% brcmphenol blue indicator: Dis901ve 0.4 gram of bromphenol blue

in 6 ml of O.IN 9odium hydroxide diluted with E ml of deionized

water. When completely dissolved, dilute to 1000 ml with deionized

water.

(e) Sulfurlc ecid, H2S04, 6 Normal: Sulfuric acid 6 N is made by

adding 1 part by volume of concentrated sulfuric acid to 5 psrta by
vclume of weter.

CAUTION: Always add the ecid to the water. Heat ia

generated when the acid mixes with water and

protective clothing and eye and face

protection should be worn when making this

material.
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Sodium hydroxide, 0.1 Normal: Dissolve

hvdroxide in deionized water and dilute

4.O grams of C.P. 9odIum

to one liter. Standardize by

titrating equal volumes of 0.1 N potaaaium acid phthalate,

KHC8H404, and the sodium hydroxide, using phenolphthale>n

indicator to a pink end point. The solution of sodium hydroxide must

be diluted with deionized water or strengthened by adding a

concentrated solution of sodium hydroxide, until the concentration 1s

adjusted to 0.1 Nox-Mal.

Pote9sium acid phthalate, 0.1 Normal: Weigh exactly 10.2 grams of

carefully dried, chemically pure potaasium acid phthalate (Natlonel

Bureau of Standard Sample No. 84d) and tranafer to a 500 mlllllter

volumetric flask. Dissolve the salt in the flask, dilute to 500 ml,

and mix thoroughly. The resulting solution may be considered as

being 0.1 Normal.

Potassium permanganate solutlon, KMn04, 0.1E3Normal: We]gh 5.66

grams pota9sium permanuanate and diesolve in deionized water and

~ilute”to a totai voltie of 1 liter. Mix well and allow to stand ]n

a dark bottle for a week. Siphon off the clear solutlon (or filter

through an asbestos filter) and standardize against known samples of

pure iron wire, previously weighed and dissolved in sulfuric scld, in

ab9ence of air. Titrete.the sample of iron solutlon with the KMn04

solution to a pink end point, and record the number of mls used.

Calculate as follows:

Gram9 of pure iron in sample x

purity of iron divided

= Noxmality of KMnO~

by Mla of KMn04 x 0.0558

Store in absence of light,

Potassium permanganate solution, Kfin04,0.042 Normal: Prepare as

above using 1.32 grams of potassium pennangnnate or dilute 23> ml of .

the 0.18 N KMn04 solutlon to 1 liter with deionized water and m>x

thoroughly. Store in the abeence of light.

4,4’ blpyridine paper: Diesolve I gram of 4,4’ blpyr]dine In 100 ml
of ethanol. Wet pieces of filter paper and allow the paper to dry.

Cut the paper into convenient size str]ps and store In a closed glass

jar.

Free Acid. The proper procedure for detennlrmng the free ac]d

)

I

depends upon the solution being tested. Select the proper procedure as

described below.

4.6.2.1 Free Acxd in Phosphate Beths Containing Ferrous Iron. Using a 10

ml volumetric pipette, transfer a 10 ml sample of the solution to an

Erleruneyerflack or beaker. Add 3 drops of methyl orange-xylene cyantile

indicator. Titrate with 0.1 N sodium hydroxide. The end point is a gray to

greenish-gray color. Record the number of mls of 0.1 N godlum hydroxide J
uged. This number IS the number of points of free acid in the solution.
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4.6.2.2 Free Acid in Phosphate Beths Containing Nitrite. Using a 10 ml

volumetric Diuette tranafer a 10 ml eample of the solution to sn Erlenmeyer. .
flask or beaker. Add 5 drops of bromphenol blue indicetor. Titrate with 0.1

N sodium hydroxide. The end point ia reeched when the yellow juet chengea to

bluish-green by daylight or blue-violet by incandescent light. Record the

number of mls of 0.1 N sodium hydroxide used. This number ie the number of

pointe of free ecid In the eolution.

4.6.2.3 Free Acid in Chromete Rinee Solutions. Using a 25 ml volumetric

uiDette transfer e 25 ml samule of the solution to an Erlenmeyer flack or

~e;ker. Add 4 drops”of brom~reeol green indicator. The eolution ehould

remain yellow. If it turne green or blue there ie no free acid present, end

additional chemical is required. When the solution rem.sineyellow, titrete

with O.1 N sodium hydroxide. The end point is the appearance of a permanent

green color. Record the number of mls of 0.1 N sodium hydroxide used. Thie

number ie the number of free acid points in the eolution.

4.6.3 Totel ecid. The procedure for determining the total acid depends

upon the 9olution being teeted. Select the proper procedure as described

below.

4. 6.3.1 Totel Acid In Phosphate Bathe. Using e 10 ml volumetric pipette

trensfer a 10 ml eample of the eolution to an Erlenmeyer flask or beeker. Add

5 drops of phenolphthcileinindicetor. Titrate with 0.1 N sodium hydroxide.

The end point ie a perman.Sntpink colar. Record the number of ❑ls of 0.1 N

eodium hydroxide used. This number is the number of points of totel ecid in

the eolution.

4.6.3.2 Total Acid in Chromate Solutlons. Using a 25 ml volumetric pipette

transfer a 25 ml sample of the solution to an Erlenmeyer flask or beaker. Add

5 drops of phenolphthale]n]ndicator. Titrate with 0.1 N eodium hydroxide.

The end point is the appearance of a red or purple color. Record the number

of MIS of 0.1 N sodium hydroxzde used. Thi9 number ie the number of points of

total acid in the eolution.

4.6.A Determination of Nitrite and Ferrous Iron. Both nitrite entlferrous

iron react with potessium permanganete in en ecidic eolution and either mey be

present In 8 phosphate solutlon. This is eeldom e problem in the mangeneae

pho9phate type baths as nitrite eeldom develops in these bathe. In the zinc

phosphate type baths (and particularly thoee u9ed tc meet the requirement of

TT-C-490), either material may be present and the poteaeium permanganete

t]tration does not ind]cate which one is present. Therefore, a positive test

for one or the other ie de9irable. The preeence of ferrous iron can be

deternnned by wetting a 9trlp of paper impregnated with 4,4’ bipyridine (see

paragraph 4.6.1) with the pho9phate 9olution. Ferrous iron ie pre9ent if the

paper turne pink or red. If the paper does not change cclor, and the

acidified sample reacta with potassium pensenganate,nitrite can be aesumed to

be present. There ie no simple test for the positive identification of

nitrite but under the above condition, it can be aeeumed that it ie preeent

in a phc9phate solutxcn.
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I

of ferrous iron with paper4.6.4.1 Ferrous Iron. Check for the presence

immersed with 4,4’ bipyridine. If the paper does not change color see-

paragraph 4.6,4.3. If the paper turns pink cr red use a 10 ml volumetric

pipette to transfer a 10 ml 9ample of the pho9phate solution into an

Erlenmeyer fla9k or beaker and add 10 ml of 6 N sulfuric scid. Titrate with

0.16 N potassium permanganate. The end point i9 a permanent pink color.

Record the number of mls of 0.18 N potassium pexmanganate u9ed. Divide this

number by 10 to determine the percent of ferrou9 iron Pregent.

4.6.4.2 Nitrite. Check for the pre9ence of ferrous iron with paper

~pregnated with 4,4’ bipyridine. If the paper turna pink or red, it

indicates that ferrous iron is present and the ferrou9 iron must be removed in

order to operate with nitrite present. See paragraph 4.6.4.4 for prc,cedures

for removing the ferrou9 iron. When the paper does not change color, uee a 25

ml volumetric pipette to tran9fer a 25 ml sample of the pho9phate 9ol.ution

into an Erlanmeyer flaak or beaker end add 50 ml of 6 N sulfuric acid.

Titrate with 0.042 N potassium pennanganata. ‘Theend point occurs whan one

drop of potasaium permanganate produce9 a pink color which per8ists for 10

seconds. Record the number of mla of 0.042 N potasaium permanganete u9ed.

This ntunberrepresents the concentration of the nitrite.

4.6.4.3 Destruction of Unwanted Nitrite. When iron 1s processed in a hot

immersion type phosphate bath containing nxtrite, the result is normilly the

generation of additional nitrite. To develop ferrous iron in the bath, allow

the bath to cool below 1600F (700C) and allow the nitrite to escape either

by standing overnight or by bubbling air through the bath. Load the bath with

iron ae described in paragraph 4.4.2.4.1. When the minimum concentration of

ferrcus iron is present, tb.etemperature car,5C incro83ed tc the proper

operating level and production resumed.

4.6.4.4 To Destroy Ferrous Iron and Develop Nitrite. If the bath is

designed to operate with nitrite present it is necessary to make sure that no

ferrous iron is pre9ent. Wet a 9trip of paper impregnated with 4,4”

blpyrldlne with the phosphate 9olution. If the paper turns pink or red,
ferrous iron is present and must be removed.

If tha paper turns pink, the ferrous iron can be oxidized to in9@luble

ferric pho9phate with sodium nitrite. Add 2 ounce9 of sodium nitrite

dissolved in water for each 100 gallona (15 grams per lCKI1]ters) of

phosphating solution. Repeat if necessary until no test for ferrous iron is

obtained.

CAUTION: When add~ng sodium nitrite to a phosphate

bath containing ferrous iron, make sure that

the ventilating 9ystem i9 operating.

If the paper tuma red, the above procedure may produce large amounts of a

brown ga9 which con9ists of toxic oxide9 of nitrogen. In addxtlon, a large

volume of sludge will be produced.

The recommended procedure is to di9card the 9olution observing 16cal waete

di9posal regulations. Prepare a fresh phosphate solution.

)

)

48

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



PIIL-HDBK-205A

4.6.5 Hexavalent Chromium. The procedure for cc,ntrollinghexavelent

chromium can be obtained from the supplier of the chromate rinse chemicals.

The sugpller w1ll aivlse 8s to whether or net such a procedure is necessary.

4.7 Inspection of Phosphate Parts

4.7.1 Visual Inspection. To ensure work of acceptable quality, all work

should be visually lnapected before being oiled or painted. Good work may

range In colcr from gray to black depending upon the 811cY being treated but

should be un]fcnn in color except where a portion of the part has been

subjected tc,Iccallzed heat treatmant. These areaa ❑ay be lightar or darker

In color. There should be no contact mark9 vhich show uncoated metal. Tha

phosphate ccat]ng should 9how no wh>te or greenish-white staina. Thase

streak9 are normally indications of inadequate rinsing of the processing

sclut]on from the surface cf the work.

4.7.2 Corrosion Resistance of the Phosphate Coati~

4.7.2.1 Salt Spray Test for Heavy Phosphate Coatings, KID-P-16232. The

phosphate parta st,ouldbe subjected to a 5% 9alt-9pray (fog) test a9

desc~lbed I; ASTM B-117. The phosphate coating9 should meet the sslt-spray

requirements of speciflcmtlons. Parts intended for dry (i.e., unoiled)

salt-spray corrosion tests ~hould be placed directly in teat without rinsing,

degraasing, or any treatment other than that which con9titutea a part of the

pruce99. Should tha 9urface have been contaminated in handling, the parts

should be thoroughlydegreased, rinsed in tha chromate solution, dried and

placed d]rectly >n test.

4.7.2.2 Salt-Spray Test for Type I, TT-C-490. The phoaphated parts to be

tested should be coated uith the coating to be u9ed on the finiehed products.

These parts should satisfactorily paa9 the 5% salt-9pray requirementfor the

apeclfication of the finnl coating used.

4.7.3 Determination of Phosphate Coating Weight Per Unit Area

4.7.3.1 Removal of Pho9phste Coatinge. Manganeae ba9ed coatinga (Typa M,

DOD-P-16232], zinc based coatings (Type Z, DOD-P-16232), and zinc based

coatings (Type I, TT-C-490), can all”be removed to determine the weight of the

phosphate coating or to examine the base ❑atal by following steps (a) through

(f) below. Steps (a) and (f) can be omitted if the only concern is the

appearance of the base metal.

(a) We]gh a suitable phoaphated part which ia clean ma free from oil.

Calculate the entire surface area.

(b) Immer9e for 15 minutes at 1650F (740c) in a 5% solution of

chromic acid in water.

once.

(c) Rinse thoroughly zn two

(d) Rinse in alcohol.

The chromic acid solution should be used only

separate rinaea of clear deionized water.
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(e) Dry in an oven or with clean compressed

(f) Weigh the 9tripped part.

4.7.3.2 Phosphete Coating Velghi. The weight

be calculated from the ebove data ae follows:

air.

of the phosphete coetlngs can

Phosphate Coating . Weight LOSS (ln Mg)

(in mg per sq meter) Area of Part {in sq. meter$

I
4.0 Common Difficulties Encountered ~n Phosphete Coating Processe9

4.8.1 Ceneral. In all protective coating processes, 8 certain amount @f

difficulty m8Y be encountered, due to unobsemed errors in c8rrying out one or

more of the oper8tiona th8t directly influence the quelity of the work. This

section is devoted to brief deecriptlona of commonly encountered d]fflcultles

8nd the recommended corrective me8sures.

4.8.2 Visual Defects, The appearance of the ph0sph8te coatings may vary.

Some of these differences indicete 8 problem exists but other variations do

not reflect 8 difference In qu81ity.

4.8.2.1 Color. The color of the C08t1fIg9can vary from Crey to black.

Veri8tion i~or is, by itself, not e cause for rejection and no attempt

8hould be made to metch the color of the coatings.

4.8..2.2 Rust Sieined aud Frozefi Assemblies. Assemblies muet. not be

phosph.ated8s assemblies when the individual components c8n be tre8Led

separately. Where complete diseseembly is impossible due to riveting or

brazing, every precaution should be taken to prevent 011 from remeining

between the eurfaces prior to phosphating. Special 8ttention should te given

to rinsing the solution from these 8reae. When treating p8rt9 to meet

DOD-P-16232, a preservative compound of the weter displacing type should be

used after the phosphating.

4,8.2.3 Bare Areas on or Near Heated Areas (I.e. welds). These here 8reas

occur where oiled perts ere subjected to enough heat to bake the oil but not

enough to burn it off. This can be corrected by removing the 011 before

subjecting the part to heat or by removing the eurf8ce with the oil baked on

by abrasive blasting.

4.0.2.4 Coarse Crystalline Coatings. COarae cryatalllne ctiat]ngs9re not

cause for rejection if the part meet9 all requirements of the specification.

Unfortunately, these co8tinga frequently f8il to give adequate corros]on

protection 8nd corrective steua are then necessary. These coatings are.–. –.

commonly the result of the cleaning procedure used. When alkaline cleanera

8re not thoroughly rinsed from the eurface before phosphate treatment, a

coarae crystalline coating may be produced, even when the alkallne cleaning

stage ia followed by 8braaive bla9ting.

When parts are pickled prior to treatment vlth a pho9ph8te process, Co8r8e

crystalline coatinga may be produced even with good rinsing. (Acid pickling

ahead of phosphate coating ia not recommended 8fld9huuld never be used WIthout

the approval of the purchasing facility,)

“)

)

)’
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Even with good rinsing, some cleaners result in the formation of phosphate

coating9 which are more crystalline than desired. There are proprietary

pretreatment available which will help produce coatings with a fine cry9tal

structure when such cleanera are used. The9e frequently are referred to as

“conditioning salta”’.

4.8.2.5 White Powder on the Coatin&. This problem develops on parta

processed by immersion but not on part9 processed by spray. The phosphate

work may have e white powder on the coating covering the upper surface of the

work with the remaining aurfacea of normal color and nature. This condition

is the reault of sludge from the bath depositing on the upper eurfacea of the

work during processing. While a light dusty deposit of sludge cauaee no

aeriou9 dlfficultie9, heavy depo9ita prevent adequate rinsing of the work

surface. The most common causea for sludge depositing on the work are

agltatlon of the sludge which ha9 9ettled to the bottom of the tank due to

boiling the solution or disturbing the sludge by movement of the vork being

processed. The first of these can be corrected uith adequate temperature

control and the second by removel of excess sludge (ace paragraph 4.4.1.1.).

4.8.2.6 Streaks. The phoaphated pert may have streake which appeer to

follow the flow of solution draining from the part9. These atreaka may appear

as rust streaka, as sandy material, or as green or gray-white material. This

condition is generally the result of poor rin9ing. If the water rinse

followlng the phosphating bath ia allowed to become contaminated with

phosphating chemicals, streaks may occur. Streaks may aleo result lf

phosphating salts are trapped Ln recea9ed areaa of the parts and allowed to

drain out over the rinsed areas after removal from the rinse water.

This can be corrected in immersion processing by two methods or preferably

by a combination of the two: namely, rotating the work in the rinse water to

allow trapped aolutlon to escape and/or removing the parts from the rinse

water, rotating, and reimmersing. Streaka cen elao be formed when massive

parts are be]ng processed and the phoephate solution dries on the parts before

they get into the rinee water. This can be corrected by the use of the spray
rinse procedure de9crlbed in paragraph 4.3.5.2.

When this problem occurs on parta processed by epray, the problem can be

solved by adjusting the direction of the sprays in the water mnae andjor the

use of a mist rinse of fresh water at the exit end of the spray zone.

4.8.2.7. Mottled Streaks. Thla problem develops on parts processed by

mmereion but not on parta processed by epray. The phosphate parta may have

mottled etreaks of extremely thin, light colored phosphate over part or all of

the work surface. Streaks always ara directed towsrd the uppennoat portion of

the piece as It is euepended in the phosphating eolution. This difficulty ia

frequently encountered where alkeline cleanera are u9ed and oil ie allowed to

ccllect on the surface of the cleaner. It is alao encountered where heavy

ruat-preventivecompounds are incompletely removed from receaaed, blind or

small holes, thraaded parta, or between joining 9urfacea. The oil, greaae, or

rust-preventivecompound9 remain in the9e places through the abrasive bla9t

treatment and flow out when the part ia placed in the hot pho9phating solution.

51

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



MIL-HDBK-205A

4.8.2.8 Scratches and Abrasions. This problem occur9 primar>ly when

treating parts to meet DOD-?-16232. When heavy parts are phosphate in a

tumbling barrel or rotating 9crew umt, considerable b.atterzng,scratching,

and abrading my occur. In 9uch instances, every effort should be made to

reduce the amount of tumbling but sufficient movement of the parts to 8vQid

contact marka is essential. When closed tumbling barrele are used, the barrel

should be filled as tightly as poaaible to reduce the movement of the pert9

during processing, It haa been found that, regardless of how tightly the

barrel ie packed, enough movement of individual parts occurs to prevent the

fomation of harmful contact marks.

rint9. This problem occurs primarily when treating perts to

m~~8~b~P-= that haa been abrasive blasted in preparation for

phoephating ia very au9ceptible to fingerprints,which cause formation of very

thin, light colored deposita. Even when clean cotton or rubber gloves are

used, marks may be produced ty the wiping action of sliding the fingers over

the eurface. This “wipimg” action produces a thinner pho9phate costinR which

till retain less preventive finish.

4.B.5 Failure to Meet Corrosion Resistance or Coating Weight Requirements

of Specifications. When the coating appears to be uniform nnd ahowe nc,ne of

the preceding faults, but fails to mee~ the specified requirements, the

following possibilities should be inveetigated.

4.S.3.1 Is the bath being properly controlled a9 to temperature, total

acid, ratio of free acid to total acid and ferrous iron (or nitrite

acceler9t0r)?

4.8.3.2 Ha9 the bath been kept hot with little or no work being proces9ed?

If so, allow the bath to cool to below 1100F (440C), stir thoroughly to

mix the sludge with the solution, heat to operating temperature,and process

fre9hly cleaned parts.

4.8.3.3 Ha9 the chromate rinse been used too long a time? Prepare a fresh

chromate rin9e in a small container and comp8re the resulta obtained using the

fresh rinse with those obtained using the production tank.

4.8.3.4 Is a silicate containing cleaner being ueed? Silicate containi%

alkalzne cleaners are excellent in detergency, buffering, and abillty to keep

the removed solid in 8uspension. A problem can develop with these cleaners

due to absorption of carbon dioxide from the air, burner exhauata, or acid

introduced into the cleaner, A silicate containing cleaner contaminated in

this manner may deposit a jell-like material which may not be visible on the
surface of the parta, which ie not removed in the rinse stage. The presence

of this jell prevents the fomnation of a satisfactoryphosphate coating. If

this ia auapected, it can be confirmed by taking a part which has been cleaned
and nn9ed, dipping the part in a 9olution containing approximately5% by

weight of 9odium hydroxide in water for one ❑inute, rinsing it in clean water,

and finally proceaslng it through the remainder of the phosphate system. If

this corrects the probIem, discard the cleaner solution (observin6 10cal waste

diapoaal regulations) and prepare a fresh cleaner solution. Elimlnate or

reduce the input of carbon dioxide or other acidic material into the cleaner.

If the problem continue9, change to 8 silicate free cleaner.
)
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4.6.3.5 Drawn or Pressed Parts. These parts,

are diff>cult to uhosuhate because of the neture

including metal stampings,

of their surface. Such rmrta. .

must be cleaned mechanically, preferably by abrasive blasting, in order to

remove the surface stresses developed in their manufacture. Highly caustic

alkalzne cleaners and alkaline deru$tlng must be followed by ebraaive

blaating, abrasive tumbling, treatment with a metal conditioner, or wipins to

ensure a anooth phosphate coating.

4.S.>.6 Are the parts clean before enterirg the phosphating solution? A

cleaning solution which has been satisfactorily rsmoving the soil from the

work may cease to do 90. Two reascna for this are:

(a) A change in the soil present on the work and

(b) An accumulation of coil in the cleaner until it can no longer remove

the 9011 from the work.

Try cleanlng parts in a fresh cleaner solution. If this is successful,

discard old solution. If the fresh solution does not remove the 9oil, other

cleaning procedures should be investigated to find one which will remove the

soil. The possibility of changing the soil to one which is more eaaily

removed should also be ]nve91.igated.

If ]t is necessary to discard a cleaner solution, make sure of compliance

with all waste disposal regulation.

4.8.3.7 Low Coating !ieighta. Phosphate coating weights below the minimum

specified can be caused by several conditicn~ including those listo~ below:

(a)

(b)

(c)

4.8.3.

Excessive use fif‘“condltionlngsalts” in or following the cleaner.

Pre”aenceof surfactanta or pickling inhibitore in the phosphating

solutlon.

When steam Le used for heeting, many plant9 use volatile inhibitors in

the boiler water to protect the steam lines from corrosion. A loose

comnectxon or 8 leaking steam coil can allow these inhibitors to get

into the cleaner, the water rin9e (before the phosphate), or the
phosphate solutlon. When present, the inhibitors can interfere with

the formation of a aati9factory coating. The supplier of your boiler

compound can provide chemicals which permit you to control the

corro9ion in the steam lines without the use of volatile inhibitora.

.9 Determine if the poor corrosion re9~etance la due to poor corrosion

re91atance of the phosphate coati~ or poor corrosion reeiatsnce of the

supplementary finish. Is the correct amount of flniah being applied to the

parts?
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When treating parts to meet tKJD-P-16232,the weight of the finish can be

determined as follows: weigh a finished part, remove the finish with a

e.olvent,dry, and rewe>gh the part. The difference In the two weights is the

waight of the finish. If the specified amount of finish is present, compare

parta finished mth the materuil being used zn production WIth parta flniahed

with a freshly prepared finish. The finish may have been contaminatedor may

have lost some of ita inhibitors.

Uhen traating parts to ❑eet TT-C-490, the paint ah~uld be checked fcr f]lm

thicknese and ~he curing procedure should be’checked.

appesre to be correct, firush a part with a ae.mpleof

proper results.

4.8.3.9 Chromate Stains. Chromate stains have the

rust. Thesa ataina occur where the chromate eolution

If the preceding

paint known to g]ve

general appearanceof

is ellowed to accumulate

and dry on the part. They seldom cause any problem when the mater ueed In the

chromate rinse contsins no dic+solvedsalts. When the water does contain

dissolved salts, theaa are also concentrated in the area of the chromate stain

and can accelerate the fomation of rust. This problem can be corrected by

using deionized water to build up.and repleni8h the chromate rinse aolutlonor

by removing any accumulation of the chromate rinse solution before it dries.

4.8.3.10 Effect of excessive heat on the corrosion resistance of the

-. This problem ia related to coatings for COD-P-16232. Zinc phosphate

coatings should not ba expoeed to t,emperaturegin exess of 2250F (1050C)

for more than 15 minutes. !langanesephosphate coatings should not be exposed

to temperature in axceas Gf 575~F (190°C) for mere than 15 minutes.

Longer expo.eureaat thaae temperature or shorter times at higher tem~leratures

can lower the corroaicn regiatance of these coatings.

NOTE: DOD-P-16232F (7 Novamber 197S) allowa parts with a zinc phosphate

coating to be bested 8 hours at 207-2250F (97-1070C) to rei>eve

hydrogen embrittlement, but it will alao reduce the corrogxon

resistance of the coating. The alternative method of hold]ng the

part9 for 120 hours at room temperature ie the preferred method of

relieving hydrogen embrittlement~n phosphate parta.

4.5.3.11 Contaminated Grit Used for Abra9ive Blastin&. If the grit being

used for abraaive blaating becomes contaminated with grease or oil, the o]1

and grease will be driven into the surface during blasti% and satisfactory

coatinga will not be produced. Oil and greaae can get into the grit if o]I.v

or greaey parta are blaated or through leaking oeala in the equipment. If the

grit hae become contaminated, the source of the contamination must be

eliminated and the grit replaced with clean material.

4.6.3.12 Lime Draw-nWire. This problem occurs primarily on parts being

treated to meet DOD-P-16232. Many nuts and bolts are made from heavy wire or

rod which haa been drawn using lime aa e lubricant. When parts made from such

wire are cleaned, it ia usually necea9a~ to include a pickle in the cleaning

ay9tem. If aulfurlc acid ia used, insoluble calcium sulfate deposits on the

work and interferea with subsequent phoaphating. These parta can be

aucceasfully cleaned If B hydrochloric acid pickle la uged. The calclum

chloride which ia formed ia soluble and readily removed in the rlnae stages.

)

)
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4.8.3.13 Case Hardened Parts. This problem alao is one encountered on

parts being treated to meet MD-P-16232. The problem generally occure when

phosphate coatings are used to replace plating. The tempering operation in

the heat treat is frequently omitted when the parts are to be plated as it is

necessary to bake the parts efter plating to relieve hydrogen embrittlement.

If the tempering operation is omitted prior to the phoephating operation, the

coatings produced will not provide the expected corrosion resistance. The

tempering operation i9 necessary to give the required physical properties ae

well a9 to permit proper formation of the pho9phate coatings.

4.8.3.14 Cast Iron and A11OYS Which Are Difficult to Treat. This is a

uroblem when treating part9 to meet DOD-P-16232. Caet parts such as

malleable, pearlitic-malleable, or caat iron, ca9t eteel and some alloYa which

are difficult to treat may fail to meet corrosion resistance requirement.

Caat iron, steel, or pearlitic malleable iron has a burned-in and sand-caat

surface or high slllcGn alloy cast surface, which mu8t be given a very

thorough blasting treatment to permit the pho9phate coating to be formed. In

addition, these metala may not completely phosphate in the time nonrmlly

required to pho9phate steel. In the treatment of the9e materials, a low free

acid phoaphating solution givea a con91derable advantage. Superior corrosion

resistance can be obtained on ca9t parte aa well as other steel parts by u9ing

either Procedure A or Procedure B.

Procedure A

(a)

(b)

(c)

(d)

Abrasive blast all parts,

Plan work schedules 90 parts mede of malleable or c.e9tiron will be

treated immediately aftar a period during which the phosphate

sGlution 1s Idle and ha9 been allowed to cool to reom temperature.

Add to the 9olution, prior to the shut down period, 0.5 pound Per 100
gaIIG”s (75 gram9 per 100 litere) of either zinc carbonate (for

zinc-base solution9) or manganeae carbonate (for manganeae-ba~e

solutlong) and stir thoroughly.

Turn on the heat to the tank. When the solution temperaturereaches

170°F (750C), place the work In the solution and raiae the

temperature to 205°F (!350C)e9 quzckly a9 possible. Allow the
work to remain in the solution after reaching the operating

temperature for et leaat 45 minutes.

Procedure B

(e) Airaslve bla9t all parta.

(f) U9e .Inc or manganese carbonate to raise the ratio of total acid to

free ecld to 7.5 to 1 or higher.

(8) Prcce9a a large load of parts (a large 9urface area).

(h) Proce9s the critical part9.
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4.8.3.15 Heat Treated Parts. Satisfactory phosphate coatings may not form

on parts if oil wae presetc when the parts were subjected to heat during the

heat treatment. If oil is present or su9pected of being pre9ent on parts

which are to be heat treated, try removing the oil from 9ome parts, heat treat

these parta and follow them through the phosphating operaticn to determr:e

whether there i9 an improvement in the coatinga produced.

4.8.4 Paint failure9 - blistering and/or 9potting paint adhe9ion. The

paint adheaion failure referred to here occurs when the adhe9ion is checked

with tape and the paint pul19 away in spots. This type of failure i9 nonnelly

the re9ult of a blieter having formed under the paint film destroying the

adhesion of the paint to the metal, To prevent this type of paint failure, it

i9 necessary to avoid tho9e condition9 which cause blisters to form.

Bli9tera form under paint when water 9oluble salts are trepped under the

paint film and the paint i9 expoeed to humid condition. ‘Jatervapor can pass

through the paint film and, if a water soluble salt ie present, a 9olutlon is

formed which lifts the paint and form9 a bli9ter. When checked for adhesion

the paint ia lifted from these areaa even if the blister ia no longer evident.

I

To prevent this type of failure, it ia nece9aery to make 9ure that no water

soluble salta are on the sufiace.

4.t3.4.l Salts Left by Poor Rin9inE. If the rinse solutions are allowed to

become contaminated or trapped solutions are not completely removed, the

residue remaining on the 9urface may contain water soluble 9alt9 which can
cauae blistering. For corrective me8sures see 4.8.2.6.

4.8.4.2 Contaminated Chromate Solutions. The chromate aolutxon is normally

dried on the surface of the phosphate coated parta. If the chromate solution

ia prepared with water containing soluble salts, these 9slts wII1 accumulate

ae water is added to replace that lost by evaporation. The amount of water

soluble material left on the parta will increaee a9 these salts accumulate.

In areas of the parts where the chromate solution collects in streeks,

puddles, or bead9, this blistering problem can be of major importance.

Corrective 9tep9 are of three types:

(a) Avoid allowing etreaka, puddlea, or beads of chromate 9olut10n to dry

on the parts.

(b) U9e deionized water to bu~ld up and replenieh the chromate r,noe.

(c) FO11OW the chromate rinse with a rinse of deionized water. If this
ia done, it i9 neces9ary to uae 9pecially formulated chromate

rinses. See 4.3.6.3.

)

)

4.8.4.3 Handlin&. Soluble 9alt9 can alao be left on the parts when they

ere handled with bare handa or dirty glove9.
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5. BLACK OXIDE COATINGS

5.1 Introduction

5.1.1. General. This type of coating is produced by convertiw the eurface

of iron and steel part9 to bleck iron oxide (Fe30 ) with a thickness of

fIesa than 0.0001 inch (0.09025 cm) according to 1!L-C-13924. This coating

affords very limited corroalon protection. The alloys that are given

MIL-C-13924 Claaa 3 and 4 coatinge have little need of added corrosion

protection. The metala that are given a MIL-C-13g24 Class 1 coating can have

the corrosion reaiatance improved by the application of a rust-preventiveoil.

Due to the fact that these coatings show only a alight build-up on the

parts, they are suitable for moving parte that cannot tolerete a heavier

coating.

5.1.2 Charecterlstica. The coatinga produced by all three classea of

MIL-C-13g24 ere similar in composition and appearance. The three claeaee use

d]fferent chemic81s to treat the alloye.

5.1.2.1 Claes 1. Claes 1 coatings arc formed in an alkaline oxidizing bath

on wrought iren, plaln carbon, Iow EIIOY eteels and cast and malleable irons.

5.1.2.2 Claes 3. Cla9s > coatinga are formed in a fused ealt bath on

corrosion r-cc steel alloya which are tempered at %f20F (4820C) or

higher.

5.1.2.3 class 4. Claas 4 coatinga are formed in en elkaline oxidizing bath

on 300 eeries corrosion reaiatant eteel alloya.

5.1.3 Safety Precautions. The aefe handling of these chemicala requireo

caution due to different hazards at different phasee in their operation.

5.1.3.1 The baths are operated at temperatures ranging from 2500F
(1210C) in Clasa 4 batha to 8500F (4550C) in Clase 3 baths. Contect

with the9e baths can cause eevere bums. Uoisture on parta being introduced

into the operating baths can turn to steam and cause the hot chemicals to

eplash or erupt and anyone nearby can be burned. Operatore should wear

protective clothlng and no other personnel ehould be allowed in the vicinity

of the operating bath.

5.1.3.2 The ealts in the baths can cause chemical bums ae well aa thermal

burn9. In case the hot salta are splaehed on anyone, the area contacted by

the chemical should be flushed Immediately with water to remove the salta and

the affected area should be kept in vater or kept covered with wet compreaaee

which are constantly changed until medical attention can be obtained. If

m’one should contact the unheated aaltat the area of contact should ba vaahed
with water immediately. If there ia evidence of akin irritation, medical help

ghould be obtained.
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5.1.3.3 The baths can solidlfy when allowed tc cool. when heat is applied

to a solidified bath there is danger of an eruption of molten salt thrDugh the

solid crust. Class 1 and Class 4 baths WI1l nonoally not sGlidlfy at room

temperature but may 9olidify at lower temperature or if allowed to become

more concentrated than normal. Cla9s 3 baths w1ll solldify at room

temperature and can be expected to erupt through the crust when being heated.

This type of eruption may also occur with the other beth9 if they have cooled

enough to ceu9e solidification.

5.1.3.4 Uhen cold, the Class 3 9alts mu9t be handled a9 toxic hexavalent

chromium compound9. The Clasa 1 and 4 compounds are ceuetic with oxidizing

agenta and should be handled according to the instructionsand cautiur.s
furnished by the supplier.

5.1.4 Disposal. The procesaang baths may hs’veto be discarded f~r various

reaaons such aa equipment repair or discontinued operations. The chemicals

must be treated before dleposal and the rinse wetera may contain .smunts cf

9elta which will require that they be treated in order to meet the local waste

di9pos81 regulations.

5.1.4.1 Disposal of the Operating Baths. The Cla9e 1 and 4 baths are

nonmxlly “slushy” al room temperatureand should be diluted with at least an

equal volume, snd preferably three or four volumes, of water before being

treated for dispo9al. Cles9 3 baths ara solid at room temperature. These

baths are best handled by ladllng them out, while‘hot, Into shallow trays 8nd

allowed to cool in thin enough layer9 that they can be broken up without

toc,la. THE SOLID SALT SHOULD NEVER BE STRUCK WITH A TOOL TO BREAK IT OR FOR

ANY OTHER ?UF!XEE. The 9=811 pieces can then be dissolved in weter and the

aolutlon treated for disposal.

5.1.4.2 Treatment for Disposal, Clessea 1 and 4. The alkaline portion of

these batha will have to ba treated to lower the pH to an acceptable range in

all locationa. The oxidizing portion of the baths mny requ]re treatment

dependimg upon the oxidizing chemical u9ed and the local regulations.

5.1.4.3 Treatment for Disposal, CI.9993. The waste disposal regulations

will normally require that the hexavalent chromium be reduced to trivalent

chromium and that the trivalent chromium be precipitated and rem~ved before

discharging the 9olution to the sewer.

5.1.5 Smbrittlement. bbrxttlement is seldom a problem WIth the black

oxide treatment9 but can become a problem with high strength steels.

5.1.5.1 High 9trength steel (Rockwell C 40

due to “cauatic ambrittlament”’if the part is

bath under internal c,rapplied stres9.

5.1.5.2 Treatment of High Strength Steel.

ateel uarts haviru?an ultimate ten9ile atrem?th of 2Cfl.000g9i (1379MPa) or

or greater hardness) mny fall

proceaaed in the black oxide

When specifying the treatment of

above,” the procur;ng agency may require that-the parts”be baked at j750 +

250F (19CfI . ]40C) for three hours or more cr given an equivalent -

embrittleme~t relief treatment after the application of the oxide coating

and/or sbecifv that the parts be teated for embrittlement. If an. .

embrittlement relief bake

precede the supplementary

i9 required, it shall follow the chromete rinse nnd

preaerfative treatment.
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5.2 Equipmerit

5.2.1 Processing Tanks. The tanks used to contain the black oxide

chemicals are heated by gas or by immersion electric heaters. The high cost

of heating these tanks makes the use of thorough insulation imperative. They

should be installed on a concrete slab and surrounded by a curb (or installed

in a non-combustible tray) providing adequate area to catch any drippings and

deep enough to contain the chemicals if a tank‘shouldfail.

5.2.1.1 Gae Heated Tanks. Heat is supplied to gas heated tanke by burners

mounted beneath the tank (Figure 10). Greater heat efficiency can be obtained

by conducting the products of combustion around the sides of the tank u9ing a

eecond wall surrounding the tank. The products of combustion are then vented

to the flue. The tank should be surrounded by insulation to minimize heat

leas.

5.2.1.2 ElectricallyHeated Tanks. The immersion electrlc heatera must

have adequate capacity to heat the batha to operating temperaturein a

reasonable time. Whet ia reasonablewill vary with the production

requirament9. The heatera should be protected from mechanical damage by a

protective grating.

5.2.2 water Diffuser. This applies to Clasa 1 and 4 only aa water la not

added to Claae 3 baths, The addition of water to Cla9s 1 and 4 baths can

cauae apattering due to the rapid conversion of the water into steam by the

hot bath. Water can be safely added by adding it through a pipe with small

holee in it. The pipe should be mounted along the back side of the tank with

the holes directed toward the back wall. This allows e thin film

flow down the b8ck wall into the bath away from the operator.

5.2.3 Rinse Tanks

5.2.3.1 Mist Rinse. If the use of a mist rinse ie found to be

(5.3.2.3.3), it can be supplied either frOm a hand held nOzzle Or

of water to

necessary

from nozzles

mounted a short distance above the bath eurface. The nozzles used must supply

only a small amount of water and must break up the water into extremely small

dropleta to prevent spattering of the hot bath.

5.2.3.2 Warm Water Rinse Tanka. The firat rinse following the black oxide

treatment is overflowed at a rate which perrnitaremoval of the salts but may

allow the water to be warmed by the hot parta. The tanka should be equipped

with draine to pemnit emptying when they become excessively contaminated.

Provision for heating the rinse used after the Claas 3 treatment is eesential

ag this rinse must be at about 190uF (fflOC)for proper removal of the

salt. (If necaaaary to obtain the required temperature, the overflow can be

diacoritinuedtemporarily.)
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5.2.3.3 Cold Overflowing Rinse Tanks. These tanks should be equipped with

an overflow weir end a drain. The wster supply to the tank should enter on

the sxde opposite the overflow end should be dellvered close to the bottom of

the tank using a vacuum breaker or other means to prevent siphoning water from

the rinse tenk 1nt6 the water line. Heating coils need not be installed in

theee tanks.

5.2.4 Chromate Rin9e Tank. The chromate rinee tank ia constructed of mild

9teel and can be heated by gas, electric heaters, or eteam.

5.2.5 Thermonetera and Thennocouplea. The black oxide procee.singbaths

muet be maintained at the specified temperature. It is recommended thet a

dlel type thermometer be mounted where it can be reedily scan and that the

diameter be at lesat 5 inches (12.5 cm) for aaee of reading. The thermocouple

bulb shculd be mounted in a cfirnerof the tank end kept away from the tank

wall.

TrJrelieve the operator, the thermocouple temperature control is connected

to a motor-operated water valve which allovs water to be fed automatically

into the boillng solution whenever the contrel calls for it (i.e., whenever

the temperature rices above the set operating temperature).

Becau8e of the importance of clo9e temperaturecontrol in the black oxide

processes, particularly of Clasa 1, the accuracy of the indicating tbemometer

should be checked frequently. A reference thermometer should be available to

check the indicating thennometer9. A mercury thermometer can be used for this

purpose In Claaa 1 and 4 bath9 but a thermocouple9hould be used in Class 3

baths.

5.2.6 Recks, Tumbllng Barrela, and Baaketa. The work being treated will

usually be placed in a tumbling barrel, a rack, or an open mesh baaket made of

mild steel (do not use stainless steel). These should be constructed to allow

good drainage. They must be welded, never noldered, and ehall contain no tin,

copper, zinc, lead or other non farroua metala.

5.3.1 Processing Sequences. After the parta to be proceaaed are cleaned of

all soil, etc., rinsed and moat or all water removed, they are immersed in the

processing bath for the specified time. Following the blackeniu treatment

they are given a warm or cool overflowing rater rinse, except Claaa 3 which ie

given 8 hit Water rinse prior to the cool rinee. The water rinse ia followed

1

by a chromate rin9e and the parts are dried and, if specified, dipped iiioil.

See Figure 11.

1 5.3.2 Procedures for Clase 1 and 4 Alkaline Oxidizing Preceaaee

5.3.2.1 Prepamtion of the Solution. Determine the voluma of solution

necessary to fill the tank to the working level. This ia nomnally about 6

inches (15 cm) below the top of tha tank. More apace nay be required when

processing long parts in a deep tank. Place ona third of this volume of cold

water in the tank. Slowly add about one third of the required amount (aa

recommended by the supplier of the chemical) of the black oxide chemicsl

required for the volume at operating level while stirring vigorously to

prevent caking.
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FIGURE !1 : BLACK OXIDE PROCESS
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I

I

CAUTION: Wear goggles, rubber apron, rubber gloves end

face shield. Avoid edding large amounts or

lumps of chemical. Avoid causing the

solution to splash or adding chemical rapidly

enough to cause the temperature of the bath

to exceed 200eF (g30C).

When the chemical is completely diesolved add an equivalent amount in the

9ame water. Continue until the required amount has been added. Add cold

water to bring the solution up to operating level. While stirring, heat the

eolution slowly to boiIing and adjust to the specified operating temperature.

See 5.3.2.2.1.

5.>.2.2 Processi~. The clean work must ba completely immersed for the

specified time in the processing solution which is boiling at the correct

temper81ure. The work should be lowered into the proce9eed beth 91OW1Y to

ellow any water remaining on the part9 to evaporate before contacting the hot

bath. When proceeding in Class 3 baths, the parts must be completely dry.

Any water contacting the hot bath will be trrsnsfoxmedinto steam and cauee

spattering of the hot chemicel. While parts may be wet when introduced into

Class 1 and 4 baths, epecial cere mu9t be used when hmersing tubular parte eo

that the water Znslde the tubes doe9 not erupt toward9 the operator.

5.3.2.2.1 Solution temperaturecontrol. The correct operating temperature

may vary depending upon the chemicel ueed and the metal being treated but

Clags I baths arc normally operated at 265 to 2900F (140 to 1430C).

Temperature over 3000F (14g0C) tend to build up rad iron oxide in the

bath and on the proceaaed phrts. To lower the boiling point, add water te the

bath using e water diffueer such ae that described in 5.2.2. TO raise the

boiling point, add more chemical by adding it slowly over the surface of the

bath to avuid localized boiling and splattering of the eolution.

CAUTION: Never diesolve the chemical in water to make

additions. Thi9 will cauee eruptiona.

5.3.2.2.2 Ventilating syetem. A good 9ystem for removal of fumes ie

required with all three types of blackening hth9. The recommended system for

Class 1 and 4 bathe i9 similar to that for pho9phating bathe (see 4.2.4). The

Clas9 3 bathe srhouldbe totally enclosed and good ventilation can be obtained

with lees air movement.

5.3.2.2.3 Excessive boiling and 9plashin&. Exceaaive boiling and

splattering may occur in a freshly prepared beth or when long parts are being

proces9ed in a deep tank. When the excessive boiling is caused by a newly

prepared bath, the problem can be controlled by preceeaing smaller loada lese

frequently until the boiling no longer i9 exceesive. When the exceeeive

boiling is cauaed by long parte in a deep tank, it till be necessary to allow

more free beard between the top of the tank end the eolution level.

5.3.2.2.4 Sludge removal. InaolubIe iron oxidee till settle in the bottom

of the proce.e91ngtank a9 91udge. This eludge muet not be allowed to

accumulate. The common method for removing this sludge i8 to lift it out with

e hoe or 9imllar tool.
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5.3.2.2.5 Smut on the work. The insoluble oxides will accumulate .99e 9cum

on the surface of the tank and if carried out on the work will appear as

smut. This scum can be removed with a tool similar to a steel duet pan.

Suepended eludge can eleo 9ettle on the vork and appear as smut. If thi9

happen9 the sludge should be removed ae described in 5.3.2.2.4.

5.3.2.2.6 Precautions. Non ferrous metals should not be introduced into

these bathe .59they may contaminate the baths end interfere with the formation

of the desired coating. Some metale will cauae violent boiling of the

procesaimg solution which can reeult in injury to the operators and

by-etandere. If the baths become contaminated to a point where aatisfectory

coatinge are not obtained, the chemical suppliers have proprietary chemicals

which will reetore the bath9 to operating condition in mo9t cases.

5.3.2.3 Rinai~

5.3.2.3.1 Vacm water rin9im&. When the work ia removed from the proce991ng

beth it should be transferred to the overflowing wano water rinse a9 ,quickly

a9 possible snd the psrte should remain in the rinse long enough to lower

their temperaturesufficiently to prevent off-color (red) from developing.

Rin9ing is improved by agitation of the pr.rteandfor the rinse water and

reising the parts out of the water end reimmersing them.

5.3.2.3.2 Disposal of the warm water rinse. The warm water rinse mu9t be

discarded before it become9 too contaminated to adequately rinse the parts.
The frequency of diecardimg will depend upon the amount of blackening salt9

carried into it.. The contaminated rinse must be treated to meet the local

waste di9poeal regulation before being discharged to the sewer. See 5.1.4.2

or 5.1.4.3.

5.3.2.3.3 !!istrinsi~. If problems arise due to the processing solution

dcying on the parte before immereion in the wacm water, the uae of a fine mi9t

of water sprayed on the parta can tivercomethie problem (eee section

5.2.3.1). A very fine mist muet be used to avoid drop9 of water causing eteam

emptiona at the bath surface and to avoid dilution of the bath which would

lower the boiling point.

5.3.2.3.4 Cold water rinee. Following tha warm watar rinse the parta are

rinead in e cold, overflowing water rinse to remove the last tracee of the

blackening salts. Agitetion of the part and/or the water and removal and

reimmersion of the part will improve the rin9ing.

5.3.2.4 Chromate Rinsin&. After the cold water rinse the parts are

immersed in a chromate rinee as deecribed in eection 4.5.

5.3.2.5 Dryi~. The chromate rin9ed parte muet be dried. The u9e of a hot

chromate rinse makee it poagible for many parts to dry spontaneously. If

necessary the ramaining beada of moisture can be removed tith dry, cl@an

comprae9ed air, by heating in a air circulating oven or by dipping into a
water-displacingoil.

5.3.3 Procedures for Claa9 3 Fused Salt Oxidizing Process
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5.3.3.1 Preparation of the Bath. The required amount of salt will depend

upon the size of the pot which should be no larger then necessary to hold the

parts being treated and allow approximately 6 inchee (15 cm) of free board

between the bath surface and the top of the pot. The pot is imitially charged

by placlng approximately one quarter of the required amount of potaaeium

dichromete in the pot and heating it until it is liquid. Additions of similar

amounta should be made until the desired opereting leval ia reached bJ waiting

until each addition has liquified before makimg the next addition.

The molten salt i9 then heated to the operating temperature of 8250 to

E5@F (4400 to 4550C).

CAUTION: When reheating the solidified beth, the

furnace door ❑ust remain closed until after

the eruption of the liquid through the top

cru9t of the bath. This will occur at

approximately 4500F (232oc) The furnace
door must not be opaned except during the

process of inserting or removing work.

During these operations, an apron, lomg

sleeved clothlng, gloves, and a hood-type

face shield must be worn. Evary precaution

should be taken to ensure that the work ia

d~ before it is immersad in the molten salt.

5.3.3.2 Cleaning. All greaae, oil, scale, and shop dirt mat be removed

before processing. The clean parts ❑ust be completely dry before introduction

into the molten aait. The praferred method of ensuring a completely dqy

surface ia to use abrasive blaeting 89 tha final claatimg step. Another

method la to hold the parts near the pot for the time required to evaporate

the last tracea of moiak.ure.

5.3.3.3 Pr0cea9i~. The clean dry parte are immersed in the molten salt

bath for 30 minutes, removed from the pot, allowed to drain and air cool for 8

to 10 mlnule9.

CAUTION: Any moisture WI1l create a hezerdoue apraying

or splattering. Caution must be exercised to

avoid the hazarda of molten drippings when

work ig transferred from the furnace to the

cooling fixture.

5.3.3.4 Hot Water Rinse. After cooling, the parta ara rinsed in

non-overflowing hot water at lgOOF (880C). Rinsing ia improvad by

agitation of the parts and/or the water and by removal and reimmersion of the

parta.

5.3.3.4.1 Disposal of the hot water. Potaaaium bichromate will accumulate

in this rinse and eventually adequate removal of the salts will no,longer be

posalble. The rinee should be diacherged before thie point ia reached.

Before discharging thi9 solution to tha sewer, it must be treated to meet the

local waste diapo9al reguletiona. See 5.1.4.3.

65

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



IHL-HDBK-205A

5.3.3.5 Cold Water Rinse. To remove the final trace9 of the blackening

salte, the parts are rinsed in a cold overflowing water rinse. after the hot

~

water rinse. Rinsing ie improved by agitation of the parts and/or the water

and by raising the part out of tha water and reimmersing it.

5.3.3.6 Chromate Rinse. After the cold water rinse the parts .mreimmereed

in a chromate rinse aa described in 4.5.

I 5.3.3.7 Dryin&. See 5.3.2.5.

I

Custodians:

Amy - KS

fiavy - SH

Air Force - 20

Review activities:

Army - AR, AT, CL, Ml,

Nevy - AS, EC, OS, YD

Air Force - 99

Users:

Amy - AR, AT

Navy -AS

Air Force - 12! 70, 82, 84

I

VP ID #06>7A/DISC @28A ( FOR AM?U?CUSE ONLY)

66

Preparing Actlvlty:

Army - FIR

Project No. MFFP-OO1O

)

I__

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



John Von Wazer

Dale Cheever

W. R. Cavanagh

MIL-HDBK-205A

Bibliography

Phosphorous and Its Compounds Vol. 2

Interscience Publishers, New York, HY

“The Chemistry of Phosphate Coatings”

Society of Automotive Engineers, May 1970

“’TheEvaluation of Phosphate Coatings for

Corrosion Protection and Appearancem

Society of Automotive Engineers, Hay 1970

“How Do Phosphate Coatinge Reduce Wear on

Moving Parte”

Society of Automotive Engineer8, Jan. 1967

Other Sources

Metals Handbook Vol. 2, Bth Edition

American Society of Pletale

14etalaPark, Ohio

Metal Finishing Annual Guidebook and

Directo~ Iaaue

Metals and Plaetica Publications

Iiackensack.NJ

Industrial Finishing

Hitchcock Publishing Co.
Wheaton. IL

67

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



Abrasion

Abrasive grit-conttinated

Acid pickling

Adhesion, 10SS of paint

Aluminum oxide abrasive

Analytical reagents

Bare areas near heated areas

Black oxide Coatiwa
c0mpo9iti0n

heat, affeet on
part9 treated - examplee

parts treated - purpose

Black oxide - eqU1pMent

rinse tmk9
processing tanks

water diffueer
Black oxide - pr0Ce9s

excessive boiling and splashing

operation
.qludgeremoval

smut on work

Blistering - paint

Cage hardened p8rt9

Chromnte rinse

control

MIL-HDBK- 205A

Index

stains

tanks
Chromium free rinse

Cleaning

acid - pickling

abraaive bla9tinIl

alkali

electrolytic immeraiOn

silicate containi~ - problems

spray

emulEion

phosphate part9

phosphoric acid

solvent

section

4.8.2.8

4.8.3.11

2.1.8

4.8.4

2.1.9

4.6.1

4.8.2. >

5.1.1
1.1

1.1

1.5.1

5.2.3

5.2.1

5.2.2

5.3.2.2.3

5.3
s.3.2.2.4

5.3.2.2.5

4.8.4

4.8.3.13

4.:.6

4.5.1

4.8.3.9

4.2.6

4.3.6.4

2.1.8

2.1.9

2.1.4

2.2.3
2.1.4.3

2.1.4.1

4.8.3.4

2.1.4.2

2.1.5

2.2.4

4.1.3

2.1.7

2.2.6

2.1.3

2.2.2

)

)

steam

vapor degreaaiw

2.1.6

2.2.5

2.1.3.2

)

68

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



MIL-HDBK-205A

Index (Continued)

Compressed air

ConditioniM - prior to phosphate coating

Coerse crystalline coatings

Coating weight9 - low

Difficult to treet, perts

Drawn parts

Embrittlement

Ferrous iron

centrol

introduction xnto new bath

vs. nitrite

Frozen assemblies

Grit - abrasive

Heat, effect on co.stinge

Heat treated perts

Iron !SCC ferrG,u3ir~fi)

Lime drawn wire

Mist water rinse

Mottled streaks

Nitrite

contrcl

high concentr.stionbeing used

removal when ferroue Iron is deeired

Paint failures

PhGsphate coatings

cleaning phoephete co8ted parts

composition of coatings

gun barre19

beet - affect on

parts treated - examples

parte treated - purpose

reprocessing

9pr1ngs

te9ting

salt spray

coating weight

4.2.7’

1.3

3-
1.3

:.0.2.4

4.8.3.7

4.0.3.14
4.0.3.5

4.0.3.10
5.1.5

4.4.2.4

4.4.2.4.3

4.6.4.3

4.6.4.4

4.0.2.2

2.1.9

4.8.3.11

1.1

4.8.3.10

4.8.3.15

4.8.3.15

4.8.3.12

4.3.5.2

5.2.3.1

5.3.2.3.3

4.8.2.6

4.8.3.9

4.4.3.2.3

4.4.3.2.4

4.6.4.3

4.8.4

4.1.3

1.1

4.1.2.4

4.1.2.5

1.1

4.8.3.10

1.1

1.1

4.1

4.1.2.6

4.1.2.1

4.7.2

4.7.3

69

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



HIL-HDBK-205A

index (Continued)

Phosphete proces9e8 - COntrOl Of

ND-P-16232 Type H

MD-P-16232 ‘&Pe Z

TT-c-490 Type I

immereion

epray

Phosphate prOCeSSiM

automated eyetems

cleaning aheed of phosphetin8

coil cleaning

conditioning ehead of phoephati~

equipment

heeting

level cOntrOllerB

materiele of construction

preparation of the solutions

DOD-P-16232 Types M and Z

m-c-490 ‘We I

processing, MD-P-16232 We M
proces9ins, DoD-p-16232 ‘We z
processing, TT-C-490

sludge removel

epray proceesins
tumbling barrele

Pickling

acid

phosphoric acid

Powder on phosphate

Praaeed eteel part9

Ratio of total acid

coatings

to free acid

Reprocessing phoaphated perte

Rust etained asaembliee
Safety precautions

4.4.2

4.4.3

4.4.3.1

4.4.3.2

4.2.9

4.3.1

;.4.1.3

4.2

4.2.2.3

4.4. 1.7

4.2.2.1

4.3.4.2.1

4.3.4.2.2

4.3.4.3.1

4.3.4.3.2

4.3.4.3.3

4.4.1.1

4.2.10

4.2.>

2.1.8
p.~.y

~.~.7

2.2.6
4.8.2.5

4.8.3.5

4.4.2.3

4.1.2.6

4.8.2.2

2.1.6

2.1.7.1

2.1.7.3

2.1.9

4.4.1.3

4.4.2.4.2

4.6.1

4.6.4.4

5.1.3

5.3.2.1

5.3.2.2.1

5.3.2.2.6

5.3.3.1

5.3.3.3

)

)

)

70

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



HIL-HDBK-205A

Index (Continued)

Scratches

Silicate cleanere

Smut on black oxide coatings

Solution analyses

chromium - hexavelent

ferrous iron

free acid

nitrite

total acid

Specifications

DOD-P-16232

TT-C-490

MIL-C-13g24

Spray water rinsing

Streake

Ventilation

Water rinsing - mist or spray

4.8.2.8

4.8.3.4
5.3.2.2.5

4.6.5

4.6.4

4.6.2

4.6.4
4.6.3

4.3.4.2.1

4.3.4.2.2

5.1.1

4.3.5.2

5.2.3.1

5.3.2.3.3

4.8.2.6

4.8.2.7

4.2.4

4.3.5.2

5.2.3.1

5.3.2.3.3

71

Downloaded from http://www.everyspec.com on 2012-04-04T4:21:57.



MIL-HDBK-205A

Appendix

~~ples of the “se of pho~Phate and Black Oxide Coatings On Military ‘arts”I

phophate Proces9:

M-16-A1 (Barrel Assembly, Trigger, Seer)

u-60
Machine Gun

H-203
Grenade Launcher

M-85 Machine Gm 50 Cal

!42
Machine Gun 50 Cal

H-240 Machine Gun 7.62 ~

SAWS Squad Automatic Weapons System

Navy .gtandardmieeile motion chmber

Mark 32 torpedo air flask

Hetallic belt li*s

Grenades 42 MM

Hand Grenades

I projectiles

I
BlackOxide Proceea:

Cylinder, rifle, M-14

Spring, safety, M-14
Nut, cylinder, M-60

Extension, saa, 14-60

Spring, catch. M-60

Shield, aeei mechhnian,

)

)

I

)
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Aluminum and Aluminum Alloys
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1. This standardization handbook was developed by the Department of Defense in accordance

with established procedure.

2, This publication was approved on .15 December 1%6 for printing and inclusion in the

military standardization handbook series. ..

3. This document provides basic and fundamental information on alu”minum and aluminum

alloys for the guidance of engineers and designers of military materiel. The handbook is not

intended to be referenced in purchase specifications ezcepl /or inforrnutiond purposes, nor shall

it supersede my speci[icalion reyuirerneqts.

4, Every effort has been made to reflect the latest information on aluminum and aluminum

alloys. It is the intent to review this handbook periodically to insure its completeness and

currency. Users of this document are encouraged to report any errors discovered and any re-

commendations for changes or inclusions to the Commanding Officer, U. S. Army Materials

Research Agency, Watertown, Mass., 02172. Attn: AMXMR-TMS.
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Preface

This is one. of a group of handbooks covering metallic and nonmetallic materials used in the

design and construction of military equipment.

The purpose of this handbook is to provide, in condensed form, technical information and data

of direct usefulness to design engineers. The data, especially selected from a very large number of

industrial and government publications, have been checked for suitability for use in design. Wherever

practicab~e the various types, classes, and grades of materials are identified with applicable govern-

ment specifications. The corresponding technical society specifications and commercial designations

are shown for information.

The numerical values for properties listed in this handbook, which duplicate specification re-

quirements, are in agreement with the values in issues of the specifications in effect at the date of

this handbook. Because of revisions or amendments to specifications taking place after publication,

the values may, in some instances, differ from those shown in current specifications. In connection

with procurement, it should be understood that the governing requirements are those of the specifi-

cations of the issue listed in the contract.

Wherever specifications are referred to in this handbook, the basic designation only is shown,

omitting any revision or amendment symbols. This is done for purposes of simplification and to avoid

the necessity for making numerous changes in the handbook whenever specifications are revised

or amended.

Current issues of specifications should be determined by consulting the latest issue of the

“Department of Defense Index of Specifications and Standards. ”

The material in the text is based on the literature listed in the bibliography. It is subdivided

into four sections:

Section 1 - Aluminum in Engineering Design

Section II - Standardization Documents

Section III - Typical Properties of Aluminum and Aluminum A11OYS

Section IV - Specification Requirements.

Comments on this handbook are invited, They should be addressed to Commanding Officer, U. S.

Army Materials Research Agency, Watertown, Mass. 02172. Attn: AMXMR-TMS.

.,.
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Section i

Aluminum in Engineering Design

GENERAL

~. Characteristics, Aluminum alloys are used

in engineering design chiefly for their light weight,

high strength-to-weight ratio, corrosion resistance,

and relatively low cost. They are also utilized for

their high electrical and thermal conducti vities,

ease of fabrication, and ready availability. (Alu-

minum is the most widely distributed of the ele-

ments, except for oxygen, nitrogen, and silicon. )

Aluminum alloys weigh about 0.1 pound per

cubic inch. This is about one-third the weight of

iron at 0.28 pound and copper at 0.32, is slightly

heavier than magnesium at 0.066, md somewhat

lighter than titanium at 0.163.

In its commercially pure state, aluminum is a

-relatively weak metal, having a tensile strength

of approximately 13,000 psi. However, with the

addition of small amounts of such alloying ele-

ments as manganese, silicon, copper, magnesium,

or zinc, and with the proper heat treatment and/or

cold working, the tensile strength of aluminum can

be made to approach 100, OOOpsi. Figure 1 shows

some typical mechanical property values required

by current Government specifications.

Corrosion resistance of aluminum may be attri-

buted to its self-healing nature, in which a thin,

invisible skin of aluminum oxide forms when the

metal is exposed to the atmosphere. Pure aluminum

will form a continuous protective oxide film - i.e.,

corrode uniformly - while high-strength alloyed

aluminum will sometimes become pitted as a re-

sult of localized galvanic corrosion at sites of

alloying-constituent concentration.

As a conductor of electricity, aluminum com-

petes favorably with copper, Although the conduc-

tivity of the electric-conductor grade of aluminum

is only 62 percent that of the International

Annealed Copper Standard (lACS), on a pound-

for-pound basis the power loss for aluminum is

less that half that of copper – an advantage where

weight and cost are the governing factors rather

than space requirements.

As a heat conductor, aluminum ranks high among

the metals. It is especially useful in heat ex-

changers and in other applications requiring rapid

dissipation.

As a reflector of radiant energy, aluminum is

excellent throughout the entire range of wave-

lengths, from the ultraviolet end of the spectrum

through the visible and infrared bands to the

electromagnetic wave frequencies of radio and

radar. As an example, its reflectivity in the visible

range is over 80 percent.

Aluminum is easily fabricated - one of its

most important assets. It can be cast by any

method known to the found rymsn; it can be rolled’

to any thickness, stamped, hammered, forged, or

extruded. Aluminum is readily turned, milled,

bored, or machined at the maximum speeds of

r Property cast Wrought

Tensile Strength, 42,000 80,000

min. psi

Yield Strength, 22,000 72,000

min. psi

Endurance Limit, 13,500 24,000

min. psi

Elongation, 6 varies

percent markedly

Modulus of 9.9 million to 11.4

Elasticity million (usually taken

as 10.3 million)

FIGURE 1, Typicol Mechanical Property Volues

1
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which most machines are capable, and is adapt-

able to automatic screw machine processing.

Aluminum can be joined by almost any method -

riveting, gas, arc, or resistance welding; brazing;

and adhesive bonding.

Finally, aluminum can be coated with a wide

variety of surface finishes for decorative as well

as protective purposes, In addition to the more

common chemical, electrochemical, and paint

finishes, vitreous enamels - specially developed

for aluminum - can be applied.

2. Economic Considerations. The cost of

aluminum is relative, and should not be deter-

mined by the price of the base metal alone. Ad-

vantages in the processing of aluminum can

materially contribute to the reduction o’f the cost

of the end item. Therefore, the overall cost shouid

be judged in relation to the finished product.

Many aluminum alloys have wide property

ranges as a result of tempers attainable through

treatment, both thermal and mechanical. With

these wide ranges, much overlapping of proper-

ties exists among the various alloys thus making

available a large number of compositions from

which to choose. This increased selection pro-

vides for a greater latitude in the choice of

fabricating techniques, and permits the selection

of the most economical method.

In the fabrication of aluminum products, the

economies effected may be more than enough to

overcome other cost disparities. The ease with

which the metal can be machined, finished,

polished, and assembled permits a reduction of

the time, material, labor, and equipment required

for the product. Coupled with these assets are

the advantages of light weight, which often can

be of considerable importance in the cost of hand-

ling, shipping, storage, or assembly of the end

item<

CLASSES OF ALUMINUM AND ALUMINUM
ALLOY

3. Types Available. Aluminum is available

in various compositions, including “pure” metal,

alloys for casting, and alloys for the manufacture

of wrought products. (Alloys for casting are

normally different from those used for rolling,

forging, and other working.) All types are produced

in a wide variety of industrial shapes and forms,

4. ‘! Pure” Aluminum. Pure aluminum is avail-

able both as a high-purity metal and as a com-

mercially pure metaI. Both have relatively low

strength, and thus have limited utility in engineer-

ing design, except for applications where good

electrical conductivity, ease of fabrication, or

high resistance to corrosion are important. Pure

aluminum is not heat treatable. However, its

mechanical properties may be varied by strain

hardening (cold work). Pure aluminum exhibits

poor casting qualities; it is employed chiefly in

wrought form. Commercially pure aluminum is

available as foil, sheet and plate, wire, bar, rod,

tube, and as extrusions and forgings.

5. Casting Alloys, The aluminum alloys speci-

fied for casting purposes contain one or more

alloying elements, the maximum of afiy one ele-

ment not exceeding 12 percent. Some alloys are

designed for use in the as-cast condition; others

are designed to be heat treated to improve their

mechanical properties and dimensional stability.

High strength, together with good ductility, can

be obtained by selectiotl of suitable cornposi:ion

and heat treatment.

Aluminum casting alloys are usually identified

by arbitrarily selected, commercial designations

of two- and three-digit numbers. These designa-

tions are sometimes preceded by a letter to indi-

cate that the original alIoy of the same number

has been modified. (See table 1.)

6. Wrought Alloys. Most aluminum alloys

used for wrought products contain Iess than 7

percent of alloying elements. By the regulation

of the amount and type of elements added, the

properties of the aluminum can be enhanced and

its working characteristics improved. Special

compositions have been developed for particular

fabrication processes such as forging and ex-

trusion.

As with casting alloys, wrought alloys are

produced in both heat-treatable and non-heat-

treatable types. The mechanical properties of tire

non-heat-treatable” type may be varied by strain-

hardening, or by strain-hardening followed by par-

tial annealing. The mechanical properties of the

heat-treatable types may be improved by quench-

ing from a suitable temperature and then aging.

With the heat-treatable alloys, especially desir-

able properties may be obtained by a combination

of heat treatment and strain hardening.

2
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ALUMINUM ASSOCIATION

DESIGNATIONS FOR ALLOY GROUPS

(iJAA N.

Aluminum - 99.00% minimum and greater . . , . . . . . . . . . . . . . . . . lxxx

Maior Alloying Element
r

Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . 2XXX

Aluminum Manganese . . . . . . . . . . . . . . . . . . . . . . . . . 3XXX

Alloys
Silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . 4XXX

grouped

by major Magnesium . . . . . . . . . . . . . . . . . . . . . . . . . 5XXX

Alloying Magnesium and Silicon . . . . . . . . . . . . . . . . . . . .
Elements

6XXX

Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7XXX

Other Elements . . . . . . . . . . . . . . . . . . . . . . . 8XXX

Unused Series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9XXX

~ Only compositions conforming to those listed in the chemical composition of Table 111or are

registered with The Aluminum Association should bear the prefix ‘‘AA”.

FIGURE 2. Wrought Aluminum rrnd Aluminum Alloy Designations

The principal wrought forms of aluminum alloys

are plate and sheet, foil, extruded shapes, tube,

bar, rod, wire and forgings. (See table II.)

Wrought aluminum alloys are designated by

four-digit numbers assigned by the Aluminum

Association. The first digit indicates the alloy

group; the second digit indicates modifications

of the original alloy (or impurity limits); the last

two digits identify the aluminum alloy or indicate

the aluminum purity. The system of designating

alloy groups is shown in figure 2. Experimental

alloys are also designated in accordance with

this system, but their numbers are prefixed by

the letter X. This prefix is dropped when the

alloy becomes standard. Chemical composition

limits of wrought aluminum alloys are given in

table HI. Tables IV and V provide a cross refer-

ence between designations under Government and

industrial standards.

PROPERTIES OF ALUMINUM

7. Physical Properties. The ranges of the

physical properties of aluminum are shown in

figure 3. Those properties which may asaume

importance in considering particular applications

are indicated in tables VI and VII.

3

8. Mechonicol Properties. The wide range of

mechanical properties of aluminum alloys depends

upon composition, heat treatment, cold working,

and other factors. Some properties may also vary

appreciably in identical compositions according

to the type of product or processing history. It is,

therefore, essential to define the form of material

in addition to the alloy.

Aluminum alloys are restricted in use to only

moderately eIevated temperatures because of

their relatively low melting point; 900°F (482”C)

to 1200°F (649°C). Some aluminum alloys begin

to soften and weaken appreciably at temperatures

as low as 200°F (93°C); others maintain strength

fairly well at temperatures up to 400°F (204°C).

(See tables VII!, IX and X.)

The strength, hardness, and modulus of elasti-

city of aluminum alloys decrease with rising tem-

peratures. Elongation increases with rising tem-

peratures (until just below the melting point when

it drops to zero). Some alloys have been developed

especi dly for high-temperature service. These

include alloys 2018, 2218, and 4032 in QQ-A-367

for forgings, alloy 142 in QQ-A-601 for sand cast-

ings, and classes 3, 9, and 10 in QQ-A-596 for

permanent-mold castings.
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PHYSICAL PROPERTIES

Ronqe

Property cast Wrought Notes
Alloys Alloys

Specific Gravity 2.57 to 2.70 to About l/3 that of steel.

2.95 2.82

Weight (pounds per 0.093 to 0.095 to Approximately 173pounds per cubic foot.

cubic inch) 0.107 0,102

Electrical Conductivity 21% to 30% to About 59% Values for electrical and thermal con-

(International Annealed 47% 60% for 99.9% ductivity depend upon the composition

Copper Standard) aluminum and condition of the alloys. Both are

increased by annealing, and decreased

by adding alloying elements to pure

Thermsl Conductivity 0.21 to 0.29 to About 0.53 (99.0%) aluminum. Both are also de-

(cgs units at 77 deg. F.) 0.40 0.56 for 99.0% creased by heat treatment, cold work,

aluminum and aging.

Thermal Expansion 11.0 to 10.8 to Roughly double that of ordinary steels and cast irons

(average coefficient 14.0 13.2 substantially greater than copper-alloy materials. Al-

between the range of loying elements other than silicon have Iittie effect

68 deg. and212 deg. F.) on the expansion of aluminum. Considerable amounts

of silicon (1270) appreciably decrease the dimensions

changes induced by varying temperatures. Where a

low coefficient of thermaI expansion is desirable, as

in engine pistons, an aluminum alloy containing a

relatively high percentage of silicon may be specified

Reflectivity Greater than any other metal. Suitably treated, alumi-

num sheet of high purity may yield a reflectivity for

light greater than 80%. Used for shields, reflectors,

and wave guides in radio and radar equipment.

FIGURE 3. Physical Property Ronges

Creep and stress-rupture data, -which are of

interest when considering aluminum for some

applications at elevated temperatures, are con-

tained in References 16, 17, 44, and 46 of the

Bibliography. From the design curves, which

show stress versus time for total deformation in

percent for various temperatures, minimum creep

rates may be compared.

The mechanical properties of aluminum tend

to improve as the temperature is lowered. Tests

at temperatures down to -320°F (-196°C) show

that with a decrease in temperature, there is a

corresponding increase in strength and elonga-

tion. There is also an increase in modulus of

elasticity (table XI) and in fatigue strength

(table XII), and no evidence of low-temperature

embrittlement.

Values for the various properties of aluminum

alloys are given in Section II (typical values) and

Section 111 (specification requirements), Unless

otherwise stated, the tensile and compressive

yield strengths correspond to 0.2 percent offset;

elongation refers to gage length of 2 inches;

Brinell hardness number is for a 500-kg load with

a 10-mp ball; and endurance limit is based on 500

million cycles of completely reversed stress,

using the R.R. Moore tv~e of machine and speci-

men.

4

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



M11+ID6K=694A[MR]
15 December 1966

The following

num a!loys:

values generally apply to alumi-

Modulus of elasticity

sion), psi . . . . .

Modulus of rigidity, psi

Poisson’s ratio . . .

Torsional yield strength

tensile yield strength .

tension and compres-

.,, ., 10.3 x 106

. . . . . 3.9 x 106

. . . . . 0,33

percent of

. . . . . . . . 55

Ultimate torsiona~ strength, percent of

ultimate tensile strength . . . . . . 65

The mechanical properties of wrought alloys

(table XIII) may be affected appreciably by the

form, thickness, and direction of fabrication.

Normally, tensile properties of commercial wrought

materials are based on test data obtained on l/2-

inch diameter test specimens cut from production

materials. Small sizes, such as wire, bar, and

rod, as well as tube, are usually tested full size,

The types of test specimens acceptable under

Government specifications are illustrated in Fed.

Test Method Std. No. 151.

The tensile properties of cast alloys (tables XIV,

XV, and XVI), as ordinarily reported, are obtained

from tests on l/2-inch diameter test specimens

separately cast under standard conditions of

solidification. These specimens serve as con-

trols of the metal quality, but their properties do

not necessarily represent those of commercial

castings. (The properties may be higher or lower

depending on the factors that influence the rate

of solidification in the mold. ) Likewise, the pro-

perties of test specimens cut from a single casting

may vary widely, depending on their locat]on

within the casting. Usually, the average strength

of several test specimens taken from various

locations in the casting - so that thick, thin,

and intermediate sections are represented - will

be at least 75 percent of the strength of the sepa.

rately cast bars.

TEMPER DESIGNATION SYSTEM

9. Temper Designations, The following tem-

per designations indicate mechanical or thermal

treatment of the alloy. The temper designation

shall follow the four-digit alloy designation and

shall be separated from it by a dash, i.e., 2024-T4.

Basic temper designations consist of letters.

Subdivisions of the basic tempers, where required,

are indicated by one or more digits following the

letter. These designate specific sequences of

basic treatments, but only operations recognized

as significantly influencing the characteristics

of the product are indicated, Should some other

variation of the same sequence of basic opera-

tions be Applied to the same alloy, resulting in

different characteristics, then additional digits

are added to the designation.

The basic temper designations and subdivisions

are as follows:

-F

-o

-H

As Fabricated. Applies to products which

acquire some temper from shaping proc-

esses not having special control over

the amount of strain-hardening or thermal

treatment. For wrought products, there are

no mechanical property limits.

Annealed, recrystallized (wrought products

only). Applies to the softest temper of

wrought products.

Strain-Hardened (Wrought Products Only),

Applies to products which have their

strength increased by strain-hardening

with or without supplementary thermal

treatments to produce partial soften-

ing. The -H is always followed by two

or more digits. The first digit indicates the

specific combination of basic operations

as follows:

-H 1

-H 2

Strain-Hardened Only. Applies to

products which are strain-hardened to

obtain the desired mechanical proper-

ties without supplementary thermal

treatment. The number following the

designation indicates the degree of

strain-hardening.

Strain-Hardened and then Partially

Annealed. Applies to products which

are strain-hardened more than the

desired final amount and then re-

duced in strength to the desired level

by partial annealing. For alloys

that age-soften at room temperature,

the -H2 tempers have approximately

the same ultimate strength as the cor-

responding -H3 tempers. For other

alloys, the -H2 tempers have approxi-

mately the same ultimate strength as

the corresponding -H 1 tempers and

slightly higher elongations, The num-

ber following this designation indi-

cates the degree of strain-hardening

remaining after the product has been

partially annealed.
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-H3 Strain-Hardened and the,l Stabilized.

Applies to products which are strain-

hardened and then stabilized by

low temperature heating to slightly

lower their strength and increase

ductility. The designation applies

only to the magnesium-containing

alloys which, unless stabilized, gradu-

ally age-soften at room temperature.

The number following this designation

indicates the degree of strain-harden-

ing remaining after the product has

been strain-hardened a specific amount

and then stabilized.

The digit following the designations -H 1,

-H2, and -H3 indicates the final, degree of

strain-hardening. The hardest commercially

practical temper is designated by the numeral 8

(full hard). Tempers between -O (annealed) and

8 (full hard) are designated by numerals. 1 through

7. Materials having an ultimate strength about

midway between that of the -O temper and that of

and 8 temper is designated by the numeral 4 (half

hard); between -O and 4 by the numeral 2 (quarter

hard); between 4 and 8 by the numeral 6 (three-

quarter hard); etc. Numeral 9 designates extra

hard tempers.

The third digit, when used, indicates that the

degree of control of temper or the mechanical

properties are different from, but within the range

of, those for the two-digit -H temper designation

to which it is added. Numerals 1 through 9 may

be arbitrarily y assigned and registered with The

Aluminum Association for an alloy and product to

indicate a specific degree of control of temper or

specific mechanical property limits. Zero has

been assigned to indicate degrees of control of

temper, or mechanical property limits negotiated

between the manufacturer and purchaser which

are not used widely enough to justify registration

with The Aluminum Association.

The following three-digit -H temper designa-

tions have been assigned for wrought products

in all alloys:

-Hill

-H112

Applies to products which are strain-

hardened less than the amount required

for a controlled H 11 temper.

Applies to products which acquire some

temper from shaping processes not having

special control over the amount of strain-

hardening or thermal treatment, but for

6

which there are mechanical property limits

or mechanical property testing is required. —

-H311 Applies to products which are strain-

hardened iess than the amount required

for a controlled H31 temper.

The following three-digit -H temper designa-

tions have been assigned for:

a.

-w

-T

Patterned or b. Fabricated From

Embossed Sheet

-H114 -O temper

-H134, -H234, -H12, -H22, -H32

-H334 temper, respect.

-H154, -H254, -H14, -H24, -H34

-H354 temper, respect.

-H174, -H274, -H16, -H26, -H36

-H374 temper, respect.

-H194, -H294, -H18, -H28, -H38

-H394 temper, respect.

-H195, -H395 -H19, -H39 temper,

respect.

Solution Heat-Treated, An unstable temper

applicable only to alloys which spon-

taneously age at a room temperature after

solution heat-treatment. This designation

is specific only when the period of nat-

ural aging is indicated; for example,

-W 1/.2 hour.

Thermally Treated to Produce Stable

Tempers Other than -F, -O, or -H, Applies

to products which are thermally treated,

with or without supplementary strain-

hardening to produce stable tempers.

The -T is always followed by one or

more digits. Numerals 2 through 10 have

been assigned to indicate specific se-

quences of basic treatment, as follows:

-T2 Annealed (Cast Products Only). Desig-

nates a type of anneaiing treatment

used to improve ductility and increase

dimensional stability of castings.

-T3 Solution Heat-treated and then Cold

Worked, This designation applies to

products which are cold worked to im-

prove strength, or in which the effect

of cold work in flattening or straighten-

ing is recognized in applicable speci-

fications.
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-T4

-T5

-T6

-T7

-T8

-T9

-TIO

Solution Heat-treated and Naturally

Aged to a Substantially Stable

Condition. Applies to products which

are not cold worked after solution

heat-treatment, but in which the

effect of cold work in flattening or

straightening may be recognized in

applicable specifications.

Artificially Aged Only. Applies to

products which are artificially aged

after an elevated-temperature rapid-

cool fabrication process, such as

casting or extrusion, to improve

mechanical properties and/or dimen-

sional stability.

Solution Heat-Treated and then Arti-

ficially Aged. Applies to products

which are not cold worked after

solution heat treatment, but in which

the effect of coId work in flattening

or straightening may be recognized

in applicable specifications.

Solution Heat-Treated and then Sta-

bilized. Applies to products which

are stabilized to carry them beyond

the point of maximum hardness, pro-

viding control of growth and/or

residual stress.

Solution Heat-Treated, Cold Worked,

and then Artificially Aged. Applies

to products which are cold worked

to improve strength, or in which

the effect of cold work in flattening

or straightening is recognized in

applicable specifications.

Solution Heat-Treated, Artificially

Aged, and then Cold Worked. Applies

to products which are cold worked to

improve strength.

Artificially Aged and then Cold

Worked. Applies to products which

are artificially aged after an elevated-

temperature rapid-co~l fabrication

process, such as casting or extru-

sion, and then cold worked to improve

strength.

A period of natural aging at room temperature

may occur between or after the operations listed

for tempers -T3 through -T IO. Control of this

period is exercised when it is metallurgically im-

portant.
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Additional digits may be added to designations

-T2 through -TIO to indicate a variation in treat-

ment which significantly alters the characteristics

of the product. These may be arbitrarily assigned

and registered with The Aluminum Association

for an alloy and product to indicate a specific

treatment or specific mechanical property limits.

The following additional digits have been as-

signed for wrought products in all alioys:

-TX51 Stress-Relieved by Stretching. Applies

to products which are stress-relieved by

stretching the following amounts after

solution heat-treatmer t:

Plate - 1Y2to 3% permanent set

Rod, Bar and Shapes – 1 to 3%

permanent set

Applies directly to plate and rolled or

cold-finished rod and bar. These products

re$eive no further straightening after

stretching. Applies to extruded rod, bar

and shapes when designated as follows:

-TX51O Applies to extruded rod, bar and

shapes which receive no further

straightening after stretching.

-TX511 Applies to extruded rod, bar and

shapes which receive minor

straightening after stretching to

comply with standard tolerances.

-TX52 Stress-Relieved by Compressing. Applies

to products which are stress-relieved

by compressing after solution heat-

treatment.

-TX53 Stress-Relieved b~ Thermal Treatment.

The following tw~-digit -T temper designations

have been assigned for wrought products in all

alloys:

-T42 Applies to products solution heat-treated

by the user which attain mechanical pro-

perties different from those of the -T4

temper. *

-T62 Applies to products solution heat-treated

and artificially aged by the user which at-

tain mechanical properties different from

those of the -T6 temper. *

*Exceptions not conforming to these definitions

are 4032-T62, 6101 -T62, 6061 -T62, 6063-T42

and 6463-T42. The tempers are developed for

special applications and are not normally con-

sidered for military applications.
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HEAT TREATMENT

10. Effects of Heat Treatment, The heat treat-

ment processes, commonly used to improve the

properties of aluminum alloys, are: solution heat

treatment, precipitation hardening (age hardening),

and annealing.

Solution heat treatment is used to redistribute

the alloying constituents that segregate from the

aluminum during cooling from the molten state. It

consists of heating the alloy to a temperature at

which the soluble constituents will form a homo-

geneous mass by solid diffusion, holding the mass

at that temperature until diffusion takes place,

then quenching the alloy rapidly to retain the

homogeneous condition.

in the quenched condition, heat-treated alloys

are supersaturated solid solutions that are com-

paratively soft and workable, and unstsble, de-

pending on composition. At room temperature, the

alloying constituents of some alloys (W temper)

tend to precipitate from the solution spontaneously,

causing the metal to harden in about four days.

This is called natural aging. It can be retarded or

even arrested to facilitate fabrication by holding

the alloy at sub-zero temperatures until ready for

forming, Other alloys age more slowly at room

temperature, and take years to reach maximum

strength and hardness. These alloys can be aged

artificially to stabilize them and improve their

properties by heating them to moderately elevated

temperatures for specified lengths of time.

A small amount of cold working after solution

heat treatment produces a substantial increase in

yield strength, some increase in tensiie strength,

and some loss of ductility. The effect on the pro-

perties developed will vary with different com-

positions.

Annealing is used to effect recrystallization,

essentially complete precipitation, or to remove

internal stresses. (Annealing for obliterating the

hardening effects of cold working, will also re-

move the effects of heat treatment,) For most

alloys, annealing consists of heating to about

650°F (343”C) at a controlled rate. The rate is

dependent upon such factors as thickness, type

of anneal desired, and method employed. Cooling

rate is not important, but drastic quenching is not

recommended because of the strains produced.

11. Effects of Quenching. Quenching is the

sudden chilling of the metal in oil or water.

Quenching increases the strength and corrosion

resist ante of the alloy. The structure and the

distribution of the alloying constituents that

existed at the temperate just prior to cooling

are “frozen ‘‘ into the metal by quenching. The

properties of the alloy are governed by the comp-

osition and characteristics of the alloy, the

thickness of cross section, and the rate at which

the metal is cooled. The rate is controlled by

proper choice of both type and temperature of

cooling medium.

Rapid quenching, as in cold water, will provide

maximum corrosion resistance, and is used for

items produced from sheet, tube, extrusions, and

small forgings, rind is preferred to a less drastic

quench which would increase the mechanical pro-

perties. The slower quench, which is done in hot

or boiling water, is used for heavy sections and

large forgings; it tends to minimize distortion and

cracking which result from uneven cooling. (The

corrosion resistance of forging alloys is not af-

fected by the temperature of the quench water;

also the corrosion resistance of thicker sections

is generally less critical than that of thinner ones.)

FORMABILITY

12, Foctors Affecting Formability. Aluminum

alloys can be formed hot or cold by common fabri-

cating processes. In general, pure aluminum is

more easily worked than the alloys, and annealed

tempers are more easily worked than the hard

tempers. Also, the naturally aged tempers afford

better formability than the artificially aged tem-

pers. For example, the 99-percent metal (alloy

I1OO, QQ-A-250/1) in the annealed temper, “-O”,

has the best forming characteristics; alloy 7075

(QQ-A-250/12) in the full heat-treated temper,

‘‘- T6”, is the most difficult to form because,of

its hardness.

In the process of forming, the metal hardens

and strengthens by reason of the working effect.

In cold drawing, the changes in tensile strength

and other properties can become quite large,

depending upon the amount of work and on the

alloy composition used. In bending, which is

another form of cold working, the bend radius and

the thickness of the metal are also factors that

must be considered. (Refer to table XVII which

gives the permissible bend radii for 90-degree

bends in terms of sheet thickness.)

Most forming of aluminum is done cold. The

temper chosen usually permits the completion of

the fabrication without the necessity of any inter-

mediate annealing. In some difficult drawing

8
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operations, however, intermediate annealing may

be required between successive draws.

Hot forming of aluminum is usualfy done at

temperatures of 300”F (149”C) to 400°F (204°C).

At these temperatures the metal is readily worked,

and its strength is not reduced appreciably, pro-

vided the heating periods are no more than 15 to

30 minutes. In general, a combination of the

shortest possible time with the Iowest tempera-

ture which will give the desired results in forming

is the best.

Forming is also done in the as-quenched condi-

tion on those alloys that age spontaneously at

room temperature after solution heat treatment

(“- W“ temper). in these instances the quenched

metal is refrigerated to retard hardening until

forming is complete.

The selection of the proper temper is important

when specifying aluminum for forming operations.

When non-heat-treat able alloys are to be formed,

the temper chosen should be just sufficiently soft

to permit the required bend radius or draw depth.

In more difficult forming operations material in

the annealed temper “-0” should be used; for

less severe forming requirements, material in one

of the harder tempers, such as “-H14:”, may be

handled satisfactorily.

When heat-treatable alloys are to be used for

forming, the shape shouId govern the selection of

the alloy and its temper. Maximum formability of

the heat-treatable alloys is attained in the an-

nealed temper. However, limited formability can

be effected in the fully heat-treated temper, pro-

vided the bend radii are large enough.

A clue to the formability of an alloy may be

found in the percent of elongation, and in the dif-

ference between the yield strength and the ulti-

mate tensile strength. As a rule, the higher the

elongation value or the wider the range between

the yield and tensile strengths, the better the

forming characteristics.

MACHINABILITY

13. Factors Affecting Machinability. Machina-

bility is the ease with which a material can be

finished by cutting. Good machinability is ch arac-

terized by a fast cutting speed, small chip size,

smoothness of surface produced, and good tool

life, Some aluminum alloys are excellent for ma-

chining; others are mo~e troublesome. The trouble-

some ones are soft and ‘[gummy”, producing chips

that are long and stringy, and the cutting rates

are slow. The harder alloys and the harder tem-

pers afford better machinability. The machinability

of forging alloys are rated in table XVIII.

In general, alloys containing copper, zinc, or

magnesium as the principal added constituents

are the most readily machined. Other compositions

(such as alloy 2011, QQ-A-225/3), containing

bismuth and Iead, are also unusually machinable,

being specially designed for high-speed screw-

machine work. Compositions containing more than

10 percent silicon are ordinarily the most difficult

to machine. (Even alloys containing 5 percent

silicon”do not machine to a bright, lustrous finish,

but exhibit a gray surf ace.)

Wrought alloys that have been heat treated

have fair to good machining characteristics, These

are easier to machine to a good finish in the full-

hard temper than when annealed. Wrought alloys

that are not heat treated, regardless of temper,

tend to be gummy, Also, wrought compositions

that contain copper as the principal alloying ele-

ment are more easily machined than those that

have been hardened mainly by magnesium silicide.

JOINING

14. Joining Methods. Aluminum and its alloys

may be joined by a number of processes. The

choice of method depends on the design, the ma-

terial to be joined, the strength requirements, and

the service conditions to be encountered. The

methods available include riveting, welding,

brazing, soldering, and adhesive bonding.

15. Riveting. Riveting is a commonly used

method of joining aluminum. When done properly,

riveting can produce extremely dependable and

consistently uniform joints without affecting the

strength or other characteristics of the metal.

However, it is more time consuming and creates

bulkier joints than those made by other methods.

Also, riveting requires care in the formation of

the rivet holes, in the selection of the size and

length of rivets, and in the choice of the rivet

alloy and temper.

The selection of the size of rivet is not

governed by hard-and-fast rules. However, the

diameter and the length of the rivet should be such

that the sheet is not damaged during driving, and

the joint does not fail in service. In general, the

diameter should not be less than the thickness of

the thickest part through which the rivet is driven

9
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nor greater than three times the thinnest outside

part. The length (which should be determined by

experimentation) should be sufficient to fill the

rivet hole after driving.

The holes shouid be large enough to accept

the rivet without forcing but not so large that the

rivet will be bent or upset eccentrically, or that

the sheets will bulge or separate. Also, the holes

should be smrdl enough so that the rivets will fill

them without excessive cold working. The spac-

ing of the holes should be such that the sheets

are not weakened by the holes, and that the sheet

does not buckle. According to general recommen-

dations, the spacing (center-to-center) should be

not less than three times the hole diameter nor

more than 24 times the thickness of the sheet.

Holes for riveting may be formed by punching,

by drilling, or by aubpunching and reaming. Drill-

ing is preferred to punching because it does not

I Structural
Metal

I Alloy I Temper

\
1100 Any

2014 T6

m

3003 0

H12*

5052 H12*

6053 T4

I 6061 I T4

I *Or harder.

I Note: Rivet alloys 11OO, 2017,

produce rough edges which might cause cracks to _

propagate radially from the hole. However, sub-

punching or subdrilling, followed by reaming is

preferred to either because reaming produces a

smooth edge, permits exact aligning of holes, and

forestalls uneven loading on the rivets.

The choice of rivet alloy is influenced by

several considerations, including corrosion prob-

lems, property requirements, and fabricating costs.

From a strength standpoint, it is generally advan-

tageous to use a rivet alloy having the same pro-

perties as the material into which it is driven.

However, from a fabrication standpoint, it is often

necessary to have a somewhat softer rivet to

permit driving. A list of combinations of the

structural metals and rivet alloys that h sve proved

satisfactory is shown in figure 4.

Most aluminum alloy rivets are driven cold in

the as-received temper, others are heat treated

Alloy

1100

Rive~ Metol
Temper

Before After
Driving Driving

2017

2024

2117

7277

1100

6053

6053

6053

6061

7277

6053

6061

7277

T4 T31

T4 T31

T4 T3

T4 T41

H 14 I
F

T61 T61

T61 T61

T6 T6

T4 T41

2024, 2117, and 5056 are specified in QQ-A-430;

3003, 6053, and 6061 in MIL-R-1150; and 7277 in MIL-R-12221. These

meet the majority of riveting needs. Alloys 6053 and 6061 are recommended

for clad sheet because of their high resistance to corrosion and their simi-

larities in solution potential to the cladding material of the sheet.

FIGURE 4, Suggested Combinations of Rivet Alloy and Structural Metal
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Rivet Condition Before Driving Sheor
Strength*

Rivet Rivet Condition Developed,

Alloy ‘Temper When Inserted ksi

1100 H 14 As received 11

2017 T4 Immediately after quenching 34

2024 T4 Immediately after quenching 42

2117 T4 As received 33

6053 T61 As received 23

6061 T6 As received 30

7277 T4 Hot (850° to 975GF) 38

*Cone-point heads. (Slightly higher for heads requiring more pressure.)
-J

FIGURE 5. Rivet Condition at Driving

just before being driven, while rivets of alloy

7277 are driven hot. Figure 5 indicates the condi-

tion of the various rivet alloys at insertion, and

the shear strengths developed after driving,

16. Welding, The welding of aluminum is

common practice in industry because it is fast,

easy, and relatively inexpensive. It is especially

useful in making leakproof joints in thick or thin

metal, and can be employed with either wrought or

cast aluminum, or a combination of both.

The nominal strengths of welds in some speci-

fied aluminum alloys are given in tables XIX, XX,

and XXI. If greater strengths are required, and if in-

creased weight and bulk are not objectionable, a

mechanical joint should be substituted for welding.

Not all compositions of aluminum alloy are

suitable for welding, and not all methods of weld-

ing can be used with them. The suitability for

welding and the relative weldability of some

aluminum alloys are given in table XXII.

The welding of aluminum consists of fusing

the molten parent metal together (with or without

the use of filler metal), or of upsetting by pres-

sure (with or without heat generated by the elec-

trical resistance of the metal).

A wide variety of welding methods are employed

in the welding of aluminum. These include torch

(gas), metal-arc, carbon-arc, tungsten-arc, atomic-

hydrogen, and electric-resistance welding. The

11

equipment used is the same, except that it must

be modified in some instances to permit slight

changes in welding practices.

The corrosion-resistant oxide film that protects

aluminum, deters the “wetting” action required

for coalescence of the metals during welding. To

effect a successful weld, this tough coating must

be removed (and prevented from reforming) either

mechanically, chemically, or electrically. Mech-

anical removal consists of abrading with a sander,

stainless-steel wool, or some such means. Such

a method is fast, but it is a manual operation,

and should be reserved for comparatively small

amounts of work. Chemical removal is accom-

plished with fluxes that dissolve and float the

oxides away. It is the most practical means of

penetrating the glass-like oxide coating, and is

well suited to the production of larger amounts of

work. Its drawbacks include the danger of leaving

voids or blow holes as a result of entrapment of

slag, and the need for cleaning operations to re-

move any remaining corrosive flux. Electrical

removal, used in some forms of arc welding, con-

sists of the application of a reverse polarity (work

negative) of welding current which loosens the

oxide by electron emission. The reforming of

oxides is prevented during welding and cooling of

the weld by the cover of flux or by the use of

inert gases to blanket the weld area.

The good thermal conductivity of aluminum

aliows the heat of welding to spread rapidly from
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the weld zone; this can result in a loss in strength

in work-hardened or heat-treated alloys through

annealing. It can also cause buckling or total

collapse of the parent metal if the metal is not

supported properly during welding. The good elec-

trical conductivity necessitates the use of higher

currents in resistance welding.

The low melting point of aluminum, in the range

of 900°F (482°C) to 1216°F (658°C), increases

the need for care in preventing the melting away

of the metal parts that are to be welded. Since

aluminum gives nq visual indication of having

attained welding temperature (that is, it does not

become red, as does steel), the temperature has

to be measured by the physical condition of the

aluminum instead of its appearance.

In welding applications where a considerable

amount of general heating can be tolerated and

where an easily finished bead is desired, gas

welding is preferred. However, where minimum

general heating, absence of flux, and very good

properties are requirements, one of the types of

inert-gas-shielded arc-welding method should be

selected.

Gas welding is commonly done with oxyhydrogen

or oxyacetylene mixtures. The oxyacetylene flame

is used most widely because of its availability for

welding other metals. Butt, lap, and fillet welds

are made in thickness of metal from 0t040 up’ to

1 inch,

Metal-arc welding is especially suitable for

heavy material. Welds in plate 2% inches thick

are made satisfactorily by this method. Unsound

joints are likely to appear in metaI-arc-welded

material which is less than 5/64 inch thick. Weld

soundness and smoothness of the surface are not

as good as other arc-welding methods. The latter

factors, and the necessity to use a w~lding ‘flux,

have been responsible for the decrease irr popu-

larity of this process.

Carbon-arc welding is an alternative method for

joining material about 1/16 to 1/2 inch thick. The

carbon arc affords a more concentrated heat source

than a gas torch flame. Hence, it permits faster

welding with less distortion. Soundness of welds

is exceIIent and is comparable to that of good

gas welding.

Tungsten-arc welding has two distinct advan-

tages over other forms of fusion welding; no flux

is needed, and welds can be made with almost

equal facility in the flat, vertical, or overhead

positions. The advantages are the result of the —

ability to concentrate the heat, and the blanketing

of the area with inert gas (argon or helium). The

process can be used for either manual or auto-

matic welding on metals 0.05 inch thick or thicker,

Resistance welding is especially useful for

joining high-strength aluminum alloy sheet with

practically no loss of strength. It includes three

main types of processes; spot welding, seam or

line welding, and butt or flash welding. The type

adopted for assembly operations depends mainly

on the form of material to be joined. Spot welding

is widely used to replace riveting; it joins sheet

structures at intervals as required. Seam welding

is merely spot welding with the spots spaced so

closely that they overlap to produce a gas-tight

joint. Flash welding, sometimes classified as a

resistance welding process, differs from spot

welding in that it is used only for butt joints; the

metal is heated for welding by establishing an

arc between the ends of the two pieces to be

joined.

17. Brazing. Brazing differs from welding, in

that filler metal is melted and flowed into the

j~int with little or no melting of the parent metal.

(The brazing alloy melts at about 100”F (38°C)

below that of the parent metal.) As a result, braz-

ing is ideally suited to the joining of thinner ma-

terial. It is also Iower in cost than welding, has

neater appearance, requires little finishing, and

is suited to mass production methods. In addition,

the corrosion resistance of brazed aluminum joints

compares favorably, in general, to welded joints

in the same alloy because, unlike solder, the

filler metal is an aluminum alloy.

The strength of a brazed joint is equivalent to

that of the metal in the annealed condition. How-

ever, in some instances where an age-hardening

alloy is used, the mechanical properties of the

metal can be enhanced by treatment. For example,

alloy 6061 (61S), when quenched from the brazing

operation and then artificially aged, will exhibit

a tensile strength of approximately 45,000 psi, a

yield strength of 40,000 psi, and an elongation in

two inches of 9 percent.

Brazeable alloys are available in plate, sheet,

tube, rod, bar, wire, and shapes. They are gener-

ally confined to alloys 1100, 3003, and 6061.

18. Soldering. Aluminum can be joined to

aluminum and to other solderable metals by means

12

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



of a soldering iron or torch, and an alloy of ap-

proximately 60 percent tin and 40 percent zinc.

(Solders for aluminum are specified in MIL-S-

12214!Q This method of joining is satisfactory for

such a@ications as indoor electrical joints; it

is not recommended for joining structural members

or for use in moist or corrosive atmospheres be-

cause of the low mechanical properties of the

solder and the difference in electrical potential

between the solder and the aluminum.

The soldering of aluminum is similar to other

forms of soldering, but it is somewhat more diffi-

cult to perform because of the high thermal con-

ductivity of the aluminum and the presence of a

tough oxide film. The thermal conductivity in-

creases the problem of maintaining sufficient heat

at the working area to melt the solder. (Aluminum

solder melts at 550°F (288°C) to 700°F ( 371°C)

as compared with 375°F (190°C) to 400°F (204°C)

for most other solders.) Thus only small parts (20

square inches or less) which can be preheated,

are suitable for soldering with an iron; larger parts

require the use of a torch to concentrate sufficient

heat.

The tough oxide film may be removed ~y dis----
solving it with a flux or by abrading it with a

soldering iron or other mechanical means. In each

instance, the working area must be kept covered

with fluid flux or molten solder to exclude oxygen

from the surface and to prevent the formation of a

new oxide coating. However, after the surfaces

are tinned, they may be joined in the usual manner.

19. Adhesive Bonding. Adhesive bonding of

aluminum, either metal-to-metal or metal-to-non-

metal, may be effected with thermosettin g or

thermoplastic resins, or with one of the elasto-

meric compounds. These adhesives can provide

tensile strengths up to 7flo0 psi and shear

strengths of approximately S000 psi, depending

on the type of adhesive used and the conditions

under which it is used. Their peel strengths vary

from 10 to 6S pounds per linear inch. (The peel

strength of solder is about 60 pounds per inch. )

The reliability of the joint will depend upon

several factors, including tlie type of joint, thick-

ness of adherents, cleanliness of surfaces, method

and care in fabrication, and the service condi-

tions. For further information on adhesive bonding,

refer to M1L-HDBK-691(MR), “ADHESIVES”.
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CORROSION RESISTANCE

20. Factors Affecting Corrosion Resistance.

AIuminum and its alloys are inherently corrosion

resistant as a result of the oxide film that forms

on the surface upon exposure to oxygen. This

coating prevents further oxidation of the aluminum

beneath the surface. In many instances, this film

is sufficient. However, in some environments,

supplementary protection is required.

The degree of inherent corrosion resistance of

the aluminum alloy depends on the composition

and on the thermal history of the metal. Composi-

tions containing magnesium, silicon, or magnesium

silicide (relatively close to aluminum in the

electromotive series) exhibit the greatest resis-

tance to corrosive attack. On the other hand,

alloys containing copper have relatively poor

corrosion resistance. (Copper behaves cathodicly

with respect to aluminum - in a galvanic couple,

the anode corrodes.) The relative corrosion re-

sistance of aluminum casting alloys is given in

table XXIII.

The potential differences between aluminum

and. its alloying elements become important when

the alloy has not been properly heat treated; that

is, when there has been a lag between the solu-

tion hcz! treating and quenching. This lag permits

excessive precipitation of the alloying elements

to the grain boundaries. As a result, the alloy is

subject to intergranular corrosion through galvanic

action.

21. Protective Finishes. supplementary pro-

tection of aluminum can be accomplished by

cladding, chemical treatment, electrolytic oxide

finishing, electroplating, and application of or-

ganic or inorganic coatings. (These processes

are covered briefly in the following paragraphs. )

For additional information on protective finishes,

the reader should consult MIL-HDBK-132, .Military

Handbook Protective Finishes. This publication

includes finishes for aluminum and aluminum alloys.

Cladding is probably the most effective means

of corrosion protection for aluminum. The process

consists of applying layers (approximately 2 to

15 percent of the total thickness) of pure aluminum

or a corrosion-resistant aluminum alloy to the

surface of the ingot, and hot working the ingot to

cause the cladding metal to weld to the core. In
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subsequent hot working and fabricating, the clad-

ding becomes alloyed with the core and is reduced

in thickness proportionately.

The cladding serves as a protective coating

for the core metal; it also affords protection by

electrolytic action because the cladding is anodic

to the base metal and, hence, corrodes sacrifi-

cially. (This protection remains even when the

metal is sheared or scratched so that the core

metal is exposed. ) Clad sheet and plate are

specified in QQ-A-250/3, QQ-A-250/5, and QQ-A-

250/ 13, QQ-A-250/ 15, and QQ-A-250/18.

Some chemical treatments result in the forma-

tion of oxide films; others etch the metal and

lower the corrosion resistance by removing the

oxide film. Chemical finishes, though widejy

used, are not as satisfactory as those produced

by electrolytic means. They are, however, well

suited as bases for paint because they are’ slight-

ly porous. Requirements for chemical finishes

are specified in MIL-C-5541A,

Electrolytic oxide finishing is perhaps the most

widely used method for protecting aluminum. It

consists of treating the metaI in an electrolyte

capable of giving off oxygen, using the metal as

an anode. The film thus formed is an aluminum

oxide which is thin, hard, inert, and minutely

porous. It can be used as is, painted, or dyed.

The electroplating process is similar to that

used on other metals. Prepsration of the surface

however, requires greater care to ensure proper

adhesion. The surface must be buffed to remove

any scratches and defects; it must be cleaned

thoroughly to remove all grease, dirt, or other

foreign matter; and it must be given a coating of

pure zinc (by immersion in a zincate solution) as

a base for the plating metal. After plating, the

surface is buffed and finished like other metals.

Organic and inorganic coatings range from

paints and lacquers to vitreous enamels. Although

paint for decorative purposes may be applied to

the metal after removaI of surface contaminants,

paint used for protective purposes requires more

elaborate surface preparation. Usually, an etching

type cieaner such as one containing phosphoric

acid is used to remove surface contaminants and

deposit a thin phosphate film. Then a prime coat

such as zinc chromate, with good corrosion-

inhibiting properties, good adhesion, and good

flexibility is applied. This is followed by the

paint, varnish, or lacquer.

Vitreous enamels are essentially lead boro- _

silicates, which are complex glasses. These are

applied as frit and fired at about 920°F (493°C).

The resulting glaze is hard and heat resistant.

SELECTING ALUMINUM ALLOY

22. Choice of Alloys. With few exceptions,

aluminum alloys are designed either for casting

or for use in wrought products, but not for both.

Some general purpose alloys are available, but on

the whole, compositions are formulated to satisfy

specific requirements. The more widely used and

readily available compositions are covered by

Government specifications; most are adaptabie to

a variety of applications.

In the selection of aluminum, as in the selec-

tion of any material used in engineering design,

many factors must be taken into account to obtain

maximum value and optimum performance. Among

these factors are the service conditions’ to be

satisfied, the number of items to be produced, and

the reiative costs of suitable fabricating pro-

cesses. These factors dictate the mechanical and

physical properties required and the methods of

fabrication to be used; and these in turn dictate

the requirements for composition, thermal and

mechanical treatment, and finishing.

Within certain limits, the selection of a specific

composition for a particular use may be much

simplified. Having determined the requirements

for mechanical or physical properties, determine

which alloys will satisfactorily meet the require-

ments. From these, select all those alloys that

are suitable for use with the proposed method and

alternate methods of fabrication. Then weigh the

costs of the various methods of production.

23. Casting Alloys. The choice of an alioy

for casting is governed to a great extent by the

type of mold to be employed. The type of mold

(sand, permanent, or die) to be used is determined

by such factors as intricacy of design, size, cross

section, tolerance, surface finish, and number of

castings to be produced.

Sand molds are particularly suited to large

castings, wide tolerances, and small runs. They

are not suitable for the production of thin (less

than 3/16 inch) sections or smooth finishes.

Permanent molds, which are generally of cast

iron, yield castings with better surface finishes

and closer }olerances than those from sand molds,

14
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but the minimum thicknesses which can be pro-

duced are about the same. Permanent molds are

also better suited to larger runs because they do

not require the pattern equipment or molding

operations needed in sand casting.

Dies are especially suited to long-run produc-

tion. Aithough they are relatively expensive, their

initial cost can be justified by the savings in

machining and finishing costs, and in high pro-

duction rate. Other advantages include ability to

produce thinner cross sections, closer tolerances,

smoother surfaces, and intricate designs.

Alloys for use with the various types of molds

are listed in table XXIV, together with their

characteristics and their recommended uses. In

all casting piocesses, alloys with a high silicon

content are useful in the production of parts with

thin walls and intricate design.

24. Wrought Alloys. The choice of an ailoy

for a wrought product is influenced almost as

much by the proposed method of fabrication, as by

the design requirements for the part to be fabri-

cated. Although a variety of compositions and

tempers will generally produce the desired me-

chanical and physicaI properties, the number of

compositions and tempers amenabie to the various

fabrication techniques in some instances is

limited. On the other hand, the fabrication tech-

nique that will provide the greatest economy is

governed to some extent by the quantity to be pro-

duced. It is therefore necessary in the selection

of an appropriate alloy to compare the COStS of

the various methods, taking into account all the

processes and tooling that must be employed for

each method, such as forming, joining, hardening,

and finishing, and such items as designing and

manufacturing an extrusion die.

Aluminum can be formed by any of the conven-

tional methods, but is especially suited to ex-

trusion, draw~ng, and forging. The principal

characteristics and uses of wrought aluminum

alloys that are covered by Government specifica-

tions are summarized in table XXV.

When choosing an aluminum alloy for any

wrought product, keep in mind that for corres-

ponding tempers, the ease of fabricating decreases

as the strength increases; also, that as the

strength increases, the price Increases. Hence,

economy will indicate the use of alloys with lower

strength when their properties are adequate for

the intended service conditions. Also, to ensure

that the finished part will have the maximum

strength and stiffness, the material should be

chosen in the hardest temper that will withstand

the necessary fabricating operations.

Aluminum extrusions have numerous applica-

tions, and are especially useful for producing

shapes for architectural assemblies. This method

of fabrication makes possible the economical

manufacture of more efficient shapes that can

withstand relatively higher stresses. It is cheaper

than roll-forming, but it cannot produce as thin

sections. In addition, the dies used are not ex-

pensive, but their design requires care to ensure

uniform metal flow from both thick and thin sec-

tions. Finally, extruded shapes are ready for use

after little more than heat treating and straighten-

ing.

Alloys for extrusion are specially designed for

the intended use. Alloy 7075-T6 is often used

when high strength is desired. Alloy 2014-T6 may

also be used, but it is not as strong as the 707S.

Alloy 2024-T6 is useful for thinner sections,

while alloy 6061 has good forming qualities,

resistance to corrosion, and high yield strength.

Alloy 6063, either in the as-extruded (-T42) or

the artificially aged (-TS) temper, provides ade-

quate strength for some purposes and does no(

discolor when given an arrodic oxide finish. When

high resistance to corrosion is required, extruded

shapes of alloy 1100 and 3003 are often used.

Drawing is much the same as that for other

metals. It is a more expensive operation than ex-

trusion, but it yields products with much closer

tolerances. In drawing aluminum, tool radii are

Important for proper results; a thickness of 4 to 8

times that of the metal thickness is usually

satisfactory. Too small a radius may cause ten-

sile fracture; too large a radius may result in

wrinkling. Alloys of the non-heat-treatable variety,

such as 1100, 3003, 5050, and 5052, are common-

ly used because they can be deformecl to a greater

extent before they rupture.

Forgings are used where higher strength is

required, or where the forging process is especial-

ly adapted for manufacturing the part. Aluminum

may be either press forged or drop forged, using

special forging stock produced in the form of an

extruded bar or shape. Press forging, though

slower than drop forging, affords greater flexibility

in design, higher accuracy, and lower die cost.

Aluminum alloy for forgings is specified in

QQ-A-367.
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Section I i

Standardizat ion Documents

25. Generol. Both the Government and non-government technical societies issue standardization

documents dealing with aluminum and aluminum alloy materials and processes. This section covers

the current specifications and standards prepared by the Government, the American Society for Testing

and Materials (ASTM), and the Aerospace Materials Specifications (AMS) issued by the Society of

Automotive Engineers (SAE).

26. Government Documents. Following is a list of Government documents dealing with aluminum

and aluminum alloy materials processes and items.

MILITARY SPECIFICATIONS

Specification No,

MIL-A-148D #l #

J AN-M-454 ,?1#

MIL-As512A

MIL-R-l150~ #l #
-.

MIL-P-1747C

INT AMD 2 fiGLl

MIL -A-2877B

INT AMD 1 #SH #

MIL-C-3554

MIL-D-4303A

MIL-A-4864A

MIL-C-541OB #31

MIL-R-S674C

MIL-H-6088D

MIL-W-6858C

#INT AMD lfi

MIL-T-6869B ~2 #

MIL-P-6888B

MIL-W-7072B

Title

Aiuminum Foil

Magnesium-Aluminum Alloy, Powdered

Aluminum, Powdered, Flaked, Grained and Atomized

Rivets, Solid (Aluminum Alloy), and Aluminum Alloy

Rivet Wire and Rod

Pan, Baking and Roasting, Aluminum with Cover for

Range, Field

Aluminum and Aluminum Alloy Tape, Gray

Candler, Egg (Aluminum) 110 Volts AC-DC

Drum Aluminum, 55-Gallon

Aluminum Wool

Cleaning Compound, Aluminum Surface,

Non-Flame-Sustaining

Rivet, Aluminum and Aluminum Alioy

Heat Treatment of Aluminum Alloys

Welding, Resistance, Aluminum, Magnesium,

Non-Hardening Steels or Alloys, Nickel Alloys,

Heat-Resisting Alloys, and Titanium Alloys,

Spot and Seam

Impregnants for Aluminum Alloy and Magnesium

Alloy Castings

Polish, Metal, Aluminum, Aircraft, (ASG)

Wire, 600-Volt, Aluminum Aircraft, General

Specification for (ASG)

17

Dote

February 1964

February 1952

22 May 1961

June 1952

March 1962

May 1962

August 1951

January 1953

February 1960

September 1965

January 1966

March 1965

October 1964

January 1963

March 1963

September 1962
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Specification No.

MIL-T-7081D#l#

MIL-C-7438C #2if

MIL-S-7811

MIL-R-7885B

MIL-I-8474B

MIL-W-8604#1#

MIL-A-8625B

MIL-A-882A#l#

MIL-A-8920A

MIL-A-8923

MIL-T-1OO86D

MIL-S-10133B H #

MIL-T-lo794D#l#

MIL-C-1108O

MIL-A-11267B

MIL-B-l1353B#l#

MIL-S-12204B #1#

MIL-R-12216B

MIL-R-12221B

MIL-A-12545B

MIL-A-12608

MIL-B-13141

MIL-B-13157A

MIL-I-13857

MIL-P-14462

MIL-T-15089B

MIL-JZ-16053K

AMEND 1

Title

Tube, Aluminum Alloy ,Seamless, Round 6061,

Aircraft Hydraulic Quality

Core Material, Aluminum, for Sandwich Construction

Sandwich Construction, Aluminum Alloy Faces,

Aluminum Foil Honeycomb Core

Rivets, Blind, Structural, Pull-Stem, and Chemically

Expanded

Inspection of Aluminum Alloy Parts, Anodizing

Process For

Welding of Aluminum Alloys, Process For

Anodic Coatings, for Aluminum and Aluminum Alloys

Aluminum Alloy Plate and Sheet, 2020 (ASG)

Aluminum Alloy Plate and Sheet, 2219 (ASG)

Aluminum Alloy Sheet, Alclad7079(ASG)

Tanks Liquid Storage, Metal, Vertical Bolted

(Steel and Aluminum)

Seat, Outlet-Valve, Aluminum-Base-Alloy Die

Casting for outlet Valve-C15

Tubes, Aluminum-Alloy, Extruded Pipeline Sect

With Grooved Nipple Welded on Each End

Coating, Corrosion-Resistant (For Aluminum

Gas Mask Canisters)

Aluminum Sheet, X8280 (For Recoil Mechanism

Cup Rings)

Bridge, Floating, Aluminum, Foot Type, Packaging of

Solder, Aluminum Alloy

Reflector, Light, Aluminum and Shield Telescoping

Lamp, Aluminum

Rivet, Solid Aluminum Alloy, Grade 7277, Tempered

Aluminum Alloy Impacts

Aluminum Chips for Hydrogen Generation (Aluminum

Charge ML-389/UM)

Boat, Skiff Type, Outboard Motor or Oar Propelled

Aluminum, 18 Ft., Design 6002, With Ice Runners

Bridge, Fixed Panel, Single Lane, Aluminum

Impregnation of Metal Castings (including Al)

Protractor, Fan, Range Deflection Aluminum,

Graduated In Mils and Meters

Tubing, Aluminum Alloy, Round, Seamless (For

Rocket Motors)

Electrodes, Welding, Bare, Aluminum Alloys

Date

February 1966 –

March 1961

August 1952

June 1963

May 1965

October 1959

June 1965

February 1%4

May 1963

December 1962

August 1957

August 1965

April 1951

June 1963

September 1958

December 1957

June 1960

April 1962

June 1966

April 1953

December 1953

May 1965

December 1954

March 1961

April 1959

June 1964
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MIL-L-17067B

MIL-F-17132B

MIL-S-17917 #1#

MIL-M-17999B

MIL-B-19942

MIL-B-20148A

MIL-A-21180C #11$

MIL-T-21494A

MIL-A-22152

AMEND 1

MIL-W-22248

MIL-B-22342A

MIL-A-22771B

MIL-C-23217A

MIL-C-23396

MIL-B-23362

CHANGE 1

MIL-S-24149/5

MIL-S-24149~2

MIL-A-25994

MIL-P-25995

MIL-C-26094

MIL-S-36079

MIL-B-36195A

MIL-S-36315

MIL-C-36465

MIL-T-40057A

MIL-P-40130B

MIL-A-4o147#l#’

MIL-P-40618A

MIL-T-43124

Title

Ladder, Berth, Adjustable (Aluminum) MS8cS

(Passenger Ships)

Floor Plate, Aluminum Alloy (6061) Rolled

Sandwich Construction, Aluminum Alloy Facings

Balsa Wood Core

Metal, Expanded, Aluminum

Box, Food Handling, Aluminum

Brazing Alloys Aluminum, and Aluminum Alloy

Sheets and Plates, Aluminum Brazing AlloyClad

Aluminum Alloy Castings -High Strength

Tube, Aluminum Alloy 5086, Round Seamless

(Extruded or Drawn)

Aluminum AI1oY Sand Castings, Heat Treatment

Processes For

Weldrnents, Aluminum and Aluminum Alloy

Brows, Aluminum, Beam and Truss

Aluminum Alloy Forgings, Heat Treated

Coating, Aluminum, Vacuum Deposited (ASG)

Chair, Stacking, Aluminum Frame, Upholstered

Brazing of Aluminum and Aluminum A[ioys

Studs, Aluminum Alloy, for Stored Energy

(Capacitor Discharge) Arc Weiding

Studs, Aluminum Alloy for Direct Energy Arc Welding

and Arc Shields (Ferrules)

Aluminum Alloy Angles, Channels, I and Z Beams,

Extruded or Roiled, Structural Shapes

Pipe, Aluminum Alloy, Drawn or Extruded

Can, Hermetic SeaIing, AIuminum, Two-Piece

Sterilizer, SurgicaI Instrument Boiling Type,

Electrically and Fuel Heated, Aluminum

Bowl, Gauze Pad, Aluminum, Nesting

Splint, Hand, Mason-Allen, Aluminum

Cot, Folding, Hospital, Aluminum

Table, Wrapping, Plywood, Aluminum Top

Paddle, Parachute Packing, Aluminum

Aluminum Coating (Hot Dip) For Ferrous Parts

Pan, Pie, Aluminum, Disposable

Trucks, Hand, Platform, 4 wheel, Caster Steer

Magnesium or Aluminum

19
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Dote

September 1952

February 1961

August 1956

October 1965

June 1957

August 1955.

February 1965

April 1961

November 1959

November 19.59

August 1965

February 1966

September 1963

June 1962

February 1964

June 1965

June 1965

June 1959

June 1959

November 1965

June 1961

November 1964

October 1964

January 1966

November 1964

December 1965

March 1963

November 1965

December 1962
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specification No. Title Dote

MIL-B-43341

MIL-W-45205 #1#

MIL-W-45206 #1#

MIL-W-4521OA

MIL-W-45211A

MIL-A-45225B

MIL-R-45774#1#

MIL-A-46027C

AMEND 1

MIL-A-46063B

AMEND 2

MIL-A-46083

AMEND 1

MIL-A-46104

MIL-C-52084 #1#

MIL-A-52174A#l#

MIL-A-52242

MIL-C-52269

MIL-L-54002

Brearlbox, Delivery, Aluminum

Welding, Inert-Gas, Metal Arc, Aluminum Alloys

Readily Weldable for Structures Excluding Armor

Welding, Aluminum Alloy Arnror

Welding, Resistance, Spot, Weldable Aluminum Alloys

Welding, Stud, Aluminum

Aluminum Alloy Armor -Forged

Radiographic Inspection, Soundness Requirements

for Fuaion Weldsin Aluminum and Magnesium

Missile Components

Aluminum Alloy Armor Plate; Weldable 5083 and5456

Aluminum Alloy Armor Plate, Heat Treatable, Weldable

AIuminum Alloy Armor, Extruded Weldable

Aluminum AlloyBar, Rod, Shapes and Tube,

Extrudedj 6070

Curb Assemblies, Bridge, Floating, Aiuminum,

Light-Tactical

Aluminum Alloy Duct Sheet

Aluminum Alloy Extruded Rod, Bar and Shapes, 7001

Clamp, Hinge, Bridge, Steel, Treadway Bridge,

Floating, Foot, Aluminum

Ladders, Aluminum, Three-Way Combination, Step,

Straight, Extension

FEDERAL SPECIFICATIONS

Specification No.

L-T-80A

L-T-775

QQ-A-200B

QQ-A-2oo/lA

QQ-A-’2OO/2B

QQ-A-200/3B

QQ-A-200/4A

QQ-A-200/5A

Title

Tape, Pressure Sensitive Adhesive, Aluminum Backed

Tray, Service, Aluminum and Plastic

Aluminum Alloy Bar, Rod, Shapes and Tube, Extruded,

General Specification For Parts 1-13

“3003

2014

2024

5083

5086

June 1965

May 1962

November 1960

January 1965

November 1964

December 1965

October 1963

June 1966

August 1966

June 1966

October 1965

March 1962

November 1963

August 1962

Febmary 1963

July 1962

Date

September 1965

May 1956

August 1964

December 1963

August 1964

August 1964

December 1963

December 1963

20

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



MI1-HDBK-694A(MRJ
15 December 1966

.-.

Specification No.

QQ-A-200/6B

QQ-A-200/7B

QQ-A-200/8B

QQ-A-200/9A

QQ-A-2oo/loB

QQ-A-2oo/llB

QQ-A-2oo/12B

QQ-A-200/13

QQ-A-225B

QQ-A-225/lB

QQ-A-225/2B

QQ-A-225/3B

QQ-A-225/4E!

QQ-A-225/5B

QQ-A-225/6B

-. QQ-A-225/7A

QQ-A-225/8B til#

QQ-A-225/9B

QQ-A-250C

QQ-A-250/lC

QQ-A-250/2Ei

QQ-A-250/3C

QQ-A-250/4C

QQ-A-250/5D

QQ-A-250/6D

QQ-A-250/7C

-.

QQ-A-25018C

QQ-A-250/9D

QQ-A-250/10B

QQ-A-250/llC

QQ-A-250/12C

QQ-A-250/13C

QQ-A-250/14C

QQ-A-250/15C

QQ-A-~50/16C

Title

5454

5456

6061

6063

6066

7075

7079

7178

Aluminum Alloy Bar, Rod, Wire or SpeciaI Shapes

Rolled, Drawn, or Cold Finished, General

Specification For Parts 1-9

1100

3003

2011

2014

2017

2024

5052

6061

7075

Al Alloy Plate and Sheet General Specification

For Parts 1- 18

1100

3003

ALCLAD 2014

2024

ALCLAD 2024

5083

5086

5052

5456

5454

6061

7075

ALCLAD 7075

7178

ALCLAD 7178

2020

Date

June 1964

June 1964

August 1964

December 1963

August 1964

August 1964

August 1964

August 1%4

August 1964

August 1964

August 1964

August 1964

August 1964

August 1964

Au gust 1964

December 1963

December 1964

August 1964

September 1964

September 1964

December 1963

September 1964

September 1964

April 1965

September 1964

May 1964

September 1964

September 1964

December 1963

September 1964

September 1964

September 1964

September 1964

April 1964
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Specification No.

QQ-A-250/17C

QQ-A-250/18c

QQ-A-367G

QQ-A-371E

QQ-A-430 #ti

QQ-A-00435

QQ-A-591D

QQ-A-596D

QQ-A-601C #2#

INT AMD 3 #SH#

QQ-A-00640

QQ-A-825

QQ-B-655B

QQ-N-286A #li#

QQ-R-566A

RR-K-00190

RR-P-54

RR-P-0090

RR-B-500

TT-P-320

WW-C-540A

WW-P-402A

WW-P-471A

WW-T-700C

WW-T-700/lC

WW-T-700/2C

WW-T-700/3C

WW-T-700/4C

WW-T-700/5C

WW-T-700!6C

WW-T-816

AMEND 2

Title

7079

ALCLADOne Side 7075

Aluminum Alloy Forgings

Aluminum Alloy Ingot (For Remeltin~

Aluminum Alloy Rod and Wire, for Rivets end Cold

Heading

Aluminum Alloy Sheet, Painted (For Exterior Use)

Aluminum Alloy Die Castings

Aluminum Alloy Permanent and Semi-permanent

Mold Castings

Aluminum Alloy Sand Castings

Aluminum Foil (Insulation Reflective Building)

Bus Bar, Copper Aluminum or Aluminum Alloy

Brazing Alloys, Aluminum and Magnesium,

Filler Metal

Nickel-Copper - Aluminum Alloy, *K-Monel

Rods, Welding, Aluminum and Aluminum Alloys

Kettles, Steam-J acketed (Aluminum)

Pan, Aluminum

Pan, Pie (Aluminum Foil)

Boiler, Kettle and Pot (Aluminum)

Pigment, Aluminum, Powder and Paste, for Paint

Conduit, Metal, Rigid, (Electrical Aluminum)

Pipe, Corrugated (Aiuminum Alloy)

Pipe Fittings, Bushings, Locknuts and Plugs, Brass

or Bronze, Iron or Steel, and Aluminum (Screwed)

125-150 pounds

Tube, Aluminum Alloy, Drawn, Seamless, General

Specification For Parts 1-6

Tube 1100

Tube 3003

Tube 2024

Tube 5052

Tube 5086

Tube 6061, 6062

Tubing, Flexible, Aluminum Alloy

(Number Was Formerly RR-T-791) Supersedes ANT 13

22

Dote

September 1964

September 1964

June 1966

August 1965

April 1962

May 1964

January 1963

May 1966

October 1965

October 1964

May 1965

September 1959

August 1956

March 1964

December 1957

Janusry 1965

August 1964

January 1965

August 1961

November 1960

December 1964

March 1964

August 1964

August 1964

August 1964

August 1964

August 1964

August 1962

August 1962

January 1%1
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MILITARY STANDARDS

%ndord No,

MS-9095

MS-9096A

MS-9097A

MS-9098A

MS-9099

MS-9199

MS-9200

MS-16206

MS-16593A

MS-17354

MS-20426D

MS-20470B

MS-25191B

.-
MS-27088A

MS-27957

-.

MS-27959

MS-35202B

MS-35516

MS-35965

MS-36163

MIL-STD-437A

MIL-STD-645A

MIL-STD-649

Title

Nipple, Tube, AMS 4120 Boss Al

Elbow, Tube, AMS 4135 Boss 90 Al

Elbow, Tube, AMS 4135 BOSS 45 Al

Tee, Tube - AMS 4135, Boss Al

Nut-Hex, Boss Connection, Aluminum

Nut, Tube Coupling - Aluminum, AMS 4121 ASG

Nut-Plain, Hex, Boss Connection, Aluminum ASG

Bolt, Machine, Hexagon Head, Regular Semi-Finished,

Aluminum Alloy, UNC-2A, Non-Magnetic

Rivet Solid, 78 Degree, Flat Head, Aluminum

Nut Plain, Hex, Boss Connection, Aluminum

#MIL-S-8879 Thread#

Rivet, Solid, Countersunk 100 Deg., Precision Head

Aluminum and Aluminum Alloy

Rivet, Solid-Universal Head, Aluminum and Aluminum

Alloy

Wire, Electric, 600-Volt, Aluminum, A~rcraft fiASG~

Nipple, Brazed, Aluminum Alloy

Hinge, Butt Narrow and Broad, Template; Hardware,

Builders, Commercial, Aiuminum

Hinge, Butt- Narrow and Broad, Without Holes, Hardware,

Builders, Commercial, Aluminum

Screw, Machine, F1 at Countersunk Head, Cross-

Recessed, Aluminum Alloy Anodize Finish

Nc2A-UN C-2A

Corrosion Resistant Coating Chemically Treated

Aluminum

Dish, Moisture Determination, Aluminum

Rack, Test Tube, Laboratory Folding, Aiuminum

X-Ray Standard for Bare Aluminum Alloy

Electrode Welds

Dip Brazing of Aluminum Alloys

Alumioum and Magnesium Products Preparation

For Shipment and Storage

Dote

April 1960

May 1962

May 1962

May 1962

March 1962

May 1957

2 February 1956

March 1962

July 1964

September 1960

October 1962

2 July 1963

February 1961

February 1961

May 1965

March 1956

September 1959

December 1960

December 1958

December 1965

July 1963

QUALIFIED PRODUCTS LISTS

Number Title Date

QPL-6888-14 Polish, Metal, Aluminum Aircraft October 1963

QPL-6939-4 Flux, Aluminum and Aluminum Alloy Gas Welding February 1960
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Number

QPL-14276-7

QPL-15599-44

QPL-27347-1

Number

AN 123020

thru 123150

AND 10106

Rev 3

AND 10107

Rev 3

AND 10125

AND 10126

Rev 1

AND 10130

Rev 1

AND 10131

AND 10132

USAF Spec

X-40911 (1)

Change 2

1 Aug 1958

AIA-NAS 1516-

1522

AI A-N AS

NAS 1525-1532

AIA-NAS

1535-1542

AIA-NAS

1556-1562

Title

Paint, Heat Resisting Silicone, Aluminum

Electrode, Welding, Covered, Aluminum snd

Aluminum Alloy

Cloth, Coated Glass, Aluminum Face Silicone

Rubbet Back

OTHER STANDARDIZATION DOCUMENTS

Title

Gasket, Aluminum-Asbestos, Annular

(Reactivated for Design)

Tubing-Standard Sizes for Aluminum Alloy Round (5250)

Tubing - Standard Sizes for Aluminum Alloy

(24 ST) Round

Aluminum Wire-Standard Alloys, Tempers and Sizes

of Round and Hexagon (For Welding “Rod and

General Use)

Aluminum Wire-Standard Conditions and Sizes

for Sheet, Strip

Aluminum Rod and Bar - Standard Alloys Tempers

and Sizes of Round and Hexagon

Aluminum Bar - Standard Alloys, Temper and

Sizes of Square

Aluminum Bar - Standard Alloy and Temper (24st)

and Sizes of Rectangular

Rivets, Blind, Aluminum Alloy (Reinstated)

For Requirements of Type B, Class 1

Rivets Only

Pin, Swage Locking, Aluminum Alloy 100 Deg. Head

(AN509) Tension Pull Type, Close Tel.

Pin, Swage Locking, Aluminum Alloy Protruding

Head, Tension, Pull Type, Close Tel.

Pin, Swage Locking, Aluminum Alloy 100 Deg. Head

(MS20426), Tension, Pull Type Close Tel.

Pin, Swage Locking, Aluminum Alloy, 100 Deg.,

Head (AN509), Tension, Stump Type, Close Tel.

Pin, Swage Locking, Al Alloy Protruding Head

Tension, Stump Type, Close Tel.

.—

Date

March 1963

March 1965

June 1960

Date

April 1948

October 1942

October 1945

February 1943

July 1943

October 1942

October 1942

July 1948

October 1963

October 1963

October 1963

24
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Number Title

Ferl. Std. 184 Identification Marking of Aluminum Magnesium

and Titanium

Fed. Std. 245f3 Tolerances for Aluminum Alloy and Magnesium

15 December 1966

Date

August 1959

December 1963

AI1ov Wrought Products

CANCELLED AND SUPERSEDED STANDARDIZATION DOCIJMEN-rS

The following listed standardization documents have been cancelled

piiation that appeared in the previous issue of this handbook,

or superseded since the com-

Number

QQ-A-411

MIL-A-799

MIL-A-8097

MIL-A-8705

MIL-A-8825

MIL-A-8877

MIL-A.8902

-.
MIL-A-9180

MIL-A-9183

MIL-A-9186

MIL-A-17358

MIL-A-19842

MIL-A-20695

MIL-A-21170

MIL-T-21494A

MIL-A-21579

MIL-A-25493

MIL-STD-192A

Title

Aluminum Alloy Bars, Rods, and Wire; RoHedDtawn or Cold Finished, 1100. Super-

seded by Federal Specification QQ-A-225/la, December 16, 1963.

Aluminum High Purity, Wrought. Cancelled without replacement, 150ctober 1965.

Aluminum AIIoy Forgings, 76S for Aircraft Applications.

Aluminum Alloy, Bare and Alclad 2024 (24 S), Artificial Aging of.

Aluminum Bars and Shapes, Extruded 7079. See QQ-A-200/ 12b.

Aluminum Alloy

Aluminum Alloy

Aluminum Alloy

Aluminum Plate

Aluminum Alloy

Aluminum Alloy

Aluminum Alloy

Sheet and Plate 7079. See QQ-A-250/17c.

Plate and Sheet Alclad One Side 7075. See QQ-A-250/18c

Plate and Sheet 7178. See QQ-A-250/14c.

and Sheet Clad 7178. See QQ-A-250/15c.

Bars, Rods and Shapes Extruded, 7178. See QQ-A-200/ 13.

P1ate and Sheets, 5083 (X-183). See QQ-A-250/6d.

Plates and Sheets, 5456. See QQ-A-250/9.

Aluminum Products, Preparation for Storage and Shipment of. See MIL-STD-649.

Aluminum Alloy Bar, Rod, and Structural Shaped Sections Rolled or Extruded, 5456.

See QQ-A-200/7b.

Tube, Aluminum Alloy 5086, Round, Seamless (Extruded or Drawn). See WW-T-700/5.

Aluminum Alloy Bars, Rods and Structural Shapes, Rolled or Extruded 5086. See

QQ-A-200/5a.

Aluminum Alloy Bars, Rods, and Shapes, Extruded, 6066. See QQ-A-200/10b.

Alloy and Temper Designation System for Wrought-Aluminum.

See ASA - H-35.1 -1962.

27. Society of Automotive Engineers Specifications. Following is a list of Aerospace Materials

Specifications Dealing with Aluminum and Aluminum Alloys.

AM Number Title

--
4000C Sheet and Plate -99.7 Aluminum (Annealed)

4oolc Sheet and Plate -99.0 Aluminum

25
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AMS Number

4003C

4006C

4008C

4010

4012A

4013A

4014

4015E

4016E

4017E

4018A

4019

4020

4021B

4022C

4023C

4024A

4025D

4026D

4027E

4028B

4029B

403 1A

4033A

4034A

4035E

4036A

4037F

4038A

4039A

4040F

4041G

4042F

4043

4044C

4045C

4046A

4047B

4048D

4049D

4051B

4052A

4053

4054A

4055A

4056B

4057B

4058B

4059C

Title

Sheet and Plate -99,0 Aluminum

Sheet and Plate -1.25 Manganese

Sheet and Plate -1. 25Mn

Foil - 1.2 Manganese

Sheet - Laminated, Edge Bonded

Sheet - Laminated, Surface Bonded

Plate - 4.5CU, 0.8Si, 0.80Mn, 0.5Mg

Sheet and Plate - 2.5Mg, 0.25Cr

Sheet and Plate -2. 5Mg, O.25Cr

Sheet and Plate - 2.5Mg, 0.25CX

Sheet and Plate -3. 5Mg, 0.25Cr

Sheet and Plate -3. 5Mg, O.25Cr

Plate, Alclad - l.OMg, 0.6Si, 0.25CU, 0.25Cr

Sheet and Plate, Alclad - lMg, 0.6Si, 0.25CU, 0.25Cr

Sheet and Plate, Alclad - LOMg, 0.60Si, 0.25CU, 0.25Cr

Sheet and Plate, Alclad - l.OMg, 0.60Si, 0.25CU, 0.25Cr

Sheet and Plate - 4.3Zn, 3.3Mg, 0.60CU, 0.20Mn, O.17Cr

Sheet and Plate - LOMg, 0.60Si, 0.25CU, O.25Cr

Sheet and Plate - l.OMg, 0.60Si, 0.25CU, 0.25Cr

Sheet and Plate - l.OMg, 0.60Si, O.25CU, 0.25Cr

Sheet and Plate - 4.5CU, 0.85Si, “0.80Mn, 0.50Mg

Sheet and Plate - 4.5CU, 0.85Si, 0.80Mn, 0.50Mg

Sheet and Plate - 6.3CU, 0.30Mn, O.18Zr, 0. 10V, 0.06Ti

Plate -4. 5CU, 1. 5Mg, 0.6Mn, Stress Relief Stretched

Plate, Al clad - 4.5CU, 1. 5Mg, 0.6Mn, ,Stress-Relief Stretched

Sheet and Plate - 4.5CU, 1.5Mg, 0.6Mn

Sheet

Sheet

Plate

Plate

Sheet

Sheet

Sheet

Plate

Sheet

Sheet

Sheet

Sheet

Sheet

Sheet

Sheet

Sheet

Plate

and Plate, ‘“Aiclad One Side - 4.5CU, 1.5Mg, 0.60Mn

and Plate - 4.5CU, 1.5Mg, 0.6Mn

- 5,6Zn, 2. 5Mg, 1.6CU, 0. 30Cr, Stress-Relief Stretched

- 5.6Zn, 2.5Mg, L6CU, 0.30Cr, Stress-Relief Stretched

and Plate, Alclad - 4.5CU, 1.5Mg, 0.6Mn

and Plate, Alclad - 4.5CU, 1. 5Mg, 0.6Mn

and Plate, Alclad - 4.5CU, 1. 5Mg, 0.60Mn, Width 48 in. and under

- LOMg, 0.60Si, 0.25CU, 0.25Cr, Stress-Relief Stretched

and Plate - 5.6Zn, 25Mg, 1.6CU, 0.25Cr

and Plate - 5.6Zn, 2.5Mg, 1.6CU, 0.25Cr

and Plate, Alclad One Side - 5.6Zn, 2. 5Mg, 1.6CU, 0.25Cr

& P1. Alclad, Roll Tapered - 5.6Zn, 2.5Mg, 1.6CU, 0.25Cr

and Plate, Alclad - 5.6Zn, 2.5Mg, 1.6CU, 0.25Cr

and Plate, Alclad - 5.6Zn, 2.5Mg, 1.6CU, 0.25Cr

and Plate, Alclad - 6.8Zn, 2.75Mg, 2.OCU, 0.30Cr

and Plate, Alclad - 6.8Zn, 2.7Mg, 2CU, 0.3Cr

- l.OMg, 0.60Si, 0.25CU, 0.25Cr, Stress-Relief Stretched

Sheet, Clad One Side - 0.60Mg, 0.35Si, 0.30CU

Sheet, Clad Two Sides - 0.60Mg, 0.35Si, 0.30CU

Sheet and Plate - 4,5Mg, 0.65Mn, O. 15Cr

Sheet and Plate - 4.5Mg, 0.65Mn, O. 15Cr

Sheet and Plate - 4.5Mg, 0.65Mn, O.15Cr

Sheet and Plate - 4.5Mg, 0,65Mn, O. 15Cr
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AM Number Title

—-

4060

4061

4062D

4065C

4067C

4069

4070F

4071F

4072

4073

4074

4075

4079

4080G

408 1A

4082F

4083D

4086F

4087C

4088E

409 1A

4092A

4093A

4097

4098

4099

4102B

4103

4104

4105

4106

4110A

4112

4114C

4115A

4116B

4117B

4118D

4119C

4120F

4121C

4122D

4123C

4125E

4127C

4130G

4132A

4134A

4135J

Sheet and Plate, Alclad-4.5Cu, L5Mg, 0.60hln, Width Over 48-60 in., Incl.

Sheet and Plate, Alclad - 4.5CU, 1. 5Mg, 0.60Mnj Width Over 60 in.

Tubing, Seamless, Round, Drawn -99.0 Aluminum

Tubing, Seamless, Drawn -1. 25Mn

Tubing, Seamless, Round, Drawn - 1. 25Mn

Tubing, Seamless, Drawn-Close Tolerance, 2. 5Mg, O.25Cr

Tubing, Seamless, Drawn, Round -2. 5Mg, O.25Cr

Tubing, Hydr., Seamless, Drawn, Round - 2.5Mg, 0.25Cr

Sheet and Plate, AIclad - 4.5CU, 1.5Mg, 0.60Mn, Width 30 in. md Under

Sheet and Plate, Alclad - 4.5CU, 1. 5Mg, 0.60Mn, Width Over 30 to 48 in., Incl.

Sheet and Plate, Alclad - 4.5CU, 1. 5Mg, 0.60Mn, Width Over 48 to 60 in., Irrcl.

Sheet and Plate, Alclad - 4.5CU, 1. 5Mg, 0.60Mn, Width Over 60 Inches

Tubing, Seamless, Drawn - Close Tolerance, lMg, 0.6Si, 0.25CU, 0. 25Cr

Tubing, Seamless, Drawn - l.OMg, 0.60Si, 0,30CU, O.20Cr

Tubing, Hydr., Seamless, Drawn - l.OMg, 0.6Si , 0.25CU, 0.25Cr

Tubing, Seamless, Drawn - l.OMg, 0.60Si, 0.30CU, 0.20Cr

Tubing, Hydr., Seamless, Drawn - l.OMg, 0.6Si, 0.25CU, 0.25Cr

Tubing, Hydr., Seamless, Drawn -4.5CU, 1. 5Mg, 0.6Mn

Tubing, Seamless, Drawn - 4.5CU, 1.5Mg, 0.60Mn

Tubing, Seamless, Drawn - 4.5CU, 1.5Mg, 0.6Mn

Tubing, Hydraulic

Tubing Seamless, Drawn

Tubing, HydrauIic

Sheet and Plate - 4.5CU, 1.5Mg, 0.60Mn, Width 48 in. and Under

Sheet and Plate - 4.5CU, 1.5Mg, 0.60Mn, Width Over 48 to 60 in., Incl.

Sheet and Plate - 4.5CU, 1.5Mg, 0.60Mn, Width Over 60 Inches

Bars and Rods, Rolled or Cold Finished -99.0 Aluminum

Sheet and Plate - 4.5CU, 1. 5Mg, 0.60Mn, Width 30 in. and Under

Sheet and Plate - 4.5CU, 1.5Mg, 0.60Mn, Width Over 30 to 48 in., Incl.

Sheet and Pla= - 4.5CU, 1.5Mg, 0.60Mn, Width Over 48 to 60 in., Incl.

Sheet and Plate - 4.5CU, 1.5Mg, 0.60Mn, Width Over 60 Inches

Bars and Rods, Rolled or Cold Finished - 4.OCU, 0.70Mn, O.50Mg, Stress-Relief Stretched

Bars, Rods, and Wire, Rolled, Drawn, or Cold Finished -4. 5CU, 1.5Mg, 0.60Mn

Bars, Rolled, Drawn, or Cold Finished -2. 5Mg, 0, 25Cr

Bars, Rolled, Drawn, or Cold Finished - LOMg, 0.60Si, 0.30CU, 0.20Cr

Bars, Rolled, Drawn, or Cold Finished - l.OMg, 0.60Si, 0.30CU, O.20Cr

Bars, Rolled, Drawn, or Cold Finished - l.OMg, 0.60Si, 0.30CU, 0.20Cr

Bars, Rods, and Wire, Rolled, Drawn, or Cold Finished - 4.OCU, 0, 7Mnj O.50Mg

Bars and Rods, Rolled or Cold Finished - 4.5CU, 1. 5Mg, 0.60Mn, Stress-Relief Stretched

Bars, Rods, Wire, Rolled -4. 5CU, 1.5Mg, 0.60Mn

Bars, Rods, Wire, Rolled - 4.5CU, 0.90Si, 0.80Mn, 0.50Mg

Bars, Rods, Wire, Rolled, Drawn, or Cold Finished - 5.6Zn, 2.5Mg, 1.6CU, 0.30C1

Bars and Rods, Rolled or Cold Finished - 5.6Zn, 2. 5Mg, 1.6CU, 0, 30Cr, Stress-Relief Stretched

Forgings - lSi, 0.6Mg, O.25Cr

Forgings - l.OMg, 0.60Si, 0.30CU, 0.20Cr

Forgings - 4.5CU, 0,85Si, 0.80Mn

Forgings - 2.3CU, 1.6Mg, l.lFe, L lNi, 0.07Ti

Forgings - 4.4CU, 0.8Si, 0.8Mn, 0.4Mg

Forgings - 4.5CU, 0.9Si, 0,8Mn, 0.5Mg
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AM Number Title

4136

4137A

4138

4139F

4140D

4141

4142B

4143

4144
● 4145E

4146A

4150D

4152G

4153C

4154F

4155B

4156D

4158A

4160A

4161A

4164C

4165C

4168A

4169B

4170

4171A

4180B

4182A

4184B

4185A

4190A

4191A

421OF

4212E

4214D

4215B

4217D

4218B

4219

4220D

4222D

4224

4227A

4230C

4231C

4238A

4239

4240C

Forgings -4. 3Zn, 3. 3Mg, O.6CU, 0, 2Mn, O. 2Cr, Sol. and Precip. Ht. Treated, Low Residual

Stresses

Forgings - 7;5Zn, 1.6Mg, 0.7CU, 0,55Mn

Forgings - 4.3Zn, 3.3Mg, 0.6CU, 0.2Mn, 0.2Cr

Forgings - 5.6Zn, 2.5Mg, 1.6CU, 0.25Cr

Forgings - 4.OCU, 2.ONi, 0.7Mg

Forgings - 5.6Zn, 2.5Mg, 1.6CU, 0.25Cr

Forgings - 4CU, 2Ni, l,5Mg, 0.7Si

Forgings - 6.3CU, 0.3Mn, 0.2Zr, O. lTi, O. lV, Solution and Precip. Heat Treated

Hand Forgings and Rings -6. 3CU, O.3Mn, O.2Zr, O.IV, O. lTi, Stress-Relief Compressed

Forgings - 12.2Si, 1. lMg, 0.9CU, 0.9Ni

Forgings - l.OMg, 0.60Si, 0.30CU, d.2QCc

Extrusions - l.OMg, 0.60Si, 0.30CU, 0.20Cr

Extrusions -4. 5CU, L 5Mg, 0.60Mn

Extrusions - 4.5CU, 0.85Si, 0.80Mn, 0.50Mg

Extrusions - 5.6Zn, 2.5Mg, 1.6CU, 0.3Cr

Extrusions

Extrusions - 0,65Mg, 0. 40Si

Extrusions - 6.8Zn, 2,75Mg, 2.OCU, 0.3Cr

Extrusions - l.OMg, 0.60Si, 0.30CU, 0.20Cr

Extrusions - l.OMg, 0.60Si, 0.30CU, 0.20Cr

Extrusions - 4.4CU, 1. 5Mg, O.60Mn, Stress-Relief Stretched, Unstraightened

Extrusions -4. 4CU, L 5Mg, 0.60Mn, Stress-Relief Stretched and Straightened

Extrusions - 5.6Zn, 2. 5Mg, 1.6CU, 0.3Cr, Stress-Relief Stretched, Unstraightened

Extrusions - 5.6Zn, 2. 5Mg, 1.6CU, O.3Cr, Stress-Relief Stretched and Straightened

Extrusions, Impact - 5.6Zn, 2,5Mg, i.6Cu, 0.25Cr

Extrusions - 4.3Zn, 3, 3Mg, 0,6CU, 0.2Mn, 0, 17Cr

Wire, Spray-Aluminum, 99,0 Min

Wire - 5Mg, O,12Mn, 0, 12Cr

Wire, Brazing - 10Si, 4CU

Wire, Brazing - 12Si

Rod and Wire, Welding - 5Si

Rod and Wire, Welding . 6.3CU, 0.3Mn, O.18Zr, O.15Ti, O. 10V

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Castings,

Sand - 5Si, 1.2CU, 1.5Mg

Sand - 5Si, 1.2CU, U. 5Mg

Sand - 5Si, L 2CU, 0.5Mg

Premium Grade - 5Si, L 2CU, 0.5Mg

Sand - 7Si, 0.3Mg

Premium Grade - 7Si, 0.3Mg

High Strength, Premium Quality - 7.OSi, 0.60Mg

Sand - 4CU, 2Ni, 1.5Mg, 0.2Cr, Sol Tr. & Overaged

Send - 4CU, 2Ni, L 5Mg, Sol, Tr. & Overaged

Sand - 4CU, 2Ni, 2Mg, O.3Cr, O.3Mn, O. lTi, O. IV, Stabilized

Sand - 8CU, 6Mg, 0,5Mn, 0.5Ni

Sand -4. 5CU, SOL Treated

Sand -4. 5CU, Sol. 11 Precip, Treated

Sand - 6.8Mg, 0.2Ti, 0.2Mn, As Cast

Sand - 6.8Mg, 0.2Ti, 0.2Mn, Stabilized

Sand - 10Mg, solution Trestd
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Number-..

4260A

4261

4275B

4280E

4281C

4282E

4283D

4284D

4285

4286A

4290F

4291B

2201G

2202 F

2203F

2204C

2205J

2355

2420

2450C

2468A

2469B

2470F

247 lB

2472A

2473B

2474A

267 2B

2673

3412A

3414A

3415

3416

Title

Castings, Investment - 7Si, ().3Mg, Sol. & Precip. Treated

Castings, Investment -7. OSi , 0. 3Mg, Precipitation Heat Treated

Castings, Permanent Mold - 6Sn, lCU, Nit Stress Relieved

Castings, Permanent Mold - 5Si, 1. 2CU, 0.5Mg, Sol. Tr. & Overaged

Castings, Permanent Mold - 5Si, 1.2CU, 0.5Mg, Sol. & Precip. Treated

Castings, Permanent Mold - 4.5CU, 2.5Si, Sol. & Precip. Treated

Castings, Permanent Mold -4. 5CU, 2. 5Si, Solution Treated

Castings, $ermsnent Mold - 7Si, 0,3Mg, Sol. & Precip, Treated

Castings, Centrifugal - 7Si, 0.3Mg, SOI. & Precip. Treated

Castings, Permanent Mold - 7Si , 0.3Mg

Castings, Die - 9.5Si, 0.5Mg, As Cast

Castings, Die - (5Si or 8.5Si) 3.5CU, As Cast

Tolerances - Aluminum & Alum. Alloy Bar, Rod, Wire & Forging Stock - Rolled or Drawn

Tolerances - Aluminum and Magnesium Alloy Sheet and Plate

Tolerances - Aluminum Alloy Drawn Tubing

Tolerances - Aluminum Rolled or Extruded Standard Structural Shapes

Tolerances - Aluminum and Magnesium Alloy Extrusions

Tensile Testing of Wrought Alum. & Magnesium Prods., Except Forgings

Plating - Aluminum for Solderability (Zincate Process)

Sprayed Metal Finish - Aluminum

Hard Coating Treatment - Aluminum Alloys

Hard CoatingTreatment - Process and Performance Requirements of AIuminum Alloys

Anodic Treatment - Aluminum Base Alloys (Chromic Acid Process)

Anodic Treatment - Aluminum Base Alloys, Sulfuric Acid Process, Undyed Coating

Anodic Treatment - Aluminum Base Alloys, Dyed Coating (Sulfuric Acid Process)

Chemical Treatment - Aluminum Base Alloys (General Purpose Coating)

Chemical Treatment - Aluminum Base Alloys (Low Electrical Resistance Coating)

Brazing - Aluminum

Brazing - Aluminum Molten Flux (Dip)

Flux - Brazing, Aluminum

Flux - Welding, Aluminum

Flux - Aluminum Dip Brazing, 103OF Fusion Point

Flux - Aluminum Dip Brazing, 109OF Fusion Point

28. American society for Testing and Materials Specifications. Following is a list of ASTM

Specifications.

Number Title

B26-6S

B85-60

B108-65

B209-65

B21O-65

B211-65

B221-65

B234-65

Sand Castings, Aluminum Alloy

Die Castings, Aluminum A11oY

Permanent Mold Castings, Aluminum Alloy

Sheet and Plate, Aluminum Alloy

Drawn Seamless Tubes, Aluminum Alloy

Bars, Rods, and Wire, Aluminum A11oY

Extruded Bars, Rods, Shapes and Tubes, Aluminum AI1oY

Drawn Seamless Tubes for Condensers and Heat Exchangers - Aluminum Alloy
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AM Number Title

B24 1-65 Seamless Pipe Aluminum Alloy

B307-64 Drawn Seamless Coiled Tubes for Special Purpose Applications, Aluminum Alloy

B313-65 Round Welded Tubes, Aluminum Alloy

B345-65 Seamless Pipe for Gas and Oil Transmission and Distribution Piping Systems,

Aluminum Alloy

13361-64 Welding Fittings, Factory Made Wrought, Aluminum and. Aluminum Alloy

B404-65T Seamless Condenser end Heat Exchanger Tubes with Integral Fins, Aluminum Alloy

B429-65T Extruded Structural Pipe and Tube, Aluminum Alloy

Aluminum Wrought Ptoducts for Electrical Purposes

B230-60

B231-64

B232-64T

B233-64

B236-64

B245-63

B258-65

B26 1-63

B262-61

B314-60

B317-64

B323-61

B324-60

B341-63T

B373-65

B396-63T

B397-63T

B398-63T

B399-63T

B400-63T

B401-63T

B415-64T

B416-64T

Wire for Electrical Purposes, Aluminum, EC-H 19

Concentric-Lay-Stranded Aluminum Conductors

Concentric-Lay-Stranded Aluminum Conductors, Steel-Reinforced (ACSR)

Rods for Electrical Purposes, Rolled Aluminum

Bars for Electrical Putposes (Bus Bars), Aluminum

Steel Core Wire for Aluminum Conductors, Standard Weight Zinc-Coated (Galvanized),

Steel-Reinforced (ACSR)

Stmdard Nominal Diameters and Cross-Sectional Areas of Awg Sizes of Solid Round

Wires Used as Electrical Conductors

Steel Core Wire (With Coatings Heavier Than Standard Weight) for Aluminum Conductors,

Zinc-Coated (Galvanized), Steel-Reinforced (ACSR)

Wire for Electrical Purposes, Aluminum, EC-H 16 ot -H26

Wire for Communication Cable, Aluminum

Bar, Rod, Pipe, and Structural Shapes for Electrical Putposes (Bus Conductors),

Aluminum-Alloy Extmded

Wire for Electrical ,Purposes, Aluminum, EC-H 14 or -H24

Wire for Electrical Purposes, Rectangular and Square Aluminum

Steel Core Wire for Aluminum Conductors, Aluminum-Coated (Aluminized), Steel-

Reinforced ( ACSR)

Aluminum Foil for Capacitors

Wire for Electrical Purposes, 500 S-H19 Aluminum-Alloy

Concentric-Lay-Stranded Conductors, 5005-H19 Aluminum-Alloy

Wire for Electrical Putposes, 6201-T81 Aluminum-Alloy

Concentric-Lay-Stranded Conductors, 620 1-T81 Aluminum-Alloy

Concentric-Lay-Stranded Aluminum EC Grade Conductors, Hard-Drawn Compact Round

Concentric-Lay-Stranded Aluminum Conductors, Steel-Reinforced (ACSR) Compact Round

Steel Wire, Hard-Drawn Aluminum-Clad

Concentric-Lay-Stranded Steel Conductors, Aluminum-Clad
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Section HI

Typical Propert ies and Charucterkt ics—--=- ——. -

The properties cited in this Section are average for various forms, sizes, and methods of manufacture,

and may not exactly describe any one particular product,

The abbreviations used in this section and in Section III are defined as follows:

Al

BHN

Cr

Cu

D

EL

End

Fe

Ksi

Mg

Mn

Ni

PM

s

Si

Sn

Ss

Ti

TS

Ys

Zn

- Aluminum

- Brinell Hardness Number

- Chromium

- Copper

- Die cast

Permanent extension in gage length

measured after rupture and stated as

a percent of the original gage length

- Endurance

- Iron
. Thousand pounds per square inch

- Magnesium

- Manganese

- Nickel

. Permanent-mold cast

- Sand cast

- Silicon

- Tin

- Shear strength

- Titanium

- Tensile strength

Yield strength (0.2% offset)

- Zinc
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TABLE 1. CASTING ALLOYS-CROSS REFERENCE

SAND CASTINGS

PERMANENT AND SEMI-

PERMANENT MOLDCASTD4GS DIE CASTINGS

1C0mmercia3
Designation

13

A13

40 E
43

ASTM
B-26-65

ASTM
B108-65 AMS

ASTM
3-85-60SAL? 2Q-A-60 Id AMS KZ-A-596d QQ-A-591.3 MIL-A-21180C

1

-1--
13

A13

43

;12B

;12A

SC5

305

310

35, 304

33
34

321
328
334
332
39
300
38
380
320

324
326, 329

322
335
323

336

309

40E

*3

ZG61A

S5A

CS43 A

CS7ZA

CG1OOA

43

108

A108

113

122

A132

B13Z

E132

F132

142

152

195

B195

214

AZ14

B214

21s

220

319

333

354

355

C355

356

108

113

122

A108

113

122

A132 SN122A

3?!32

142

SCI03A

CN42A

4282, 428.3

142 CN4ZA

G4A

G1OA

SC64D

4220, 4221

4230, 4231195

B195

A214

214

-1-
CZ4Z8

sC64D

SC94A

B2!4

218
220
AIIcast

4240
w
W 319

SGIOOB 1290

1291

333

354

C355

355

356

k5C51A

SG70A

— .

ZG6 IA

4210.4212, 4214

4217

SC51A 14281, 4282

SC51B

+

SG70A 4260, 4261

4204, 4285

SG70B

C355

A356
357

A356

357

359

A356

357

360

A360

380

A380

384

A612

C6!2

750

A750

B750

Jrnag 35

‘reeedent 71A

cd X-8

‘-l

357

360

A360---1--308

306

303

313

314

5C84B

SC84A

380

A380

-1--4275

A61Z

750

A750

B750

750

A750

B750

zZC81B

ZG3ZA

ZG42A

Almag 35

PrecedeM 71)
Red X-8

T-1

GM70B

SC82A327

‘enzaloy

‘ernalloy 5

‘ernall Oy 7

Cl14A

315

311

312

Tenzaloy

Ternallq 5

Terrm]lq 7

zC131A

zG32A

ZG4Z A

renzaloy (6 13)

rernalloy 5 (603

rernallq 7 (607

SC114A SC114A
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TABLE Il. CHEMICAL COMPOSITION LIMITS OF CAST ALUMINUM ALLOYS

13
A13

40 E
43 (1)

108
A108

113

SC114A
122

A132
3?132

142
195

B195
214

A214
B214

218
220
319

333
355

C355
356

A356
357
360

A360
380

A380
A612-

750

A750
B750

Almag 35

Allcast

Precedent 71A

Red X-8
TI
Tenzaloy
Ternalloy 5,
Ternalloy 7

Copper

). 6
).6
).25
). 15
). 5-4.5
4.0-5.0

5. 0-8.0
3.0-4.5

9. 2-10.8
!). 50-1.5
2. 0-4.0
3. 5-4.5
4. 0-5.0
4. 0-5.0
Q.15
0.10
D.35
0.23
0.25
3. 0-4.5
3.0-4.0

1. 0-1.5
1. 0-1.5
0.25
0.20
0.05
0.60
0.60
3.0-4.0
3.0-4.0
0.35-0.6’

0.70 -!.3(
0.70-1.3(
1. 7-2.3
0.10

3. 3-4.3
0. 10
1. 0-2.0
1. 5-2.5
0. 40-1.0
0.20
0.20

7
Iron

?.0
1.3
3.50
3.80

1.2
1.0
1.4
1.3
1,5
1.3

1.2
1.0
1.0
1.2
0.50
0.40
0. 60(2)
1.8
0.30
1.20

;: :0(3)
0.20
0.60
0.20
0.15
2.0
1.3
1.3

2.0
0.50

0.70
0.70
0.70
0. 25(4)
1.0
0.15
1.0
0.80
1.3
0.80
0.80

Silicon Magnesium Mangane5e

11. 0-13.0 0.10 0.35
11.0 -!3.0 0.10 0.35

). 30 0.50-0.65 0. 10
4. 5-6.0 0.05 0.35
!. 5-3. 5 0. 10 0.50

$. 0-6.0 0.10 0.50
1.0-4.0 0.10 0.60
IO. 5- 12.0 0.10 0.50
!.0 o. Is-o. 35 0.50
11. 0-13.0 0. 70-1.3 0.35

3. 5-10.5 0. 50-1.5 0.50
). 70 1. 2-1.8 0.35
1.5 0.03 0.35
Z. O-3. O 0.05 0.35
).35 3.5-4, 5 0.35
3.30 3. 5-4.5 0.30
1. 4-2.2 3. 5-4.5 0. 80(2)
3.35 7. 5-8.5 0.35
3.25 9. 5-10.6 0.15
5. 5-7. (J 0.50 0. tto

B.o-lo. o 0.05-0.50 0.50
4. 5-5.5 0.40-0.60 0. 50(3)
4. 5-5.5 0.40-0.60 0.10

6. 5-7.5 0.20-0.40 0.35

6. 5-7.5 0.20-0. 4C 0.10
6. 5-7.5 0.45-0.60 0.03

9.0-10.0 0.40-0.60 0.35
9. 0-10.0 0.40-0.60 0.35
7. 5-9.5 0. 10 0.50

7. 5-9.5 0.10 0.50
0.15 0.60-0.80 0.05

0.70 - 0.10

2.0-3.0 - 0.10
0.40 0.60-0.90 0.10

0. 20(4) 6.2-7.5 0. 10-0.25

5. 5-7.0 0.10 0.50
0.15 0.75-0.92 0. 10

7. 0-8.6 0.2.0-0.60 0.20-0.60
0.25 0.50-1.10 0.30
0.25 0.20-0.50 0.60

0.20 1. 4-1.8 0.40-0. 6C

0.20 1.8-2.40 0.40 -O.6C

Nickel

). 50
). 50

). 35

).35
). 50
). 50
!. 0-3.0
). 50
1. 7-2.3

).35

D.15

0.50
u. 50

0.50
0.50
3,0

3.0

0:70.1.3(
0.30-0.7(
0.90-1.5(

0.35
0.05
0.25

0.15

Zinc I Tita”iwn

). 50
). 50
i. O-7. O 0.15-0.25
).35 0.25

1.0 0.25

1.0 0.25
!. 5 0.25
1.0
).8 0.25
).35 0.25
1.0 0.25
1.35 0.25
).35 0.25
). 50 0.25
1.15 0.25
1. 4-2.2 0.20
3.35 0.25
!).15

3.15 0.25
1.0 0.25
1.0 0.25
0.35 0.25
0.10 0.20
0.35 0.25
0. 10 0.20
0.05 0.20
0.50
0.50
0.50
0.50
6. 0-7.0 0.25

0.20
0.20
0.20
0. 10-0.2

1.0 0.25

hr.mmium

,40-0.60

.25

.25

.25

m

Tin

.15

.15

.35

.15

1.

1.
l..

5
5
5

).35

}. 5-7.0
$. 5-7.0
5. 5-7.0

).03

1. 25-2.(

her E
Lch

).05
).05

).05

).05
).05

).05
).05
).05

3.05

0.05
0.05
0.05
0.05
0.05

0.05

0.05

0.03

0. 10
0.05
0.05

nents
Total

0.25
0.25
0.20
0.15
0.50
0.50
0.50
0.50
0.35

0.50
0.15
0.15
0.35
0.15
0.15
0.15
0.25
0.15
0.50
0.50

0.15
0. 15

0.15
(3.15
0.15
0.25
0.25
0.50
0.50
0.15
0.30
0.30
0.30
0.15
0.50
0. 10
0.50

0.25
0.15

emainder

(1) Values given are taken from C)Q-A-596 and QQ-A-601. QQ-A-591 differs in that it requires; O. 60 Copper, 2.0 Iron, O. 10 Magnesium. O. 50 Nickel,

O. 50 Zi~c, NO Titanium and O. 15 Tin.

(2) If Copper plus Iron exceeds O. 50 percenL a Manganese content of at least O. 35 percent is desirable.

(3) If the Iron content ●xceeds O. 45 percent, it is desirable to have the Manganese content equal to one-half the Iron.

(4) Iron plus Silicon not to exceed O. 40 percent.
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TABLE Ill. CHEMICAL COMPOSITION LIMITS OF WROUGHT ALUMINUM ALLOYS

w
*

Desig-
nation

EC(6)

1100
1130(7)
1230{8)
123S

1145(9)

1345
1060
1175(10)

2011

2014

2017
2117
2018
2218

2618
2219
2024
2025
3003

3004

4032
4043
4343(12)

5005

5050
5052
5252
56S2
5154

5254
5454
5155
5056
5356

5456
5257
5457
5557
5657

5083
5086
61o](I3)

6201
6003( 14)

=4=
1.0 Si + Fe
>.7 Si + Fe
1.7 Si + Fe
1.65 Si + Fe

2.55 Si + Fe
3.30

I
0.40

0.25 0.35
0.15 Si + Fe
D.40

0.50- 1.2
0.8
0.8
0.9
0.9

0.25
0.20
0.50
0.50- 1.2
0.6

0.30
11.0 -13.5
4.5-6.0
6,8-8,2
0.40

0.40

0.7

1.0
1.0
1.0
1.0
1.0

0.9-1.3
0.30
0.50
3.0
0.7

0.7
1.0
0.8
0.8
0.7

0.7
0.45 Si + Fe”
0.08 I 0.10
0.40 Si + Fe
0.45 Si + Fe

0.45 Si + Fe
0.40 Si + Fe
0.30

I
0.7

0.30 0.40
0.50 Si + Fe

0.40 Si + Fe
O.O8
0.08
0.10
0.08

0.40
0.40
0.30-0.7
0.50-0.9
0.35- 1.0

0.10
0.10
0.12
0.10

0.40
0.50
0.50
0.50
0.6

Copper

0.20
0.20
0.10
0.05

0.05
0.10
0.05
0.10
5.0-6.0

3.9-5.0
3.5-4.5
2.2-3.0
3.5-4.5
3.5-4.5

1.9-2.7

5.8-6.8
3.8-4.9
3.9-5.0
0.20

0.25
0.50- 1.3
0.30
0.25
0.20

0.20
0.10
0,10
0.04
0.10

0.05
0.10
0.25
0.10
0.10

0.10
0.10
0.20
0.15
0.10

0.10
0.10
0.10
0.10
0.10

Man-
ganese

0.05

0.05

0.05

0.03

0.40-1.2
0.40- 1.0
0.20
0.20
0.20

0.20-0.40
0.30-0.9
0.40- 1.2
1.0-1.5

1.0-1.5

0.05
0.10
0.20

0.10

0.10
0.10
0.01
0.10

0.01
0.50- 1.0
0.20-0.6
0.05-0.20
0.05-0.20

0.50- 1.0
0.03
0.15-0.45
0.10-0.40
0.03

0.30- 1.0
0.20-0.7
0.03
0.03
0.8

Mag-
nes ium

0.03

0.20-0.8
0.20-0.8
0.20-0.50
0.45-0.9
1.2-1.8

1.3-1.8
0.02
1.2-1.8
0.05,

0.8-1.3
0.8-1.3
0.05

0.50- 1.1

1.0-1.8
2.2-2.8
2.2-2.8
2.2-2.8
3.1-3.9

3.1-3.9
2.4-3.0
3.5- 5.0
4.5-5.6
4.5-5.5

4.7- 5.5
0.20-0.6
0.8-1.2
0.40-0.8
0.6-1.0

4.0-4.9
3.5-4.5
0.35-0.8
0.6-0.9
0.8-1.5

ChrOm -
ium

0.10
0.10
0.10
0.10
0.10

0.10
0.10

0.10

0.10

0.10
0.15-0.35

0,15-0.35
0.15-0.35

0.15-0.35
0.05-0.20
0.05-0.25
0.05-0.20
0.05-0.20

0.05-0.20

0.05-0.25
0.05-0.25
0.03
0.03
0.35

Nickel

.

1.7-2.3
1.7-2.3

0.9-1.2

0.50- 1.3

Zinc

0.10

0.10

0.05

0.30

0.25
0.25
0.25
0.25
0.25

0.10
0.25
0.25
0.10

0.25

0.25
0.10
0.20
0.25

0.25
0.10

0.10
0.20

0.20
0.25
0.25
0.10
0.10

0.25
0.03

0.03

0.25
0.25
0.10
0.10
0.20

Titan-
imn

-

0.03

0.15 ~

0.04-0.10
0.02-0.10

0.15

0.20

-

0.20

0.05

0.20
0.15

0.06-0.20

0.20

0.15
0.15

0.10

Othe
Each

):05(181

).05
).05
).05

).03
).05
).03(18)

).02
).05(11)

),05(18)

).05
).05
).05
).05

).05
1.05(20)

1.05
).05
~.05(181

j.05(181

3.05
3.05(181

3.05
D.05

D.05(181
D.05{181

0.03
0.05(181
0,135(161

D.05(113)
0.05
0.05
0.05(16
0.05(16’

0.05
0.02
0.03
0.03
0.02

0.05
0.05
0.03(19
0.03(19
0.05

rotal

0.15
.J

0:15

0.15
0.15
0.15
0.15
0.15

0.15
0.15
0.15
0.15
0.15

0.15
0.15
0.15
0.15
0.15

0.15
0.15
0.10
0.15
0.15

0.15
0.15
0.15
0.15
0.15

0,.15
0.05
0.10
0.10
0.05

0.15
0.15
0.10

0.10
0.15

Alun-Iinum(4)

Min.

99.45
99.00
99.30
99.30
99.35

99.45
99.45
99.60
99.75
Remainder

Remainder
Remainder
Remainder
Remainder
Remainder

Remainder
Remainder
Remainder
Remainder
Remainder

Remainder
Remainder
Remainddr
Remainder

Remainder

Remainder

Remainder
Remainder
Remainder
Remainder

Remainder
Remainder
Remainder
Remainder
Remainder

Remainder
Remainder
Remainder
Remainder
Remainder

Remainder.
Remainder
Remainder
Remainder
Remaimier
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TABLE Ill (Continued). CHEMICAL COMPOSITION LIMITS OF WROUGHT ALUMINUM ALLOYS

Iron

1.0
1.0
0.6
0.35
0.50

0.7
0.7
0.35
0.15

0.50
0.40
0.40

Fe
0.7

0.6
0.7
0.7
0.40
0.40

Copper

0.40-0.9
0.35
0.15-0.40
0.10
0.10

0.15-0.40
0.15-0.40
0.10
0.20

0.7- 1.2
l. b-. ?.k
0.10
0.10
1.2-2.0

0.30- 1.0
0.8-i.7

1.6-2.4
0.40- 0.8
0.!0

Man-
ganese

0.8
0.20
0.10

0.15
0.15
0.10
0.05

0.6- 1.1
0.20
0.10-0.40
0.10

0.30

0.30-0.8

0.30
0.10-0.30
0.10-0.70

Mag-
nesium

0.6-1.2
0.45- 0.8
0.40-0.08
1.1-1.4
1.0- 1.5

0.8-1.2
0.8-1.2
0.45-0.9
0.45-0.9

0.8-1.4
2.6-3.4
2.3-3.3
0.10
2.1-2.9

1.2-2.0
1.7-2.3
2.4-3.1
2.9- 3.7
2.0-3.8

Chrom-
ium

0.30
0.15-0.35

0.15-0.35
0.15-0.35

0.15-0.35
0.04-0.14
0.10

0.40
0.)8-0.40
0.15-0.25

0.i8-O.40

0.18-0.35

0.18-0.40
0.10-0.25
0.25

~ickel

0.20

ritan -

iurn

0.20
0.15

0.15
0.15
0.10

0.20
0.20
0.10

0.20

0.20
0.10

O.zo
0.10
0.10

Others (3)
~

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainder

Remainc3er
Remainder
Remainder
Remainder
Remainder
+ 0.20 Zirconium

Desig-

nation Silicon Zinc

1.5
0.25
0.20
0.10
1.6-2.4

0.Z5
0.Z5
0.10

0.25
6.8-8.0
3.5-4.5
0.8-1.3
5.1 -6.1

7.0- 8.0
3.7-4.3
6.3-7.3
3.8-4.8
3.5-5.0

Each

0.05
0.05
0.05
0.05
0.05

0.05
0.05(5)
0.05
0.05

0.05
0.05
0.05
0.05
0.05

0.05

0.05
0.05
0.05
0.05

Total

0.15
0.15
0.15
0.15
0.15

0.15
0.15
0.15
0.15

0.15
0.15
0.15
0.15
0.15

0.15
0.15
0.15
0.15
0.15

6011
6151
6951
6053
6Z53(

6061
6Z62
6063
6463

0.6-I. Z
0.6-1. Z
0.20-0.50
(t7)
(17)

0.40-0.8
6.40-0.8
0.20-0.6
0.20-0.6

0.9- 1.8
0.35

0.30
0.7 Si

0.50

0.40
0.50
0.50
0.30
0.30

5)

6066
7001
7039
7072(16)

7075

7076
7Z77
7178
7079

~1 Zn Mg.
413_.-A-45225@

w
WI

NOTES:

(1)

(2)

(3)

(4)

Composition in percent maximum unless shown (5)

(6)

[7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

Also contains 0.40-0.7 percent each of lead and bismuth.

Electric conductor.

Reflector sheet.

Cladding on alclad 20Z4.

Foil.

Cladding on clad 1100 and clad 3003 reflector sheet.

Also contains 0.20 -0.6 percent each of lead and bismuth.

Brazing aIloy

as a range.

For purposes of determining conformance to these
limits, an observed value or a calculated value
obtained from analysis is rounded off to the nearest
unit In the last right-hand place of figures used in
expressing the specified limit.

Analysis is regularly made only [or the elements
for which spec>fic limits are shown. except fur
unalloyed aluminum. U, however, the presence
of other elements is suspected, or indicated in
the course of routine analysis, further analysls
is Inade to determine that these other elements
are not in excess of the amount specified.

The aluminum content for unalloyed aluminum not
made by a refining process is the tfifference
hetwee” 100.000 percent and the sum OFall other
metallic elern?nts present in amounts of 0.010 per-
cent or more each, expressed to the second
decimal.

Bus conductor

Cladding on alclad ZO14.

Cladding on alclad 5056.
d

UI

Cladding on alclad 2219. 3003, 3004. 5050, 5155, 6061,
7075, 7178 and 7079.

(17)

(18)

Silicon 45 to 65 percent of magnesium content.

Beryllium 0.0008 maximm for welding electrode and filler
wire only.

Boron, 0.06 percent maximum.

Vanadium 0.05-0.15; zirconium O.lO-O. Z5.

(19)

(20)
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TABLE IV. WROUGHT ALLOYS - CROSS REFERENCE (ALLOY TO FORM)

COmme rcial

Alloy

Designation

1100(1)

2011
2014

Alclad 2014
2017
2018

2020
202-4

Alclad 2024
2025
2117

2218
2219

Z618
3003

4032
5052
5056
5083

5086

5454

5456

6011
6053
6061

6063
6066

6151
7075

Alclad 7075
klclad one side 7075

7076

7079
7178

Alclad 7178
7277

X8280

Plate

Sheet

QQ-A-25011

QQ-A-250/3

QO-A-250J16
QQ-A-25014
QQ-A-2S0/5

QQ-A-250/2

QQ-A-25018

OQ-A-Z5016

OQ-A-250/7

QO-A-250110

QQ-A-Z50/9

QQ-A-250111

QQ-A-250/12
C2Q-A-250/13

QQ-A-250118

QQ-A-250/17

QQ-A-250114
QQ-A-250115

MIL-A-11267

Bar. Rod
Shapes and

Tube Extruded

QO-A-20012

QQ-A-20013

QQ-A-200J 1

OQ-A-20014

QCJ-A-200/ 5
QQ-A-20016

QO-A-200/7

QQ-A-20018

QO-A-2oo/9
QQ-A-200110

QQ-A-200111

QQ-A-200/12

Bar, Rod, Wire or
Special Shapes Rolled,

Drawn or Cold Finished

QO-A-225/l
QQ-A-22513

QQ-A-22514

QQ-A-22515

QQ-A-225/6

QQ-A-2Z512

QQ-A-22517

QQ-A-22518

QO-A-22519

Drawn
Seamless

Tube

WW-T-700/l

WW-T-700J3

WW-T-700/2

WW-T-700/4

ww-T-7oof5

WW-T-70016

Forgings

QQ-A-367

QQ-A-367
QQ.A-3A7

QQ-A-367

QQ-A-367
QQ-A-367

QQ-A-367

QQ-A-367

QQ-A-367

QQ-A-367

W-A-367

QQ-A-367
QQ-A-367

QQ-A-367
QQ-A-367

Impact

Ext rus ions

MIL-A-12545

MIL-A-12545

MIL-A-1254S

MU-A-12545
MIL-A-12545

Rivet

Heading

Wire

QQ-A-430

QQ-A-430

QQ-A-430

QO-A-430

QC3-A-430

QQ-A-430
QQ-A-430

QQ-A-430

QQ-A-430

QQ-A-430

MIL:R-1222

NOTE :

(1) M.IL-A- 148-Aluminum Foil
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M1141DBK-694A[MR]
15 December 1966

.—
TABLEV. WROUWTALLOYS -CROSS REFERENCE (ALLOY TO SPECl FlCATlON)

ASTM I SAEAlloy
I

Government

t060 I B209, B211, B221, AA106O

B245, B21O, B234

B211 AA I1OO

B209 AA11OO

B316 AA I1OO

B209 AA IIOO

B234, B210 AAl 100

B316 AA] 100

B211 AA2011

I

1100 QQ-A-225/l

QO-A-250/l
QQ-A-430
QQ-A-O0435
WW-T-700/1
MIL-A-14E
MIL-A-12545
MIL-R-5674

QQ-A-225/3
-1

4102, 4180

4001, 4003

7220

4001, 4003

4062

-.

2011 I

B221 AA2014

B211 AA2014

B247 AA2014

B221 AA2014

B24? AA2014

B221 AA2014

2014 QQ-A-2oo/2

QQ-A-225/4

QQ-A-367

MIL-A-12545

MIL-T - 15089

MIL-A-22771

MIL-A-25994

4153

4121

4134,4135

4028, 4029,4014

Alcld 2014 I C3Q-A-250/3 B209 j AA2014 I

2017 QQ-A-22515

OQ-A-430

B211 I AA2017

B316 AA2017

B247 ] AA20182018 QQ-A-367 4146 I

I2020 CX2-A-250/16

MIL-A-8882

2024 QQ-A-200/3

QQ-A-225/6

QQ-A-250/4

QO-A-430

WW-T-700/3 m 4152,4164,4165

4112,4119,4120

4033, 4035, 4037

4086, 4087,4088, 4097, 4098,

4099,4103, 4104, 4105, 4106

B316

B316

B234, B221

B209

AA2024

AA2024

AA2024

AA2024==-1-=-
MIL-S-781 I

2025 QQ-A-367 B247 ‘--l-+-

12117 I QQ-A-430

MIL-R-5674

B316 I AA2117
B316 AA2117

2218 I QQ-A-367 4142 I23247 I AA2218

2219 I MIL-A-8920 B209 I AA2219 4031 I

2618 I QQ-A-367 41321-

3003 QQ-A-2oo/l

QQ-A-225/2

QQ-A-250/2

QQ-A-430

QQ-A-00434

WW-T-70C!/2

MIL-R-l 150

MIL-M- 17999

MIL-P-25995

B221
B211
B209

AA3003
AA3003
AA3003

I
4006, 4008

4065, 4067

4145

4114

4015,4016,4017

4069, 4070, 4071

B210, B234

316

B241, B345

AA3003
AA3003

AA3003

3004 I WW-P-402 I AA3004

4032 I C3Q-A-36 B247 AA4032

B211 AA5052
B209 AA5052
B316 AA5052

AA5052
B210, B234, B307 AA5052

AA5052

37
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MI1-HDBK-694AIMR)
15 December 1966

TABLE V (Continued). WROUGNT ALLOYS - CROSS REFERENCE (ALLOY TO SPECIFICATION)

Alloy Government ASTM SAE AMs

5056 QQ-A-430 B316 . 4182

MIL-R-5674C B316

5083 QQ-A-2oo/4 B221, 345 AA5083

QQ-A-250/6 B209 AA5083 4056, 4057, 4058, 4059

MIL-Ji-45225 AA5083
MIL-A-46027 AA5083
MIL-A-46083 . AA5083

5086 QQ-A-200/5 B221 AA5086
QQ-A-250/7 B209 AA5086
WW-T-700/5 B21O AA5086
MIL-A-21579 AA5086

5154 MIL-P-25995 B241, B234 AA5154

5254 MIL-P-25993 B241

5454 QQ-A-200/6 B22 1
QQ-A-250/JO

AA5454
B209 AA5454

MIL-P-25995 B241 AA5454

5456 QQ-A-250/9 B209 AA5456
MIL-A-25994 AA5456
MIL-A-25995 B241, B345 AA5456

MIL-A-45225 B209 AA5456
MIL-A-46027 AA5456
MIL-A-46083 AA5456

6053 WW-P-402

QQ-A-430 B316
MIL-P- 1150 B316

6061 QQ-A-200/8 B221 .AA6061 4150,4160,4161

C)Q-A-225/8 B211
QQ-A-250/11

AA6061 4115,4116,4117
B209 AA6061 4025, 4026, 4027, 4053

QQ-A-367 B247 AA6061 4127, 4146
WW-P-402 AA6061

QQ-A-430 B3 1.6 AA6061
WW-T-700/6 B2 10, B234 AA6061 4079, 4080, 4081, 4082, 4083

MIL-R-1150 B316 AA6061

MIL-T-7081 B345 AA606 1
MIL-T-10794 B345 AA6061
MIL-A-12545 AA6061

MIL-F- 17132 B209 AA6061

MIL-M - 17999 AA6061
MIL-A-22771 B247 AA6061
MIL-A-25994 B22 1 AA606 I
MIL-A-25995 B241, B345 AA6061

6063 QQ-A-200/9 B22J AA6063 4156

MIL-P-25995 B241, B345 AA6063

6066 QQ-A-2oo/lo
QQ-A-367

MIL-A-25994

6070 MIL-A-12545

MIL-A-46104

6151 QQ-A-367 B247 AA6151 4125

MIL-A-12545 AA6151

7001 MIL-A-52242

7075 QQ-A-2oo/11 B22 1 AA7075 4154, 4168, 4169, 4!70

QQ-A-225/9 B211 AA7075 4122,4123

QQ-A-250/12 B209 AA7075 4030

QQ-A-367 B247 AA7075 4139, 4141, 4044, 4045

QQ-A-430 B316 AA7075

MIL-A - 18545 AA7075 4170

MIL-A-22771 B247 AA7075

Alclad 7075 QQ-A-250/13 B209 AA7075 4039,4047,4048, 4049

MIL-S-7811 AA7075

Alclad 7075 QQ-A-250/18 B204 4046

One Side I

38
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MI1-HDBK=694A[MR]
15 December 1966

WROUGHT ALLOYS - CROSS REFERENCE (ALLOY TO SPECIFICATION)

,
Alloy Government ASTM SAE AMS

7076 QQ. A-367 4137

7079 00-A-200/12 B22 I AA7079 4171

OQ-A-250/l 7 B209 AA7079 4024

QCJ-A-367 AA7079 4138,4136

MIL-A-22771 AA7079

Alclad 7079 MIL-A-8923 B209 AA7079

7178 QQ-A-200/13 B22 1 AA7178 4158

QQ-A-350/14 B209 AA7178

Alclad 7178 W3-A-250/15 B209 4051, 4052

7277 MIL-R- 12221 B316 AA7277

XB2!30 MIL-A- 11267

Al, Zn, Mg MIL-A-452.25

MIL-A-46063

MIL-A-46083

TABLE VI. TYPICAL PHYSICAL PROPERTIES OF ALUMINUM ALLOYS

Thermal E1ectrlcal Coef. Melt!ng
Alloy Conduc - Resist lvlty Lmea r Point, ‘F

Density, tiv]ty, Therm.

lb per % Expan.

Type Deal gnatien Temper cu In CGS Eng. MC-S uilcm 10-6, n. I,n. Solidus L1quidus

(1) (2) [3) {4) (5)

iand Cast

C30-A-601) 43 -F 0.097 0.34 990 37 4.660 12.3 1065 1170

356 0.097 11.9 1035 1135

-T51 0.40 1160 43 4.010

- T6 0.36 1045 39 4.421

- T7 0.37 1070 40 4.310

195 - -J-4 0.102 0.33 960 35 4.926 12.7 970 1190

214 0.096 0.33 960 35 4.926 13.4 1110 1185

142 0.102 12,6 990 1175

-T21 0.40 1160 44 3.9

-T571 0.32 930 34 5.1

122 0.107 12.4 965 1155

-T61 0.31 900 33 5.225

108 0.101 12.4 970 1160

-F 0.29 840 31 5.562

113 0.106 12.3 965 1100

-F 0.29 840 30 5.747

355 0.098 12.4 1015 1170

-T51 0.40 1160 43 +.010

- Tb 0.34 990 36 4.789

220 0.093 13.7 840 1120

- T4 0.21 610 21 8.210

40E 0.100 13.7 1105 1195

-T5 0.33 960 35 4.926

AIJcast 0.101 11.9 960 1120

-F 0.26 750 27 6.4

Red X-8 0.096 11.9 960 1135

-F 0.24 695 26 6.6

TenzaJoy 0.100

A6J2 0.102 13.1 IJ05 1195

-F 0.)1 960 35 4.9

TernalJoy 5 1030 1175

Ternalloy 7 ().100 1020 J170

Almag 35 0.095 J 3.0 1020 1165

-F 23 7.5

B214 0.096 J2.7 1090 1170

-F 0.35 IOJ5 38 4.5
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MI1-HDBK=694A[MR]
15 December 1966

TABLE VI (Continued), TYPICAL PHYSICAL PROPERTIES OF ALUMINUM ALLOYS —

The rmal Electrical Coef. Melti

Alloy Conduc - Resistivity Linear Point, VF

13emit y, tivity, Therm.

lb per 7 E an.

Type ~esignation Temper cu in. CGS Eng. & p flcm 810- in.lin. Solidu6 Liquidu

(1} (2) (3) (4) (5)

ermanent 113 0.106 12.3 %5 1160

old Cant -F 0.29 840 30 5.747

)Q-A-596)
122 0.107 12.4 965 1155

-F 0.32 930 34 5.071

142 0.102 12.6 990 1175

-T571 0.32 930 34 5.071

-T61 0.31 900 33 5.224

B195 0.101 12,4 970 1170

- T4 0.31 900 33 5.224

- T6 0.31 900 33 5,224

A108 0.101
-F

970 1135
0.34 990 37 4.660 11.9

355 0.098 12.4 1015 1150

-T51 0.40 1160 43 4.010

- T6 0.34 990 36 4.789

43 0,097 12.3 1065 1170

-F 0.34 990 37 4.660

356 0.097 11.9 1035 1135

- T6 0.36 1045 39 4.421

- T7 0.37 1070 40 4.310

0.098 11.0 1000 1050

-T551 0.28 810 29 5.945

319 0.101 11.9 960 1120
-F 0,26 750 27 6.386

Temzaloy 613 1100 1185

Ternalloy 5 603 1105 1180

Ternalloy 7 607 J085 1165

750 0.104 13.0 435 1200

- T5 0.44 1275 47 3.668

IL-A-10935 0.095 23 7.496 13.0 1020 1165

e Cant 13 0.096 0.29 841 31 5,561 11.5

Q-A-591)

1065 1080

A13 0.096

43 0.096 0,34 990 37 4.660 12.3 1065 1170

218 0.093 0.23 670 24 7.184 13.3 995 1150

B214 0.096 0.35 1015 38 4.537 12.7

A380 0.098 0;24 695 25 6.896 11.7 1000 1100

380 0.098 0.23 670 23 7,496 11.6 1000 1100

360 0.095 C!.27 785 28 6.158 11.6 1035 1105

A360 0.095 0.29 841 30 5.747 11.8 1035 1105

384 0.098 0.23 670 23 7.496 11.3 960 )080

ought 1060 .0 0,098 0.56 1 625 62 2 .8 13,1 1195 1215

-HI 8 0.53 1 540 61 2 .8

1100 0.098 13,1 1190 1215

-o 0.53 1 540 59 2 .9

-H] 8 0.52 1 510 57 3 .0

2011 0.102 12.7 995 1190

- T3 0.34 990 36 4 .8

2014 0.101 12,8 950 1180

-o 0.46 1 340 50 3 .4

- T4 0,29 840 30 5 .7

- T6 0.37 1070 40 4 .3

2017 0.099 13.2

-o

950 1200

0.41 11 90 45 3 ,8

- T4 0.29 840 30 5 .7

40
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TABLE VI (Continued), TYPICAL PHYSICAL PROPERTIES OF ALIJMINUM ALLOYS

The rmal Electrical Coef. Meltin

All Oy Conduc - Resist lvlty Linear Point,
$.

Density tivlty, The rm.

lb per
~& ~*cm lo%%% Sol,d”s LiquiduType Designation Temper cu In. CGS Eng.

(1) (2) (3) (4) (5)

tVrought 2018 0.101 12.4

(Cont. }

948 1180

-T61 0.37 1070 40 4.3

2024 0.100 12.9 935 1180

-o 0.45 1310 50 3.4
-T4 0.29 840 30 5.7

2025 0,101 12.6 970 1185

- Tb 0,37 1070 40 ‘4.3

2117 0,099 13.2 950 1200

- T4 0.37 1070 40 4.3

2218 0.102 12,4 940 1175

-T72 0.37 1070 40 4.3

2219 0.103 12.4 1010 1190

-o 0.41 1190 44 4.3
-T31, T37 0.27 780 28 3.4

-T62,T81,T87 0.30 870 30 5.1

3003 0.099 12.9 1190 1210

-o 0.46 1340 50 3.4

-H12 0.39 1130 42 4.1

-H18 0.37 4070 40 4.3

3004 All 0.098 0.39 )130 42 4. J 13,3 1165 1205

4032 0.097 10.8 990 1160

- T6 0.33 960 35 4.9

4043 -o 0.097 0.39 1130 42 4.1 1065 1170

5005 All 0.098 0.48 1390 52 3.3 13.2 1170 1205

5050 All 0.097 0.46 1340 50 3.4 13.2 1160 1205

5052 0.097 13.2 1100 J200

All 0.33 960 35 4.9

5056 0.095 13.4 1055 1180

-0 0.28 810 29 5.9
.-H38 0.26 750 27 6.4

5083 -o 0.096 0.28 810 29 5.9 13.2 1060 1180

5086 All 0,096 0.30 870 31 5.5 13.2 1084 1184

5154 All 0.096 0.30 870 32 5,3 13.3 1100 1190

525.2 All 0,097 0.33 960 35 4.9 13.2 J1OO 1200

5254 All 0,096 0,30 870 32 5.3 13.3 1100 1190

5357 All 0.098 0.40 1160 43 3.9 13.2 1165 1210

5454 0,097 13,1 1115 1195

-o 0.32 930 34 5.1

-H38 0,32 930 34 5.1

5456 -o 0.096 0.28 810 29 5.9 13.3 1060 1180

5557 All 0.098 0,45 1310 49 3.5 13,1 1180 1215

5657 All 0.098 0,33 960 35 4.9 13,1 1180 1215

6053 0.097 12.8 1070 1205

- T6 0.37 1070 40 4.3

6061 0.098 13.1 1080 1200

-o 0.41 I 190 4 53 .8

- T4 0.37 10 70 404 .3

41

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



.

i W14iDBK-694A[MRJ
15 December 1966

TABLE VI (Continued). TYPICAL PHYSICAL PROPERTIES OF ALUMINUM ALLOYS

Thermal

Type

Alloy

Designation

6063

6066

61o1

6151

6262

7001

7072

7075

7178

7079

remper

- T6

-T42

-o

- T6

-T6

-T61

- T62

-T’64

-o

- T4
- T6

- T9

- T6

-o

- T6

- T6

- T6

Density.

lb per

cu. in.

0.098

0.098

0.098

0.098

0.098

0.J02

0.098

0.101

0.102

0.099

0. 41
0.46

0.37

0.35

0.52

0.53

0.52

0.54

0.49

0.39

0.41

0.41

0,29

0.53

0.29

0.30

0.29

Uc -

Eng.

(2)

1390

1340

1070

1010

1510

1540

1510

1570

1420
1130
1190

1190

840

1540

840

870

840

#
Electrical
Resistivity

-%-
fAcs
( 3)

53

50

40

37

57

59

::

54
42
45

44

31

59

30

31

31

pJ_lcm

( 4)

3.3

3.4

4,3

4.7

3.0

2.9
3.0

2.9

3.2

4.1
3. II

3.9

5.5

2.9

5,7

5.6

5.5

NOTES :

(1) CGS - callcmlcm210Cls.ec at 77° F

(2) English units - btrdin. }ft2/OFlhour at 77°F

(3) IACS - international Annealed Copper Standard - equal volume

Coe f,

Linear

Therm.

,o%l:;~n.

(5)

13.0

12.9

13.0

13.0

13.0

13.0

13.1

13.1

13,0

13,1

Meltin
Point, }=

Solidus

1)40

1050

1140

1140

1100

890

1)95

890

890

900

Jlq uidus

1205

1200

1205

1205

1205

1160

1215

1180

1165

1180

(4) uocm - microhm - centimeter at 68°F

(5) Average Change in length per ‘F from 68°F to 212°F
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TABLE VII. EFFECT OF TEMPERATURE ON THERMAL ~EFFICIENT OF LlNEAREXPANSlON

Average Coefficient, 10 ‘6 in, /in. /0F

Alloy Temperature Range, ‘F

Type Designation -58 to +68 68 to 212 68 to 392 68to 572

Sand Cast 43 11.4 12,3 12.9 13,4

(QQ-A-601) 356 11.0 1J,9 12.5 12.9

195 11.7 12.7 13,2 J3.8

214 12.3 13.4 13.9 14.5

142 11.6 12.6 13.1 13.6

122 11.5 12.4 12.9 13,4

108 11.5 12.4 13,0 13.4

113 11,3 12.3 12.9 13.3

355 11.5 12.4 13.0 13.7

220 12.6 13.7 14.2 14.8

40E 13.7

All cast 11,0 11.9 12.4 12.7

Red X-8 11.9
A612 12.1 13.1 13.6 14.2

Ternalloy 7 13.3 14,4

Almag 35 12.0 13,0 14.2 14.8

B214 11.8 12.7 13.3 13.8

Pe cmanent 113 11.3 12.3 12.9 13.3
Mold Ca@t 122 11.5 12.4 12.9 13.4

(QQ-A-596) 142 11.6 12.6 13.1 13.6
B195 11,4 12.4 13,0 13.4

A108 11,1 11,9 12,5 12.9
355 11,5 12.4 13.0 13,7

43 11.4 12.3 12.9 13.4
356 11.0 11.9 12.5 12.9

A132 10.3 11.0 11.5 12.0
319 11.0 11.9 12.4 12.7
750 12.0 13.0 13.5

Die Cast 13 10.7 11.5 12,0 12.6

(QQ-A-591) 43 11.4 12.3 12.9 13.4
2i0 12.4 13.3 14.0 14.3

B214 11.8 12.7 13.3 13.8

A380 10,8 11.7 J2.2 12.6
380 10.7 11.6 12,1 12.5
360 10.8 11.6 12.2 12,7

A 360 10.9 11.8 12.4 12.8
384 10.5 11.3 11.8 12.3

Wrought 1100 12.2 13.1 13.7 14.2
2011 11.9 12.8 13.4 13.9
2014 12.0 12.3 13,1 13.6
2017 12.1 12.7 13,3 13.9

2018 11.7 12.4 12,9 13.4
2024 11.9 12.6 13.2 13.7
2025 12. J 12.6 13. J 13.6
2117 12.1 13.0 13.6 14.0

2218 11.7 12.4 13,0
3003

13.5
12.0 J2.9 13.5 13,9

4032 10.3 10.8 11,3 11.7
5052 12.3 13.2 13. B 14.3

5056 12.5 13.4 14.0
6053

14.5
12. ) 12.8 13,4 14.0

6061 12.1 13.0 13.5 14.1

6063 12.1 13,0 13.6 J4.2
6151 12.1 12.8 J3.4 13.9
7075 12.1 12.9 13,5 14,4
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TABLE WII. TYPICAL EFFECT OF TEMPERATURE ON ULTIMATE TENSILE $TRENGTII

—

Alloy

Designation

356

195

214

142

122

355

122

142

B195

355

356

A132

Percent of Ultimate Strenl !h at 75°F

+75F’ 300F

83
70

8b
78

88

;:

80

86
94
55
86

4001

48
36

46
42

72

67
81

55

:;
34
49

Temper

-T51
- T6

- T4
-T6

-F

-T21
-T5’il

-T61

-T51
- T6
- T7
-T71

-320F

126

118

116

600F

16
12

12
11

36

28
25

18

21
17
12
17

t700F

:

8
7

20

16

11

12
10

E
10

14

12

6

12
7

10

7
8

14

Type

Sand Cast
(QQ-A-601)

-11OF

108

105

106

20 F 212F

92
90

95
94

94

100

90

100
100
97
97

500 F

30
23

28
25

52

44
41

37

34
27
20
27

104

101

103

100

Permanent
Mold Cast
(QQ-A - 596)

-T551

-T571

-T6

-T51
- T6
-T71

- ‘3’6
-T7

-T551

92

99

88

93

;:

79
84

97

81

92

72

77
76
80

55
66

86

68

70

42

50
30
53

32
38

72

49

33

18

32
1?
26

20
22

50

24

20

9

20
10
17

10
12

28

133 107 103

86
85
89
94

93
94

;:

74
67
71
74

74

;:
81

56
48
47
47

46
50
49
55

30
27
29
26

:;
26
30

16
15
19
15

:;
13
15

10
11
11
10

:

1:

Die Cast
[Q()-A-591)

Wrought

13
43

218
360

A360
380

A380
384

1100

3003

5052

5083

115
109

122
109
110

106
106
105

105

77

92

;;
90

100
10Q
98

100

65
75

69
82
79

86
02
81

68

46
25

53
64
48

64
60
55

52

31
17

38
34
26

43

x

36

19
10

25
18
14

27
20
18

25

16
8

19
14
10

18
13
12

14

-o
-H18

-o
-H] 4
-H18

-o
-H34
-H38

-o

189
144

206
164
143

158
144
141

141

104
104

107
103
104

101
101
101

101

4
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.—

TABLE Vlll(Centinued). TYPICAL EFFECT OF TEMPERATURE ON ULTIMATE

TENSILE STRENGTH

—
AIIoy Percent of Ultimate Strength at 75°F

Type DeaignatiOn Temper -3ZOF -J JOF -20F +75F +212F +300F +400F +500F +600F +700F

Wrought 2011 - T3
(Cont. )

85 51 29 12 6 4

2014 - T6 120 J04 103 89 57 23 13 9 6

2017 - T4 128 104 J03 90 64 36 19 10 7

2018 -T61 118 104 J03 92 74 31 16 9 7

2024 -T3 94 41 17 11 8
- T4 127 106 io4 94
-T81

;: 40 18 12 8
9+ 79 41 17 11 8

-T86 93 73 27 16 11 7

2117 -T4 84 ?0 37 17 10 7

2218 -T61 95 70 37 17 9 7

4032 - T6 119 J05 102 91 67 24 14 9 6

6053 - T6 86 68 35 15 11 8

6061 . T6 133 110 105 93 76 42 17 10 7

~ 6063 -T42 153 I 20 108 100 95 4J
- T5

20 14 11
138 108 105 89 33 17 1) 9

- T6 135 I09 103 89 :: 26 13 9 7

615J - Tb 125 107 104 88 56 25 14 10 8

7075 - T6 J23 105 103 80 30 17 J3 10 8

7079 - T6 86 44 20 14 10 6

-

—.
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TABLE IX. TYPICAL EFFECT OF TEMPERATURE ON YIELD STRENGTH

A,

Type

Y

Dee igna tion

356

195

214

142

122

355

.—

122

142

B195

355

356

A132

13
43

218
360

A360
380

A380
384

1100

3003

Percent of Yield Streneth at 75°F’

1400F +500 I

48 25
37 21

46 28
37 25

I00 67

61 28
70 27

42 23

43 22
38 20
26 14
45 17“

57 34

65 24

42 15

42 21
35 19
42 16

31 18
35 19

54 36

71 43
75 38
56 33
56 30

54 27
67 33
65 30
72 36

im imTemper -320F -11OF -20F +75F

100

.2)2F

Sand Cast
(QQ-A-601) -T51

- T6

- T4
- T6

-F

-T21
-T571

-T61

-T51
- T6
- T7
-T71

-T551

-T571

- T6

-T51
- T6
-T71

- T6
-T7

-T551

108

122

107

102

109

100

107

100

104

100

103

98

96

::

100

100

95

96
100

93
96

93

99

88

100
100
94

93

96

89.

84
79

86
83

100

83
93

88

83
100
81
90

12
12

12
12

33

17
13

12

13
12

8
10

8
8

:

17

10

6

9
8
6
7

Permanent
!dold Cast
:C.V2-A-596)

lie Cast

DC)-A-591)

78

97

87

83
93
84

63
71

78

15

12

10

12
11
10

11
12

14
—.

21
22
17
18

17
17
1?
16

7

9

b

8
7
6

7
8

11

119

95
100
92

100

100
100
100
100

100
82

92
90
78

-

90
94
78

96

96
92
91
96

90
64

83
76
59

J

12
16

9
12

10
10
11
10

-o
-H18

-o
-H14
-H18

10?

116
104
107

Vrought 123

145
120
122

103

105
101
103

70 40
18 9

75 58
43 19
33 15

30
7

42
12
9

20
4

33
10

7

.
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. ...

TABLE 1X (Continued). TYPICAL EFFECT OF TEMPERATURE ON YIELD STRENGTH

A11oY

Type

Vrought
Cont. )

5052

5083

2011

2014

2017

2018

2024

2117

2218

4032

6053

6061

6063

6151

7075

7079

Temper

-o
- H34
-H38

-o

-T3

-Tb

- T4

-T61

-T3
-7-4
-T81
- T’86

- T4

-T61

- T6

- T6

- T6

- T42
-T5
- T6

- T6

- T6

- T6 I

-320F

121
118
116

113

132

110

133

103

116

126
116
116

115

124

-11OF

100
103
101

103

104

103

106

100

105

119
105
106

106

105

Percent of Yield Strength at 75°F

-20F

100
100
100

102

101

101

101

1O(J

103

110
104
102

104

102

100
97

100

100

79

93

92

94

96
96
95
94

88

95

96

88

95

108
95
90

91

85

.98

300F

100
87
78

82

44

58

75

87

92
77
78
73

71

80

72

75

78

115
86
64

I

58

29

44

400F

85
48
40

77

26

2.2

42

28

44
43
34
23

50

36

20

38

38

50
31
21

22

16

19

500F

62.
26
22

50

9

12

24

14

18
19
14
13

23

14

12

12

12

26
17
11

13

12

12

600F

38
16
14

34

5

8

12

6

12
13
9
9

15

‘7

6

8 I

6

19
12
8

1

10

9

9

700F

T
10

8

20

4

6

9

5

8

:
6

8

6

4

6

5

16
10
6

8

6

6

47

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



MILHDBK=694A[MR]
15 December 1966

TABLE X. TYPICAL EFFECT OF TEMPERATURE ON ELONGATION

—

Alloy Percent Elongation

‘rypc Designation Temper -320F -11OF -20F +75F +212F +300F +400F +500F .+600F +700F

;and Cast 356 -T51
QQ-A-601) -T6 3.5 4 5 15 30 60 75

195 - T4 8.5 9 20 25 80
- T6 5 5 5 15 25 75 100

214 -F 9 9 7 9 12 17 35

142 -T21 1 1 1 3 8 20
-T571 0.5 0,5 0.5 1 8 20 40

122 -T61 0.5 0,5 1 2 6 14 30

355 -T51 1.2 1.5 1.5 1.5 2 3 8 16 36 50
- T6 3 2 1,5 8 16 36 50
- T7
-T71 1.5 2 3 8 16 36 50

Permanent 122 -T551 0.5 0.5 0.5 1 3
Mold Cast

10 25

(QQ-A-596) 142 -T571 J 1 1 2 15 j5 60

B195 - T6 5 5 5 15 25 75 100

355 -T51 2 3 4 19 33 38 60
- T6 4 5 10 20 40 50 60
-T71 3 4 8 20 40 50 60

356 - T6 6 10 30 55 70 80
-T? i 10 20 40 55 70 80

A132 -T551 0.5 J 1 2 5 10 45

Die Cast 13

(QQ-A-591)
2.5 5 8 15 30 35 40

43 9 9 10 25 30 35 35

218 8 25 40 45
36o

45 45
3 ; 4 8 20 35 40

A360 5 3 5 14 30 45 45

380 3 4 5 8 20 30 35
A380 4 5 JO )5 30 45 45

384 1 1 2 6 25 45 45

Wrought 1100 -o 45 45 55 65 75 80 85
-H18 15 15 20 65 75 80 85

3003 -o 49 45 44 43 40 47 60 65
-H14 32

70 70
18 16 16 16 16 20

-H18
60 70 70

10 10 11 18 60 70 70

43
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TABLE X (Continued). TYPICAL EFFECT OF TEMPERATURE ON ELONGATION

Alloy Percent ElongatlOn
!

Type Designatim Temper -320F -I IOF -20F +75F ,212F +300 F +400F +500F +600F +7001

Nrought 5052 -o 30 35 45 * 65 80 100

( Cont. )

120
-H32 30 21 la 14 16 25 40 80 100 120
-H38 8 9 20 40 80 100 120

5083 -o 25 35 45 60 70 95 120

2011 -T3 15 16 25 35 45 90 125

2014 -T6 13 14 15 35 45 65 70

2017 - T4 22 18 16 28 45 95 100

2018 -T61 12 12 12 25 40 60 100

2024 -T3 17 16 11 23 55 75 100
- T4 19 19 17 27 55 75 100
-T81 7 8 11 23 55 75 100
-T86 5 6 11 28 55 75 100

2117 -T4 27 16 20 35 55 80 110

2218 -T61 13 14 17 30 70 85 100

4032 -T6 9 9 9 30 50 70 90

6053 - T6 13 13 13 25 70 80 90

6061 -T6 25 20 19 17 18 20 28 60 85 90

6063 - T42 33 18 20 40 75 80 105
- T5 22 18 20 40 75 80 105
- T6 !8 15 20 40 75 80 105

6151 - T6 17 19 22 40 50 50 50

7075 -T6 11 15 30 60 65 80 65

7079 -T6 13 18 37 60 100 175 175

49
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TABLE Xl. TYPICAL MODULII OF ELASTICITY (TENSILE) AT 75° F

“eBi’nmL-l‘“l%”’
Type

Sand Cant
(c2Q-A-6ol

1-
Permanent
Mold Cast
(C2Q-A-596)

Die Cast
(QQ-A-591)

L
Wrought

Alloy psi

43 JO.3
356 10.5
195 10.0
2J4 JO.3

142 JO.3
J22 10.7
355 10.2
220 9.5

40 E JO.3
Allcaat 10.7
A612 9.7

Ternalloy 5 JO.3
T.ernalloy 7 10.3

All 10.3

All I JO.3

-!i-E_

Designation

Type

Wrought

NOTE :
( 1) For temperatures other than 75° F refer to the following table:

MULTIPLIERS FOR
OTHER TEMPERATURES

Temperature Percent of
‘F MOrJUlOUK

at 75 ~

-320 112
-112 107

-18 102

+75 100

+212 98
+300 95

Alloy

2017
20J8
2024

Alclad
2024

2025
2117
2218
3003

4032
5052
5056
5083

6053
6061
6063
6066

6151
7075
7079

ModuJua

106
psi

-%5
10.6

10.6

10.4
JO.3
10.8
10.0

)0.3
10.2
10.3
10.3

10,0
10.0
10.0
10.0

10.2
10.4
10.4

,

I
+400

I
90

+500 80 I

50
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MIL.HDBK-694A[MOJ
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TABLE XII, TYPICAL FATIGUE STRENGTHS-WROUGHT PRODUCTS

Designation

Alloy

1100

3003

5052

2011

2014

2017

2018

2024

4032

6061

6063

6151

7075

Temper

-o
-H16

-o
-H14’
-H18

-o
-H34
-H38

-T3

-T’6

-T4

-T61

- T4

- T6

- T6

- T42
-T5
-T6

-T6

- T6

Repeated Flexure Fatigue Strength
[1)

, ksi

Million Cvcles to Failure

0.1

14

10.5

:;

23,5
26
29.5

35

39

42

42

43

37

31

19.5
20,5
23.5

30

40

1.0

6.5
11.5

9
12
14

19.5
20.5
24

26.5

30

34

29

31

30

23

16
15.5
16,5

22

29

10

5.5
10

8
10
11.5

17.5
19
22.5

22.5

24

27

23

24

23.5

1?

13.5
12
13.5

17

24

100

5
9

7.5
9

10.5

16.5
18
21

19.5

19

22

19,5

21

18

1+.5

11
10.5
II

13

22

500

5
8

7
9

10

16
18
20

18

j~

20

17

20

lb

13.5

9.5
9.5
9.5

12

22

Designation Fatig”e Strength(l), ks,

Alloy Temper 75% 300”F 400°F 500”F

3003 -H18 10 7.5 5 3.5

2014 - T6 18 12 8 5

2024 -T4 20 14 9 6

5052 -H36 18.5 12.5 9.5 6

6061 -T6 16 II 7.5 4.5

7075 -T6 22 12 6.5 7

NOTE :

(1) Reversed Flexural Stress (R. R. Moore Rotating Beam Test)

--
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Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



MIL=HDBK0694A[MR]
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TABLE XIII. TYPICAL MECHANICALP ROPERTIESO FWROUGHTALLOYS

Ult, T;~ Ult. EL% Hard - Shear
TS

Fatigue
l/16-in. l/2-in. nees Str

Alloy
End. Limil

Temper ksi ksi thick dia. BHN ha i ksi

1100 -o 13 5 35 45 23 9
-H12 16 15 12 28 10 2
-H14 17 9 ;: 32 11
-H16 ;; 20 :“ 17 38 12 ;
-H18 24 22 15 44 13 9

2011 -T3 55 43 - 15 95 32 18
- T8 59 45 . 12 100 35 18

2014 -o 27 14 . 18 45 18 13
-T4,
-T451 62 42 . 20 105 38 20
-T6,
-T651 70 60 . 13 135 42 18

Clad
2014 -o 25 10 21 . 18

- T3 63 40’ 20 - . 37 -

-T4,
-T451 61 37 ‘ 22 . . 37
-T6,
-T651 68 60 10 - . 41

2017 ‘ -o 26 10 22 45 18 13
-T-4,
-T451 62 40. 22 105 38 18

2018 -T61 61 46 . 12 120 39 17

2020 -o 35 -. 10 .

- T6 70 2 .

-T651 :: 59 6 . .

-F
.-

No Req uirements

2024 -o 27 11 20 22 47 18 13

-T3 70 50 18 . 120 41 20

-T4,
-T351 68 47 20 19 120 41 20

-T36 72 57 13 . 130 42 18

Clad
2024 -o 26 11 20 . . 18

- T3 65 45 18 . . 40

-T4,
-T351 42 . - 40

-T36 H 53 /? . 41

-T.81,
-T851 65 60 “’ 6 . . 40

-T86. 70 66 6 . 42

2025 - T6 58 37 19 llo 35 18

2117 - T4 43 24 . 27 70 28 14

2218 - T72 48 37 . 11 95 30

2219 - T6 58 38 8 - ‘.- .

1

t
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TABLE X111(Continued). TYPICAL MECHANICAL PROPERTIES OF WROUGHT ALLOYS

Ult. Ten. Ult. EL v, Herd- Shear Fatigue
TS Ys l/16-in. l/2-in. nea a Str

Alloy
End. Limi

Temper kei ksi thick dia. BHN kei ksi

2616 -T61 58 48 4 -

3003 -0 16 6 30 40 28 J1 7

-H12 19 18 10 20 35 12 8
-H14 22 21 8 16 40 14 9
-H16 26 25 5 14 47 15 10
-H18 29 27 4 10 55 16 10

4032 - T6 55 46 9 120 38 16

5052 -o 28 13 25 30 47 18 16

-H32 33 28 12 18 60 20 17

-H34 38 31 10 14 68 21 18

-H36 40 35 8 10 73 23 19

-H38 42 37 7 8 7-I 24 20

5056 -o 42 22 35 65 26 20

-H18 63 59 10 105 34 22
-H38 60 50 15 100 32 22

5083 -o 42 21 22 25

-H113 46 33 16 23

5086 -o 14 14
-Hill ;: 21 12

5454 -o 41 19 14
-Hill 42 26 12 -

-H112 41 19 12

5456 -o 45 23 24 .

-HI 12 45 24

-H311
22

47 33 18 -

6011 -F 35 32 3 70
- T6 50 42 7 95

6053 35 26 11 8

%6 ;! 3: 13 00 23 13

6061 -o 18 8 25 30 30 12 9

6063 -o 13 7 25 10 8

- T4 25 13 22 .

- T5 27 21 12 60 17 10

-T6 35 31 12 .- 73 22 10

- T42 22 13 20 42 14 9

- T83 37 35 9 82 22

-T831 30 27 10 . 70 18

-T832 42 39 12 95 27
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TABLE Xlll (Continued). TYPICAL MECHANICAL PROPERTIES OF WROUGHT ALLOY$

Ult. Ten. Ult. EL% Hard - Shear Fatigue

TS Ys l/16-in. 1I 2-in. ness Str End. Limit
\lloy Temper ke i ksi thick dia. BHN ks i ksi

6066 -o 22 12 18 43 14 -

-T4,
-T451 52 30 - 18 90 30 -

-T6,
-T651 57 52 12 120 34 16

6151 - T6 48 43 . 17 100 32 11

7075 -0 40{ 1) z4( 1 ) 10 -

- T6

1(-T651O 78 70 7 . . -

-T6511 81 73 . 7

Mclad -o 36(1) 20( 1 ) 10 .

7075 40( 1) 10
- T6 i’z 6; 8 -

77 66 . i -

-T651 77 66 - 6
-F No Req uirernent 6

Al clad -o 22(1) 21(1)” 10
one side 40( 1) 10
7075 - T6 74 6; i .

77 66 i
-T651 77 66 6
-F No Requirements

7076 -T61 70 60 -

7079 -T6,
-T651 78 68 14 145 45 23

7178 -o 40( 1 ) 2](1) 10 . -
40(1 ) . 10 -

- T6 84 73 8
84 73 - i -

-T651 84 73 6
-F No Req uirements

Alclad -o 36( 1) 20(1) 10
7178 40( ~) 10

- T’6 78 6; 8
84 ’73 6 . -

-T651 84 73 6
-F No Req uirementa

7277 - T4 60 . 35

X82 80 -H12 18 15 4

NOTE : ( 1) Specification maximum requirement
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?’ABLE XIV. TYPICAL Mechanical

r 1 , 1

PROPERTIES OF SAND CAST ALLOYS

1 ..T.. 1 r

QQ-A-601 Ult. Ten. Ult. Hard Comp. Shear Fatigue
TS Ys El. ness Ys Str End. Limit

Alloy Temper ks> ksl 7a BiiN ka I ks I ksi

43 -F 19 8 8 40 9 14 8

356 - T4 ,35(1) 16 3(1) 65
-T51 25 20 2 60 21 20 8
- T6 33 24 3.5 70 25 26 8.5

195 - T4 32 16 8,5 60 17 26 7
- T6 36 24 5 75 25 30 7.5
- T62 41 32 2 90 34 33 8
-T7 z9(1) 19 ,(1) 7’0

214 -F 25 12 9 50 12 20 7

142 -T21 27 18 1 70
-T571

18 21 8
32 30 0.5 85 34 26 11

122 - T2 27 20 80
-T61 41 40 /2) 115 43 32 8.5

108 ,. F 14 2.5 55 )5 17
:;(1)

11
-T55 75

113 -F 24 15 1.5 70 lb 20 9

355 -T51 28 23 1.5 65 24 22 8
- T6 35 25 3 Ho 26 28 9
- T7 3B 3b 0.5 85 38 28 lG
-T71 35 29 1.5 75 30 26 10

-.
220 - T4 48 26 16 75 27 34 8

40E -T5 35 26 5 75 14 28 9

Allcast -F 27 18 2 70 19 22 10
-T6 36 24 L 80 25 29 II

Red X-8 -F 30 21 1.5 60
- T6 39 30 1.5 85

T] -T5 30(1) 22 ‘1(l) 65

Tenzaloy -T5 34 25 4.5 75
—.

A612 -T5 35 .?5 5 75 25 26 8

Te rnalloy 5 -T5 30( 1) 19 5(1) 65
----- ...— —.

Ternalloy 7 -T5 37 27 1.5 85

Almag 35 -F 40 21 70 10

- T4 35(1) l&l(l) 1:(1)

B214 -F 20 13 2 50 14 17 8.5

NOTES :

( 1) Specification minimum requirement

(2) has than O. 5 percent
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Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



MILliDBK-694A[MR]
15 December 1966

TABLE XV. TYPICAL MECHANICAL PROPERTIES OF PERMANENT AND SEMI-PERMANENT _

MOLD CASTING ALLOYS

CX2-A-596 Ult. Ten. Ult, Hard - Comp. Shear Fatigue
TS Ys EL ness Ys Str

Class Temper ksi ksi %

End Limi
BHN ksi ksi ksi

113 -F 28 19 2 70 20 22 9.5

122 -T551 37 35 0, 5 115 40 30 8.5

-T65 48 36 0.5 140 36 36 9

142 -T571 40 34 1 105 34 30 10, 5

-T61 47 42 0.5 110 44 35 9, 5

B195 - T4 19 9 20 30 9.5
-T6 x 26 5 ;: 26 32 10

- T7 39 20 4.5 80 20 30 9

AI08 -F 28 16 2 70 17 22 13

355 -T51 30 24 2 75 24 24
-T6 42 27 4 90 27 34 10

-T62 45 40 1.5 105 40 36 10

-T71 36 31 3 85 31 27 10

43 -F 23 9 10 45 9 16 8

356 -T6 38 27 5 80 27 30 13

- T7 32 24 6 70 24 25 11

A132 -T551 36 28 0.5 105 28 28 13.5

-T65 47 43 0.5 125 43 36

319 -F 34 19 2, 5 19 24 10

- T6 40 27 3 ;;

Tenzaloy (6 13) -T5 33 22 4

Ternalloy 5 (6o3) -T5 37 21 10 70

Ternalloy 7 (6o7) - T5 47 29 4 95
- T7 53 43 3 95

750 -T5 23 10 12 45 11 15 9

A214 -F 2.2 2, 5

333 -F 28
-T5 30
- T6 35 .

-T7 31

357 - T6 45 3.0

A750 -T5 18 6.0

B750 - T5 27 3.0

F132 -T5 31 -

C355 -T61 40 3.0

A356 -T61 37 5.0
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TABLE XVI. TYPICAL MECHANICAL PROPERTIES OF DIE CASTING ALLOYS

QQ-A-591 Tens]le Yield strength Elongation ]n Shear Fatigue
Strength at O. 2% offset 2 inches Str End. L]mit

Alloy No. ks] ksi % ks] ksl

13 43 21 2.5 25 19
A13 42 19 3.5 25 19

43 33 14 9.0 19
.218 45 27 8.0 29 ;:

A360 46 24 3.5 26 !8
360 44 25 2.5 28 20

A380 47 3.5 27 20
380 46 $: 2.5 28 20

SC1 1-1A 48 24 2.5

TABLE XVII. APPROXIMATE RADII FOR 90-DEGREE COLD BEND OF WROUGHT ALLOYS

I DeslgnatlOn Radius Requ]red on terms Of sheet th]ckness, t)
7

L

Alloy Temper t= l/64 t. 1/32 t= l/16 t= l/8 t=3/16 t,l/q I t=31b t=llz
—

1100 -o 0 0 0 0 0 0 0

+

1-2
-H14 o 0 0 0 0-1 0-: 0-) 2-3
-H18 o-1 0.5 - 1.5 1-2 1.5- 3 2-4 2 --1 3-5 3-6

3003 -0 0 0 0 0 0 0 0 1-2
.H!4 o 0 0 0-1 0-1 : - 1,5 1 -2.5 1.5. 7
-H18 0.5- 1,5 1-2 1.5- 3 2-4 3-5 4-6 4-7 5-)3

—

5052 -o 0 0 0 0 0-1 0-1 0.5- 1,5 1-2
-H34 o 0 o-) 0.5- 1.5 1-2 1.5- 3 2-3 2,5 - 3,5
-H38 0.5- i,5 1-2 1.5- 3 2-4 3-5 -I-6 .?-7 S-*

5083 -o 0 - 0.5 0-1 0-1 0.5 - 1.s 1.5 - 2 1.5 - 2.5

2014 -o 0 0 0 0-1 0.7 1.5- 3 3-5
Clad -T3 1:2 1,5-3 2-4 3-5 4-6 4-6 5-7 5.5 - 8

- T4 1-2 1.5 - 3 2-4 3-5 4-6 4-6 5-7 5.5-8

-T6 2-4 3 -5 3-5 4 -0 5-7 b-lo 7-1o 8-11
J

20~4 -o 0 0’ 0 0 0-1 o-i 1.5-3 3-5

-T3 1.5 - 3 2 -4 3-5 4 -6 4-6 5-7 6-B I 6-9

-T4 1.5 - 3 2-4 3-5 4-6 4-L 5-7 6-8 6-9

-T81 3.5- 5 4. 5-6 5-7 6,5-8 7-9 8-10 q-n 9-12

5456 -o 0-1 0.5 - 1 0.5 - 1 0.5 - 1,5 0.5 - 2

-H321 2-3 2-3 3-4 3 -4 3-4

6061 -o 0 0 0 0 0-1 o-i 0.5 - 2 I - 2.5
-T4 o-1 0-1 0.5 - 1.5 1-2 1.5 - 3 2-4 2.5 - 4 3-5

-T6 o-1 0.5 - 1,5 1-2 1.5-3 2-4 3-4 3,5 - 5.5 4-6
— — .—

7075 -0 0 0 O-i 0.5- 1.5 1-2 1,5-3 2.5 - 4 3.5

- T6 2-4 3-5 4-6 5-7 j-7 6-10 7-1[
I

7-I’2
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TABLE XVIII. FORGING ALLOYS - RELATIVE RATING BY CHARACTERISTICS

cold Corrosion Electric Forga -
Alloy Strength Workability Resist. Machinability Conductance Hardness bility

1100 4-3 1 -3 1 4-3 2 4-3 1

2011 2 3-4 3-4 1 3 2

2014 1 3-4 3 -4 2 3 1-2 3

2014-

Clad 1 3-4 1 2 3

2017 1 3 3-4 2 4 2

2018 1 3 2 3 2 3

2024 i 3 -4 3-4 2 4 1

2024-

Clad 1 4 1 2 4

2117 3 2 3 3

2218 2 3 2 3 2 4

3003 4-3 1-3 1 4-3 3 4-3 1

4032 2 3 3 4 2 3

5052 3 1 -3 1 4-3 4 3 -2

5056 2 1-3 }-3 4-3

5083 2 3 1 4-3 : 2

5456 2 3 1 -2 4 .-3 4 2

6061 3-2 3-4 1 3

6063 3-2

3-2

2-3 1 3 ; 3-2

6151 2 2 3 3 2 1

7075 1 4 3 2 4 1 4

7075-

Clad 1 4 1 2 4

7079 1 4 3 2 4 1 3

NOTES :

(1) - Relative ratings are in decreasing order of merit.

(2) - First nsm-nber in numbered pairs is rating for softest temper;

second number is for hardest.

TABLE XIX. TYPICAL TENSILE STRENGTHS OF GAS-WELDED JOINTS

Alloy Tensile

Thickness, Strength

Type Designation Temper inch ksi

Sand Cast 43 -F 0.500 12

(QC2-A-601)
214 -F 0.500 12

Wrought 1100 -H14 0.249 11

3003 -H14 0,249 14

5052 -H34 0,249 27

58
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TABLE XX. TYPICAL TENSILE STRENGTHS OF BUTT WELDEDJOINTS

Designation Tensile Strength Across Weld, kei

Baoe Metal Filler After Heat Treatment
Metal A6 Welded and Aging

Alloy Temper Alloy

lJOO 1100 13.5

3003 1100 16

5052 5052 28

2014 - T6 4043 34 51

6061 - T6 4043 27 43

6063 -T5, T6 4043 20 -

(J) Using Argon- shielded tungsten arc or Argon- shielded

NOTE :

consumable electrode.

TABLE XXI. TYPICAL SHEAR STRENGTHS OF SPOT WELDS

Combination Shear Strength (minimum), pounds per spot

All Oy Temper Thinnest Sheet in Joint, inch

0.016 0.020 0.025 0.032 0,040 0.051 0.064
I

0.081 0.102 0.125

1100 -H14) to
-H18) 40 55 70 110 150 205 280 420 520 590

3003 -H12) or
3003 -H18) to 70 100 145 210 300 410 565 775 950 1000

5052 -o )

5052 -H32) or
.H38) to

6061 -T4 ) or 98 132 175 235 310 442 625 865 1200 1625
-T6 )

2024 -T3 ) to

Clad )
2024 -T3 ) or 108 140 185 260 345 480 690 1050 1535 2120
7075 -T6 ) or
Clad )
7075 -T6 )

.-
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TABLE XXII, WELDABILITY RATINGS FOR CAST AND WROUGHT PRODUCTS

Government Relative Suitability for Welding, Brazing, a,nd Solde;ing

Designation Arc Weld
with Resist- PFes -

Gas with inert ante cure Solder- Braz-

Spec. Alloy Weld flux gas Weld Weld ing ing

QC2-A-601 43 A A A A ‘D D c

356 B B B B D c

(Sand- 195 c c c ,; D

cast) 214 c c : c D D :

142 c c c “c D D D

122 .C c c c D D II

108 B B B B D D D

113 c c c c D c D

355 B B B B D D c

220 D D D D D D D

Allcast B B B B D D D

A612 c c c c D c A

B214 c B B c D D D

Spec. Class

QQ-A-596 1 c c c c D c D

2 c c c c D D D

3 c“ c c c D D D

(Perma- 4 c c c c D

nent and

D D

5 B B B B D D D

5emi-per -

manent
6 B B B B D D c

Mold cast)
-1 A A A A P D c

8 B B B B D D c

9 B B B B D D D

15 D ,D D B D D D

Spec. Alloy

(Wrought) 110-0 A A A B A A A

(See tabie 2011 D D D D D D D

V for cOr- 2014 D B B B D D D

responding 2014-
spec. nos) Clad D B B A c D D

2017 D B B B D D D

2018 D B B B D D D

2024 D B B B c D D

2024-

‘Clad D B B A c D D

3003 A A A AiB A A A

4032 D B B c c D D

5052 A A A A-B A-B c c

6061 A A A A c B A

6151 A A A A c B ,B

7075 D D D B D D D

NOTES :

(1) - Ratings are defined as follows:

A - Generally weldable by all commercial C - Weldability limited because of crack

procedure6 and methods. Beneitivity or 10ss of properties.

B - Weldable by special technique. D - No common” methods have been

developed.

60
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TABLE XXIII . CASTING ALLOYS – RELATIVE RATING By CHARACTERISTICS

Sand

“QQ-A-601
Alloy

43

356

195

214

)42

122

108

113

355

220
40 E

Allcast
319

Red X-8

T1
Tenzaloy

A612

Ternalloy 5

Ternalloy 7

A1mag 35

B214

Designation

P&SP Mold

QQ-A-596
class

7

1?

I

6

II

12

13

14

41L-A-10935

4

5
4

10
15

Die
Q-A-591

Alloy

45

B214

13

A13

43
A380

3no

360
A 360

218

SCI 14A

Pattern

shrinkage
Allowance

(2)

5132

51 Jt

5132

51 )2
5/32

5132

513,?

51 JZ

1/;0
3/16

5/ 32

5/32

5132

3/16

3/16

3/)6

3/10

Four

?.esistance
to f~ot

Cracking

(3]

I

1

1
1

4

4

4

4
3

4

z

5

\

1
1

i
;

2

2

.?

I

5
5

5

5

5

5
5

3

3
4

1

I

I

1

1

2

z
2

1

1
5

2

Y Characteristics

‘r Fs sure

ightness

—.—

1

1

1

I

4
5

}

4
3

4

2

3

)

I
1

5

3

z

2

.2

1

J

4

3

3

4

3
4
5

4
1

.?
~

2

4

z
.?
3

2
z

1

1

5

2

Fluidity

(4)

olidifl cation

shrinkage
Tendancy

(5)

1

2

4

5

4
4

5

-f

5

5

4

3

3

J
3

Notes :

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(lo)

(11)

(12)

(13)

(14)

(15)

(16)

Rating: I through 5 are relative ratings w!th 1

indicating the highest and 5 the lowest )n each type
nf casting.

Not applicable to permanent mold and die cast -

Ings. Allowances are for average sand castings.

Shrinkage requirements WIII vary with intricacy

O( design and dimensions.

Ability of alloy to withstand contraction stresses

while cool, ng through hot-short or br, ttlc tem-

perature range.

Ability of liquid alloy to flOW readily in mOld and

fill thin sections.

Decrease In volume accompanying freezing of alloy

and measure of amount uf compen~atmg feed

metal requu red In form of risers.

f3ased cm alloy resistance in 5% salt spray test

{ASTM 33117).

Composite rating based on ease of cutting, chip
characteri~tics, quality of finishing, and tool

life. Ratings, in the case of heat treatable alloys,

based on T6 temper. C3ther tempers, particularly

the annealed temper, may have lower rating.

Composite rat, ng based on ● ase and speed of
polishlng and quallty of f!nish provided by typical

poltsh:ng procedure.

Ability o{ casting to take and hold an electroplate

applied by present standard methods.

Rated on lightness of color, brightness. and uniform-

ity of clear anmfizcd roatang applied ,n sulfuric acid

●lectrolyte.

Rated on combined resistance of coating and base

alloy to corrosion.

Rating Lased on Iens#le and yteld strrngths at te#tl -

perature up to 500 F. after prolonged heating at

test>ng temperatures.

Based on ability of material to be Iusion welded with

f]ller rod of same alloy.

Refers to suitability of a310y 10 withstand brazing

temperatures without excessive distortion or melting.

t401 recommended for service at temperatures

exceeding 200 F.

Stress relief anneal at 250 F or less.

●
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TABLE XX-II! (Continued). CASTING ALLOYS - RELATIVE RATING BY CHARACTERISTICS

Desknation

43

356

195
214
14Z

IZ2

108
113

355

220

7

8

3

2

1

6

40E
A31cast

319
11

Red X-8
T1

Tenzaley
lz

A61Z
Ternalloy 5

13
Ternalloy 7

14
Alrrmg 35 M3L-A- 1093’

BZ14
4

Die
X2-A- 591

Auoy

43

B214

13

A13

43

A380

380
36o

A360
218

SCI 14A

Normally
Heat

Treated

no

no

yes
yes

yea
no

yes
yes

yes
yes
no

no
no

yes
ye e
ye9

w=d OIJY
yen
yes
yes
yes
aged only
aged ody
aged on3y

aged O~Y
aged only
aged O~Y
ye.
yes
(16)
no

ye e
no

yes

yea

aged Only
no

no
no
no

no
no

no
no
no

3

3

z

z

3

1

4

4

4

:

:
3

3

:

3
3

3

3

z

2

2

2

2

z

z
I

i

*

3

3

3

3

3
2

5

5
3

3

1
5d-

5

5

4
3

2

1
z

2

1

1

3

2
z

3

3

1

1

3
3

3

4
1

1
1

1

1

1

1

1

1

z

3
3

4

4

1
3

4
5

3

3
3

3

1
3

Other Characteristics
)

‘olish-
ing

(8)

5
4
5
3
2
1
z
z
2
z
3
z
z
3
3
1
1
4
4
3
5

1
1
1
1
1
1
1
1
z
z
3
5
5

5
5
4
3
3
3
3
1
3

Electro-
plating

(9)

2
z
2
1
1
5

:
1

:
2
2
1
2
4
2
2
z
z
2

2
2
z
3
3
3
3
5
4
1
2
4
3

i
3
2
1
1
1
I
5
2

Anodize
ippea.ante

(10)

5

4

4

4

z

1

:

3

3

3

3
3

4

4

1

z

4

4

4

4

z

1

z

2

1

z

1

;
3

4

5

5

5

5

4

3

3

3

3

1
4

SE$l
(11)

2
2
2
z
3
1
4
3
4
4
3
4
4
z
2

:
3
3
3
2

i
z
3
2
2
2
2
!
1
2
3
2
2

i
3
3
5
5
3
3
1
4

Strength at

Elevated
remperaturea

(12) -

4
4

3
3

3-

2
1

1

1

1
3
3

(:5)

5

3
3

3

2

5
5
5
5
5
3

3

2

:

2

i

3

5

2

z
2

2
4
2

Weldlng
Suitability

(13)

1
1

$
3
4

:
4
4
2
3
4
2
2
5
4
2
z
2
2

4
4
4
4
4
4
4
4
4
4
z
2
z
4

no
no
no
no
no
no
no
no
no

Brazing
5u3tability

(14)

limited
limited
no
no
no
no
no
no
no
no
no
no
no
no
no
no
ye 6

no

no

no

no

yes

yes

yes

yes
yes

yen
yes
no

no
no

no

no

no

no

ro
no

no

no
no

no
no
no

d
us

d
-

OY
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I

Type of
Casting

Sand

(c3Q-A-6ol)~l)

Permanent &
Semi-Permanent
Mold

(QQ-A-596)(2)

Die
(QQ-A-591)(’~

TABLE XXIV. TYPICAL APPLICATIONS FOR CASTING ALLOYS

General
Purpose

43,
195, 108,
40 E
Allcast
T1,356
355, Red X-8
Tenzaloy
A612
Ternalloy 5,
Ternalloy 7,
Precedent 71A

1,4,5,6,
7,8,11,12,
13, 14, 16,
17,18

NOTES :

(1) Alloy designation

(z) Class designation

13, AIJ,
43, 380,
A380

.—. — —.—

Pressure

Tight

43, 356
195,113,
355.
Precedent 71A

5,6,7,8,
9,10,11,13,
14

..— —
360, A360

384

——

Corrosion
Resistance

43, 356,
214, 355,
220,
Almag 35,
B214

7,8, 12,
13.14,1H
Almag )5
Ml L-A- 10’+3<

IJ, A13,
43,B214
218, )60
A 160

—-.

High Temp.

Strength

142, 122,

355,

2: 3. 6,9
10

AJ80, 180,
A\60, 36(I
3H4

— —.

Architectural and

Decorative

43,356, 214,40E

Tenzaloy, A612,

Ternalloy 5, Almag 35,

B214

—
12,13,14, Almag 35

MI L-A-10935

13, AI!, BZ14, Z18

.—. — —

Special
Purpose

142-p istOns
122-plstOns
750-bearings

A 750-bearings

B750-brarings

2-plst Ons
3-pist Ons
9-~ls Ions

10-pi stOns
1S-bearings
19-l>ear]ngs
20-l> earings

—-

— ———

d
co

a9

..
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TABLE XXV. PRINCIPAL CHARACTERISTICS AND USES OF WROUGHT ALUMINUM ALLOYS

Alloy Outstanding Characteristics Recommended Use

Non-heat-treatable Alloys

1100

3003

5052

2011

2014

Clad
2014

2017

2018

2218

2024

Very good formability, weldability, and
resistance to corrosion. Relatively low

strength but high ductility.

Good formability and weldability, very
good resistance to corrosion. Ap-
preciably higher strength than 1100.

Moderate mechanical properties, stronger
and harder than 1100 and 3003. Fairly
good formability. Readily weldable.
Excellent resistance to corrosion by salt

water.

Heat-treatable Alloys

Excellent free-machining qualities.
Fairly high mechanical properties.

High mechanical properties including
yield and tensile strength, fatigue, and

hardnees. Fair formability and forging

qualities. Readily machinable.

A sheet product which combines the high

mechanical properties of 2014 with the

good corrosion resistance of 6053.

A bar, rod, and wire alloy having

relatively high strength, and good mach-
ining qualities.

Both retain strength well at elevated

temperatures.

A high strength alloy with mechanical
properties intermediate between 2014

and 6061.

Gene ral purpose material for
drawing and stamping, and for a

miscellany of parts where high
etrength is not required,

General purpose material for
drawing and stamping. Miscel -
laneous parts where higher strength
is needed than that provided by
1100.

General purpose’ alloy where fairly
high strength is required. For
marine and outside applications,
fuel and hydraulic lines, and tanks.

Stock for screw-machine products.
Bolts, nuts, screws, and a g rest
diversity of parts made on autO-
matic screw machines,

Most commonly used alloy where

high strength is required. General
structural applications, heavy duty
forgings, and strong fittings.

For structures requiring high unit
strength together with good resista-

nce to various corrosive environ-

ments.

Screw-machine products, fittings,
and structural applications where
relatively high strength is required,

Now largely superseded by newer

alloys

Forged pistons and cylinder head for
internal -combustion engines. Suit-

able for various types of high

temperature services, Forged

cylinder heads and pistons.

General purpose material for

various structural applications

where good strength is required.

Fittings and screw-machine

products.
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TABLE XXV (Continued). PRINCIPAL CHARACTERISTICS AND USES

OF WROUGHT ALUMINUM ALLOYS

Alloy Outstanding Characteristic Recommended Use

w
Heat-treatable Alloys

I
Clad A sheet product which combines the
2024

For structural applications re -

mechanical propertied of 2024 with quiring good strength together

the corros]on resistance of 1230 with resistance to corroeion.

aluminum allc.y.

2025 Fairly high mechanical propert~es. Good Specialty forging alloy. Applica -

forging qualities, tiotm mostly confined to propel -

lers for superchargers and engineu.

4032 Retains strength well at elevated Forged pistons for internal-

temperatures combustion engines.

6151 Fairly good mechanical properties. General purpose material for

Excellent forging qualities. Good ordinary forgings. Small press

resistance to corrosion. forgings and intricate pieces

that are difficult to forge in the

harder alloys.

6061 Good mechamcal properties. Superior General structural purposes.

brazing and welding qualities. Good Marine and outside work. Trans-
forming characteristics, workability, portation equipment. Many small

and resistance to corroe~on, forged parts. Various extrueion

applications.

7075 Affords maximum strength and endurance Structual application requiring
limit, Not readily formed. Poorest maximum yield and tensile

forging quallties. strength. Section thickness
limited to 3 inches.

Clad A sheet product which combines the Structural applications where
7075 mechanical properties of 7075 with the highest strength together

improved corrosion resistance. with maximum corrosion

reslntance is necessary.

-.
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Section IV

Specificat ion Requirements

This section contains tabulations of the chemical composition and mechanical property require-

ments for wrought aluminum alloys used by the Government. The data are arranged according to the

numerical commercial de.4ignations of the alloys.

Each tabulation of chemical composition shows the maximum allowable percentage of the alloying

element, or if a range is indicated, the minimum and the maximum allowable percentages of the ele-

ment. The mechanical property tabulation, when given, indicates the minimum values that can be

expected unless otherwise noted.

In the tables, reference is made to explanatory footnotes (numerals in parentheses). Since these

footnotes are repeate: t in many of the tables, they are omitted from the tabulations and are included in

the following listing.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(lo)

(11)

(12)

( 13)

(14)

Analysis shall regularly be made only for the elements listed. If, however, the presence of other

elements is indicated in the course of routine analysis, further analysis shall be made to deter-

mine conformance with the limits specified for other elements.

Not required for wire of less than 0.125 inch diameter.

For rounds (rod) maximum diameter is 8.000 inches; for square, rectangular, hexagonal, or octa-

gonal bar maximum thickness is 4.000 inches, and maximum cross-sectional area is 36 inches.

Direction of specimen:

P - P aralle 1 to forging flow lines

NP - Not parallel to forging flow lines

L - Longitudinal

LT - Long Transverse

ST - Short Transverse

Maximum heat treat section thickness.

Test coupon.

Identification classification number.

Applicable to flat sheet only.

Applicable to plate and coiled sheet and to flat sheet heat treated by the user.

Applicable to plate heat treated by user.

These properties are those of the core alloy since the tests are made on a round specimen

machined from the plate.

For bar, maximum cross-sectional area is 50 square inches.

Applicable to plate and coiled sheet only.

Applicable to flat sheet and plate only.
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(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Applicable to sheet and plate heat treated by user.

Not required for material % inch or less in width.

For rounds (rods) maximum diameter is 6.500 inches - see note (3) for other requirements.

Cutout specimen.

Tensile and yield strength test requirements may be waived for material in any direction in

which the dimension is less than 2 inches because of th’e difficulty to obtain a tension test

specimen suitable for routine control.

For cross sectional areas greater than 144 square inches, or thickness grester than 4 inches at

the time of heat treatment, the properties shall be as specified in the contract or purchase order.

Non-heat treatable alloys.

For cross-sectional areas greater than 72 square inches, or thicknesses greater than 6 inches at

the time of heat treatment, the properties shall be as specified in the contract or purchase order.
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CHEMICAL COMPOSITION - percent 1

Specification Cu Si & Fe Mg Zn Ml-l Ti Cr Sn Ni Al Other “)

All(a) - see 0.20 l. Omax - 0.10, 0.05 - - - -

II

99,0 0.05 each
below min 0.15 total

(a) - Aluminum foil (Spcc. M2L-A-148) shall contain leas than O. 01 percent eaci] Of arsenic, cadmium
or lead.

Desigru
Specific ati cm

—

MIL-A-148
Foil

QQ-A-z50/ 1
Plate and

Sheet

on
Temper

——

Annealed

-0

.1:]2 and

- H22

-f-114 and
-H24

-H16 and
-H26

MECHANICAL PROPERTIES - minimum I

Thickness
inch

O. 0008
0.0010
0.0015
0.0020
0.0030
0.0040
0.0050

0.006-0.019
0.020-0,031
0.032-0.050
0.051-0.249
0.250-3,000

0,017 -0,0J9
0.020-0,031
0.032-0.050
0.051 -0, }13
0.114-0.499
0.500-2.000

0.009-0.012
0,013-0.019
0.020-0.031
0.032-0.050

J

0.05}-0. 113
0.114-0,499
0.500-1,000

0.006-0.019
0.020-0.031
0,032-0,050
0.051-0,162

Area
Sq. in.

I

Tensile Yield ! 1 Mullen
Str Str 1 EL Streng

70 ; minksi I is i
——

I

I

11 1
11
11 I

11 !
11

14
14
14 ‘
14
14
14

16
16
16
16
i6
16
16

19
-1’J
19
19

3.5
3.5

11
11
11

.

14
14
14

8
11
Z2
40
75

110
/ 140

~

91

12

i
2
3
4

2
10

1

_L-

2
3
4

--l
ursting

- psi
m ax

rz3
31
55
90

150
220
280

J
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Denignetion
Specification

QQ-A-Z5011
Plate and
Sheet (Cont. )

Q+ A- 225/1
Bar, Rodj and
Wire, Rolled,
Drawn, or
Cold Finished

WW-T-700/l
Tube, Seam-
less, Round,
Square, Rec-
tangular, and
Other Shapes

MIL-A- 12545
Impact
Extrusion

QQ-A-430
Rod and Wire
for Rivets and
Cold Heading

Tepper

-H18 and
- H28

-I-3112

-F

-o
-H12
.H14
-Hi6
- H18
-F
.H12

-o
-HA2
-H14
-H16
-H18
-F

-F

-o

-H14

MECHANICAL PROPERTIES - minimum (Cent).

Thickness
inch

Area
5q. in.

0.006-0,019
0,020-0,031
0.032-0.050
0.051-0.128

0.250-0.499
0.500-2.000
2.001-3.000

2.250-6.000 i -N

All I
up to 0.374
up to 0.374
up to 0.374
UD”tO 0.374

Tensile Yield
Str Str
ksi ksi

22
22
22
22

13
12
11.5

requirement -

T

15.5 max
14
16
19
22

0:3’?5 and eve; - NO requirement -
All . 11

All 15.5 max
All
AU ::
All 19

AU’ 22
- No requirement -.

I I 1-

EL

%

1
2
3
4

9
14
20

~
-

.

.

.

iullen Bursting
;trangth - pe i

min max

CHEMICAL COMPOSITION - percent

Specification Cu Si Fe Mg Zn Mn Cr Sn Ni Bi Pb Al Other(l)

QQ-A-225/3 5.0- 0,40 0.7 - 0.30 - - - - 0.20- 0.20- Bal- 0.05 each
6.o 0.6 0.6 ‘ ante 0.15 total

MECHANICAL PROPERTIES - minipum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq. in. ksi kc i %

QQ-A- 225/3 - T3 O. 125 to - 45 38 10

Bar, Rod, and 1, 500
Wire 1.501 to - 43 34 12

2.000
2.001 to - 42 30 14
3.000

- T8 O. 125 to -. 52 40 10
3.250
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CHEMICAL COMPOSITION - De rcent

Specification Cu Si Fe Mg Z. Mn Ti c? Al Other(1)

AU-see below 3.9- 0.50- 1.0 0.20- 0.25 0.40- 0.15 0.10 Bal- 0.05 each
5.0 1.2 0,8 1.2 ante 0.15 total

MECS-LANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq, in. ks i ka i 70 BHN

QQ-A- 200/2 -o All All 30 max 18 max 12
Bar, Rod, Shapes,
and Tube,

-T4, All All 50 35 12

Extruded
-T451O,
-T4511

- T42 Ml
~ A,, ,0

29 12

-Tb, up to
-T651O, 0,499
-T6511 0.,00. ~ : ;: :; ;:

0.749
0.750 & Up thru 68 60 ,7
over 25
0.750 & ‘ Over 25 68 58 ~6

over thru 32

-T62 up to AU 60 53 7;
0.749
0.750 & Up thru 60 53 7
over 25
0.750 & Over 25 60 53 ‘ 6
over thru 32

QQ-A-225/ 4 -o up to 35 max - 12(3)1

Bar, Rod, Wi re 8.000

and-Special
Shapes; Rol led,

- T4
}.poYo( 3) i - 55

32 16 ‘

Drawn, or Cold
Finished -T451 0.500- 55 32 ‘ 16

8.000( 3)

- T6 65 55 8
:,POYO( 3) -

-T651 0, 5oo- 65 55
8.000(3) -

I

8

( 5) (4) (19)-(4) \:)

QQ-A-367 - T4 4 max 55(P) 30( P) 100

Die Forgings,
Heat Treated

- T6 4 max 65( P) 55( P) 10 125

- T6 4 max 64( NP) 56( P) 13 1125

I
-T6( I) (7) 6

I ~n~t~e!’ ; ;; k!)

55(L) 1 10

55( LT) I 6 ;
! upt03X6 0( ST) 55( ST) I 3
; the width

-T6( 11)
(7) 6 ~ Up to 16. 65( L) 55( L) 10

Lengths 6 3( LT) 55( LT) 4!
up to 3x 6O(ST) 55( ST) 2

the width

-T6(II117) 6
I

Over 16 65 ( L) 53( L) 19
to 36. 63 ( LT) 53(L3 5

Lengths 60 ( ST) 53( ST) 2
upto3x
the width

-T6( IV17) 6 Over 16 65 (L) 53( L) 9
to 36. 63 (LT) 53(LT) 3
Lengthe 60 (ST) 53( ST) 2
up to 3x
the width
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MECHANICAL PROPERTIES - minimum (Cent),

Des ignati on Thickness Area
Specification

Teneil c Str Yield Str EL
Temper inch Sqo in. kei ks i

(5)
BHN

CK3-A-367
(4)— - [19) - (4)- +

-T6( v)~l 6 Over 36 62(L) 53(L)
Die l?orginga, to 144 59(LT)
Heat T~eated

52(LT) 3
Lengths 56( ST) 52( ST) 1

(Cont. ) up to 3x
the width

-T6(VI)(7) 6 Over 36 62(L) 53(L) 7
to 144 59(LT) 52(LT) 2.5
Lengths 56( ST) 52[STJ 1
up to 3x
the width

- T6( VIIP 6 Over 144 60(L) 52(L) 5
58(LT) 50(LT) 2
55( ST) 50( ST) 1

MIL-A-12545 -F -

lrnpact Extrusiom -o
30 max -

- T4 55 32 10 100

- T6 65 55 6 125

CHEMICAL COMPOSITION - percent

Specification Cu Si Fe Mg Zn Mrl Ti Cr Othera “ )

QQ-A-i?5013
Core 2014 3.9- 0.5” 1.0 0. 20-- 0.25 0.40: 0!15 0,10 0,05 each,

5.0 1,2 max 0.8 max 1,2 max max 0.15 total

Cladding o, 10 0.35- 0.6 0.8- 0.20 0.8 0.10 0.35
6003

0.05 each,
max 1.0 max 1.5 ma x max max max 0.15 total

I a- Remainder Al

I MECHANICAL PROPERTIES - minimum

Designation

Specification Temper

QQ-A-250/ 3
Plate and Sheet

-o

.T3(8)

.=4(9)

-T451

-T42(10)

- T6

- T65 1

-F

Thickneea
inch

0.020-0.499
0, 500-1. Ooofl 1,

0.020-0.039
0.040-0.249

0,020-0.039
0.040-0.249
0.250-0. 49911)
0.500-1. Ood

:“ :::-:”;:)11)
-.

0.250-0.49911)
o. 500-i. Ood

0.020-0.039
0.040-0.499
0.500-1.0007
1! 001-1. 500(11)
1, 501-2.000
2.001-3.000 1

0.250-0.499
0.500-1.0001
1.001-1. 500(11)
1.501-2.000
2.001-3,000 1

All

72

Area
Sq. in. w

55 I 35
57 36

55 32
57 34
57 36
58 , 36

57 ~ ;:
58

57 34
58 34

63 55
64
67 I ;;

67 59
65 59
63 57

64 57
67 59
67 59
65 59
63 57

- No requirements -

EL
%

J6

10

14

15

14

15

15

15

15
15

15
15

7
8
6
4
3
2

8
6
4
3
2
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CHEM3CAL COMPOSITION - percent

Specification Ctl Mg Mn Si Fe Zn Cr Other(’) Al

All - see below 3. 5-4.5 0. 20-0.8 0. 40-1.0 0.8 1.0 0.25 0.10 0.05 each, Balance
0.15 total

{
MECHANICAL PROPERTIES - minimum

Designation 1 Tnickness Area Tensile Str Yield Str EL Shear Str
Specification Temper inch Sq. in. ks i kai % kai BHN

QQ-A-225/ 5 -o UP to 8.000 35 max lb
Bar, Rod, and
Wire (Rolled

- T4 up to 8.000~’2) - 55 32 12

or Drawn)
I

-T451 Up to 8.000( ’2) - 55 32 12

QQ-A- 367 - T4 4 max($) ~ 55(P)(4) 30(19) ‘ 16(6) 100
Forgings, Heat
,Tr’eated

diameter -
QQ-A-430 -o 0.501 and over - 35 max
Rod and Wire

for Rivets and
-H13 Up thru 0,500 - 30

Coid Heading - T4 0:063-0,615 55 32(19) ;6 33

CHEMICAL COMPOSITION - percent

Specification Cu Si Fe Mn Mg Zn Cr Ni Other(’) Al

QQ-A-367 3.5- 0.9 1.0 0.20 0, 45- 0.25 0.10 1.7- 0,05 each, Balance

4.5 0.9 2.3 0, 15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tenailc Str Yield Str EL
Specification Temper inch Sq. in. ksi ksi(j9) q. BHN

QQ-A- 367 -T61 4 max(’) - 55(P)(4) 40(P14’ 1d6’ 100
Forgings, Heat
Treated

CHEMICAL COMPOSITION - percent

Specification Li Cd Mn Cu Fe Si ME Z. T] Othcr( ‘ ) Al

QQ-A-250/ 16 0.9- 0.10- 0.30- 4.0- 0,40 0.40 0.03 0.25 0.10 0.05 each Balance
1.7 0.35 0.8 5.0 o,15 total

MECHANICAL PROPERTIES - minimum

Designation Thicknena Area Tensile Str Yield Str EL
Specification Temper inch Sq. in. kei ksi %

1

QQ-A-250/ 16 -o 0,040-2.000 - ~ 35 max - \ 10
Plate and Sheet

- T6 0.040-0.249 -
~;:i ;;

4
0.250-0.499 - 3
0! 500-1.000 - 75. I

70 2
1.001-2.000 - 75 70 1.5

-T651 0.250-0.499 - 64 57 8
0.500-1.000 - 59 6
1.001-1.500 , - :; 59 4

1.501-2.000 - 65 59 3

2.001-3.000 - 63 51 I 2

-F All . - No requirements -
.—

73

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



Ml14iDBK-694A[MR]
15 December 1966

CHEMICAL COMPOSITION - percent

Specification Cu Mg Mn Fe Si Zn Cr Other(’) Al

All - see below 3.8-4.9 1.2-1.8 0. 30-0.9 0.50 0.50 0.25 0.10 0.05 each Balan{
0, 15 total

MECHANICAL PROPERTIES - minimum

Designation Tbickneea Area Tene ile Str Yield Str EL
Specification Temper inch Sq. in. ksi ksi

( 16%)
QQ-A - 250/4 -o 0,010-0.499
Plate and

All 32 max 14 max 12
0.500-1.750 All

Sheet
32 -X -

-T3(8) 0.008-0.009 All 63 42 10
0.010-0.020 All 64 42 12
0.021-0,249 All 64 42 15

-T4(13) 0,010-0.020 All 62 40 12
0,021-0.249 All 62 40 15
0, 250-0.499 All 64 40 12
0, 500-1.000 All 62 40 8
1.001-1.500 All 40 7
1.501-2.000 AU 1: 40 6
2.001-3.000 All 56 40 4

- width -
-T3fJ14) 0.020-0.062 30 & under 69 52 8

0.063-0.499 30 & under 69 52 9
0.500 30 & under 69 52 10
0,020-0.062 over 30 thru 48 69 52 8
0.063-0.249 over 30 thru 48 69 52 9
0,.250-0.500 over 30 thru 48 69 52 10
0.020-0.062 over 48 thru 60 67 50 8
0.063-0.249 over 48 thru 60 68 51 9
0, 250-0.500 over 48 thru 60 67 50 10
0:063-0.249 over 60 67 50 8
0.250-0.499 rover 60 66 49 9
0.500 over 60 66 49 10

-T42(15) 0.010-0.020 All 62 38 12
0.021-0.249 All 62 38 15
0.250-0.499 AH 64 30 12
0.500-1.000 62 38 8
1.001-1.500 H 60 38 7
1,501-2,000 All 60 38 6

2.001-3.000 All 56 38 4

-T351 0.250-0.499 All 64 40 12
0.500-1.000 62 40 8
1.001 -1.”500 All 60 40 7

1, 501-2.000 60 40 6

2.001-3,000 All 56 40 4

-T6(15) 0.012-0.499 AU 64 50 5
0.500 & over 63 50 5

-T8~(14) 0.010-0.499” All 67 58 5
0.500-1.000 66 58 5

- width -
.T86(14) 0.020-0.062 30 & under 72 66 3

0.063-0.249 30 k under 72 68 4
0,250-0.500 30 & under 72 6-1 4

0.020-0.062 over 30 thru 48 72 66 3

0.063-0.249 over 30 thru 48 72 67 4

0.250-0,500 over 30 thru 48 71 66 4

0.ozo-0,062 over 48 thru 60 70 62 3
0.063-0.249 over 48 thru 60 71 67 4
0.250-0.500 over 48 thru 60 70 65 4
0.063-0.249 over 60 71 4

0.250-0.500 over 60 70 2: 4

-T851 0.250-0.499 AU 67 58 5

0.500-1.000 AU 66 58 5

-F All A31 - No requirements -

74
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MI1-HDBK=694AIMR)
15 Docellhr 1986

MECHANICAL PROPERTIES - minimum ( Cont. )

Tensile Yield
DeaignatlOn Thickness Area Str Str EL

Specification Ternper Inch Sq. in. kai ks i %

2Q-A- 200/3 -o Al 1 Al 1 35 rnax loll-lax 12
Bar, Rod,

!
.1’4, Up to 0.249 inc]3hapea, and All 57 42 12( 10 for tube’

rube, Ext rbded :;;:;:’ :“;;:-:”;;:
All 44 12(10 for tube)
Al 1 :: 46

1. 500-& ”Over
10

Up thru 25 70 52 ( 48 10

for tube)
1.500 & over Over 25 thru 32 68 48( 46 for 8

tube )

-T42 up to 0.749 Al 1 57 38 12
O“750-1.499 All 57 38 10
1.500 & over Up thru 25 57 38 10
1.500 & over Oter 25 thru 32 57 38 8

-T81, 0.050-0,249 Al 1 64 56 4

-T851O, 0.250-1.499 All 58
-T8511

5
1.500 & over Up thru 32 :: 58 5

(#
>Q-A-225/6 -o
hr, Rbd, - T351

!“:!: !i5?:?~Ti 7)

: 35 max -
40

nd Wire,
10

-T4 :: 40
Up to 6: 500( 17)

10
1011ed, Drawn, - T6 62
,r Gold -TS51 0.500 m 6.500( 17) ‘:

50 5
66 58 5

~ini8hed

wall thickness -
rW- T-700/3 -o All 32 max 15 max -
‘ube, Round,

-T3quare, Rect.
0.018-0,024 42

ngular, and
0.025-0.049 ;: 42 ;O( 18)

tier Shapes,
0.050-0.259 64 42
0.260-0.500 .

,.( 18)
, Z( 18)

*awn, Seam- 64 42

!as - T4 0.018 -O.024 64 40
0.025-0.049 64 40 ;.(18)

0.050-0.259 40
0.250-0.500

,.(18)

H 40 , *( 18)

- diameter -
Q-A-430 -o 0,501 & over 35 max -
Od and Wire;
or Rivets and -H13 up thru 0.500 32 -

old Heading

CHEMICAL COMPOSITION - percent

Specification c. Mg Mn Fe Si Cr Zn Others(]) Al

QQ-A-250/5
Core 2024 3.8-4.9 1. 2-1.8 0. 30-0.9 0.5 0.50 0,10 0.25 0.05 each Balance

0.15 total

Cladding 1230 0,10 - 0.05 FekSi 0.7 - 0.10 0.05 each 99.3 mln

ME C~NICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq. in. ksi ks i 76

width
QQ-A-250/5 -o 0.008-0.009 All 30 max 14 max 10

Plate and Sheet 0.010-0.062 All 30 max 14 max 12
0.063-0.499 All 32 max 14 max 12
0.500-1.750 All 32 max 12

-d’) 0.008-0.009 All 58 39 10

0.010-0.020 All 59 39 12
0,021-0.062 All 59 39 15

0.063-0.249*
All 62 40 15

75
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M11=HBBK=694A[MR]
15 December 1966

MECHANICAL PROPERTIES - minimum ( Cont. )

Decimation I Thickness
Specification-

QQ-A-250/5
Plate and Sheet

( Cent)

Temper

-T4(13)

-T36( 14)

.T42(15)

- T351

-T6(I

-T8J(

-T86(

)

4)

4)

-T851

-F

inch

0,010-0.020
0.021-0.062
0,063-0.128
0,250-0.499
0,500-1. 000(
1.001-1.500(
1.50i-z. 000(
2.001-3.000(

0.020-0.062
0.063-0.499
0.500(11)
0.020-0.062
0.063-0, 499
0.500(11)
0.063-0.499
0.500(11)

0,008-0.009
0.010-0.020
0,021-0.062
0.063-0.249
0.250-0.499
0,500.1.000(11)
1.001-1.500(11)
1.50 J-2.000(1’)
2.001-3.000(1’)

~:;;:;:;~[j;]

1:501=2:000(11
2.001-3,000(11 /

0.010-0.062
0.063-0,499

0.010-0.062
0.063-0.499
0,500-1.000(1

0,020-0.062
0.063-0.249
0,250-0.499
0.500(11)
0,020-0,062
0.063-0.249

)

0.2’50-0.499
0,500(11)
0.020-0.062
0.063-0.249
0.250-0.499
0, 500(11)
0.063-0.249
0.250-0.499
0,500(11)

0.250-0.499
0.500-1.000(1’)

All

Area
Sq. in.

All
AH
All
All
All
All
All
All

48 and under
48 and under
48 and under
over 48 thru 60
over 48 thru 60
over 48 thru 60
over 60
over 60

AU
All
All
All
All
All
All
All
All

All
All
All
All
All

All
All

All
All
All

30 and under
30 and under
30 and under
30 and under
over 30 thru 48
over 30 thru 48
over 30 thru 48
over 30 thru 48
over 48 thru 60
over 48 thru 60
over 48 thru 60
over 48 thru 60
over 60
over 60
over 60

All
AU

All

.—
Teneile Str

ks i

58
58
61
62
62
60
60
56

62
66
69
61
65
67
64
66

55
56
56
59
62
62
60
60
56

62
62
60
60
56

60
62

;:
66

66
70
70
72
66
70
69
71
64
69
68
70
69
68
70

65
66

Yield Str
ksi

37
37
38
40
40
40
40
40

48
50
52
47
49
50
48
49

34
34
34
36
38
38
38
38
38

40
40
40
40
40

47
49

54
56
58

62
66
65
67

:;
64
66

::
63
65
64
62
64

56
58

- No requirements -

EL

?’0

12
15
15
12
8
7
6
4

8

9
10
8
9

10
9

10

10
12
15
15
12
8
7
6
4

J2
8
7
6
4

5
5

5
5
5

3
4
4
4
3
4
4
4
3
4
4
4
4
4
4

5
5

76
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15 Docomhir 196ti

CHEMICAL COMPOSITION - percent

Specification Cu Si Fe Mn Mg Zn Cr Ti Other(’) Al. . . ..
QQ-A- 367 j 3.9-5 .0j0,50-1,2:1. O 0. 40-1.2 0.05 0.25 0.10 0.15 0,05 each Balance

I I I 1 I I I i 0, 15 total I
J

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str(’9) EL

=- “-”--$:’- 12’-’”2 ‘$+’ “i %

33(P)(4) 16(6)

CHEMICAL COMPOSITION - percent

Specification Cu Mn Mg Si Fe Cr Zn Others(’) Al

QQ-A-430 2. 2-3.0 0.20 0.20-0.50 0.8 1!0 0.10 0.25 0.05 each Balance
0.15 total

MECHANICAL PROPERTIES - mlnlmum

Deslgnaticm
Diameter

Area Tensile Str
Speclflcation

Yield Str EL Shear Str
Temper Sq, m, ks] kn > % kai

QQ-A-430 -o 0.501 and over - 25 max
Rod and Wire;
for R]vets and

-H15 Up thru O. 500 - 28 4-

Cold Head,ng -T4 0.063-0,615 - 38 18 18 26

Em:,
I CHEMICAL COMPOSITION - percent I

Specification Cu Si Fe Mn Mg Zn Cr Ti N] Other~’) Al

QQ-A- 361 3. 5-4.5 0.9 1.0 0.20 1. 2-1.8 X25 0.10 - 1. 7-2.3 0.05 each Balance

0, 15 total
— —..

MECHAMCAL PROPERTIES - minimum
.——

Designation Thickness Area Tensile Str Yield Str(’9) EL
Specification Temper inch Sq. in. ksi ksi % Bf-2N

1
QQ-A - 367 -Tbl 4(5) 1- 55(P)(4) 40(P)(4) 10(6) 100

Forgings,
Heat Treated ‘
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Mll+iDBK=694A[MR]
15 December 1966

—

CHEMICAL COMPOSITION - percent

Specification I Gu Si Fe Mn Mg Zn Cr Ti Ni Oier(l ‘a Al

QQ-A- 361 5.8-6.8 0, 20 0.30 0.20-0.40 0.02 0.10 - 0.02-0.10 - 0.05 each Balance
0.15 total

a - Vanadium O. 05-0.15 and Zirconium O. 10-0.25

MECHANICAL PROPERTIES - minimum

Designation Tbicknecs
(4, 19)

Area Tensile Str
yield s{:. 19) EL

Specification Temper inch Sq. in. ks i kai %

QQ-A - 367 - T6
4(5) . 58( P) 38(P)

~(6)

Forgings,
Heat Treated

- T6
4(5) - 58( NP) 38(NP)

J6)

- T6
4(5, 20)

58( L) 40( L) 6
55(LT) 37( LT) 4
53(ST) 35(ST) 2

-T852
4(5, 20) . 61(L) 43(L) 6

58(LT) 40( LT) 4
56( ST) 38(ST) 2

-T’87
~(5, 20)

65( L) 47(L) 6
;:;;L; 44( LT) 4

40( ST) 2

CHEMICAL COMPOSITION - percent I

Specification c. Si Fe Mn Mg Zn Cr Ti Ni Other(l) Al

QQ-A- 367 1.9-2.7 0.25 0.9-1.3 - 1. 3-1.8 - - 0.04-0.10 0. 9-1.2 0.05 each Balance
0.15 tobl

MECHANICAL PROPERTIES - minimum

Designation
Specification

QQ-A-367
Forgings,
Heat Treated

Temper

-T61

-T61

-T61
(Clase I)

-T61
(Class 13)

-T61
(Class III)

Thicknes]
inch

4(5}

4(5} ‘

4(5, 20)

4(5, 20)

4(5, 20)

Area
Sq. in.

——

16 and under

Over 16 to 36

Over 36 to 144

rensile Str(4, ‘9)
ksi

58(P)

55(NP)

58(L)
55(LT)
52(ST)

57(L)
55(LT)
52(ST)

56( L)
53(LT)
51(ST)

Yield Str(4,19)
ksi

48(P)

45(NP)

48(L)
45(LT)
42( ST)

47( L)
45(LT)
42(ST)

46(L)
40(LT)
39( ST)

—
EL
%

—

6(6)

4(6)

7
5
4

7
5
4

7
4
4
.

BHN

115

I

78
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MlLJmBK=694A[MRj
15 December 1966

CHEMICAL COMPOSITION - percent
,

Specification Mn Fe Si c. Zn tier(’) Al

All - see below 1.0-1.5 0.7 0.6 0.20 0.10 0.05 each Balance
0.15 total

MECHANICAL PROPERTIES - minimum

Designation Thickne8s Area Tensile Str Yield Str EL

Specification Temper inch Sq. in. ksi ksi %

(16)

QQ-A-250t 2 -o 0,006-0.007 - 14 14

Plate and Sheet 0.008-0.012 - 14 18
0.013-0.031 14 20
0.032-0.050 - 14 23
0.051-0.249 - 14 25
0.250-3.000 - 14 23

-H12 or 0.017-0,019” - 17 3

-H22 0.020-0,031 17 4
0.032-0.050 - 17
0.051-0. 113 17 :
0.114-0.161 17 7

0.162-0.249 - 17 8
0.250-0.499 - 17 9
0.500-2.000 - 17 10

-H14 or 0,009-0.012 - 20 1

-H24 0.013-0.019 - 20 2

0.020-0.031 20

0.032-0.050 :

3
20 4

0.051-0.113 - 20
0.114-0.161 - 20 :
0.162-0.249 - 20 7
0.250-0.499 - 20 8

0.500-1.000 - 20 10

-H16 or 0,006-0.019 - 24 1

-H26 0.020-0.031 24 2

0.032-0,050 - 24 3

0.051-0, 162 - 24 4

-H18 or 0,006-0,019 27

-H28 0.020-0.031 27 ;

0.032-0.050 - 27 3

0.051-0.128 - 27 4

-HI 12 0.250-0.4$’9 17 8
0.500-2.000 15 12

2.001-3.000 - 1.. 18

-F O, 250-6. OUO - No requirements -

QQ-A-20011 -o All 19 max 25

Bar, Rod, Shapes, -H, lz
All 14

and Tube Ex-

truded -F All - No requirements -

- diameter -

QQ-A-22512 -o All sizes 15 max 25

-H12 up to 0.374 14

-H14 up to 0.374 16

-H16 up to 0.374 19 -

-H18 up to 0.374 22

-HI 12 All e izee 11
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MI1-HDBK=694A[MRJ
15 December 1966

—-

MECHANICAL PROPERTIES - minimum (Cont. )

Designation
Specification I Temper

WW-T-700/2 -o

Tube, Round,

Square,. Rec. -
-H12

tangular, and -H14

Other Shaper.,

Drawn, Seam-
-H16

leas -H18

Thickness
inch

- wall thickness
All

Al 1

Ail

All

All

I 19rnflx

Yieid Str
ka i

17

20

24

I 27”
1-

EL
%

r CHEMICAL COMPOSITION - percent
4

Specification Cu Si Fe Mn Mg Zn Cr Ti Ni Other(’) Al

QQ-A-367 0.50- 1.3 11.0 -13.5 1.0 - 0.8-1.3 0.25 0.{0 - 0. 50-1.3 0.05 each Balance
o.15t0tal

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str
(19) EL

Specification Temper inch Sq. in. koj kni % BHN

QQ-A- 367 - T’b
4(5)

52( Pf14) 42(P)(4)
5(6)

115

Forgings,

Heat Treated

CHEMfCAL COMPOSITION - percent

Specification Mg Fe & Si Cr Cu M. Z. Others Ai

AU- sec below 2,2-2,8 0.45 0.15-0.35 0.10 0.10 0.10 0.05 each Salance
O. 15 total

I MECHANICAL PROPERTIES - n~inilttum

I Designation
Srrecification

I QQ-A-250/8
Plate and Sheet

‘3’emDer

-o

-H32 or

-H22

-H34 or

-H24

-H36 or

-H26

Thickneae

inch

0,006-0.007
0,008-0.019
0,020-0,031
0.032-0.249
0.250-3.000

0.017-0.019
0.020-0.050
0,051-0.113
0.114-0.249
0, 250-0.499
0, 500-2.000

0,009-0.019
0.020-0.050
0.051-0.113
0.114-0,249
0.250-1.000

0.006-0,007
0,008-0.031
0,032-0.162

Arc&

Sq. in.

.——
YIt,lrl Str

hill
-—. —

EL

‘%

(lb)
. .

15

18

20

la

4

5

;
11

12

3

4

6
7

10

-.

3

4
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MIL=HDBK=694A[MR]
15 December1966

-—

MECHANICAL PROPERTIES - minimum ( Cont. )

Des ignation Thickness Area Tensile Str Yield Str EL
Specification Ternper inch Sq. in. ksi ksi Yo

QQ-A-25018 -H38 or 0.006-0.007 - 39 --

Plate and Sheet -1-128 0.008-0.031 39 3

(Cent ) 0.032-0.128 - 39 4

-HI 12 0.250-0.499 - 28 7
0.500-2.000 ,- 25 12
2.001-3,000 - 25 16

-F 0.250-6.000 - - No requirements -

- diameter -

QQ-A-22517

(2)
-0 All sizes 32 max 25

Bar, Rod, and
Wire; Rolled,

-H32 up to 0.374 31 --

Drawn, or Cold -H34 up to o, 374 34 --

Fimshed
-1-136 up to 0.374 37 --

-H38 up to 0.374 39 --

wall thickness -
WW-T-700/4 -o All 35 max

Tube, Round,
Square, Rectan-

-H32 All 31

guiar, and Other -H34 “All 34

Shapes, Drawn,
Seamless

-H36 All 37

-H38 All 39

-F All - No requir ements -

- diameter -
QQ-A-430 -o 0. 501 and over - 32 max

Rod and Wire;
For Rivets and

-H32 Up thru O. 500 - 31

Cold Heading

CHEMICAL COMPOSITION - percent

Specification Mg Mn Cr c. S1 Fe Zn Ti Others(’) Al

QQ-A-430 4. 5-5.6 0,05-0,20 0.05-0.20 0.10 0.30 0.40 0.10 - 0,05 each Balance
0.15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq. in. kei kei %

- diameter -
QQ-A-430 %-o 0,501 and over - 46 max
Rod and Wire;
For Rivets and

- H32 Up thru O. 500 - 44

Cold Heading

*

81
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MI1-HD6K
15 Decembe

694A[MR]
1966

- —.— -“

CHEMICAL COMPOSITION - percent

Specification Si Fe Cu Mn Mg Cr Zn *i Ni Other(’) Al

QQ-A-250/ 6 0.40 0.40 0.10 0.30- 1.0 4.0-4.9 0.05-0.25 0.25 0.15 - 0.05 each Balance

md o.15 total
QQ-A-200/4

DQ-A-367 0.40 0.40 0.10 0. 30-1.0 4.0-4.9 - 0.25 - - 0,05 each Balance
0.15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq. in. kai kei %

(16)
QQ-A-250/6 -o 0,051-1,500 - 40 18 16
Plate and Sheet 1.501-3.000 - 39 17 16

- H32 0,051-0.125 - 45 34 8

0.126-0.249 - 45 34 10

-H34 0.051-0,125 - 50 39 6

0.126-0,”249 - 50 39 8

-H113 0, 188-2.000 - 44 31 12

Q~A-200/ 4 -o Upthru 5.000 Up tbru 32 39 16 14
Bar, Rod,
Shape*; and Tube,

-Hill Up thru 5.000 Up tttru 32 40 24 12

Extruded

(4-19) (4-19)

QQ-A- 367 -Hill
w

42(P) ;;~P/

Forgings, Heat
jtl

-H112 40(P)
Treated

-Hill
;12K:; ;

42(NP) 22(NP) 14(6)

-H112 40(NP) la(m) lb(b)

-23111 42(L) 22( L) 16
39(LT) 20(LT) 14

-H112 40(L) 18(L) 16
. 39(LT) 16(LT) 14

CHEMICAL COMPOSITION - percent

Specification Si Fe Gu Mn Mg Cr Ti Zn Others(l) M

All - see below 0,40 0.50 0.10 0.7 3.5-4.5 0.05-0.25 0.15 0.25 0.05 ~aeh Balance
0.15 total

1. MECHANICAL PROPERTIES 1 minimum

I Deaigna
SDecificatiOn

I QQ-A-250/7
Plate and Sheet

on

Temper

-o

-H32

-H34

-,H36

-H112

Thickness
inch

0.020-0.050
0.051-0.249
0,250-2.000

0,020-0,050
0.051-0.249
0.250-2,000

0.020-0.050
0.051-0.249
0.250-2.000

0,020-0.050
0.051-0.162

0.188-0, 499
0.500-1.000
1,001-2.000
2.001-3.000

Area
Sq. in,

.

82

Tensile Str
ksi

35

35

35

40
40
40

44
44
44

47
47

36
35
35
34

Yield Str
ksi

14

14

14

28

28

28

34

34

34

38

38

18

16

14

14

EL

%

(16)
15
18
14

6
8

12

f?
10

4
6

8
10
14
14
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MIL-HIIBK-694A[MR)
15 December 1966

.—

MECHANICAL PROPERTIES - minimum (Cont. )

Designation ‘Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq. in. ksi kai %

QQ-A-200/5 -o Up thru 5.000 Up thru 32 35 max 14
Bar, Rods, S~apes,

14

and Tube Extruded
-Hill Up thru 5.000 Up thru 32 3b 21 12

-wall thickness-
WW-T-700/5 -0 All s]zes 35 14
Tube, Round,

14

Squqre, Rec -
-H32 0,010-0.050 - 40 28 6

tangular, and
0.051-0,450 - 40 28 8

Other Shapes, -H34 0.010-0.050 - 44
Drawn, Seam-

34 5
0.051-0.450 44 34 6

less
-H36 0.010-0.050 - 47 38 4

0.051-0.450 - 47 38 5

-F - No requirements -

mmAt

CHEMICAL COMPOSITION - percent
——

Specification Mg Cr Mn Ti Cu Zn Fe & S1 Other
(l)”- *,

All - nee below 2. 4-3.0 0.05-0.20 0. 50-1.0 0.20 0.10 0.25 0.50 0.05 each Balance
0. 15 total

MECHANICAL PROPERTIES - minimum

Desiimation
SpecificatiOn-

QQ-A-250/:o
Plate and Sheet

QQ-A-ZOOJ6
Bar, Rod, Shapes,
and Tube, Ex -

I truded

Tempt r

-o

-H32

- H34

-H112

-o

-Hill

-H112

Thickness
inch

. .. —. —.— —

0.020-0.031

0.032-0.050

0.051-0.113

0.114-3.000

0.020-0.050

0,051-0.249

0.250-2.000

0.020-0.050
0.051-0.161
0, 162-0.249
0.250-1, 000

0.250-0.499
0, 500-2.000
2.001-3.000

Up thru 5.000

Up thru 5.000

Up thru 5.000 I

Area
Sq. in.

31

Up thru 32

Up thru 32

Up thru 32

Tensile Str Yield Str EL
ksi ksi 74

.— —-—
I (16)

31 12 iz

12 I 1431
31
31

36
36
36

39
39
39
39

32
12
31

41

42

41

—.

12 16

12

I

1s

26

26

26 ~ 11

29

29 ;{

+

29 7

29 10

18 8

11 11
12 15

T 14

26 12

19 12

—
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MI1-HINIK-694A[MR)
15 December 1966

CHEMICAL COMPOSITION - percent

Specification Mg Cr Mn Ti Gu Zn Fe& Si others(’) Al

All - aee below 4.7-5.5 0,05-0.20 0. 50-1.0 0.20 0.10 0.25 0.40 0.05 each Balance
.15 total

MECHANICAL PROPERTIES - minimum

Designation

TemperSpticif ication

QQ-A- 250/9
Plate and Sheet

E

-o

. H24

-H112

-H321

-H323

-H343

-o

-Hill

-H112

Thickness

inch

0.051-1.500

1,501-3.000

3.001-5.000

5.001-7.000

7,001-8,000

0,051-0.249

0.250-1.500

1,501-3.000

0.051-0,624

0.625-1, 250

J.2S)-1 ,500
1.501-3.000

0.051-0.125
0.126-0.249

0.051-0,125

0.126-0.249

Up thru 5.000

Up thr. 5.000

Up thru 5.000

Araa

Sq. in.

Up thru 32

Up thru 32

Up thru 32

Tensile Str
ksi

42

41

40

39

38

51

42

41

46

46

44

41

46
48

53

53

31

33

31

Yield Str

kei

19

18

17

16

15

39

19

18

33

33

31

29

36
36

41
41

12

19

12

EL

%

(16)

16

16
14

14

12

9

12

12

12

12

12

12

6
8

6

8

14

)2

12

CHEMICAL COMPOSITION - percent

Specification Cu Mg Si Mn Zn Fe Ti Cr Ni Others(’) Al

MIL-A-12545 0. 40-0.9 0. 6-1.2 0. 6-1.2 0.8 1.5 1.0 0.20 0.30 0.20 0, 05 each Balance

i
0.15 total

, 1 t

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq. in, ksi ksi % BH N

MJL-A-12545 -F 35 32 3 70

1 m~act Ex- - T6 50 42 7 95

b
CHEMICAL COMPOSITION - percent

Specification Si Fe 1 Cu Mn Mg Cr Zn Ti Othere( 1) Al

QO-A-430 -a- 0.35 0.10 - 1. 1-1.4 0.15-0.35 0, 10 - 0.05 each Balance
0.15 total

a - 45 to 65 percent of magneaium content.

MECHANICAL PROPERTIES - minimum I
Designation

+2”5

w
Thickness Area I Tensile Str I

Yield Str EL

inch Sq. in. ksi kni 70

- diameter -

0.501 and over , - I 19 max I i
Up thru O. 500 I - 1191 -1-

0.063-0.615 1- [ 30 I 20 I 14

84
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MIL-HDBK-694A[MR]
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CHEMICAL COMPOSITION - percent

(1) *1
Specification Mg Si Gr Fe Gu Ti Mn 2n Others

All . aee below 0.8-1.2 0. 40-0.8 0.15-0.35 0.7 0.15-0.40 0.15 0.15 0.25 0.05 each Balance

0, 15 total

MECHANICAL PROPERTIES - minimu

Deaignaticm
SDeciflcation lTemper

QQ-A-250/11 -o

Plate and

Sheet

- T4

-T451

I

-T6

-T651

-F

00-A-200/8 -o
Bar, Rod,

Shapes, and
-T4,

-T451O,

‘Ube’ ‘Xtruded -T451 1

-T6,

-T651O,

-T6511

--L
QQ-A.22518 -O

Bar, Rod, Wire -T4

and Special

6hapeo; Rolled, -T451
Drawn or Cold -T6
Finished

-T651

WW-T-70016 -o
Tube, Round,

Square, Rec-
- T4

tangular, and

Other .!%apen,

Drawn, Seam - -T6

Iese

Thickneaa

inch

0.010-0,020
0.021-0.128
0.129-0.499
0.500-1.000
1.001-3.000

0.010-0.020
0,021-0.249
0,250-1,000
1.001-3.000

0.250-1.000

1.001-3.000

0.010-0.020

0.021-0.499

0.500-1.000

1.001-2.000

2.001-3.000

3.001-4.000

4.001-5.000

0,250-0.499

0.500-1.000

1.001-2.000

2,001-3.000

3, 001-4, 000

4, 001-5.000

D. 250-6, 000

(12)

Up to 8.000

up to & 000
). 500 to a, 000

Jp to 8, 000

), 500 to 8.000

vallthickness -

U1 sizes

).025 to 0,049

}. 050 to 0,259

1,260 to O. 500

1.025 to 0,049

1.050 to 0.259

1.260 to 0.500

Area

Sq. in.

.

-

.

-

- No

I

Tensile Str

ksi (19)

22 max

22 max

22 max

22 ma.x

22 max

30

30

30

30

30

30

42

42

42

42

42

42

40

42

42

42

42

42

40

:quirementn

22 ma.

26

38

— .

22 111.i\

30

30

4L

4L

22 ma.

30

30

30

42

42

42

Yield Stl
ka i

12 max

12 max

12 max
.-

. .

::

16

16

16

16

35

35

35

35

35

35

35

35

35

35

35

35

35

.

EL
%

(16)

14

16

18’

18

16

14

16
18
16

18
16

8
10
9
8
6
6
6

10
9

:
6
6

16

I
16

{< I o

.-

(:)
.- Iu

It, In

11> 18

!5 10

-t-

!5 10

(18)

14max 15

16

16

16

14

16

18

35 8

35 10

35 12

-

BHN
Shear Str

ksi
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id

Designation
Specification 1Temper

I

QQ-A-367 I -1-b

Forgings,
Heat Treated

. Tb

I -T’6

I

QQ-A-430 -0

Rod and W Ire;

For Rivets and -H)J

Cold Heading - T6

XUNICAL PR(

Thickness

Inch

4(5)

4(5)

up to 4

Over 4 10 M

--———
- d]ameter -

0. 501 and ovc

Up lhru O. 500

0.063-0.615

PERTIES - minimum I Cont. )

Area

~q. in.

up to 144

Up to 256

rensile Str
ksi

(4)
38(P)

38(NP)

38(L)

38(LT)

37(ST)

37(L)”

37(LT)

35( ST)

22 max

22

42

Yield Str

ka i

(4)

35(P)

35(NP]

35(L)

35(LT)

33(ST)

34(L)

34(LT)

32( ST)

35

EL

%

IO(6I
5(6)

10

.8

5

:

4

10

Shear Str

9HN ksi

80

80

25

86
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. .

CHEMICAL COMPOSITION - percent

Specification Mg Si Fe Cu Ti Mn Zn Cr others(’) Al

QQ-A-ZOO19 0.45-0.9 0.20- 0.6 0.35 0.10 0.10 0.10 0.10 0.10 0.05 each Balance
0.15 total

Designation
Specification ITempe r

OGA-2oO19 -o
Bar, Rod. Shapes, - T*
and Tube, Ex-
truded

- T42

- T5

- T6

MECHANICAL

Thickness

inch

All

Up thru O. 500

0.501-1.000

Up thru O. 500

0.501-1.000

Up thru O. 500

0,501-1,000

UPthrtr O. 124

0.125-1.000

ROPERTIES - minimum

Area

Sq. in.

Tens ile Str

ks i

19 max

19

18

17

16

22

21

30

30

Yield Str I EL
ksi i %

I 18

10 I 14

9 14

9 12

8 12

16 8

15 8

25 a

26 10

CHEM3CAL COMPOSITION - percent

specification Mg Si Cu Mn Cr Fe al Ti Others Al

Ml - see below 0.8-1,4 0. 9-1.8 0.7-1.2 0. 6-1,1 0.40 0,50 0,25 0.20 0.05 each Balance

0.15 total

MECHANICAL PROPERTIES - mimmum

De mignation , Th)cknearn Area Tensile Str Y]eld Str EL

SpecificattOn Temper mch Sq. in. ks ] ksl % BHN

QQ-A-200/10 -o 29 max 18 max 16

Bar, Rod, Shapes, -=4 .T4~*o - 40 25 14
and Tube Extruded .T4~J] ‘

-T42 40 24 14

-T6, -T651O, - 50 45 8

-T6511

-T62 50 42 8

QQ-A-367 - T6 4(5) 50(P)(4) 45(P)(4)

Forgings,

]2(6) 100

Heat Treated

CHEMl CAL COMPOSI T1ON - percent

Specification Cu Si Fe Mn Mg Zn Cr Ti Others Al

All - see below 0.35 0,6-1.2 1.0 0.20 0.45-0.8 0.25 0.15-0.35 0.15 0.05 each Balance

0.15 total

MECHANICAL PROPERTIES - mirnmum

Denigration Thicknes~ Area Tensile Str Yield Str EL

Specification Temper inch Sq. in. ka> ka I % BHN

(5) (4) (4) (:J

QQ-A-367 -T6 4 44(P) 37(P) 90

Forgingo,

Heat Treated ●

- T6 4 44(NP) 37(NP) 6 90

MIL-A.12545 - T6 L4 37 10 90

Impact Extrtmionc

87
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CHEMICAL COMPOSITION - percent

Specification Zn Mg Gu Cr Mn Fe Si Ti Othero(’) Al

All - see below 5. 1-6.1 2. 1-2.9 1.2-2.0 0,.18-0.40 0.30 0,7 0,50 0,20 0.05 each Balance
0, 15 total

MECHANICAL. PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL Shear St!
specification Temper inch Sq, in, kai ka i % BHN koi

QQ-A-250112 -o
(16)

0.015-0.499 - 40 max
Plate and

21 max 10
0.500-2.000 40” max - 10

5heet -T6 0.015-0.039 76 65 7
0.040-0.499 . 77 66
0.500-1.000 77 66 :
1.001-2, 000 77 66 4

,2.001-2.500 73 62 3
2.501-3, 000 70 60 3
3.001-3.500
3.501-4.000

3
R 2; 2

-T651 0.250-0.499 77 66 8
0.500-1.000 77 66 6
1.001-2.000 77 66 4
2, 001-2.500 73 62 3
2.501-3.000 70 60 3
3.001-3,500 70 57 3
3.501-4.000 67 53 2

-F All - No requir ements -

2Q-A-200/Jl -o All sizes
Bar, Rod,

40 max 24 ma% 10

-T6, up to 0<249 78 70 7
;hapea, and

hbe, Ex-
-T651O, 0,250 to 0,499 81 73 7

-T651 1 0.500 to 2.999
,rudecl

81 72 7

3.000 to 4.499

Up to 20 sq, in. 81 71 7

Over 20 to 32 78 70 6

&oT”tO 5.000

Up to 32 sq. in, 76 68 6

(2) f~)
2Q-A-22519 -0 up to 8.000

Bar, Rod,

40 max -

wire, and
- T6 up to 4.000 77 66 7

special -T651 0, 500 to 4, 000 77 66 7

jhapes: Roll Cd

>rawn, or Cold

Finiehed

(5) (19,4) (19,4)

>Q-A-367 - T6 3 75(P) 65(P) ]o(6) 135

Forgings,

-teat
- T6 3 71(NP) 62(NP) 3(7) 135

rreated - T6 3 Up t: 16 75(L) 64(L)

(class 1) Lengths up to 3 75(LT) 63(LT) :

Y.. the width 72( ST) 63(ST) 2

- T6 3 Up to 16 75(JJ
(Claes

63(L) 9

Lengths over 3 73(LT) 61 (LT) 4

11) times the width 70(ST) 61(ST) 2

- T6 3 Over 16 to 36 73(L)

(claBs

61(L) 7

Lengths over 3 71(LT) 60(LT)

112) times the width 68( ST) 60(ST) ;

-T6 3 Over 16 to 36

( Class

73(L) 60(L) 7

Lengths over 3 71(LT) 59(LT) 3

IV) times the width 68( ST) 59( ST) 2

88
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Blmn
MECHANICAL PROPERTIES - minimum [ Cent)

Designation Thickness

Specification [ Temper inch

Area
Sq. in.

Tensile Str I Yield Stz

ksi ksi
EL
q,

4
2
1

4

2
1

4
2
1

5

7

Shear Str

ksiBHN

71(L)
69(LT)
66(ST)

60(L)

58(LT)

58( ST)

QQ-A- 367 - T6 3

Forging s,. (Claaa
Heat v)

Over 36 to 144

Lengths up to 3

times the width

Over 36 to 144

Lengths up to 3
times the width

Over 144 to 256

Treated

( Cent)
-T6 3

(Class

VI)

71(L)
69(LT)

66(ST)

59( L)

57(LT)

57(ST)

+

70(L)
67(LT)
64( ST)

58(L)
56(LT)
56(ST)

40 max

65 13575
1 I

-diamcter-

QQ-A-430 -0 0, 501 and over 40 ma.

36

77

Rod and Wire; -H13

For Rivets
Up thru O. 500

66 42
and Cold - T6 0.063-0.615

Heading

mm
CHEMICAL COMPOSITION - percent

Specification Zn Mg Cu Cr Mn Fe Si Ti Others(l) Al

QQ-A-250/13
Core (7075) 5. 1-6.1 2. 1-2.9 1. 2-2.0 0.18-0.40 0.30 0.7 0.50 0.20 0.05 each Balance

0. 15 total

Cladding 0,8 -1.3 0, 10 0.10 0.10 Fe k Si10.7 - 0.05 each Balance

(7072) 0.15 total

X-L4N2CAL PRC

Thickness
inch

CR TIES

Area
Sq. in.

minimum

Tensile Str

kai

(16)
EL
%

1-
De.sig

Specification

QQ-A-250/ 13

Plate and Sheet

tion
Temper

Yield Str
ksi

-o

- T6

- T651

-3?

0.008-0,014

0.015-0.062

0.063-0.087

0.188-0.499

0.500-1.000

0,008-0.011

0.012-0.039

0.040-0.062

0.063-0.187

0.188-0.499

0, 500-1.000

1.001-2.000

2.001-2.500

2.501-3.000

3.001-3.500

3.501-4.000

0.250-0.499

0.500-1.000

1.001-2.000

2.001-2.500

2.501-3.000

3.001-3,500

3.501-4.000

0.250-6.000

9

10

10

10

10

5

7

8

8

8

6

36 max

36 max

38 max

39 max

40 mzx( 11 )

20 max
20 max
20 max
21 max
-

58
60
62
63
64
66
66 1

62(11)

60

57

53 )

64

66

66

62
\

60(11)

57

53 J

.

68
70
72
73
75
77
77 1
73(11)

70
70
67 1

4

3

3

3

2

8

6

4

3

3

3

2

75

77

77 \
,.j I
,.(ll)

70

67 J

- NO requirements -
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CHEMICAL COMPOSITION - percent

specification Zn Mg c. Cr bin Fe Si Ti Others(’) Al

2Q-A-250/ 18
Core (7075) 5. 1-6.1 2. 1-2.9 1. 2-2.0 0.18-0.40 0.30 0.7 0.50 0.20 0.05 each Balance

Cladding

0.15 total

0. 8-1.3 0.10 0.10 0.10 Fe & SYO.7 - 0.05 each Balance

(7072) O. 15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL

Specification Temper inch Sq. in. ksi ksi 70

QQ-A-250/18 -o 0,015-0.062 - 38 ma> 21 ma> 10

Plate and Sheet .0.063 -0.187 39 max 21 mah 10

0.188-0.499 - 39 ma> 21 max 10

0.50 U-1.000 40 ma> 10

- T6 0.015-0.039 - 73 62 7

0, 040-0, 062 ,- 74 64 8

0.063-0. 187 75 64 8

0.188-0, 499 76 65 8

0, 500-1, 000 77(11) 66(11) 6

1.001-2.000 77(11) 66(1 1) 4

-T651 0.250-0.499 - 76 65 8

0.500-1,000 77(11) 66(11) 6

1.001-2.000 77(11) 66(11) 4

-F All - No requirements -

CHEMICAL COMPOSITION - percent

Specification Cu Si Fe Mn Mg Zn Cr Ti Ni Others(’) Al

QQ-A-367 0,30- 1,0 0.40 0.6 0. 30-0.8 1.2-2.0 7.0-8,0 - 0.20 - 0, 05 each Balat]ce
0, 15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area
Ten~ile s:;) ~ic,d s~:) ~J())

Specification Temper inch Sq, in. ksi ksi 70 BHN

QQ-A-367 -T61
4(5)

Forgings,
70(P) 60(P) 1I 140
67(NP) 5X(NP) ! 1-10

Heat Treated
L

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



MIL-HDBK-694A[MR]
15 December 1966

CHEMICAL COMPOSITION - percent

specification Zn Mg c. Cr Mn Fe Si Ti Others(’) Al

All - nee below 3. 8-4.8 2. 9-3.7 0. 40-0.8 0,10-0.25 0, 10-0.30 0.40 0.30 0.10 0.05 each Balance
0.15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL
Specification Temper inch Sq, in, ksi ksi % BHN

(Long traveree mechanical properties)

QQ-A”-250117

(16)
- T6 0.040-0.249 72 62 8

Plate
-T6 and 0.250-1.000 73 63 8
-T651 1.001-1.500 73 63 8

1.501-2.000 73 63 7
2. OOJ-2.500 73 63 6
2.501-3.000 71 62 6
3.001-4.000 60 5
4, 001-4.500 :: 58 5
4.501-5.000 68 5a 5
5.001-5, 500 67 57 4
5.501-6.000 66 56 4

-F 0.250-6.000 - No requirements -

(Mechanical capabilities properties)
-T6 and 3.001-4.000 60 6
-T651 :! 56 2

4.001-4.500 68 58 6
63 54 2

4.501-5.000 68 58 5
63 54 2

5.001-5.500 67 5-I 4
62 53 2

5.501-6.000 66 56 4
61 52 2

QQ-A-250/12 -o All All 42 tnax
Plate and

24 max 10

Sheet
-T6 Up thru O. 249 Up thru 20 75 67 7

-T6510 0,250-0.499 Up thru 20 77 68 7

.-T6511 0, 500-1.499 Up thru 20 ‘?8 70 7
1, 500-2.999 Up thru 20 79 70 7
3.000-4, 499 Up thru 20 79 70 7

Over 20 thru 32 77 70 7
Over 32 thru 50 76 68 7

4.500-5, 000 Up thru 38 78 68
Over 38 thru 60 76 :

5, 001-5. 999 Up thru 38 78 :: 6
Over 38 thru 60 76 68 6

6.000-6.999 Up thru 50 76 66 6
over 50 thru 60 74 64 4

M-A-367 -T6
(22, 4) (19, 4)

6(5) 72(P) 62(P) 10(6) 135
Forgingn,
Heat Treated

- T6 6(5) 70(NP) 60(NP) 3(6) 135
UP to 6 Up to 72(22) 71(L) 62(L)

69(LT) 58(LT) ;
65(ST) 54(ST) 4

Downloaded from http://www.everyspec.com on 2009-08-06T5:07:10.



M1l-tlDEIK-694AlMR]
15 December 1966

CHEMICAL COMPOSITION - percent

Specification Zn Mg Cu Cr Mn Fe Si Ti Other.(’) Al

QQ-A-250/ 14 6. 3-7.3 2.4-3.1 1. 6-2,4 0.18-0.40 0.30 0,7 0.50 0.20 0.05 each Balance

0.15 total

MECHANICAL PROPERTIES - minimum

Des ignation Thickness
Specification

1 Temper inch

QQ-A-250/ 14

Plate and Sheet

-o

- T6

-T651

-F

0.015-0.499

0.500

0.015-0.044

0,045-0.499

0.500-1.000
1.001-1.500

1.501-2.000

0.250-0.499
0.500-1.000

1.001-1.500
1.501-2,000

All

Area
Sq. in.

.

Tensile Str Yield Str EL

ksi ksi To

40 max 21 max

40 max --

83 72

84 73

84 73

84 73

80 70

84 73
84 73

84 73

80 70

- No requirements -

(16)

10
10

7
8

6
4

3

8
4
4

3

CHEMICAL COMPOSITION - percent

pacification Zn M% Cu Cr Mn Fe Si Ti Others(’) Al

>Q-A-250] 15

Core (7178) 6.3-7, 3 2,4-3,1 1. 6-2.4 0.18-0.40 0.30 0.7 0.50 0.20 0.05 each Balance

0.15 total

~+l.cll)ng 0,8-1.3 0.10 0.10 0,10 Fe & Si10.7 - 0.05 each Balance

0. 15 total

MECHANICAL PROPERTIES - minimum

Designation Thickness Area Tensile Str Yield Str EL

Specification Temper inch Sq. in. ksi ksl %

(16)

QQ-A-250/ 15 -o 0.015-0,499 36 ma-x 20 max 10

0, 500(11) 40 max -- 10

-T6 0.015-0,044 76 66 7

0.045-0.499 78 68

0.500-1,000(11) : 84 73 :

1,001-1.500(11) - 84 73 4

1. 501-2.000(11) - 80 70 3

-T651 0.250-0.499 78 68 8

0.500 -1,000(J1) : 84 73 . 6

1.001-1,500(11) - 84 73 4

1.501-2,000(11) - 80 70 3

-F All - No requirements -

92
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I CHEMICAL CO,MPOSITIOh’ - percent I
P

‘Specification Si Fe c. Mn Mg Cr Ni Zn Ti Others(’) Al

AIIL-R-12Z21 0.50 0.7 0. 8-1.7 - 1 . 7-2. 3 0.1/+-0.35 - 3. 7-4. 3zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0! 10 0.05 each Balance
0.15 total

MECHANICAL PROPERTIES - m]nirnum

Designation Thickness Area Tensile Str Yield Str EL

Specification Temper inch Sq. in. ksi ksi ’10

MI L- R-i2221
Ri\.et, Solid,
Tempered

CHEMICAL COMPOSITION - percent

Specification Sn c. N1 s] Fc Mn Ti Otherso) ~Al —

MIL-A- 11267 5. 5-7.0 0. 7-1.3 0,20- 0.7 1.0-2.0 0.7 0.10 0.10 0,05 each B,ila!lce
0. 15 total

,

MECHANICAL PROPERTIES - minimum

~
Designation Thickness Area Tensile Str Yield Str EL

Specification Temper inch Sq. in ksi ksi

*

%

MIL-A - 11267 -H12 In 15 -1
Sheet (For
Recoil Mech-
anism Cup

Rings)

I

>-
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Biblio~raphy

.

Only a small number of references, selected from the extensive literature of aluminum metallurgy,

are listed in this bibliography. The object is to provide the designer with citations to the latest avail-

able information which may be most useful and also readily obtained. Afew basic papers are included

together with certain references that contain good bibliographies.
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DEPARTMENT OF DEFENSE

WASHINGTON, 0. C.

~.

I
Ml L-H DBK-697A

Titanium and Titanium Alloys

1 June 1974

1. This standardization handbook wasdeveloped forthe Depanmentof Defense inaccordarrce

with established prockdure.

2. This publication wasapprovedonl June 1974 forprinting andinclusion in the military

standardization handbook saries.

3. This handbook provides basic and fundamental in formation ontitanium and titanium

alloy sforthe guidance of engineers and designers of milita~ materiel. This handbook is not ih-

tended to bereferenc% inpurchaX spmifications except forinformational purposes, nor shall it

supersede any specification requirements.

4. Every effomhas bmnmade toreflect thelat=t information ontitanium and titanium

alloys. ltisthe intent tor&iew this document period) callyto insure itscompleteness and currency.

Users of this document are encouraged to report any errors discovered and recommendations for

changas orinclusions to the Director, US Army Materials and Mechanics Research Center,

Watertown, Massachusetts 02172, ATTN: AMXMR-MS.
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PREFACE

This is one of a group of handbooks covering metallic and nonmetallic materials used in the

design and construction of military equipment.

The purpose of this handbook is to provide, in condensed form, technical information and

data of direct usefulness to design engineers. The data, especially selected from a number of gov-

ernment and industrial publications, have been checked for suitability for use in design. Wherever

practicable, the various types, classes, and grades of materials are identified with applicable govern-

ment specifications. The corresponding technical society specifications and commercial designa-

tions are shown for information.

The numerical values for properties listed in this handbook, which duplicate specification

requirements, are in agreement with the values in issues of the specifications in effect at the date of

this handbook. Because of revisions or amendments to specifications taking place after publication,

the values may, in some instances, differ from those shown in current specifications. In connection

with procurement, it should be understood that the governing requirements are those of the speci-

fications of ~he issue listed in the contract.

This revision of the handbook was prepared by the Metals and Ceramics Information Center

of Battelle Columbus Laboratories and the Army Materials and Mechanics Research Center. Corn.

ments on this handbook are invited. They should be addressed to Director, US Army Materials and

Mechanics Research Center, Watertown, Massachusetts 02172, ATTN: AM XMR.MS.
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.

Titanium in Engineering Design

1. General Characteristics. Titanium and titanium alloys are used in engineering design

chiefly for their excellent combination of mechanical propertiea,coupled with low density and

their corrosion resistance. Other advantages of titanium for spectfic applications include: low co

efficient of thermal expansion, good oxidation resistance at intermediate temperatures, low magn-

etic permeability, high toughness, and low heat-treating temperature during hardening. Alloying

may be used to enhance selected properties of titanium and many alloys can be strengthened by

processing and heat treatment. Although about 40 percent lighter than steel, certain titanium

alloys can be equated on a strength. to-weight basis to steels having yield strength levels of abOut

30CI ksi. Compared to aluminum, titanium alloys (60 percent heavier than aluminum) are much

stronger, are useful to much higher temperatures and show higher fatigue resistance and greater

hardness. A wide range of physical and mechanical propenies are available from titanium and its

alloys.

Table I compares some of the physical properties of titanium with those of other pure metals.

Aa mentioned above, a low density, intermediate to aluminum and steel, and a low coefficient of

thermal expansion are properties of titanium that can be used to afford unique advantages for some

applications. The elastic modulus of titanium, also intermediate to aluminum and steel, can be

used to advantage in certain applications (e.g. torsion bara and springs). Another physical charac-

teristic of titanium is its transformation from one crystal morphology, body-centered-cubic

to another hexagonal-close-packed (hcp) at about 1625 F (885 C). The transformation is reversible.

The hcp form is the stable structure at room temperature although the bcc form can be stabilized by

alloying. The processing and heat treatment of titanium alloy: are inevitably involved with the

transition behavior and the two basic structures or phases, hcp (alpha) and bcc (beta).

The secondary processing of titanium or alloys that might be required by the fabricator of

end-use items usually may be accomplished without difficulty by the experienced shop. There are

of course certain precautions to be observed which ara “described in more detail in later sections.

For example, the presem’ation of properties imparted by primary processing (at the titanium pro-

ducers shop) must be a consideration during any secondary fabrication, heat treatment, and finish-

ing operations. Forming, joining (titanium can be welded, or joined by several other methods), heat

treatment, and math ining operations must follow procedures which allow for the physical charac-

teristics common to the metal.

Titanium is strairvrate sensitive. For example, mechanical properties may vary greatly with

different speeds of testing. Strairvrate sensitivity also must be given consideration in part-forming

operations. For example some complex parts can be formed at a low strain rate which would be

impossible to form at a high strain rate. A strain rate of 0.005 in./in./min. is generally accepted as

standard for tensile testin9.

1

Downloaded from http://www.everyspec.com on 2009-08-06T4:47:49.



MI L-H DBK-697A

1 JUNE 1974

I

u
u

2

. .

Downloaded from http://www.everyspec.com on 2009-08-06T4:47:49.



MI L-H DBK-697A

1 JUNE 1974

I

I

I

I

i

The high friction characteristics of titanium and associated wear can present somewhat of a

problem in certain applications. However, specialized coatings and lubricants have been developed

to greatly alleviate galling and other difficulties in selected applications. Each application, ~ere

titanium would be sub@ct to friction wear, should be analyzed to determine the optimufi system

m be ussd.

Normally, protective coatings to eliminate corrosion effects are not required for titanium. The

ever present oxide surface affords ample protection in most ambient environments and in a wide

range of corrosive media. In cases’where coatings are needed, such as for protection against friction

wear, erosion, and elevated temperature corrosion, specific materials and techniques have been

employed for specific applications. Decorative or other non service required coatings can also be

applied.

The relative price of titanium and its alloys is an important consideration in design applications.

Ahhough the initial unit price of titanium may be considered high, weight swings, superior corro-

sion resistance, and other design factors may warrant its selection over other stmctural materials

for a given iob. Indeed; for certain applications, weight swings resulting in increased payload can

more than offset initial costs and ‘perhaps in the long run prove less costly than lower priced

materials.

2. Titanium Alloy Availability - Designations. The titanium industry of the United States

did not achieve signif ic.smtsize until the late 1950’s. However, it was an important industry from

the viewpoint of its militaW potential and received considerable industrial and governmental

research and development funding. This suppom stimulated steady growth and generated an ad.

vanced titanium technology. During the course of its existence, the industW has developed about

50 different grades and compositions wh ich have been described as commercial. Approximate y

30 alloy compositions and unalloyed grades of titanium are currently commercially viable. These

are listed in Table 11. Table Ill gives typical producer company designations for these alloys.

As shown in Table 11,the major types of ’titanium alloys are: alpha, alpha-beta, and beta.

Other types are known as near-alpha, near-beta, and alpha-dispersoid types. As the type names

suggest, the classification is based on the dominant microstructural features of the alloys. For

example, unalloyed titanium grades are predominantly of hcp (alpha phase) structure, beta alloys

are bcc (beta phase), and a host of compositions are of mixed hcp and bcc structure (alpha plus

beta phases). Alpha-d isperaoid types have intermetall (c compound phase interspersed with the

alpha matrix phase. Several other alloys (notably those containing silicon) also can exhibit inter-

metallic phase in the microstrurxum.

Aluminum and oxygen are the alloy additions capable of stabilizing the alpha phase in titanium

and in aeneral increasing amounts of these elements result in the stabilization of increasing amounts-.
of the alpha phase. Beta stabilizing additions such as vanadium, molybdenum, mangane&, iron and

chromium, cause the stabilization of the beta phase generally proportional to the amount of beta

addition used but aub@t to modification by the amount of alpha stabilizers combined in the alloy.

Most of the commercial alloys have combinations of alpha stabilizing and beta stabilizing additions -

to impart the characteristics desired.

- The many alloys available collectively provide a very wide range of mechanical and physical

properties suitable for many applications. Some alloys, for example 5621S, were formulated

specifically to have good elwated temperature characteristics (e.g. creep strength). Others for

example Beta III and Tt-8Mo-8V.2Fe-3Al, were designed for improved combinations of formatijlity,

deep hardenability, and high strength. Some alloys, for example Ti-6Al-4V, are very versatile,

3
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TAB LE II. TITANIUM ALLOYS OF CURRENT GENERAL INTEREST

Nominal Composition, w % Al Ioy Type
Common ‘-

Name(a)

Urralioyad Ti, +9.5(b) Alpha CP

Unalloyed fi, +9.2(b) Alpha CP

Unalloyed ~, -99.01 (b) Alpha CP

Ti-O.l 5 to 0.20 Pd Alpha Pd alloy

Ti-5Al.2.5Sn(c) Alpha A-11O

Ti-1 to 2Ni Alpha-d ispersoid --

Ti-2cu Alphadisperaoid --

Ti-2,25Al-l lSn-5Zr-l Mo-O.2Si Near-alpha 679

Ti-5A143Sn-2Zr-l Mo-O.25Si(d). Near-alpha 5621S

Ti-6Al-2Sn-l .5Zr-l Mo-0.35Bi-0.1Si Near-alpha Ti-11

Ti-6Al -2Cb-l Ta-O.8Mo Near-alpha 6-2-1-1

Ti-6Al-l Mo-lv Near-alpha 8-1-1

Ti-8Mn Alpha-beta 8Mn

Ti-3Al-2.5V Alpha-beta 3-2.5

Ti.4Al-3Mo-lV Alpha-beta 4-3-1

Ti-5Al-2Sn-2Zr4M04Cr Alpha-beta Ti-17

Ti-6A14V(c) Alpha-beta 6-4

Ti-6Al-6V-2Sn Alpha-beta 6-6-2

Ti-6A 1-2Sn4Zr-2Mo(e) Alpha-beta 6-2-4-2

Ti-6Al-2Sn4Zr-6Mo Alpha-beta 6-2-4-6

Ti-6Al-2Sn-2Zr-2 Mo-2Cr-0.2Si Alpha-beta 6-2-2-2-2

Ti-7A14Mo Alpha-beta 7-4

Ti- 1A 1-6V-5 Fe Near-beta 165

Ti-2Al-ll V-2Sn-ll Zr 8eta Tranaage 129

Ti-3Al-8V4Cr4M04Zr Beta . . Beta C

Ti4.5Sn-6Zr- 11 .5,M0 8eta Beta Ill

Ti-6Mo-8V-2Fa-3Al Beta 8-8-2-3

Ti-13V-ll Cr-3Al Beta 13-11:3

Note:

(a)

(b)

(c)

(d)
(e)

Producer nomenclature varies since some companiaa use a code for designating products while

othera use logical symbols such as the company name followed by the composition in alpha-
. .

numeric, form. Sea Table 3 for guidance.

several gradea of unalloyed titenium are produced which’ differ in impurity Iwel, hence

strength and ductility.

High-purity grades of these alloys are available and are designated with the suffix ELI, meaning

Extra Low Interatitials.

A modification of this alloy, Ti.5Al-5Sn-2Zr-2 Mo-0.25Si, may become commercial.

A silicon-containing grade of 6.2.4-2 is also available.
....
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having properties intermediate to some of the specialty alloys but having broad utility in part due to

the intermediacy. The Ti-6Al-4V alloy is in fact the most widely used titanium alloy (>50%) with

the next most used titanium materials being the unalloyed grades (-20%).”; The next most usqj

materials are the Ti-5Al-2.5Sn and Ti-6Al-6V-2Sn alloys (-7% each) and all other alloys are used to

a lesser extent. In selecting an alloy for a particular application, it is good practice to not only ex-

amine and match the properties available for a material with the requirements but to discuss the

selection with producers.

3. Availability of Titanium-Forms and sizes. A wide range of unalloyed and alloyed

titanium mill products, castings, and powder-metallurgy products are produced by the industry.

However, not al I forms and sizes of products are available for each alloy or grade of titanium

available and no single company produces a full range of products. On the other hand, individual

product forms are usually available from a number of sources. Thus this section is offered to af-

ford the titanium user guidance in determining certain limitations and restrictions concerning

product availability.

The basic titanium product is called sponge titanium because lumps of metal extracted from

the primary titanium ore (rutile, TI02) have the porosity of sponges. (Other ores such as itmenite,

are used in addition to rutile by foreign sponge producers. ) The Kroll Process (named for Dr.

Wilhelm Kroll) is used by the commercial producers to win titanium from rutile. This process is a

batch operarion requiring stringent control in order to maintain purity. Titanium sponge is subject

to atmospheric contamination unless suitably protected. Sponge is subsequently purified and corn.

patted into electrodes for melting and remelting in the production of ingot (or casting). Titanium

metal production, from ore to final ingot, usual Iy follows the basic steps outlined below and is

shown schematically in the illustration of Figure 1.

Chlorination-R utile ore is reacted with chloririe gas and carbon at elevated temperatures to yield

tlfamum tetrachloride (TiC14), a colorless liquid, and the carbon gases (CO, C02) arxoiding to the

following reactions:
. .

Ti02 + 2C12 + c TIC14 + C02 + heat

Tio2 + 2CI.2 + 2C TiC14 + 2C0 + heat

AS indicated, these reactions are exothermic and are carefully conducted in large reaction v~els to

produce as pure an intermediate product (TiC14, sometimes @lled “tickle”) as possible. Additional

purification of “tickle” in distillation towers is usually nemaaery.

Magnesium Reduction-The TiC14 is combined with molten magnesium metal in a’&eel

reactor under a controlled atmosphere to yield titanium metal in sponge form. Magnesium chloride

(MgC12) is a byproduct. (The M9C12 is electrolyzed to recapture chlorine gas and magnesium

metal, bssth of wfsich are recycled through the process). The reactions are:

Tic14 + 2Mg Ti+ 2MgC12

MgC12 (by electrolysis] Mg + C12
. .

Sodium instead of magnesium is used in the same type of reactiorzs”by some producers of titanium.

Purification. Titanium sponge is placed in leaching tanks where acid and water remove trace

quantities of magnesium chloride and residual magnesium. Another method of removing the=

impurities from sponge is vacuum distillation. Producers of titanium sponge in the Soviet Union

6
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FIGURE 1. Titanium Processing from Ore to Ingot

and Japan make a very high quality product by this method. Considerable quantities of foreign

produced sponge titanium are imported by the United States.

Melting. – Sponge titanium may b’ compacted as the only constituent to make electrodes

for producing ingota, or, if an alloy is desired, sponge. is mixed with other metallic ingredients

before compacting electrodes for the melting operation. An electric arc-melting process converts

the compacted electrode (consumable electiode) into a primary ingot which, in turn, is remelted

into a final ingot (triple melting may be used to produce a premium quality ingot). Another

method of making primary ingot, that of melting sponge, al Ioy additions, or scrap, by continuous y

feeding small unmmpacted particles of the charge into the molten pool of metal created by the arc,

is used by some ingot produce=. In either method, melting is accomplished in vacuum furnaces

which removes volatile impurities such as hydrogen and n?sidual MgC12.

The typical titanium product forms manufactured from domestic and foreign sponge by the -

U. S.. industry are listed in Table IV. It is to be noted that this is a typical listing and does not

include all products that can be made, for example, on special order. To illustrate some exceptions,

wi;e of Ti.5Al-2.5Sn and Ti-8Al-l Me-l V alloys, extrusio,rss of TL4AI-3M0-l V alloy, and castings

of Ti-1 1.5Mo-6Zr-4.5Sn alloy can and have been produced. Irsquiriesto producers should be made

to determine current availability of unlisted products for any desired material.

7
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TABLE IV. TYPICAL TITANIUM PRODUCT FORMS

Nominal Composition, wt % Typical Product Forms(n)

Unalloyed TI, ~9.5(b) All forms are available

Unalloyed ~, q9.2(b) in unalloyed

Unalloyed T, ~9.r)(b) grades

Ti-O.l 5 to 0.20 Pd All forms

Ti.5Al-2.5Sn(c) 1, B, b, P, S, E, C

Ti-1 to 2 Ni B, b, P, S

Ti-2cu B, b, P, S

Ti-2.25 Al-1 lSn-5Zr-l Mo-O.2Si 1, B,b, P,S

Ti-5Al-6Sn-2Z4-l Mo-O.25Si [, B, b, P, S

Ti-6Al-2Sn-l .5Zr-l Mo-O.35Bi-O. 1Si l,B, b

Ti-6Al-2Cb-l Ta-O.BMo 1, B,b, P

TL8AI-l MO-lV 1, B, b, P, S, E

Ti-8Mn l,s, s

Ti-3Al-2.5V S, s, f, T

Ti-4Al-3Mo-lv P, s, s

Ti-5Al-2Sn-2Zr-4 Mo-4Cr 1, 6, b

Ti-6Al-4V(c) All forms

Ti-6Al-6V-2Sn 1, B, b, P, S, E

Ti-6Al-2Sn4Zr-2Mo 1, B, b, P, S, E

Ti-6Al-2Sn-4Zr-8Mo

Ti-6Al-2Sn-2Zr-2Mo-2CX.L).2Si

1, B, b, P, S

B, b, P

Ti-7Al-4Mo 1, B,b, P

Ti-l Al-8 V-5Fe 1, B, b, W

TF2AI-1 lV-2Sn-l lZr

l13A1-8V-8Cr-4Mo-4Zr

B, b, P

B, b, W, P, S, S, f, T

Ti-4.5Sn-6Zr-l 1.5M0

Ti-8Mo-8V-2Fe-3Al

B, b, W, P, S, S, f, T

1, B, b,w, P, S,S, f,T

TLl 3V.1 lCr-3Al 1, B, b,w, P, S,s, f, T

Note:

(a)

(b)

(c)

I = ingot bloom, B = billet, .b = bar, w = wire,

P = plate, S = sheet, s = atrip, f = foil,

E = extrusion, T = tubing, C = casting.
. .

There are wveral unalloywl titanium gradas available.
. .

High purity grades of these alloys at-a available and are designated with the suffix E Ll, meaning

Extra Lo”w Interatitials.
. .

. .

. .

@o&. - The largest titanium ingot produced to date was about 40 inches in diameter and

weighed about 11 tons ( Krupp, West Gerrnariy in 1966). However, more ~ommonl y, ingots of

’30 inches in diameter x ‘1 O,OOOpounds and -15,000 pounds are produced domestically. Smaller

ingots are also produced. Ingots are usually converted into castings or mill product forms prior, to

sale to the rrajor users of titan i”um.

8
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Castings. – Titanium castings are produced by remelting ingot or billet (used as electrode) in

1“
socallad skull-type vacuum furnace: having the general arrangement shown in Figure 2. The casting

producing companies differ in their operations and capabilities due to types of molds usad and

equipment size, They may be considered in two categories: ( 1) those that use investment molds,

1

and (2) those that use rammed graphite molds. Investment caating techniques can potentially pro-

duce more intricate pare, clozer tolerances, and better as-cast surface finishes. The rammed graphite

proces$, because of greater f Iexibil ity in gating and risaring, is potentially capable of producing

castings having better internal quality, higher mechanical properties, larger cast configurations, and

lower costs. However, no one process is superior to the other; both have their place and both fill

specific needs.

Ramm”ad-graphit~mold castings can and have been made in quite large sizes. A 240CZ-pound

pour can “be made to yield castings of up to 2000 pounds (balance of metal in gates and risers).

Large castings have a maximum dimension of 100 inches. The more common size limitations of

rammed-graphite-mold castings are 400 pounds with dimensions fitting within a 52-inch diameter x

32 inch high envelope. Intricate shapes as well as preform shapes for forgings (e.g., engine rings)

ara made in this type mold.

I--1-12
/ 1.

2. Vacuum seal

3. Material feed

4. Am

5. Funuc.echambsr

6. Vacuum

7. TNtatle melting crucilie

8. Mold

9. Valve bcdv

10. Mold table

11. Mold chamber

12. Vacuum sad

Y“
8

F
.. .. .. .. . . . .... .:;*:: ;::~::.::.: 9
‘....:::;

..!.:::.:.::::::,:,:,
:.>

.,.,.:.:.:.:.:.: melting””.
::;::::.
,:,:,= 12...,:...

““”””D
:.:.:.x . ...
,::::::: Op?ration. Electrode is rapidly malted into 7. to obtain a,:.F,

,.,......... 10,.,.,. samarhaatedtitanium or allc.v pool wfsich is then immediately
::::::
......

~$
II

poured About orequaner of the melt is retained as a

“skull”, lining the interior of 7. Hence the name, “skull

.
.,.

FIGURE. 2. General Arrangement and Operation of Melting Furnace and Casting Apparatus

Used by Titanium Casting Foundries
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Investment-mold” castings have been produced in much smaller sizes than rammed-graphite-

mold testings. Maximum weights of about 50 pounds and maximum envelopes of about 2 x 2 x 2

feet are offered. Wall thickness limitations of investment-mold castings are>bout half of rammed-

graphite-mold castings (0.050-inch compared with 0.10 inch) and surface finish potential is better

for investment-mold castings. Intricate shapes with good dimensional tolerances are possible with

investment-mold castings. The mechanical properties of castings produced by either of the available

techniques are not quite as good as those of most wrought mill products.

Forgings, Billets. – Ingots are converted to ingot-bloom, billet, or bar, and these are offered

by the primary titanium producers (the melters) for secondaW processing. While each of the major

titanium producers has forging capability, most of the forgings produced are made by companies

specializing in this aspect of the titanium busin.%s (e.g., Wyman-Gordon Company). Forged billets

generally have a cross-sectional area of 16 square inches or more and are available in rounds, squares,

rmtangles, and octagons. Forged shapes may be produced by hammer, press, or ring-roll type opera-

tions and are usually classified into four dimensional tolerance groups. (1) blocker, (2) conven-

tional, (3) close, and (4) precision. Table V gives examples of the types of forging shapes commonly

produced and the availability of such shapes in the various tolerance categories. Forgings as large

as 4000 pounds and 22 feet long or as small as under one pound have been made. Details for

determining shape, size, and tolerance limitations can be obtained from numerous forging corn.

panics experienced in working with titanium.

TABLE V. AVAILABILITY OF TITANIUM ALLOYS IN FORGINGS BY

SHAPE AND TOLERANCES

[Forgings classified by dimensional tolerance]

.,
Availability(a)

Blocker.Type Conventional Close Precision
Forged Shape Tolerances Tolerances Tolerances Tolerances

Disks A A L LS

Cones .A A L u

Hemispheres o A A L u

Cylinders A A L u

Blades A A A A

Airframe (fittings) A A ‘“ A LS

Airframe (rib and web) A A L LS

Rings ., A A L u. .

Note:

(a) Code: A =
L=

LS =
lJ=

. .

Readily available

Limited availability

Limited availability = small parts only

Virtually unavailable

.-
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Bar, Rod and Wire. – Bar and rod are available in rounds, hexagonal, squares, and rectangles.

Rolled bar, which has a cross-sectional area ranging from 16 square inches down to about 1.4 square

inches, has a length restriction because of annealing-furnace limitations. Lengths up to ?0 feet are

possible, but the usual lengths produced are 16 to 25 feet. Round bars having diameters less than

0.3125 inch are priced as wire: coil lengths in the smaller diameters range between 300 and 500 feet.

Rods and bars are frequently converted to end-use items by forging and machining or simply

by machining. Wire is produced for use as weld-filler and for such end.usa items as springs and

fasteners. Most alloys are available in bar and rod form but saveral alloys are not routinely available

in wire form.

Plate, Sheet, Strip and Foil. - Plate, sheet, and atrip are flat-rolled products available in many

alloy grades and from several producers. Foil is a specialty product available in @t a few alloys and

unalloyed titanium. Plate is generally defined as 0.1875 inch or more in thickness and commonly

in sizes listed below.

Thickn&s, inch Width x Lenqth, inches

0.1875-0.249 100x42O

0.250-0.374 11OX42O

0.375-0.499 120 x 450

0.500-0.749 130 x 480

0.750.0.999 140x (a)

1.0 and up 145 x (a)

(a) Any practical length within ingot size limitations.

The thickness and flatness tolerances of alloy plate are given in Table V1.

~

Flat-rolled titanium products are priced.as sheet if width is 24 inches or greater and thickness

I

is lass than 0.1875 inch. The product is priced as strip when it is less than 24 inches in width. The

“ availability of sheet and strip with regard to, size and wme alloy limitations is indicated by the data

of Table VI 1. Note that in the thinner gages, and this is especially true for foil gages ( <0.006 inch

thickness), only unalloyed titanium and a few of the alloys are available in this form.

Extruded Shapes. - Extruded shapes are currently supplied in a wide variety of configurations,

although most of thew are basic angle, tee, or channel shapes. Section thicknesses.ganerally vary

from 0.125 to 1.25 inches within circumscribing circles of 1.50 to 11.0 inches in diameter. Most

shapes, howaver, fit within a 3- to 5-inch-diameter circle. Lengths usually supplied in the annealed

condition vary between 20 and 75 feet. Lengths up to 40 feat can be supplied in the sohstion-

treated-artd-aged (STA) condition. In the present state of development, asextnsded titanium

alloys are not of requisite quality for direct use because of surface roughness or surface contamina-

tion. Thus. extruders supply product in an oversize condition to allow a suitable envelope for

machining to final size and acceptable surface finish. Minimum envelope requirements vary with -

users. Some allow as little as 0.020 inch excess per surface while others require as much as 0.125

inch “excess per surface. Part design and appl icafion influence thaa requirements. Research and

de~elopment efforts are continuing towards the goal of supplying net extrusions Of acceptable

surface finish and precision dimensional tolerances. Redrawing, straightening, and heat treatment

techniques are a part of this development effort.

11
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TAB LEVI. TYPICAL thickness AND FLATNESS TOLERANCES OF CURRENT

TITANIUM PLATE :

Variation from Flat

Thickness Tolerance, in. Surface, in.(a)

Plate Thickness Variation in

Thickness, in, Width Overage Width 15 feet

0.1875 to 0.375 Max available 0.050 UP to 48 0.75

0.375 to 1.00 Max available 0.060 UP to 48 0.50

46 to 76 0.62

1.00 to 2.00 Max available 0.070 UP to 48 0.5 to o.2(b)

48 to 76 0.6 to o.3(b)

Note:

(a) Plate ofspmial flatne= (O.~Oinch meawred anytiere) isavailable bythe Vacuum Creep

Flattening P/CF) process.

(b) Flatne= increases with increasing thicknes anddecreases with increasing plate size.

TA8LE V1l. AVAILABILITY OF TITANIUM-ALLOY SHEET AND STRIP(a,b)

Thickness, in.
Maximum Width, Maximum Length,

in. in.

0.006-0.012 26 Coil(c)

0.012-0.016 30 @iI(c)

0.016-0.020 36 coil(c)

0.020-0.032 44 ., Coil(c)

46 126144

0.032-0.060 44 ~$cl

48 .. 144

0.060.-0.187 46 144

Note:
..

(a)

(b)

(c)

.

Unalloyed grades are generally available in greater widths at thinner gages than alloy gredes.

Tolerances for all gages meet AMS 2242 specifications.

Coil only available in select grades, i.e., unalloyed Ti, Ti-5Al-2.5Sn, Ti–6Al-4V, and beta

alloys.

.-
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Tubinq. - Seamless tubing is produced in unalloyed titanium, TL3AI-2,5V and Ti-6Al-4V (in

some sizes) commercially, and in such beta alloys as Ti- 11 .5 Mo-6Zr-4.5Sn and Ti-3AL8V-6Cr-4Mo-4Zr

on a developmental basis. Seamle$s tubing is produced from extruded tube hollows and is sized to

finish dimensions by drawing or tube reducing operations (usually cold worked with intermediate

annealing).

Unalloyed titanium seamless tubing is available in diameters ranging from 0.062 inch to

several inches (>8~6) with wall thickness & low as 0.004 inch in the smaller diameters (large

diameter tubes can only be supplied in thick wall sizes). Diameters of 0.75 to 1.00 inch with wall

thicknesses ranging from 0.03 to 0.04 inch are the most used. Seamless alloy tubing is supplied in

a more restricted size range: the Ti-3Al-2.5V alloy, for example, is available in tube form in di-

ameters of 0.25 inch to 1.75 inch with wall thicknesses betWeen 0.012 to 0.030 inch. Lengths up

to 34 feet as vacuum annealed are available. Tha Ti-3Al-2.5V alloy is available in quality sufficient

to meet aircmfi hydraulic tubing specifications.

In addition to seamless tubing, an important supply of rolled and welded tube (with longi-

tudinal seam weld) is available. Suppliers can provide both unalloyed and alloyed (TL6AI-4V is

common) rolled and welded tubing in sizes ranging from 1 to 10 inches diameter with wall thick-

nessesbetween 0.012 to 0.168 inch. Generally only the moat weldable and stable-after-welding

titanium alloys are available such as Ti-6Al-4V, Ti-3Al-2.5V, Ti-5Al-2.5Sn, TF8AI-I Mo-I V, and

Ti.6Af-2Sn4Zr-2Mo compositions. Structural members and corrosion resistant piping commonly

utilize roll and weld tubing.

Powder Metallurgy Products. - Unalloyed and alloy titanium powdem are made by several

different processes including mechanical attrition, gas attrition, chemical reduction, hydrid~

dehydride, and comminution from the molten state - e.g., powder-size droplets from a rotating

electrode. Alloy powders also may be obtained by blending unalloyed titanium powder with

powders of the desired elements. End-use products are made by die pressing the powders to shape

and subsequently sintering such compacts or by simultaneously hot pressing and sintering the

powders. Research also has been conducted ‘in producing forged products from pressed and

sintered powder preforms. The latter products approach full theoretical density and have mech-

anical properties equivalent to wrought metal properties provided the powder used is of highest

quality (oxygen as a contaminant is one of the problems with powders), The principal reason for

the quest for product via powder metal Iurgy is cost reduction since net shapes can be produced

without high associated scrap losses and machining time. However, except for some specialized

purposes and parts such as porous titanium filtering elements, titanium hardware via powder

metallurgy techniques has never materialized as a major segment of the titanium industry. Currently,

qua(ity titanium end-use items can be made at reasonable costs but the method is not popu Iar for

producing hardware.

I 13
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SECTION II .. -.

SPECIFICATIONS AND PROPERTIES

Titanium Materials Specifications

4. General. Both the Government and nongovernment technical societies issue specifications

for titanium and titanium alloys. This section covers the current specifications for titanium mate-

rials prepared by the Government (MI L specifications), by the American Society for Testing and

Materials (ASTM specifi~tions), the Aerospace Materials Specifications (AMS) issued by the

Society of Automotive Engineers (SAE) and by the American Welding Society (AWS specifications).

5. MilitaW Specifications. Specifications prepared by the Government on titanium

materials are listed in Table Vlll, and are described in the following paragraphs. It should be noted

that military specifications currently in force have different preparation and coordination dates,

include limited coordination spwifications as well as fully coordinated specifications, and are incon-

sistent one from another in alloy coverage and composition designations. Furtherr some of the

titanium mater(als currently being produced are not included in any military specification. Addi.

tionally, Spmifications include alloys not now being produced or much used. Therefore, in an effort

to relate currently available titanium materials with the descriptions and designations offered in

some of the important military specifications, the correlation tabulation of Table IX is given. This
I table does not include comoo~tion deaiqnations from Ml L-T46035 and Ml L-T-46036 &cause no

specific compositions are d&cribed ther~in. similarly, titanium materials (sponge and powder) are

described generally in Ml L-T.13405C. The table alsti doas not include designations from

Ml L-T46077 since it refers specificallyy to the Ti-6A14V alloy which is not otherwise designated.

Specifications, standards, etc., required by suppliers in connection with specific procurement

functions should be obtained from the procuring activity or as directed by the contracting officer.

Ml L-R.81 586 (22 July 1970). – Rods and Wire, Wdding, Titanium and Titanium Alloys.

This specification covers the requirements for bare titanium arid titanium alloy filler rods and wire

suitable for use with gas-tungsten arc (GTA) or gas-metal-arc (GMA) welding processes. Alloy types

and compositions are given in Table IX. Chemical composition requirements and form,.size and

weight requirements are given.

b. Ml L-T-13405C (27 May 1966) – Titanium Powder. This specification covers one type

and one grade of titanium powder which is intended for use in pyrotechnic mixtures. This grade of

titanium powder is not intended for use in manufacturing structural titanium parts by powder

metallurgy techniques.
--

c. MIL-T-009047F (25 March 1971) and Amendment No. 1 (19 September 1972) –

Titanium and Titanium Alloy Bars and Forging Stock. This spe@cetion has not been approved

for promulgation as a coordinated revision of Ml L-T.9047E (i.e., it is subject to modification).

However it may’ be used in procurement of aircraft quality wrought titanium and titanium alloy

bars, billets, slabs and forging stock in lieu of Ml L-T.9047E since it describes the same materials

under identical designations (see Table IX). Ml L-T-009047F was prepared to specifically cover

macrostructural and microstructural aspects of the titanium materials included in Ml L-T.9047E.

14
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TABLE VIII, MILITARY SPECIFICATIONS – TITANIUM AND TITANIUM ALLOYS

Specification No. Oate Title

MI L-R-81588

Ml L-T-13405C

Ml L-T-009C47F

Amendment No, 1

Ml L-T-9047E

MI L-F-83142A

Ml L-T-46038A

Amendment No. 1

Amendment No. 2

MI L-T-81556

Ml L-T.9046H

Ml L-T-46035A

Amendment No. 1

Ml L-T-46077A

Ml L-H-81 200A

Amendment No. 1

Ml L-W-6858C

Amendment No. 1

22 July 1970

27 May 1965

25 March 1971

19 September 1972

15 June 1970

1 December 1969

28 October 1966

14 March 1967

5 October 1972

20 March 1966

14 March 1974

28 October 1966

5 October 1972

28 June 1968

12 September 1966

24 March 1969

20 October 1964

28’June 1965

Rods and Wire, Titanium and Titanium

Alloys

Titanium Powder

Titanium and Titanium Alloy Bars and

Forging Stock

Titanium and Titanium Alloy Bars and

Forging Stock

Forging, Titanium Alloys, Premium

Quality

Titanium Alloy, Wrought, Rods, 8ars and

Billets (for Critical Applications)

Titanium and Titanium Alloys, 8are, Rods,

and Special Shaped Sections, Extruded

Titanium and Titanium Alloy, Sheet,

Strip and Plate

Titanium Alloy, High Strength, Wrought,

(for Critical Applications)

Titanium Alloy Armor Plate, Weldable

Heat Treatment of Titanium and

Titanium Alloys

Welding, Resistance: Aluminum.

Mag~esium, Nonhardening Steels or

Alloys, Nickel Alloys, Heat Resisting

Alloys and Titanium Alloys; Spot

and Seam

- d. Ml L-T-9047E (15 June 1970) - Titanium and .Titanium AIIoY Bars and Forging StOck.

I

This specification covers bars, billets, and blooms of several of the materials included in super~ded

Ml L-T-9C47D, less four compositions which are no longer much used, plus three new alloys

currently being produced. Table X gives the correlation of Ml L-T-9047C, Ml L-T-9047D and

Ml L-T.9047E (same as Ml L-T-009047F) designations. The specification gives the composition
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TABLEX. CORRELATION TABLE: MI L-T-9047

MI L-T-9047E MI L-T-9D47D MI L-T-9047 c(rJ)

Alpha Allovs

Composition 1- unalloyed

Composition 2- 5A I -2.5Sn

Compmition 3 -5A l-2.5Sn ELI

Composition 5 -8A I-l Me-l V

Alpha beta alloys

Composition 6 -6A I-4V

Composition 7- 6AI-4V ELI

Composition 8- 6A1-6V-2Sn

Composition 9- 7Al-4Mo

Composition 10-1 lSn-5Zr-2Al.l Mo

Composition 11- 6A1.2Sn-4Zr-2Mo

Composition 14- 6A1-2Sn.4Zr-6Mo

Beta Al Ioys

Composition 12- 13V-1 lCr-3A I

Composition 13. 11.5Mo.6Zr-4.5Sn

Type l–Commercially pure titanium

Composition A - unalloved

Type n-Alpha titanium allovs

Composition A (5A l-2.5Sn)

Composition B (5A1-2.5Sn ELI)

Composition C (5A l-5Zr-5Sn)(b)

Composition D (BA l-l MoIV)

Tvpe Ill-Alpha beta titanium alloys

Composition A (6AI-4V)

Composition B (6AI-4V ELI)

Composition C (6A1-6V-2Sn)

Composition D (7 AI-4Mo)

Composition E (4A1-4Mn)(b}

Composition F (5A1-1.5Fe-l .5Cr-l .5 Me)(b)

Composition G (1 lSn-5Zr-2Al-l Mo)

Composition H (4 A1-3Mo-lV)[b)

Composition I (6Al-2Sn-4Zr-2Mo)

TVpe lV–Beta titanium allovs

Composition A (13V-1 lCr-3A I )

Class 1

Class 2

——

--

—-

Class 5

—-

——

——

Class 6

Class 7

——

--

——

—-

Note:

(a) Cla5S 3, 3A1-5Cr and Class 4, 2Fe-2Cr-2Mo, of Ml L-T-9D47c were deleted in the “0” revision,

I

I

.

(b) Commercially unavailable.
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limits and mechanical property requirements (minimums) for all materials covered in the annealed

condition per various thickness ranges where that is applicable. In addition, the solutiop-treated and

aged (STA) mechanical propenies of compositions 6 through 13 are given for the thickness ranges

applicable to the specific alloys.

e. MI L-F-83142A (1 December 1969) – “Forging, Titanium Alloys, Premium Quality. This

specification covers unalloyed titanium and titanium alloy forgings suitable for aircrati and aero-

space components and supersedes Ml L-F-83142. Table Xl gives the correlation of Ml L-F-83142

and -83142A designations. It is to be noted that the alloy lists reflect alloy availability at the time

of specification preparation and that composition categories were changed (Type 1, 11, I I 1, and IV

category nOmenclaNre dropped). Composition designation correlation between MI L- F-831 42A

and Ml L-T-9047E is given in Table IX. Specification Ml L-F-83142A gives the composition limits

and mechanical property requirements’(minimums) for all materials covered in the annealed condi-

tion per various thickness rangeswhere that is applicable and also the solution-treated and aged

(STA) mechanical properties of compositions 6 through 13 for the thickness ranges applicable to
these alloys. In addition, mechanical property requirements for various conditions of the alpha

alloys, Ti-5Al-2.5Sn and Ti-5Al-5Zr-5Sn, are given.

f. MI L-T-46038A (28 October 1966), Amendment No. 1 (14 March 1967) and Amendment

No. 2 (5 October 1972) – Titanium Alloy, Wrought, Rods, Bars and Billets (for Critical Applica-

tions). This specification covers wrought-titanium alloy rods, bars, and billets which are suitable for

processing by hot forming and heat treatment or by heat treatment only, or for direct application

to highly stressed critical components, and it is required for use with Specification Ml L-T-46035A.

Specification MI L-T-4603BA describes mechanical property ranges for bars and bi Ilets of various

section sizes. Ml L-T-46035A covers high strength wrought titanium alloys, in annealed or heat-

treated shapes, having a critical section thickness of one-quarter to two and one-half inches, for

critical components other than armor, such as tubes, chambers, and nozzles.

Ml L-T-81556 (20 March 1968) – Titanium and Titanium Alloys, Bars, Rods and special

Shap~d Sections, Extruded. This specification covers extruded titanium and titanium alloy bars,

rods, and special shaped sections. The compositions covered by Ml L-T-B1556 have the designations

given in Table IX. The composition requirements and the mechanical property requirements in the

mill annealed condition per various thickness ranges where that is applicable are given. The mech.

anical property requirements for various section thicknesses of TL6AI-4V, Ti-6Al-6V-2Sn, and

Ti-7Al-4Mo alloys, are given also for the solution treated and aged (STA) condition. Dimensional

tolerance requirements also are given.

h. Ml L-T-9046H (14 March 1974) – Titanium and Titanium Alloy, Sheet, Strip and Plate.

This specification gives composition (see Table IXL mechanical property (see Table XIX), and

dimensional tolerance requirements for the compositions covered in the appropriate section size

and heat treatment condition. The materials procurable under the specification are intended for

structural and engineering applications in airborne vehicles and equipment based upon the combina-

tion of excellent mechanical properties coupled with low density and corrosion resistance. Table

X11 gives the correlation of the “D”, ,,E,,, ,,F,,, ,,G,,, and ,-H,, versions.

i. Ml L.T-46035A (28 October 1966) and Amendment No. 1 (5 October 1972) - Titanium

Alloy, High-Strength, Wrought (for Critical Components). This specification covers high strength

wrought titailium alloys, in annealed or heat-treated shapes, having a critical section thickness of Z

to 2-% inches, for critical components other than armor, such as tubes, chambers and nozzles.

Mechanical property requirements are given.

1 18
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TABLE Xl. CORRELATION TABLE: MI L. F-83142

MI L-F-83142 MI L-F-83142A

Type I – Commercially pure Alpha Alloys

Composition 1 – unalloyed Composition 1- unalloyed

Type II – Alpha alloys

Composition 2- 5A1-2.5Sn Composition 2 – 5A1-2.5Sn

Composition 3 – 5A1-2.5Sn ELI Composition 3- 5A1-2.5Sn ELI

Composition 4- 5A1-5Zr-&(a) Composition 4 – 5A1-5Zr-5Sn

Composition 5 – 8AI-IMo-IV Composition 5 – 8A1-l MO-l V

Type I I I – Alpha beta alloys Alpha beta alloys

Composition 6 – 6AI-4V Composition 6 – 6AI-4V

Composition 7 – 6AI-4V- ELI Composition 7 – 6AI-4V ELI

Composition 8 – 6A1-6V-2Sn Composition 8 – 6A1-6V-2Sn

Composition 9 – 7AL4M0 Composition 9 – 7AI-4M0

Composition 10- 5AI-1 .5Fe-l .5Cr-l .5 Me(a)

Composition 11-1 lSn-5Zr-2Al-l Mo Composition 10 – 1lSn.5Zr-2Al-l Mo

Composition 12- 4A1-3Mo-l V(a)

Composition 13- 6A1-2Sn-4Zr-2Mo Composition 11 – 6Al-2Sn-4Zr-2Mo

Type IV – 8eta alloys Beta al Ioys

Composition 14- 13V-11 Cr-3Al Composition 12 – 13 V-1 lCr-2Al

Composition 13 – 11 ,5 Mo-6Zr-4.5Sn

Note:

(a) Commercially unavailable or not much used.
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TABLE XII, CORRELATION TABLE: MI L. T.9046
——

rpe

—

—

I

—

II

—

Ill

—

IV

bmp.

A

B

c

A

B

c

D

E

F

G

A

B

c

o

E

F

G

H

A

B

c

D

hIL.T-9046D

;7 June 1964

Jnallowd

Jnalloyed

Jnalloyed

5A!-2.s

jA1-2.5Sn ELI

jA1-5Zfi5Sn

lA1.12Zr

7A1.2Cb 1Ta

3A1.1M&iv

-.——

3Mn

$AI.3M0. 1v

3A14V

EiA14V ELI

6A1-6V.2Sn

7AMlMo

————

-———

13V. 11Cr.3Al

————

-———

MI L-T.9M6E

29 Sep 1965

Unalloyed

Unalloyed

Unalloyed

5A1.2.5Sn

5A1.2.5Sn ELI

5A1.5Zr.5Sn

7A1.12Zr

7A1.2Cb-l Ta

8AI.IMOTv

-———

8Mn

4A)-3M0. 1v

6AI.4V

6AI.4V ELI

6AI.6V-2S.

7AI.4M0

_———

13V- 11Cr-3Al

-———

————

-———

fil L.T.9046F

i April 1967

Jnalloyed

Jnalloy?d

5A1.2.5Sn

jA1.2.5Sn ELI

——-

-—-—

.———

3AI.l MO.l V

5A1-2Cbl Ta.O.6M(

Btv!n

4AI.3MD.l V

6A14V

BAL4V ELI

6A1-6V.2Sn

————

6A1-2Sn.4Zr.2Mo

13V.11 Cr.3Al

————

————

————

20

til L-T-009046G

120ct 1970

--—

-——

---—

-——

-——-

-——-

-— --

--——

-—-—

--——-

———-

—-—

6AI.4V (No. 6)

6A14V ELI (No. 7

6A1.6V.2Sn (No. B

————

6A1.2Sn.4Zr.2Mo

(No. 11)

————

—-——

————

————

MI L.T.9046H

14 March 1974

Unalloyed (40 KSI-YS)

Unalloyed (40 KSI.YS)

Unalloyed (55 KSI.YS)

5A1.2.5Sn

5A1-2.5Sn ELI

--—-

----

--—-

13AI.l Mo.l V

6A1-2Cbl Ta.O.8Mo

—---

———-

6AL4V

6Al~4V ELI

6AI.6V.2S.

--—-

6A1.2Sn-4Zr.2Mo

6AI.4V SPL

(SPecial Low. ,005 H)

13V. 11Cr.3Al

11.5 Mo-BZr.4.5Sn

3A1.BV.6Cr-4Mo.4Zr

6Mo-8V-2Fe.3Al
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i. Ml L-T-46077A (28 June 1968) - Titanium Alloy Armor plate, Weldable. This

specification covers a weldable wrought-titanium alloy 6AI-4V ELI, armor plate in the mill-annealed

condition with composition ranges or maximum values as shown below (values in weight percent):

Al v c“ O* N H Fe Ti
—— —— — ——

5.5-6.5 3.5-4.5 T .14 ,02 .0125 .25 Remainder

The nominal thicknesses of armor plate covered by this specification are X to 2-Z inches, inclusive.

Mechanical properties and ballistic requirements are given. Ballistic properties are contained in the

Supplement which has a security classification of confidential.

k. Ml L-H.81 200A (12 September 1966) and Amendment No. 1 (24 March 1969) - Heat

Treatment of Titanium and Titanium Alloys. This specification covers furnace equipment require-

ments and test procedures, heat treating procedures, heat treating temperatures, and general infor-

mation for the heat treatment of titanium and titanium alloy items used in the construction of

military equipment. It also describes procedures which, when followed, have produced the desired

properties within the limitation of the respective alloys. Several compositions included in this

specification are not now in production. Therefore, representative alloys listed in Table I I I are the

compositions described in the Heat Treatment section of this handbook.

1. MI L-W.6858C (20 October 1964) and Amendment No. 1 128 June 1965) - Welding,

Resistance, Aluminum, Magnesium, Non-hardening Steels or Alloys, Nickel Alloys, Heat Resisting

Alloys, and Titanium Alloys, (Spot and Seam). This specification covers requirements for resistance

spot and seam weld)ng of the following nonhardening materials:

(a) Aluminum, aluminum alloys, magnesium alloys

(b) Steels, heat resisting alloys, nickel and cobalt alloys

(c) Titanium and titanium alloys.

Ml L-W-6858C covers welding machine qualification, and certification of the welding process or

schedule. Radiographic, shear strength and metallurgical test requirements are given.

6. AMS Specifications. The Aerospace Materials Specifications (AMS) for titanium

materials issued by the Society for Automotive Engineers (SAE) are listed in Table Xl 11. Since the

AMS titles accurately describe the titanium materials covered, no individual descriptions are neces.

sary. However, as an aid in relating AMS specifications with the alloy coverage and material forms

described in this handbook, Table XIV is offered. This table includes alloys which, are too new to

be covered by specifications and alloys that are no longer much used or produced as well as those

covered by Current AMS specifications.

7. ASTM Specifications. The American Society for Testing and Materials (ASTM)

specifications for titanium materials are listed in Table XV. The Standards are issued under fixed

designations, for example 6299 in Table XV and the year of last revision or year of adoption,

whichever is most recent, is given as a suffix, for example, B299.69. The ASTM Specification

titles are descriptive with regard to product form but do not describe material coverage except in

general terms. Therefore Table XVI is offered to show more specifically the compositions and

their ASTM designations included in individual specifications. As is the usual practice in

●Other military and nonmilitary specifications for ELI (extra IOW interstitial content) grade

Ti-6Al-4V call out lower maximum oxygen contents.

21

I

Downloaded from http://www.everyspec.com on 2009-08-06T4:47:49.



MI L-H DBK.697A

1 JUNE 1974

TABLEXIII. AEROSPACEMATERIALSSPECIFICATIONSPORTIT4NIIJMMATEfll&LS

AMSNo, T,ue01spcl Iicati.n

49030

46Q1E

49028

4906

4!?378

4mB

49098

491OF

4Q11C

4912A

4913A

49158

49868

49170

491EC

48218

..-.4923A

49248

.-.49258

.9260

. ..4027

4920G

.-a%w

6 933A

40350

4936

4941

4%2

.943

4951C

,95.3

49H6

4955

4954

49658

aca6Q

4w370

.--4%0A

.-4989

497X

4971A

4912A

4973A

497.4

49750

4976

4971k

497BA
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S%% S“{. d i%t+AIw*d8U.70,C03 @ Y!*Id .,
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Smet .cd StrkW3Al 4V, COnlin...$lv Rohrl, Amealed
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Bar, ,nd Fwr,irm-t lSn 5,0Z, 1.3Al l,OMO 0.21 S!, S01, and

Preio. Tr,.,ed

64.> ●nd R’”91..6AI 2S” 4Zr 2f.k S01”!;0” ●nd Precic. itmim He,,

Tr.,md

F.ar~hw.6Al 2% 4zr 2M0, SoI. t;.n ●d Precipiut.kn Heat Treated

h,, and W,,,.- 11 .5M0 S.02. 4 .5S+ %l”!in” “,., T,t.ted

Bar,, hr~i”m ●% Rinm-6A1 6V 2S”, Anmal?d, 140,CC0 Yield

h>, F.rw9> ●m Rinm-6Al 6V 2S., 50!. aml Precir,. He,, Tre. <cd,979

4980A Bar, md W,m-11.5M06,0Zr 4.5S., 1375F S.a!.ti.n Mean Trm!ed

4981 B.,, ah Forj”5..6Al 2S” 4Zr 6M0, S01. & PredP. Heat Treued
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TABLE XV. AMERICAN SOCIETY FOR TESTING AND MATE RIALSSPECI FIC.ATIONS

– TITANIUM AND TITANIUM ALLOYS

ASTM No. Specification Title

.B299.69 Titanium Sponge

B348-72 Titanium and Titanium Alloy Bars and Billets

B381 .69 Titanium and Titanium Alloy Forgings

B265-72 Titanium and Titanium Alloy Strip, Sheet, and Plate

B337-73 Seamless and Welded Titanium Pipe

B338.73 Seamless and Welded Titanium and Titanium Alloy Tubes for Condensers

and Heat Exchangers

B363-71 Seamless and Welded Unalloyed Titanium Welding Fittings

B367-69 Titanium and Titanium Alloy Castings

F67-66 Titanium for Surgical Implants

F136-70 Specification for Titanium 6AI-4V ELI Alloy for Use in Clinical

Evaluations as a Surgical Implant Material

specifications, the ASTM Standards include requirements for composition, mechanical properties,

dimensions of product, testing, and marking.

The ASTM Specification B382.64 entitled “Titanium and Titanium Alloy Bare Welding Rods

and Electrodes” was discontinued in 1969. and replaced by the American Welding Society (AWS)

Specification AWSA5.16-70. The AWS Classification designations and impurity composition

limitations are given for such materials in Table XVII.

8. Specification and Designation Correlation. The proliferation of unalloyed titanium

grades and titanium alloys by modification with interstitial and solid solution alloying additions

has led to a bewildering array of nomenclature for these materials. The producers have their trade

names, there are common names, and each military and society specification has its code for des-

cribing particular titanium materials. As an example for one material, several of the designations

for various forms and grades of the Ti.6Al-4 V al{oy are shown below.

Armco Ti-6Al-4V AM S-4906

C-?20AV AMS.4907 B

MMA-651O AMS-4911 B

RMI-6AI-4V AM S-492BG

Tel. Ti6Al-4V AMS-4935B

Ti Tech 6AI-4V AMS-4965B

24
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TABLE XVII. COMPOSITIONS AND DESIGNATIONS OF MATERIALS DESCRIBED IN

AWS A5.16-70, SPECIFICATION FOR TITANIUM AND TITANIUM

ALLOY BARE WELDING RODS AND ELECTRODE:
-.

Nominal Interstitial and Iron Contents,

Composition, AWS weight percent(a)

wt. % Classification c o H N Fe

Unalloyed Titanium(b) ERTi-1

Unalloyed Titartium ERTi-2

Unalloyed Titanium ERTi-3

Unalloyed Titanium ERTi-4

TLO.15 to 0.25 Pd ERTi-O.2 Pd

Ti-3Al-2.5V ERTi-3Al-2.5V

Ti-3Al-2.5”v(b) ERTi-3Al-2.5V-l

Ti-5Al-2.5Sn ERTi-5Al-2.5Sn

Ti-5Al-2.5Sn(b) ERTi-5Al-2.5Sn-l ‘”

Ti-6Al-2Cb-l Ta-O.8Mo ERT&6A1-2Cb-l Ta-l Mo

Ti-($Al.4V ERTi-6A14V

Ti6Ah$v(b) ERTi%A14v-1

TI-6AI-1 Mol V ERTi-6Al-lMo-lV

TI-13V-1 lCr-3Al ERTi-13V~l lCr-3Al

0.03 0.10 0.005

0.05 0.10 0.008

0.05 0.10-0.15 0.008

0.05 0.15.0.25 0.000

0.05 0.15 0.008

0.05 0.12 0.006

0.04 0.10 0.005

0.05 0.12 0.008

0.04 0.10 0.005

“0,04 0.10 0.005

0.05 0.15 0.008

0.04 0.10 0.005

0.05 “o.12 0.008

0.05 0.12 0.006

0.012

0.020

0.020

0.020

0.020

0.020

0.012

0.030

0.012

0.012

0.020

0.012

0.03

0.03

0.10

0.20

0.20

0.30

0.25

0.25

0.25

0.40

0.25

0.15

0.25

0.15

0.25

0.25

—

Note: ..

(a) Analyses to meet interstitial content requi~ments are”made after the watding rod or electrode ‘-
is reduc@ to the final diameter. Single values are maximum valu& a!lowed.

(b) Very high purity compositions. ”
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Ml L-T-9046H, Type I I 1, Composition C AMS-4967D

Ml L-T-9047 E, Composition 6 0348-72, Grade 5

MI L-T-61556, Type Ill, Composition A B361-69, Grade F-5

MI L-F-B3142A, Composition 7 B265-72, Grade 5

MI L-T-009047E, Composition 7 B367-69, Grade C-5

Ml L-T-46077A AWS A5.16-70 ERTi-6Al-4V-i

A number of titanium usera and producers, government agen&a and metals-oriented societies

have recognized that the nomenclature problem is not unique for titanium. Personnel from these

groups have met to sponsor a Unified Numbering System (UNS) for all metals and alloYs produced

and used in North America. The UNS effort has become a joint activity of the SAE and ASTM

where the purpose.of the activity is to develop and promulgate for adoptiOn a unified sVstem for

the identification of metals and alloys. A proposed SAE/ASTM Standard entitled, ” Recommended

Practice for Numbering Metals and AIIovs”, has emerged as a result of this activity. In part, the

scope of this Standard reads:

“The UNS provides a means of correlating many nationally used numbering systems currently ad-

minimered by societies, trade associations, and individual usera and producers of metals and alloys,

thereby avoiding confusion caused by use of more than one identification number for the same

material - and by the opposite situation of having the same number assigned to two or more

entirely different materials. It provides, also, the uniformity necessary for efficient indexing,

record keeping, data storage and retrieval, and cross referencing.”

Part A of the Specification describes the alpha-numeric numbers (or codes) ‘established for

each family of metals and alloys. The code consists of a letter (which identifies a metal family)

followed by five numerals (which identify compositions). For example, nickel and nickel alloys

are the N-series (Nxxxxx), rare earth. metals are in the E-series (Exxxxx), and reactive and

refracto~ metals are in the R-series. Within the R series titiinium materials are assigned the

Numeral 5 (R5XXXX) and the various grades of titanium are identified by the remaining numerals

of the six-place code. The numbers R50001 -R 59999 have been resewed for titanium and

titanium alloys.

Considerable effort will be required, to coirrplete the details of this activitv and finally tO

promote it and to achieve its adoption by the metals community. ,However, since it appears as the

logical activity to achieve an ultimate correlation of metals nomenclature, the UNS assigned to

titanium and ita alloys is presented in this handbogsk wkh the expectation that it will eventually

be adoptad.

9. General Specification Requirements. Specifications prepared b; the Government or

metal-oriented societies have the basic aim of establ iahing uniformity in prescribed materiak under

selected renditions. Such parametem as metal composition, manufacturing technique, thermal

praessing, mechanical properties, product sampling and tasting, dimensional tolerances, workman-

ship, and finishes, marking, packaging, and certification are identified and described in terms of

restrictions and I imitations designed to standardize product. As shown in prwious sections, all

commercial titanium-base materials are not covered by specifications but moat are included in at

least one s~ification and mme products are covered by several. (n the case of such multiple

coverage, the specifications while using differant language, basically define the same limitations for
.. . . . . .. — .,

I

the product, usual Iy concerning the parameters ot prime Interest to u~rs. I ne parameters are mose

1.

of interest to titanium producers as well since specification requirements may serve as the authority

to I imit responsibility for product improperly utilized. Most specifications call out material

composition ranges or maximums and tensile property limitations in the descriptions of the

27
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TABLE X“#IO. TOPICAL’.MINIMUM MECHANICAL PRoPERTY REO”IREL!ENTS . MIL.w047E SPECIFICATION
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--
.-

--

<~.15
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%
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1%
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115
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180

165

145
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160
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140

%

12s

138

lm
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176

sm

135

135

E’

tm
175

170

155 .

IE4

lm

C.nmOwm 8

ro.7AJ4Mo

Iv.=. t Is-szr. I MDO.2SJ

TiiAMsr.4’&2Mn

T.13V.I low

l-1.1,.6M06z,4,&

C.nl!xdtixl o
160

lm
145

145

140

1s

::

180

lea

I
Nom

[.) O.midul ,im Iu9qm,

[b) W.lp,b. i“ 40.

1*1

k) T,mum r

m

- m.s .-.

(d) Rm ,emm,lul,, ,nr,nw n. v.vKil .SoR1 M9dw w r,.

Lowl”dwl ..!- Itnll bl 20 Dnwn, hii#la, (s1
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materials covered. Several specifications have been prepared for specific products, for example,

Ti-6A14V ELI material for medical implants or unalloyed titanium tubing for heat exchanger

utilization, and such specifications describe specific requirements for these materials.

10. Properties Specification Requirements. Tables XVIII, XIX, XX, and XXI summarize

the typical mechanical property requirements specified for the various titanium materials by

Government, ASTM, and SAE (AMS) specifications. The tensile and imPact toughness minimums

for bars and forging stock described in Ml L-T-9047E for ranges of thicknesses in either the annealed

or heat treated (STA) conditions are given in Table XVII 1. Note that as thickness of stock in-

creases, strength and ductility requirements generally decrease. Table Xl X, typical minimum tensile

and bend properties as described in MI I--T-9O46H for plate, s&eet, and strip, reflects the same

stipulations regard~ng flat-rolled product thickness. Typically, tensile property requirements are

described in ASTM and AMS specifititions, Tabtes XX and XXI respectively, without reference

to product thickness. The ASTM specification for castings, B367-69, includes reference hardness
values. The total raqu irement,s for any alloy, form, thickness, and heat treated condition are des-

cribed in the particular specifications of interest. Tables XVIII through XXI merely present the

salient features of the total requirements.

Nonspecificetion Mechanical Properties

11. General. There are many important properties and characteristics of titanium and its

alloys that are not described in specifications. Tensile requirements appear to be the properties

emphasized in government, public, and private specifications, which when met, afford a reasonably

good description of the material for intended applications. However, there are a host of other

properties which are not usually described in specifications but which are important for design

considerations. These include such properties’as elevated temperature strength, compressive

strength, modulus of elasticity, creep and stress-rupture, fracture toughness, fatigue, and stabi Iity

characteristics such as the behavior of a material after exposures at various temperatures and for

various times. The intent of this section is to briefly present some of the typical properties and

characteristics of selected alloys which might serve to describe variotis titanium materials somewhat

beyond the descriptions afforded by specifications. Obviously complete descriptions require a

separate handbdok for each material, and often such handbooks for a material are available from

producers Typical nonspecification properties and characteristics for the major types of titanium

alloys, alpha, alpha-beta, and beta, are described in the following paragraph%

12. Tension and Compression Properties-Temperature Effects. The high elavated-

temperature strength of titanium alloys has been one of the attractive features of thew materials

from the time of their first utilization. More recently, thtir high low-temperature mength also
has been exploited. Figure 3 shows the tensile yield strength range of the alpha-beta TI:6AMV

alloy at the low to high temperatures commonly encountered in various devices It is quite

aPParent that the higher temperature usefulness for Ti-6Al-4V is Ii.mited by a rapid decrease in
tensile yield strength above about S00 F. This is representative of the behavior of titanium alloys

altliough several compositions have higher strength than ,Ti-6Al-4V at high temperatures. In

general, the upper service temperature limit for titanium alloys is 1000 F. However, the limit for

any one alloy depends largely on composition, mill product form, heat treatment condition, and

the time, temperature, and stress combinations of the application.
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240r~ TI-6AI -4V
..:

Figure 3.

Temperature, F

Typical Range in Tensile Yield Strength Found for Ti-6Al-4V Alloy Due to Variation

in Chemistry, Structure, Mill Product Form, Heat Treatment, and Test Conditions

At cryogenic temperatures, titanium alloys are”not so much service limited by strength as by

ductility and toughness limitations. Nevertheless, several alloys are quite ductile at low tempens-

ture and Ti4A14V and Ti-5Al-2.5Sn alloys (ELI gmdas), as well as unalloyed titanium, can be u=d

to the low temperature of liquid helium (453 F).

The rather broad range of yield strengths depicted in F.igura 3 for the Ti-6A14V alloy at arty

particular tamparature is a result of differences in material chemicmy, structure, and teat conditions.

Major differen~ in yield strength’ can be observed for low to high alloy content (high aluminum

structures have lower strength than structures altered by a precipitate phase, e.g. eegad strucsurea),

and variations in the strain rate of the tensile teat (high strain rates result in high yield strengths).

Thaaa are not the only variables contributing to the variations in properties found for a given

titanium composition, but they are major variables.
. .

The typical temile properties of unalloyed titanium and four common alloys over a broad u~ . .

temperature range am ahown in Figure 4. The yield strength, ultimata.atrangth SaPamtiOn shown

for TM3A14V alloy is typical for the otfrar materials shown. Note that @rrsile ductility generally

decraasaa with decn?.aaingtemperature and is generally highest for dse lowest strength materials.

Note too, the very large difference in yield strength betwean unalloyed titanium (annealad) and

that shown for one of the high strength beti titanium alloys, Ti-13V-l lCr-3Al (in the solution

treated plus aged condition).

I
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Figure 4. Effect of Temperature on the Typical Tensile Properties of Titanium Materials
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b.

Figure 6. Typical V6riation in Elastic Modulus Values for SeI&ted Titanium ldloys Due m

k) Taat Tempamture, and(b) Heat Treatment Condition and Strength Level .-

. . . .

The effect of temperature on the tensile modulus of el&ticity for selected titanium alloys is

shown in Figure 5a. The rather large variation in modulus veluez that can be observed for many

titanium materials at any given temperature is depicted for the Ti-6A14V and beta titanium alloys

by the vertical lines drawn at room temperature. As is the case for tensile yield strength, modulus

may vary due to chemistry, structure, texture, heat treatment, and teat conditions and techniques.

The variation of modulus with one of these variables, heat treatment (and the resulting strength

variation), is illu~rated in Figure 5b. The data for the Ti-3Al-6V-6Cr.4 Zr.4Mo beta alloy reveal
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Figure 6. Typical Creep and Stress Rupture Behavior for Selected T!tanium Alloys

that the trend is for higher modulus values to be found for higher strength material, in this case for

bata microstructuras that have bean modified by alpha phase precipitate (STA treatments).

The compression properties of many matedals are on a 1 to 1 equivalency with the measured “

tensile properties. Several titanium alloys have ahown higher atrangths in compreaaion tests how-

ever, as for example, Ti6A1-4V, Ti-6Al-2Cb-l Ta-O.8Mo, and TF6AI-1 Mo- 1V alloys. The

Ti-6Al-l Md-1 V alloy has bean shown to have 127 ksi Fcy vrmus 120 ksi FW in appropriate tests on

material from a single heat. Typically, the TL6A14V al[oy has h!gher, compression strength than

tensile stran@ as shown below:
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@@ Fty, ksi,

Annealed plate, sheet, strip 132 126 -.

Annealed bar and forgings 126 120

Heat treated (STA) plate and sheet 154 145

Modulus values (and Poissons ratio) for Ti-6Al-4V have been reported as: Ec, 16.4; Et. 16.0; G, 6.2;

(and p, 0.31). On the other hand, some titanium alloys have been shown to behave opposite to
the above. For example, the Fcy for one heat of Tb6A1-2Sn-4Zr-6Mo alloy was maesurad as 157

ksi versus an Fty of 170 ksi. Thus, it would appear appropriate to study reliable data to determine

the relationship between compression and tensile properties for any titanium material of intereat

with respect to use under compression conditions.

13. Typ’ical Creep and Stress-Rupture Behavior. The elevated-temperature utility of

titanium alloys under creep conditions is of great importance in such applications as jet engine corn.

pressor components. The excellent creep properties of titenium alloys in the intermediate tempera-

ture range of about 350 to 1000 F have enabled them to become prime materials for this and other

elwated temperature applications. The Ti-6A14V alloy has been used extensively in engines where

creep was an important consideration, but the history of the titanium industry reveals the continu-

ous dwelopment of alloys having improved creep strengths. Figure 6 shows three such materials

compared on the basis of creep stress versus the Laraon-Miller parameter where time and tempera-

ture (for elevated-temperature exposure) are combined. As shown in this plot, the TF6Al~V-2Sn

alloy is not as creep resistant as ~-6~14V alloy wfsich in turn is not as resistant as any of the

alloys whose curves (depicting the creep conditions of time, temperature, and slress to result in

0.2 percent plastic strain) plot to the right of the curve for Ti-6A14V. These are typical curves for

the alloys illustrated, and, like tensile and other properties, variations can occur with chemistry,

microstructural, beet treatment, and testing technique variables. The rupture curve ahown in

Figure 6 for the Ti.5Al-6Sn.2Zr-l Mo-O.25Si alloy is displaced to the right of the 0.2 percent plastic

creep curve since obviously, longer times, higher temperatures, or higher stress levels are required

to produce the rupture end point of the deformation prcaaa defined as creep. Some additional

alloys notable for their excellent creep resistance are the TI-BAI.1 Mo-1 V, Ti-2.5Al-l 1Sn-5Zr-l Mo-O.2Si,

and Ti-6Al-2Sn-l .5Zr-l Mo-O.356i-O. 1Si compositions.

. .

14. Stability Characteristics. The elwated-temperature tensile, creep, and other mechanical

properties of titanium alloys are important items for consideration regarding a materials service

limitations. Related to such Iimitatiqns and of equal importance is tfre ~bitity of propatiies during

and/or after exposure to service conditions. The stability of pmparties for titanium alloys is quite

9ood if exPoawes am confined within the limits determined for given compositions. Tfte limits
generally relate to conditions that promote oxidation, corrosion, stress-corrosion, metallurgical

changes, and simple overstraaaing, and maybe approached or exceeded to various degrees. In some

cases, the degree of property change after a particular exposure may be so small that stability is

unquestioned. In other cases, large property changes might occur so that an inatabiliW is not in

doubt. Iiowsvar, arbitra~ amounts of pro-@ity change are typically assigned to define fibility or .-

inatatillity and are often determined on the basis of whet minimum properties can be tolerated

during or aftar a service exposure. ..
. .

Tensile yield strength and tensile ductility are the pmpertiasfrequently used as guidea in

evaluating the stability of titanium alloys. .For example, a 50 percent dacrgase in the tensile

ductility of a titanium alloy due to an elwated temperature axposure may be used as the arbitra~

stability-instability demarcation point. In other CSsea,a large change in yield strength, in either the

positive or negative direction, resulting from an exposure, may be used to define the slebility-

instability limit. Others have cited stability as the ability to retain an adequate (wine tolerable
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value) low temperature toughness after long-time thermal exposure. Whatever the stability criterion

might be, it is importarit to underat.?nd that exposure conditions should be selected w that they do

not promote property changes in excess of tolerable amounts. General Iy speaking, the aayerity of

exposures can be reduced by reducing either time, temperature, or stress, or combinations of these

variables.

The data of Table XXII show typical stability data for selected alloys. Tensile properties

before and after thermal or thermal-stress (creep) expowras WOW relative atabiliw (e.9. Ti-6Al-4V

alloy) or instability (e.g. Ti-5Al-s3Sn-2Zr-l Mo-G.25Si al IOY) for Pa~icular exPowra conditions.

While not illustrated by the data of this table, it is well known that some titanium alloys are more

stable than othera for a given exposure condition, and for particular alloys, some material conditions

are more stable than others. For example, as ahown in Figure 7, the Ti-13V-11 Cr-3Al beta alloy is

more stable in 6G0 F thermal exposure in the cold worked condition than as annaa16d. Similarly,

as illustrated in Figure 8, the TL5A1-6Sn-2Zr-l Mo-O.2Wt super-alpha alloy is more stable under

conditions where surface embrittlement caused by oxidation is not a problem. The case shown

eliminates the surface oxidation effects by metal removal but the same degree of stability might be

obtained by eliminating oxygen during exposure, as for example, during axposure in vacuum or by

use of protective coatings. The decrease in ductility of the surface machined samples with increas-

ing exposure temperature, as shown in Figure 6, is undoubtedly due to metallurgical changes such

as precipitation or ordering of structural phases. It is apparent that these changes become more

pronounced with increasing exposure tempera&e. The degree of ghange might be reduced with a

change in alloy processing, heat treatment, or perhaps with slight composition modification. TISUS

it may be readily seen that many variables enter a stability-instability consideration and that

control over this characteristic may be exercised by proper selection of alloy and condition as well

as by matching exposure conditions to the limitations of the material.

15. Toughness Parameters. There are several methods usad to take the measure of toughness

of titanium materials including impact toughness, notched and unnotched impact tensile, notched

low strain rate tensile, dynamic tear, and static crack propagation tests. The various methods yield

data indicating the relative resistance to cracking and fracture under overload conditions. Notched

tensile tasting (notched/unnotched atrerrQth ratio) and impact testing are methods that have long

been used to afford a measure of toughness. Tough materials have a high impact energy absorption

characteristic and are less sensitive to notches as in notch tensile testing, For example, notch

insensitive materials commonly show a notch/unnotch tensile strength ration of >1 whereas notch

sensitive mater~als have ratios< 1. Sensitivity of a material to environmental (e.g. low tempera-

tures) or to metallurgical (e.g. heat treatment or interstitial contamination) conditions can be

determined using notch to unnotch tensile data comparisons.

Commonlv the Charuv V-notch immct teat is emtrloved to afford a auick and inexpensive

toughness dete~mination.. Specimens are used either a~ room or sub.room “ternperauraa to

determine the amount of energy abwrtmd at fracture. Typical Charpy impact data are ahown in

Figure 9 for unalloyed titanium and three alloys, all in the annealed condition. As might be

expected, low strength unalloyed titanium is very tough to very low temperatures. The Ti-5Al-2.5Sn

alpha alloy and the Ti~A14V alpha-beta alloy also am quite tough whereas the Ti-8Mn alloy, being

a richly beta stabilized alph~beta alloy, doas not show exceptional toughness at low temperatures.

1SS-ductile to brittle transition temperature is somewhat higher than for the other alloys shown.

Generally, titanium alloys that are richly beta atabilizad,.have moderately high ductile to brittle

transition temperatures and are not noted for good toughness characteristics at low temperature.

As with many other properties of titanium, toughness is highly dependent upon-a large

number of variables which include alloy chemistry, structure. texture, and tasting conditions.
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TABLE XXII. TYPICAL TENSILE PROPERTY STABILITY OF SELECTED ALLOYS AFTER

ELEVATED TEMPERATURE EXPOSURE

RT TensileProperties

ExposureConditions Ultimate Yield Red.

Time, Temp. Stress, Strength. Strength, Elongation in Area,

hwn F kd ksi ksi % %

Ti.5Al-2.5Sn

No exposure data 138 132

500 700 None 138 131

~-6A14V (Case A, Sheet annealed 2 hours at 1300FI

No exposure data 145 137

7mo 550 , None 143 135

TM3AI-4V (Case B, Bar Annealed 15 hours at 1280 F]

No exposure data

100 750

100 750

No exposure data

3000 825

150 1000

No exposuredata
150 800

No axposuredata

600 800

No exposuredate

2000 6s3

No exposuredata
181 1000
376 1000

50

70

48

25

45

’84

70

35

45

123

133

133

Ti.6Al.2SnAlZr-2M0

153

158

146

Ti.6Al.2Sm4Zr-6Mo

188

1B5

TL6M0.8V.2F*3AI

149 ‘“

156

Ti-1 1.5Mo.6Zr4.5Sn

147

148

Ti-5Al-6Sm2Zr.l MO-O.26Si

146 ,,
144

155 . .

117
.“., ,7+

I 22

MO

145

136

174

164

139

144

141

146

131 . .

134

’147

8

10

13

14

14

14

11

20

14

15

10

7

14

16

..

25

24

10

5

2

40

40

36

41

43

40

37

41

23

42

35
21

32

29

66

70

23

9

5
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Figure 7. Effect of Thermal Exposure on the Pom-Exposure Tensile Ductility of a Beta

Tkanium Alloy in TV o Conditions
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Figure 8. Effect of Creep Exposure on the Post-Exposure Tensile Ductility of a Super–

Alpha Titanium Alloy with and without the Exposed and Oxidized Surface

Layer Removed

41

Downloaded from http://www.everyspec.com on 2009-08-06T4:47:49.



MI L. HDBK.697A

1 JUNE 1974

Y“ /
/

.@ Ti-6Al-4V / /

“~ /’”~./--
0’

/

Ti-8Mn

#

I 4 ..
I I I I

400 -300 -200 -100 0 100

Tmpera!ure, F

Figure 9. Effect of temperature on the Charpy V-Notch Toughness of Unalloyed

Titanium (Various Grades) and Three Alloys in the Annealed Condition

/,

not been possible to control all the variables to obtain entirely consistent results “tith time of the

more aophkticatad static crack propagation type fracture toughnem teats. For example, a Iafge

number of specimens taken fmm numerous heats of annealed bars, plates, and forgings of

TM3A14V alloy gave the fractasre toughness-tensile yield strength’ data of figure 10. Compact

tension and four point bqding tests were used in genareting these data. The large spread in tough-

ness at a single strength level and the range of azrangth Iawels measured for the annealed rendition
. .

are both possible as a result of the aforementioned material variables wfsich may exisa within the

mnfinas of specification limitations. Generally, low alloy chemistry tend~ to result in low atrength-

high toughness combinations, acicular microstructuraa tend to give the same result, and anisotropic

textured materials yield results directly related to teat specimen orientation. The overriding

generalization that has been observed most consistently is that toughness tends to be inversely

related to strength as illustrated by the scatter band trend lines of Figure 10.
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II

Range of toughness
at a single strenqth \
level

20 1

I I I I
110 120 13a - 140 - 150

Tensile Yield Strength, ksi

Figure lO. Fracture Taughneas-Tensile Yield Strength Relationship

Observed far Annealad TL6AI-4V Bars, Plates, and Forgings

(within Specifications Limitations)

The typical fracture tough nestensile yield strength trend I ines for several al IOYSare SJSOWI’Sin

Figurell. ~edataamfor anneald Tl.5Al-2.~n, Tl-8Al-l Mo-lV, and~-5Al%Sn-2Zr-lMo-O.23,

alloys and zdution heat treated PIUS aged (STA) Ti-6Al-2Sn-4Zr-6 Mo, Ti-6AlSV-2Sn, and the beta

alloys. Botiannmld and STAmnditions amincludd intietrend linesho~for tie~%Al4V

alloy. Theexcellent fractura toughness characteriaticeof theannealed materials’at lawtomoder-

awlyhigh mren@lwels area feawreof titanium alloy sWnerally. The toughness advantage of the

beta allays in the range of high strengths commonly obtained in the STA condition is not a feature

of all beta titanium alloys (the Ti-13V-l lCr-3Al alloy has low fracture toughness in the STA

condition), but is a feature for some of the newer beta allays including the indicated compositions

andthe Ti-3Al-6V%Cr4M04 Zralloy. Thetrend fordecreasing toughness with increasing strength .

isag?in apparent inthe data of Figure 11.

- 16. Fatigue Characteriatica. The fatigue properties oftitanium anditaalloys, while being

afthemast importance inmanyapplications, aresCldorhif aver descr,ibed in specifications.

Possibly this i~,because there are so man y variables associated with the fatigue Pefiormance Of a

material that itisdifficult topredict the behavior except within rather broad limits. The material

variables affwting fatigue performance include chemistW, microstructure, andtexture, and of
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Figure 11. Fracture Toughness-Tensile Yield Strength Trend Lines for Selected Titenium Alloys

in the Annealed and Heat Treated (STA) Conditions.
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Effect of Surface Finish on the Room Temperature Rotating Beam Fatigue Behavior
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Figure 13. Typical Room Temperature Fatigue Characteristics of Selected Titanium Alloys

course, these are controlled during the hake-up and processing of titanium alloys. In addition to

the material factors, fatigue performance is determined by surface conditions of the material,

environmental factors, and of course specimen geometry and the test variables. To afford some

idea of the influence these factors bring to bear, the range in fatigue strength observed for

Ti-5Al-2.5Sn alloy aurfece finished in a variety of ways is depicted in Figure 12. ,Shop peening or

glass-bead paening to optimum surface conditions can be used to alleviate the bad effects induced

by some of the surface conditions illustrated.

The typical fatigue Lwhavior observed in tension-tension and rotating beam teats for selected

titanium elloys is shown in Figure 13. Some of the atres@ifetime cycle cuwea are comparable

(&me kind of taste) and indicate relationships between alloys, notch-unnotch (smooth) t- -

geometries, and product forms. For example, the superior fatigue strength of Ti-6Al-6V-2Sn and

Ti-6A14V alloys over theTi-13V-11 Cr-3Al bete alloy is indicated.’ Note the range depicted for

varkws mill product forms and annealed microstructure of Ti%A14V alloy. The effect of a

moderately sharp notch on reducing the fatigue strength” of Ti-5Al.2.5Sn illustrates general Iy the

degradation ip strength induced by stress risers. The large difference between the fatigue strength

of wrought forms and cast forms of TF6AI-4V alloy, both in the smooth condition, is readily

apparent. The notched geometry for both wrought and cast forms of Ti-6Al-4V alloy result in ;
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e 14. Ranges in Fatigue Behavior Observed for Various Forms of TI-6AI-4V Alloy

~ntiallv the ~me mren~ range as shown by the curves of Figure 14. In this figure, the notched ----

and smooth fatigue stren~h ranges for alloy produced by powder metallurgy techniques are also

shown. The ranga for the notched, condition is basically comparable with tha ranges for notched

wought and notched cast materiaks (tha powder product apacimens have a eomewltat sharper notch

to result in slightly lovmr fatigue strength). The range for smooth specimens produced by Potier

metallurgy issomewhat inferior to the range for wought products although superior to the range

for cast Ti~A14V alloy. It should be understood that the date summarized are those for a powder

metallurgy product that has been additionally forgad to further .cknsify and oPtimize the micm-

atructura. Powder metallurgy products that are not densified by forging (or other metalworking

techniques) do not have as good fatigue strength as the consolidated products. .-

17. Comparison of Properties of Various Products. The room temperature tensile

properties and the 40 F Charpy impact pmpertiea of eel&ted titanium alloys are given in Table

XXIII. Typical date are given for wrought, cast, and powder metallurgy bars. As might be

expected, the properties of the wrought material are superior to those of cast or powder forms in

any of the alloys compared. Unalloyed titanium product prepared by any one of the techniques

has quite good properties. The development of improved cast and powder metallurgy producs and

properties continues, w that the inferiority of such materials compared with wrought product

becomes less pronounced. In. many cases, the cost advantages available with cast or powder
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TABLE XXIV. COMPARISON OF ROOM TEMPERATURE PROPERTIES REPORTEO FOR SEVERAL

FORMS OP.~-l 1.5 Mo.6Zr4.5Sn ALLOY AS SOLUTION TREATED PLUS AGED

(8 Hour Aging at 95o F] .

Ultimate Tensile Tensile Fracture 107–Cycle

Tensile Yield Elongs- Toughnsss Fatigue

Product Thickness, Strength, Strength, tion

Form ‘%

Strength,

inchas ksi ksi % ks” # ksi

Forging 4.0 182 172 4

<1.0
61 ——

193 185 5 — —

Plate 2,0 186 182 4

0.5
57 —

~:r’;~~i:”’z

140

Sheet 0.063’

120
192 3 — —

Foil ).002 / 227 213 2 — —

Extrusion 0.27 186 169 — 48 —

Tubing 0.120 (wall)

0.050 (wall )

185

180

’176

169

8

6

—
—

——

——

Bar 1.188

0.500

0.196

201

172

170

210

180

165

8

10

18

—

—

--

—

160
—

Wire 0.063 195 15 — 150

Cssting <1.0

<1.0

173

182

160

164

7

7

—

—
—

--

products are considerable = that potential applications should be carefully exam@d to determine

if the slightly lower properties of these products might be profitably utilized.

The dats of Table XXIV are for numerous wrought and cast forms of the Ti-11.5Mo-6Zr4.&Sn

(Bets II 1) elloy in the solution treated and aged condition. Tensil& fracture twghness, and fatigue

data are given. Pmpertiee also at-a given for various product thickn~ wttare available. While the . .

general uniformity of properties for various section sizes of any of the wrought products is apparent,

the total range in properties for all wrought products is quite Iargs as show below.

180227 ksi UTS, 169-213 ksi YS, 2-18% EL. ,,

The range is broadenad if tha dats for the cast products are included. A range in properties for

various product forms is quite a common occurence for metals but is typically the case for titanium

alloys. Thus, the usar of titanium materials should be fully aware of the variations in properties that

can pertain between product forms and examine the available data carefully prior to a material

commitment.
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TABLE XXV. DENSITY AND STRENGTH/DENSITy RATIOS TYPICALLY AVAILABLE IN

TITANIUM ALLOYS

Typisd Typical Y!eld

&me.aledlSTA Strengtheto

Nominal Composition, Densi
Y

Yield Stnmeths, Oensirv Ratios,

W% Iblin. ksi inch x 106

unallowd T (Medium SOW@) 0.1634.164 6ol— 0.3671—

li-o.15 to o.26ffl 0.163 461— 0.2621—

Ti-2cu U.165--- 90/1 15 0.545/0.697

li-5Al-2.6Sn lelso ELI) 0.161 ‘— 1171— 0.7261—

TI-2.25AJ-1 lSm5Zr-1 Me-o.25Si 0.174 —1135 —/0.776

7i-5AI.6.Sw2~l Mo-0,25Si

1

0.163 1351— 0.8281—

TI.6AI-2SIS-1 .6Zr.l Mo.O.356W.1 Si 0.162 1371— 0.S46/—

li-6Al-2C&l Ts-D.8M0 /0.162 1201— o.7411—

7i-8Al.lM&lV 0.159 i421— o.693/--

lT6Mn 0.171 1251— o.731/—

-1-I-3AJ-2.5V 0.162 65/1 10 0.525/0.679

TwtA1-3MQ7V 0.163 120/1 67 0.736/1 .024

13-5AI-2Sn-2Zr-4M04Cr 0.166

li-6Ab4V {also ELI)

-/1 60 -–/0.952

0.161 136/155 0.60710.963

l_I-6Al-6V-2Sn 0.164 154)/180 0.91 5/1.096

Ti.6A12Sn-tZr-2M0 0.164 1351— 0.8231-–

Ti-6Al.2SrwlZr.6M0 0.169 1651— 0.9761--

Ti-6Al-2Sw2Zr-2M*2Cr4.29 0.162 —11 60 –-/0.966

Ti-7Al-lMo 0.162 1,50/175 0.926/1.030

Ti-l Al-6V-5Fe 0.166 1651215 0.982/1 .260

l-W2AJ-l lv-2sn.l 1Zr 0.174 --/1 60 --II .034

11-3Al-6V-6Cr4M04 ~ o.174 125/170 0.71610.977

11.1 1.5Mo.6Zr4.5Sn 0.163 115/165 0.628/1 .011

7i-8M*8V-2Fe-3Al 0.175 125/160 0.7 14/1 .026

Ti-13V-1 1CJ-3AI 0.175 130/175 0.743/1.000

I

The density and strength-to-density ratio data presented in Table XXV represent an additional

consideration when comparing the properties of titenium alloys. While densities for individual

materials can vary d ightly, for example with Compmitional dHferancas f rom heat to heat, the

valuas tabulated are the generally accepted values. The tensile yiald strength values given (annealed

and solution treated plus aged values) are representative for the materials and conditions ahown

and cs previously describad, can vary markedly due to a m)mber of factor% Thus, the strength/

density ratios given in Table XXV are merely representative. Nevertheless, the strength/density

ratio affords a useful parameter for comparison Purposes and in such terms density should always

be one of the factors considered in selecting a titanium material for an application.

.
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. . SECTION Ill

METALLURGY AND PROCESSING

-.

I
Metallurgical Information

18. Titanium Production Variables. The production of the basic titanium sponge metal

I
from its primary ore (rutile) and the basic processing of sponge to finished mill products and cast-

ings was described earlier in Section 1, Paragraph 3. While the previous description described the

production of ingot and subsequent products in terms of the forms and dimensions available, it is

aPPmPriate at this P6int to describ@ in more detail the alloys available and the metallurgical
I factors of importartea.

I
The alloys of titanium wfrich are now commonly availabte to users are listed in Table I I and

additional tables. The compositions listed are nominal compositions and the actual compositions

can vary overthe ranges or below the maximum’amounta of components given in specifications.

Since titanium producers are subject to the external pressures of numerous company and public

specifications, they find it frequently necessary to make several grades of some alloys to meet the

many requin?ments of users including cost requirements. Thus, for many of the nominal composi-

tions, several grades of the alloy are available, and in at Ie&t one case, that for the Ti-6Al-4V alloy,

more than a dozen different grades can be found.

I
There are two primary factors controlling grades: ingot quality and alloy chemistry. Ingot

quality has to do with such variables as input raw mtiterial and additional variables as d=ribed

below.

●

●

I ●

I ●

I
●

I ●

Input raw material (virgin sponge metal versus wap)

Kinds of scrap (laboratory control revert, massive,~rap,

turnings, etc).
. .

Ratio of scrap to virgin metal [in mixed material electrodes)

Methods of making electrodes (pressed virgin metal versus

welded ecrap-welding of mmponents in or out of vacuum)
,.

Melting controls (degree of vacuum, abnormalities in me melt

cycle if any, double or triple melting of ingots)

D&ee of ingot testing (macrc and micrometallographic and ““

chenricd analyses from prescribed locations). ,.

. .

Surprisingly, there are only a few classifications for ingot quality resulting from all these variables.

Those of interest to this description are: (1) Premium Grade, and (2) Standard Grade. As might be

expected, both reliability and cost are higher with the premium grade of ingot. The ingot grades in
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turn may be subclassified in grade according to alloy chemistry.

I
1’

Alloy chemistry is basic to grade control. In the case of the TI-6AI-4V alloy where numerous

grades are available, the variation of oxygen content is used as the primary control. For example,

the ELI (for extra low interstitial ccmtant} grade of Ti@+14v allw h= been mentioned. ELI

grades of alloy usually contain lass than 0.13 percent oxygen). Other grad-might have mom

oxygen (e.g. a standard gcade or a high oxygen grade). Within the primary gradas controlled by,.
interstitial content, there are sub@adea tilch differ from one another due to the control of the.I
aluminum, vanadium, and iron contents. For example, Ti-6Al-4V alloy with high aluminum

content (within specification range) might be prepared for thick section product or product to be

solution treatad plus agad to a high strength level. Thus by simply multiplying the variables of ingot

quality and alloy chemistry, the availability of a large number of alloy gradas for a given composi-

tion is apparent. The grade of an alloy is important with respect to particular proparties and
I property combinations and these are further controlled by the mill processing and product form as

wall as by heat treatment p&aduraa., It is therefore recommended, due to the foregoing, that

users of titanium products should communicate with the producers to insure that the product

supplied will meat the intendad requirements.

19. Effects of Alloying Elements – Metellur@ and Microstructure.
I

a. General. An alloying element addad to titanium has important effects upon the phvsi-

cal and mechanical characteristics of this metal. Each element that might be combined with

titanium either intentionally or unintentionally, and in either small or large amounts, results in

I
some degree of strengthening and in some change in the basic crystal structure.. {n this sense, even

the commercial unalloyed grades of titanium are alloys, since each of the gradas contain various

quantities of tha interstitial elements (carbon, oxygen, nitrogen, and hydrogen) and iron Plus other

metallic elements in measurable amwnta. The iron and other metallic additions result in the solid

I solution strengthening of titanium. In addition, iron and selected other metallics can combine with

titanium to form intermetallic compounds under thermal and saturation conditions when solid

I solution conditions are exceeded.

Another important alloying effect apart from the strengthening effect of additions to titanium,

is the change induced in tha polymorphous transformation temperature of the crystal structure. The

transformation temperature fmm the hexagonal-clos+ packed form (hcp or alpha phase) to the bodr

centeretkubic form lbcc or bewphasa) in pure titanium, occurs at about 1625 F (885C). The

effect of alloying elements on titanium is to raise or lower the transformation temperature depand-

ent upon the kind of alloying elements in solution. The amount of the element affects the degree
of change. me interstitial soluble elements, carbon, oxygen, and nitrogen, and the metal alUminUm,

are examples of elements that raise the hcp to bcc transformation temperature. ‘1ron, vanadium,

chromium, molybdenum, and manganese, are examples of elements that markedly lower the

transformation temperature. Tin and zirconium tend to lower the transformation temperature

only slightly (e.g. tin lowers the hcp to bcc tranaus temperature 1F/l%) and such elements are

often raferr@ to as neutral stabilizers.

I

,~e ability of elements to distort the crystal structure of titanium to cause strengthening or

to cause changes in the polymorphous behavior varies from element to element and is the basis of

titrmium alloy metallurgy. Metallurgists are continually experimenting with alloying elementsto

obtain improved ritanitim alloys with consistent and predictable properties. Elements that raise

the hcp-txc transus (alpha stabilizers), or those that lower the transus” (beta stabilizers), and

combinations of such elements have been used to dwelop alpha, beta, and alpha-beta alloys –

so-called because their microstructure are predominantly of these phases at room temperature.
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b. Alpha Alloys. Thecommercial unalloy4grades oftitanium aretechnically alpha alloys

asisthe alloy of titanium containing small amounts of palladium added to improve corrosion

resistance. The Ti-5Al-2.5Sn alloy is the best example of a high strength alpha alloy that hascom-

mercial status. Theamount oftinincluded inthemak&up of W-5Al-2.5Sn, aswellas the small

amounts of iron andother.beW stabilizem that might beprewnt as impurities, is insufficient to =

override thedominant effwtof thealuminum alpha mobilizer alloy edatthe 5 percent level. This

alloy may be characterized as having a hcp alpha microstructure at ambient temperature and of

cou ma due to the alloying additions, moderately high strength compared to unalloyed titanium.

Two notable features of alpha alloys are: a good retention of strength at elevated temperature

under low strain rate conditions, and good weldability. Also, alpha alloys show little strain rate

sensitivity. There are numerous applications where these attributes are of great importance. The

high strangth at elevated temperature feature .of the more highly aluminum alloyed alpha compo-

sitions can be aomewfrat disadvantageous from the viewpoint of a more limited fabricebility com-

pared with mixed two-phase alpha-beta al Ioys and beta compositions. This difficulty can be

allwiated by additions of neutral atabil izers and small amounts of beta stabilizers to afford

extremely useful compositions.

c. Near-Alpha Alloys. Aa previously mentioned, the commercial alpha titanium alloys

contain some beta-stabilizing elements although these are frequently in alpha soluble quantities.

The microstmcturas of such materials mayor may not include small observable quantities of the

beta phase. Additional but still small quantities of bata atabilizem to an alpha stabilized baaa result

in the presence of larger quantities of the beta phase in the predominant alpha smucture. Such

additions not only promote a small amount of beta phase retention but alter the.mechanical

characteristics of the alloy as well. Depending upon the amount and kind of beta stabilizers used,

strength, stability, and fabricability may be improved in comparison with all alpha compositions

of the same alpha stabilized base. Alpha alloys modified with relatively small amounts of beta

stabilizers are frequently referred to as near-alpha alloys.

A small but critical amount of an intermetallicqmpound-forming addition to

molybdenum+ontaining near-alpha alloys has been found to have a synergistic effect on creep

strength. Boron, germanium, bismuth, and silicon behave similarly es the compound forming

element in such alloys but the latter has been used moat extensively in near-alpha compositions

(also called super-alpha alloys). Since an intermetellic compound such as Ti5Si3, complex

intemSetalliCS, can form in these materials and can be observed in the microstructure as a dia.
parsed precipitate phase, the term alphadisperaoid alloy is also sometimes applied. Allo~s of this

class are almost exclusive y for aervi.ce in gas turbine enginea having es their principal attribute

significantly higher creep strength ti”an an all-alpha or a near-alpha alloy of the same “basecornpo-

aition. The alloys of this class also have been dwalopad to maintain other useful. .featuma including

high short-time elevated temperature strength, adequata ductility, and stability during and after

tharmal excursions.

The Ti-1 to 2 Ni and T1-2CU alloys are the commercial repr&entativea of yet another type of

alphadispemid composition. The intermetellic compound forming elements, nickel and copper,

are used in a titanium base that is not fortified with additions of aluminum, tin, or zirconium. The

.-

titanium-nickel alloy is made exclusively for ita good cormai,on msiatanct%. The titanium copper

alloy is made for uses requiring she formability and weldabilhy of unalloyed titanium mmbinad

with an impmved elevated-temperature strength requirement The intermetallic compounds,

Ti2Ni and Ti2Cu, are usually observed es a fine precipitate phase randomly dispe- in an alpha

microstructure. ~s is generally the form of occurrence of the intermetellic compounds that can

precipitate under certain thermal conditions when the w-called beta-eutectoid stabilizers are
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alloyed with titanium. Elements of this type include bismuth, silicon, iron, manganese, and

chromium, as well as nickel and copper. The alloying characteristics of these elements in titanium

is the lowering of the hc@zcc transformation temperature (called the bata tranaw temperature),

limited volubility in the alpha phase, and propensity to f orm intermetal Iic compounds. .

d. Alpha-Beta Alloys. As mentioned previously, one type of beta stabilizer is called beta-

eutectoid stabilizers because they have eutactoid behavior wfsen alloyed with titanium and are

compound fomters. Another type of beta stabilizers is called bate-ieomorphous stabilizers because

they are soluble in beta titanium over the full range of the alloy system. Elements of this type do

not form compounds and include molybdenum, vanadium, columbium, and tantalum. Alpha-hem

titanium alloys result when sufficient beta-stabilizers of either type are added to a base composition

to cause quantities of the beta phase to pemist to room temperature. The base composition may” or

may not contain alpha stabilizers although the commercial alpha-beta titanium alloys usually de-

an exception is the Ti-6Mn composition. A two phase alpha plus beta microstructure is character-

istic, although a large variation in the appearance of the structut%, due to various deformation and

thermal prmzsing techniques, can make the interpretation of microatructures difficult.

The mechanical characteristics of alpha-beta titanium alloys are highly dependent upon the

combination of alpha-stabilizers and beta stabilizers used in their make-up as well as upon

processing history. Aluminum is frequently used as the alpha stabilizer which among other

features contributes to the strength of the alloy over the full service temperature range. Commer-

cial alpha-beta alloys usually contain considerable quantities of the beta iaomorphous elements,

molybdenum or vanadium, which impart stability as yell as strength at high temperatures. The

addition of beta-eutactoid atabilizem also imparts atren~h although their use in large quantities can

result in instability due to the inappropriate precipitation of compound.

In general terms, the amount of alloy addition in alpha-beta alloys is relatable to strength

level. For example, the TF6AI-4V alloy is considerably stronger than the TL3AI-2.5V alloy.

Similarly, alpha-beta alloys with increasing amounts of beta stabilizing addition are inherently

stronger in short-time tensile tasting and due to the larger beta content, are heat treatable to higher

strengths. For example, the short-time strength and the heat treatability of the Ti-6Al-6V-2Sn

alloy is greater than Ti-6Al-4V. Also, Ti-6Al-2Sn-4Zr-6Mo is stronger and more responsive to heat

treatment than Ti-6Al-2Sn4Zr-2Mo. (The latter alloy is also frequently considered a near-alpha

alloy and serves to show the relationfi!p between near-alphas and ~akly bsta ktabllized alpha-beta

alloys.) However, if the low strain rate performances of these materials are compared, as in creep

for example, the Ti.6Al-4V alloy is shown to be better than Ti-6Al%V-2Sn and the

Ti-6Al-2Srs-4Zr-2Mo outperforms Ti-6Al-2Sn-4Zr-6 Mo.

In addition to the strength and heat treatability features characteristic of alpha-beta alloys,

this clas can be characterized as having good fabrica~lity, good ductility and stability commen-

surate with preferred atrangth levels and exposure conditions, and marginal weldability except when

the beta ~bilizino content is low. For examole. Ti-3Al-2.5V. Ti-6A14V. and Ti-6Al-2Sn-4Zr-2Mo

alloys are weldabl~ wlseraas weldability is not r&ommend& ~or the Ti-6Al-6V-2Sn,

TL6A1-2Sn4Zr-6Mo, Ti4A1-3Mo-l V, and Ti-6Mn alloys. The heat treatment of alpha-beta alloys .

is discussed further in a subsequent section.

- e. Beta Alloys. Increasing quantities of the beta stabilizing elements added to a titanium

base have been describaid to result in increasing amounts of the beta phase in the micro-structure

and to afford alloys of the classes: alpha (trace to small amounts of beta stabilizers), near. alpha

(small amounts of beta), and alpha-beta (weakly beta stabilized to strongly beta stabilized
compositions). Larger amounts of beta stabilizing additions result in up to 100 percent beta phase
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retention to room temperature and thealloy class-beta. The commercial beta titanium alloys are

so-called metastable beta compositions since the partial transformation of the beta phase to alpha

phase, to an intermediate phase (omega), or to intermetal Iic compound phase, can occur during

thermal exposure. lnfact, theprecipitation ofthmphasa during theheat treatment of the betes

is the reaction relied upon to read t in the high strengths characteristic of metastable beta al lo yi.

Metastable beta titanium allcyshave been usadinairframes (e.g. Ti-13V-l lCr-2Al sheet and

forgings inthe SR-71)and forsuch spwialW items asspringsand faSenem. Titenium alloys with

larger amounts of beta stabilizers to result in stable beta microstructuras are possible but are not

currently utilized as commercial materials.

In addition to the heat treated high strength characteristic of beta alloys, the excellent

ductiliW of thenonheat-treat@ betiphaw isanotablefeamre. Thehighly ductile beta phase has

great coldwtiability tiichpemits excellent room temperature formaMliW. Thealloysalsocen

be formed at elevated temperatures where their deformation resistance is very low wfsen the atrain

rate islowbut high wfrenstrain rata is high. Inshort, the bataalloys araatrain rate sensitive. Thus,

as with richly beta stabilized alpha-beta alloy s,”ahort-time elevated temperature strengths of betas

are high, wfrereas creep strengths are low compared with alpha or near-alpha alloys.

~eweldatiliW of&m titinium alloys isnotconsiderd oumnding. The betes arequite

weldable from theannealed condition andareveW ductile aswlded. However, theannealad con-

dition is a low strength condition and attempts to strengthen vmlded material by heat treatment

usually rasult inverylow ductility ofweldmenta. Combinations of post-wald haettraatment and

deformation, if amenable to the welded pert, can improve the weld ductility although it is not a

commonly usadprccechsre.

f. Synopsis. There am basimlly woclasifiations oftiealloying elemen*that might

recombined widrtitenium: (I)alpha atebilizing additions, and (2) beta atebilizing additions. The

alpha stabilizing elements which promote the alpha phase are principally represented by aluminum

and bythein@tiitially soluble elmenS, cabon, oxygen, and nitrogen. The beta atebilizing

elements which promote retention of the bata pha%,are representad by the so-celled beta

iwmorphous elements such as molybdenum and vanadium by the bata-autactoid stabilizers (inter-

metallic compound fonmera) such es iron, mangenaw, chromium, and sil iron, and the so-called

neutral stabilizers, tin and zirconium that tend to lower the barn trenaus temperature only slightly.

Singly or in any combination, these additions tend to strengthen titanium, to promote other

mechanical, physical, and metallurgical characteristics, aa well es to control basic microstnsctures.

These affects are summarized in Figure 15 where the highly.schematized microatructuras of the

various alloy classes are approximately correlated with exemplary commercial compositions and

trend lines of major significance. “”

20. Effects of Processing and Haat Treatment Variables. Mill products of many tvpea are

produced by the hot fabrication of ingota or cast prafomss using a wide variety of reduction

schedules and methods. The variations in the reduction achedul~ and associated processing

variables (e.g. cooling rata fmm processing temperatures and pos-fabrication haat treatment) ra-

sult in a wide variety of microatmcturel conditions which, a!+might be expected, are characterized

by different mechanical properties. Processing variables are interrelated with alloy composition

. .

variables in determining microatructum and property differences. . .

To illustrate the typical fabrication schedules for titanium alloys in terms of thermal history

and to show their correlation with resulting microatnscturas and properties, the csse for the

Ti-6Al-4V alloy is described. It dsould be understood that an idealized and highly simplified case

. .
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Trends Microstructure Composition

I .
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is presented since it is impossible in a short space to depict all the variables and variations which

actually occur. Also, the alloy variable should be apparent-the TL6AI-4V alloy would be

processed differently and behinfe differently than dissimilar compositions.
.-

The case for the TL6AI-4V alloy is shown schematically in Figure 16. The line drawing of ~his

figure is a partial phase diagram of the Ti-6Al-V system wfserein the points on the vertical through

the 4 percent vanadium composition represent significant temperatures of processing and heat

treatment. Representative microstructure are depicted from selected temperatures.

Normal breakdown fabrication operations for TL6AI-4V alloy usually are performed above the

beta transus temperatures (e.g. point A in Figure 16) whereas finishing fabrication temperatures

can be high in the alpha-beta field (point B) to IOW in the alpha-be~ field (point C). subsequent

mill annealing (and sometimes fabrication) may be carried out at still lower temperatures (point

D). Solution heat treatment of Ti-6A14/ alloy maybe accomplished in the alpha-beta field

(ranging betwsen points B and C) w+rereas subsequent a@ng is done at a much lower temperature

(point E). The microstructuras ahown for various temperatures and cooling rates of processing are
generalized and in practice can vary considerable from tliose depicted (e.g. variation with degree Of

deformation at the indicated temperature and/or prior processing history). Nevertheless, the

illustrations show the major differences in structure resulting from beta processing veraus alpha-beta

pro-”ng versus alpha-beta processing and such differences in the alpha to beta phase ratio that

might be obtainad by fabrication at different temperatures w.thin the alpha-beta field. Processing

at increasing temperatures within the alpha-beta field gives ri~ to decreasing amounts of prima~

equiaxad alpha in the microstrssctures. Extensive processing moderately low in the alpha-beta field

followed by simple annealing at still lower temperatures results in an equiexed alpha plus grain-

boundary beta microstructure as illustrated. The alpha phase is the continuous phase under these

conditions. Heat treatments at still lower temparatu~, that is at aging or overaging temperatures,

raadt in microstmctural transformations that may vary in extent with the thermal exposure condi-

tions and are sometimes difficult to detect visually. Profound changes of a microscopic and sub-

microscopic nature do not occur however, that can be observed with magnification, arid generally

consist of precipitate phases emanating fmm preexisting phasea. Classically, alpha phase precipi-

tates from the metasteble beta phase.

The acicularity of the transformed beta microstructure is an important feature of many

titanium alloys and processing procedures. The ‘platelets or needles of the alpha phase occur as

the beta phase transforms to alpha with the lowering of temperature and the resulting acicularized

structure may have quite different properties than equiaxed tiructurea. Note in Figure 16 that

in structures emanating from high in the alphabta field, a mixture of equiaxed alpha (called

primary alpha) and acicular alpha (called alpha prime, ~) is observed. The acicqlar alpha is also

referred to as martensitic alpha and is the transformation product from the beta phase which

existed at the solution temperature (point B of Figura 16).

The coarseness of acicular alpha that forms from either beta processing or alpha-beta

pr-ng is related to cooling rate. Decrea&d ceding rates ~lt in coarse acicular structures.

If the prccassing of Ti-6A14V and other similar alpha-beta alloys has included relatively little or no

work in the.alph~beta field, and if it is subaequeistly annealed low in the @o-phase region, the

structure reflects the prior beta and trenaformed bats structures dweloped during the processing

above, passing through, and just below the beta trensus temper8wre. [f extensive working of the

alloy occurs in the alpha-beta field, the atmctura is altered from “the predominant transformed beta

structure to one consisting of a mixture of aquiaxed primaW alpha and either a transformed beta

(working high in,the alpha-beta field) or a metastable beta (working low in the alpha-beta field)

microstructure.
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Figure 16. Partial Phase Diagram of the Ti-6Al-V sy”nem and the Schematic Rerzresentation of

Microstructure I&ulting from the Fabrication of Ti-6A14V Alloy at Various

Temperatures

Currently, tfte fabrication of many alloys, principally near-alpha and alpha-beta typs. is

asxompliahed using either alpha-beta fabrication or beta fabrication schedules. As the names

imply, the achedulea differ principally in the fabrication tempwatures u-. Alpha-bate processing,

while usually including beta temperatures for breakdown fabrication, features finish fabrication

(preferably at least 50 percent raduction) in the alptm-beta field. hete processing features extensive

wot’ls in the beta field, ~lting in a predominantly acicularized microstructure, with aorne limited

fabrication at temperatures below the beta acicularized microstmcture, with some limited fabrica-

tion at temperatures below the beta transus which is insufficient to cause the formation of much

equiaxed primary alpha. The two main advantages of alpha-beta processing are: (1) oxidation

rates are lower at alpha-beta temperatures than at beta temperatures, and (2) alpha-beta
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I

microstructure have long been aquated with maximum tensile yield strength and ductility. The

advantages of correct beta p(oceasing (incorrect beta processing can be deleterious to properties)

include: ( 1) lower fabrication energy requirements for a given part size or production of larger part

size with the same fabrication energy and equipment, (2) clowr part dimension tolerances whi&h

may be related to substantial material savings, and (3) improvement of imPortant mechanical

propemias. A summary of the properties observed for the Ti-6Al-4V alloy as beta processed (rela-

tive to alpha-beta processing) are ahown below.

Prooarty

Tensile yield strength

Ultimate tensile strength

Tensile elongation

Tensile reduction in area

Notched tensile strength (Kt = 10)

Notched-time-fracture strength (Kt = 3.8)

Creep strength

Creep stability

Fatigue strength (at 107 cycles)

Fracture toughness

Beta Processing Effect

Slightly lower

Same

Slightly lower

Reduced

Improved

Improved

I reproved

same

Same

I reproved

The amount of reduction during metalworking, the reduction temperatures, tie temperature

holding time, and the cooling rates are the important variables that control microatructurea and

aub=quentl y mechanical’ properties. The proces4ng steps “maybe distinctly categorized for the

various mill product forms, i.a., forgings, bar, plate, sheet, strip, or extmations. However, there are

variables within these variables, such es: initial ingot size (relative to reductions achievable for a

specific end-item thickness), planned or unplanried beta processing versus alpha-beta “processing,

final end-item section size, and variations in microstructure and texture associated with each pro-

cessing history. The directionality effects stemming from various degreea of texturing are well

known to be different in mntinuously rolled strip than in forgings, for example, and to be some-

what controllable through mntrol of processing variablea. The morphology of microstructure, beta

groin size, and primary alpha grain size and shape (important with regard to fracture toughness and

aekweter stress-corrosion susceptibility), are similarly controllable to a larW extent through process

control. Each variable, interacting with possibly one or more additional variables, can give rise to

rather wide differences in mechanical properties. In additionto the above variablea, the variables

of secondary processing mill products to finished parts via bending, stretching, twisting, machining,

and pickling operations must be considered with regard to their possible influence on final

pmpertiea. . . . .

The variables of final heat treatment are imposed on the processing variables introduced

earlier. Heat treatment pmcaduma are the “last chance” for the titanium user to mntrol mechanical

pmpertiea and of course the extent of heat treatment property dontrol is aomewlset limited by the

prior processing. While heat treatments heviz been davdopet.to Wmawtset neutralize tfsk effects of .L

earlier ocasrring variables, some are more diffkult to neutralize than othera. Further, the variables

of the various heat treatment techniques and schedules are influential iin.~emaalves toward effecting

property variation. Thus, relative to the mechanical pmpardes available for Ti%A14V alloy es

obtained in a specific condition of heat treetmen~ the entin? g?r.rsu?of possible variables nwY have

influenced the pmpertiea observed (and in addition, the testing variablea). Therefore, consideration

for al I variables and their effects should be given in the rwiew and study of properties obtainable

with sdected heat treatments. A review of the heat treatments being used for Ti.8Al-4V alloy

follows:

,.
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Stress relief annealing

(2 to 4 hours at 1100 F, air cool to room temperarwe)

Full annealing (or mill annealing]

(2 hours, 1350 H5 F, air cool to room temperature)

Annealing for continuously rolled sheet

(5 minut&, 16(M F, Rapid furnace cool, plus 5 minutes

1100 F, air cool to.room temperature)

Recrystallization annealing

[4 or more hours, 1700 F, furnace cool to 1400 Fat

100 F/hour (no faster), cool to 900 Fat 670 F/hour

(no slower), air cool to room temperature] .

Duplex annealing

(10 minutes 1725 F, air cool, plus 4 hours, 1250 F,

air cool to room temperature)

Beta annealing [or bata mnditioning followed by other

heat treatments]

(30 minutes, 1900 F, air cool, plus 2 hours, 1350 F, air

cool to rm,m temperature)

[30 minutes, 1900 F, air cool; followed by solution

treating and overaging.]

Solution heat treatment

(10 minutes, 1725 F, water quench)

Solution heat treatment and overagihg

(10 minutes, 1725 F, water quench, plus 4 hours,

1250 F, air cool to room temperature)

Solution heat treatment and aging

(10 minutes, 1725 F, water quench, plus’4 hours, 950-1000 F,

air cool to room temperature)

MI L-HDBK-697A
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The general effects of the various heat treatments areas follows: annealing heat treatments

result in moderately low strength but ductile material; the specialized annealing heat traatmenta–

i.e., recrystallization annealing, duplex annealing, and bata annealing-result in nearly the same

ctrength and ductility combinations aa from annealing but with improved fracture toughness

characteristics; and the solution heat treatment plus aging heat traatnsenta result in improved

strength with some sacrifice in ductility and toughness. Overaging heat treatments result in leas

strength but in more ductility and toughness than aging heat treatments. The difference between “

overaging and aging heat treatments on the hardness of Ti-6A14f alloy (directly relatable to

tensile strength) is illustrated in Figura 17. (Overaging treatmenta”tend to produce more precipitate

than aging treatments, @in differant form and distribution, to account for differences in proper-

ties.) Beta heat treatments given as preliminary treatmerits tend to lo~r strength and ductility but

to improve toughness Solution heat treatment, per se, results in a ductile condition suitable for

forming and/or subsequent aging but is usually not usad as a final heat treatment for a sawiceable

part.

I
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Figure 17. Effect of Aging Time and Temperatuni on the Hardness of Ti-6A14V

Alloy Solution Annealed at 1662 F and Water Quenched

While it is not possible to describe the fabricatiori and heat treatment variables that exist for

all commercial alloys, it is hoped that the features detailed for the Ti-6A14V alloy can be viewed

as an exempla~ case. Many of the principles described pertain to numerous other materials and

can be directly applied. On the other hand, sufficient differences exist between Ti-6Al-4V alloy

and alpha alloys (e.g. alpha al Ioys are not heat treatable) or beta alloys (e.g. beta alloys are

routinely beta fabricated and seldom show pririsary alpha in structures) so that the careful rwiew

of the metallurgy of each grade to be used should be undertaken prior to using them.

“Heat Treatment Processes “ . .. .

21. Heat Treatment Requiremerste. Generally. heat treating procedures are used to
obtain desired properties within the limitations of the _ive titanium. allOYa, Mill PrOdUCt

forms, sizes, and prfor metallurgical conditions imposed by prior processing. The requirements

for control of beet.treating processes, ,as applied to titanium and titanium alloys in manufacturing

and maintenance facilities, are covered by Specificatio-n MI L-H-E1200A, “Heat Treatment of
..——-.

Titanium and Titanium Alloys”. This specification is currently being studied to determine the

extent of rwisions to be made, since it currently does not mntein inforniation on all titanium

alloys listed in major materials specifications such as Ml L-T-90@ and Ml L-T-9047 and others such

es some newer AMS specifications. In addition, Ml L-H-81200A praeentl y describes heat treatments

for quite a few alloys that are no longer in production and/or used. Nevertd’ieless, this specification

describes the minimums acceptable for such items as temperature measuring equipment, furnaces,

heating media, fixtures and racks, and heat treatment operations and procedures (time-

temperature-and cooling details) as well as sampling, inspection, and testing procedures. As
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described in previous subsections, temperatures and times for heat treatment are merely two of the

variables that can influence final properties; other variables relate to alloy chemistry, fabricating

schedules, part thickness, etc. For thk reason, the tempera~re and time rrm9es recommended fOr

heat treatment are adjustable to dwelop the desired properties for titanium allow which are

specified in the related procurement dpcuments, or detailed in applicable drawings and purchase

ordera. Mandatory temperatures and soaking times specified for the various heat treatments

(solution, aging, annealing, and stress-relief annealing] to cover all the variablea for titanium mate-

rials as previously described, cannot be stated. On the other hand, the recommendations of specifi-

cations such as those in MI L- H-B ~2(KIA, establish a minimum acceptance level for procedures and

properties, and deviation from them must be substantiated by actual tests to prove that the devia-

tion produces an equivalent or superior product.

22. Furnaces. Since titanium is such a reactive metal at elevated temperatures, vacuum

furnaces are ideal for its heat treatment, However, while vacuum furnaces are commonly used to

heat treat titanium and its alloys, the expanse of vacuum heat treatment is not practical for maoy

procedures and parts. Therefore, furnaces having inert gas, air, or combusted gasesas the atmos-

pheres are usad more commonly. In all crses, the furnace should be of a suitable design and

criwtruction to permit the easy handling of the part, the uniform heating of the part, and any

1

desired preferential cooling of the pert.

In the case of inert atmosphere furnace:, the inert gas such as argon or helium, should be u~d

at a dew point of -65 F or lower to prevent contamination of the titanium parts being heat treated.

The inert gas should be circulated to insure the protection of all surfaces of the part(s). In the case

of fuel-fired furnaces, where combwted gas is the atmosphere, the most important precaution to be

observed is that the titanium work piece should not be exposed directly to the flame. The furnace

atmosphere should be as free from water vapor as possible and should be slightly oxidizing. Both

water vapor and incompletely burned fuel vapora can react with titanium to form atomic hydrogen

which is readily absorbed by titanium. The only practical method for removing hydrogen from
I titanium is by vacuum annealing. The other contaminating interstitial elements, carbon, oxygen,

and nitrogen, cannot be removed from titanium although contaminated outer metal layers can be

removed from work pieces.

Air chamber furnaces are very flexible and economical for handling large volumes of titanium

parts being heat treatad, especially for moderately Iow-tamperature,heat treatments. On the other

hand, at high temperatums, where surface oxidation becomes significant, a muffle furnace design

using external heating offem mom protection, particularly if the furnace is gas fired. Electric

furnaces for small Iota or special heat treatments are preferred, since heating can be accomplished

either internally or externally with a minimum of contamination. Resistance and induction typea
. . . . . . . . . . . . . . . . . . . . . . .

or ewcsnc rurnacas also nave oaen uaao to mmumlze contemmauon mrougn reaucao neaung

times. Salt bath type furnaces have been used for the heat treatment of titanium also, although

fimacas of this type do not appear to be preferred, “probably due to the intergranular attack of

titanium by certain salts, notably chlorides, which necessitate removal of the outer metal layers

of work pieces so contaminated.

The efftitiveness of certain heat treatments, notably solution heat treatment is largely

.dependent,bpon the effectiveness of the cold quen~ing terminat.km of the thermal exposure.

C)u~nch drftay time is critical with regard to obtaining optimum properties. For this reason,

furnaces for solution heat treatment, for example, should be Irxeted in close proximity to the

quenching equipment. In many cases, furnaces and quanching equipment are built together in

such a way that the titanium part can be dropped or rolled from the hot zone into the quenching
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media in a very short time. Water is the most widely used quenching medium, although low-viscosity

oils and water containing vmt?jng agents (e.g. 3 percent NaOH) have been u~d alao.

23. Stress- Relief Annealing Treatments. The manipulation of titanium during fabricatiofi

and/or welding operations in making end-use items can result in the build-up of residual stresses.

Since the part may be in a penultimate finished condition when the stresses are built up, a final full

annealing operation may not be feasible due to surface oxidation, fixturing to hold dimensions, or

mechanical property considerations (e.g. if the penultimate finishad part is in the aged condition).

For the allavaition of such residual stress, the stress relief annealing of the part may be considered.

This is generally a moderately low temperature. short-time thermal exposure designed to relieve the

stresses by thermal activation but to not degrade properties by oxidation or undesirable phase

transformations. As indicated in Table XXVI, temperatures in the range of 700 to 1450 F can be

usad (varies with alloy composition) although commonl y temperatures around 1000 F are popular.

To minimize oxidation, the time and temperature of the stress relief anneal should be kept low.

Frequently only portions of the residual sresses are removed, but to a Iwel not likely to be trouble-

some. A common practice in the stress relief, of weldments in aged structures is to perform part of

the aging heat treatment prior to welding and to &rmplete the aging after welding, simultaneous y

relieving residual stresses. Aging heat treatment temperatures alao can be used to relieve the atresses

in nonweldad structures to be finished in the aged condition. Higher temperature, longer time,

stress relief annealing treatments result in conditioning the metal to approach the full ennealed state.

24. Annealing Treatments. A itress-free, &qrsilibrium c~”l structure in titanium materials

achiewed by full annealing is generally the moat ductile and stable condition. The annealed structure

varies with alloy type as might be expeckad; alpha alloys ideally are annealed to an “all-alpha” (trace

of beta phase possible) equiaxed microstructure, near-alpha and alpha-beta alloys are annealed to

equiaxed alpha plus residual beta phase microatmctures (alpha/beta ratio depends on composition

and annealing temperature), and beta alloys am’ annealed to an equ iaxed beta microstmcture. Since

annealing temperatures for beta titanium alloys may be the same as solution haat treatment tem-

peratures and beta phase may be retained with either slow or fast cooling from temperature,

annealing and solution treatments for beta alloys are iynonomous.

As described in Section II 1, Paragraph 20., there are several kinds of annealing variations for

the Ti-6A14V al Ioy. The various thermal exposurea are designed to promote modifications of

microstructuma, commenaurew with various mill product forms, which yield somewhat different

combinations of strength, ductility, end toughness, but characteristically the moderately Wron9 and

stable rendition is promoted-not the highest strength condition. Typically the more highly

alloyed near-alpha impositions anrlthe elpha-beta alloys may be annealed in more than one

manner. One of the common aims of all such heat treatments is to achieve a repr~ucible structure

capable of resisting further change by phase tsanaforrnation when exposed to the elevated tempera-

tures of a service expcsaww. In general, the high temperature exposure in e modified annealing heat

treatment fixes or determines the phase morphology and alphe/bete ratio (subject to a preferred

prior fabrication schedule) and the final low temperature part of the treatment stabilizes the com-

position of the beta phase to resist tranaforpiation. In many ways: the low temperature exposure

of modified annealing heat treatments are like overaging heat treatments tiich are discussed in

Paragraph 26.. The modified special purpose annealing treatments also are further discussed in a.

subsequent paiagraph (Paragraph 27). The frequently used full annealing time and temfwatufe

ranges for titanium alloys am given in Table XXVII. Thaae annr@ing treatments result in the

moderately atmng, ductile and tough properties commonly aought for structural materials.

I

25. Solution Heat Treatments. Thermal exposures that are designed to develop a preferred

metastable composition of the beta phase in two-phase (alpha plus beta) or all-beta alloys are
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TABLE XXVI. STRESS-RELIEF ANNEALING SCHEDULES

Stress-Relief S&ets.ReIief

Nominal Composition. w,% Temperature, F Time, hourt

Una!lO@ Ti grades and
Ti-o.15 to 0.20 Pd alloys

Ti-5Al.2.5Sn (and ELI)

Ti.1 to 2 Ni

Ti-2cu

l_I-2.25Al-l lSn-5Zr-l MO.O.2Si

li-5Al.6Sn-2Zr-l Mc-O.25Si

Ti.6Af-2Sn-l .5Zr-l MO-O.35Bi-O.l Si

Ti.6Al-2Ct-l T. M.8M0

Ti-8Al.l M&l V

Ti-BMn

Ti.3Al.2.5V

Ti-lAf.3Mml V

li-5Af.2Sn.2Zr.4 Mo-4Cr

Ti.6Af.4V (and ELI)

TWAf.6V-2Sn

Ti.6Al.2Sn4Zr-2Mo

Ti.6Al.2Sn.4Zr-6Mo

Ti.6Al.2Sn-2Zr-2 Mo.2Cr.O.2Si

Ti.7AL4Mo

Ti-l Al.8v.5Fe

TI.2Af-l 1V-2Sn-l 1Zr

Ti-3Al.8V-6Cr4M04Zr

Ti.11.5Mo-6Zr4.5Sn

Ti-6Mo.BV-2Fe-3Al

Ti.13V.1 1Cr-3Al

7s0 to 825

SS0 to 925

975 to 1000

lcmoto 1100

990 to 1200

Not reported

1075 Io 1125

Not reported

Not reported

Not reported

looot01200

lo75t01125

1450’

9oot0 1100

700 to 1m

9oot0 1100

Not reported

900 to 1200

lMfotO 1100

lMJot01200

900 to 1200

Not rep.mted

Not reported

900 to 130L”

1000 s01300

Not reported

Not reported(d)

Sootolloa

1325 to 1350

950t0 1100

9oot01000

1400 to 1450

7to B

2t0 4

1/2 to 1

114 to 2/3

114 to 6

1

714 to 1

2

l/6to 1K4 (a)

1/2[0 2

l12t0 3

l12to B

1/2 to ~(b)

2 to 4(C)

1/2 to 4

lt04

l12t0 B

into 4

I

Notes:

(a) A thort exposureat full annealing tem&eturs may be used. Air cooling from this exposure results in

stimulating the duplex annealed rendition: slow cooling: stimulates the mill annealed mndhion.

(b) For lWPWcent relief:50iw - 1000 For 5hr - 1200 F. For50percent relief; 5hr - 1000 For l/2hr-
1100 F.

(c) Cuntmonly used ranges.

(d) Full annealing or above d’m beta transus temperature ( -1460 F) may be usedto relieve mtidual strets.?s

or stressrelief may be achieved simultaneously with aging heat treatment.

(el Strets relief mav be acftk’ed simultaneauslv with aging heat treatment
(f) “ Strets relief may be achieved using thort.time exposure at the solution annealing temperature.
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,,TABLE XXVII. ANNEALING SCHEOULES

I Annealing

:

Temperature, Annealin Time,

,Nominal Composition, w % F 1hours al

Unalloyed Ti grades

and Ti-O. 15 to 0.20 Pd alloys

Ti-5Af-2.5Sn (And ELI)

1--1 to 2Ni

Ti.2cu

lT2.25Al-l lSn-5Zr-l Mo.O.2Si

Ouplex (2 step) anneal(c)

Ti.5Al-6Sn-2Zr-l Mo.O.25Si

Duplex (2 step) anneal(c)

Ti-5Al-2Sn.l .5Zr-l Mo.O.358W.1 Si

Duplex (2 step) anneal(c)

1300

lmot01500

1300 to 1675

1250 to 1450

f1650+

\

930

18m+

1100

1300

{

1950 +

lWO

2(b)

l14t04

l14t04

Not reported

l12t02

1

24

1/2

2

1

114

1

l14t02

l14t08

Intel

[AC)
(AC)

(AC)

(AC)
(AC)

(AC)
{AC1

(AC)

(AC)
(AC]

Ti4jAf-2CblTa.O.8Mo 13W;0 1700

Ti.8AI-l M&iv 1400 t01450

Duplex (2 step] anneal(c)
{

1650to 1860+

Ilooto 1375

Ti-8Mn 12543t01350

Ti-3Al-2.5V 1200 to 1400

Ti4AJ.3M&lv 1225 to 1350

Ti-5Al-2Sn.2Zr-4 Mo-4C$

Ti-6APIV (And ELI) 1275 t01600

1350 to 1400

Ti.8Af~V-2Sn 1300 to 1600.

Ti.6Al.2Sn4Zr-2Mo 13wt01560

Duplex (2 step) armed(c)
{

16EL)t0 1750+

lloot014Wl

{

~650 +

Triplex (3 step) anneal(c) 1450 +

llm

Ti-6Al-2SrwlZr6M$I 1500t01600+

Duplex (2 step) ●nneal(c)
.,

llmtolm

Ti-@Al-2Sn-2Zr-2M~2Cr-O.2Si

T*74M4M0’ 1425 to 1475

lTIA1-8v.6Fe 12W to 1400

Tii2Af-11 v-2Sml la 14CQ to 1600

Tii3A1-8V@2J-4M0.4 Zr 1600t0 1700

Tiil 1.5Mo.6Zr4.6Sn 1275t0161Xl

TMMO-6v-2F&Al 1460

Ti-13v-l lC+-3AI 1400 to lm

Notes:

(al GY.Ming rates in parentheses: AC=air coding, FC-fumxa coding, wC==water quench.

(b) C.nnmonly used annealing treatment.
(c) 8oth the high and the low temperature steps are required. Three steps are required in triplex anneafi;g.

(d) Slow cooling resultt in the mill annealed condition. Air cooling results in the duplex annealed condition.

.

(e) Slow cooling to 1O(B1O5O F, not exceeding 300 F/hour, improves stabilitv.
(f)

(9)
(h)

[i)

8
l/2t0” l-l/2

lt03

lt04

Not reported

l14t08
2(b)

lto8

lto8

lRto,l

l14t08

1/2

114

2

into 1

l14t08

Not reported

lto8

lto4

1/2 to 1

114.ta 112

lllotom

1/1.0 to 114

l/lotO 1.

. .,.

(AC)

(AC)

(AC)(FC)(d)

(AC]

(AC)

(Fc)(@)

(AC)

(Fcl(el

(AC)

iAci

(AC) (FC)(f I

(Fc)(e~

(AC)
(AC)

(AC)

(AC)

{AC)

(AC)
(AC)(g~

(F@)

(ACl(FCl(f)
(AC)(FCl(h)
(AC).(WQ)(il

(ACNWQ)O)
(ACIONCl)(~)

(AC)(WO)(’)
-.

Erther air c&ling or slow cooling as in (e).

Short. time, high temperature second step for sheet and up to “8’hwrs at 1100 F for thick.sect ion products.
Either air cooling or slow ccioling to 1000 F, followed by W&
Either air cooling or water quenching from solution annealing temperature.
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I designated solution heat treatments. A feature of solution heat treatment technique is to rapidly

cool from the elwated temperature to ambient temperature to retain the composition of the beta

phase es it existed at temperature.. This beta phase may retain a metaatebil ity or it may-transform

to various degreea upon cooling, depending upon ita composition, but in either cay it is coded tO a
. . . . -. . .

Condmon wtslcn WIII transtorm upon SUbS&pJent aging neat treatment. I he transTOrMatlOn of ttse

phawa fixed during sdution”heat treatment by subsequent aging heat treatments is the mechanism

responsible for the high strength in heat treatable titanium alloys. Table XXVIII gives the commonl y

uwd time and temperature solution heat treatment schedules for titanium compositions amenable to

strengthening by solution heat treatment and aging (STA) procedures.

~

The solution temperature required to bring about a preferred solid solution depends upon alloy

composition and degree of heat treatment response desired. Generally, for alphabete alloys, tem-

peratures high in the two-phase field promote a high aging (strengthening) response and vice versa.

Soaking times at temperature relate to temperature uniformity within sections of various thickness

and wlid volubility equilibrium conditions. Soaking time requirements increase with increasing

section thickness. The minimum soaking period may be determined by testing samples to make

sure that the required mechanical properties can be dweloped from the solution treatment used.

Minimum soaking times are sought for production reasons and in order to minimize the contamina-

tion that can occur at solution temperatures. The oxygen surface contamination which cbmmonly

occurs during solution treatment in air is frequently removed prior to further processing such as by

forming or aging treatments.

A rapid cooling (e.g. water quenching) from theaolution temperature is necessary to obtain

the maximum heat treatment response (strengthening or hardenability) in alpha-beta alloys. Quick

cooling also aids in avoiding the formation of grain boundary alpha (which can occur upon slow

cooling) that can result in poor ductility. Richly beta stabilized alloys such as beta alloys can be

cooled leas quickly (e.g. air cooling) from solution temperatures and still retain a good aging

response because the beta phase, being more highly alloyed than in alpha-beta al Ioys, is more

sluggish. For the above reasons, beta al Ioys have deepar hardenability than alpha beta alloys. That

is, thicker sections may be strengthened more uniformly through the thickness than comparable

thicknesses of alpha-beta alloys. In thick sections of weakly ,beta stabilized alpha-beta alloys, center

sections cannot be cooled rapidly enough to promote much subsequent aging response and for such

allovs. their deoth of hardenabilitv is limited. Allovs that are atronqlv beta Stabilized have a d@3D

hardenability which is generall y p~oportional to the degree of beta &bil izat ion. The following

tabulation showa the relationship between compositions in terms of beta stabilization and depth of

hardenability (section thickness that can be strengthened by STA treatment although not necessarily

to a uniform strength level throughout the thickness. )

Ti-6Ai4V, weakly bets stabilized : up to 1 inch

Ti-6Al.6V-2Sn, greater beta stabilization : up to 2 inches

Ti-6Al-2Zr-2Sn-2 Mo-2Cr-0.25Si and

Ti-6Al-2Sn-4Zr-6Mo, richly beta atebiliz~ : up to 6 inches

Ti-6M0-6V-2Fe-3Al and

Ti-13V-l lCr-3Al, bets alloys : up to 8 inches

Relative to rapid cooling and the attainment of acceptable STA mechanical properties in

alph%-beta alloys, is the quench delay time-the time delay between solution temperature and the

actual sart of the quenching operation. Obviously, if the dela y time is long, the part wil I be

essential Iy slow cooled between the solution temperature and whatever temperature the part reaches

just prior to quenching. That situation can lead to poor heat treatment response and therefore

quench delay time should be minimized especially for the weakly beta stabilized alpha-beta alloys.
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TABLE XXVI 11. SOLUTION HEAT TREATING SCHEDULES

Solution Temperature, F SoakingTime, hours”-

Flat-Rolled Barsand Flat-Rolled Barsand

Nominal composition, wt % Products Forgings Products Forgings

TL3AI.2.5V 1600 to 1700 1600 to 1700 114 10 1/3 l14tol13

Ti4A1.3M0-l V 1620 to 1700 1700 to 1775 1/10 to 112 l16t02

Tk5A1.2Sn-2Zr4M040 —- m5@~ -- d(b)

DupIex tolution treatment (d)
.-

{

1500to 1575+ —- 4(C)

— 1475 — 4

Ti-6A14v 1650 to 1775 1650 to 1775 lllotol 1/6 to 1

Ti&W.6V-2Sn 1550 to 1650 1550 to 1650 116 to 112 1/6 to 1

Ti&lMSm-4Zr-8Mo 1550t0 1700 1550 to 170U 116 to 1/2 l14t01

Ti-6Al-2Sn-2Zr-2 M*2Cr.O.2St 1725 to 1750 1725 to 1750 114 to l(e)

Ti-7A14Mo

lflto l(e)

1675 to 1775 1676 to 1775 116 to 1-112 l16t02

Ti-l Af-8V-5Fe -- 1350t0 1450 lffitoz

Ti-2Al-11 V-2Sn-l 1Zr(f) 1350 to 1450 14wt0 1700 1/6 =1/2[e) l~tol(e)

li-3Al.6V-6124M04 Zr(g) lmto 1700 1500 t01700 II1O to l~(e) 1/4 to l(e)

Ti-1 1.5Mo-8Zr4.5Sn(g) 1276 tol SO0 1276 to 1600 1/10 to l~(e) l/l Oto l(e)

li-BMo.8V-2Fe-3Al (9I 1450 to 1475 1450 to 1475 l/fo to v3(eJ 1/4 w l(e)

Ti- 13V-1 lCr-3Al 1400 to 1s00 1400t0 1500 1/6 to lm(e~ 1/6 to 1(e)

Notes:

(al Only altoys recommended for use in the tolution treated plus aged condition we tabulated. Solution treat:

mentt terminated by water quenching (WO) unless otherwise indicated. ‘,

(b) Solution treatment for beta fabricated material.

(c) Air mold from high tolution temperature to Ioiv solution temperature.

(dl solution treatment for alpha-beta fabricated material.

(e) %lution treatment temtimted by either water quenching (WI) or air cooling {AC).
(f) Typical solution treatments indicated.

(g] The Iormer-time. hidwr tenmteratum solution treatment are favored for thick-tection prcductt (e.g., plate and

fo~ingsj while &o&time, l&er temperature treatments am used for items such as sheet and wire;

TA8LE xxIx. MAXIMUM auErwcH tfELAV, WROUGHT ALLOYS

(For lntnt=tion-TYpe tlmnching)(’)

Ncmtiml Tfticknets. ,, Maximum Time,

irtchet m~~ (b}

. .

Up to 0.081 ind 4

. .

.Cfver O.81 7

NtwP. ... .. .
(a)

(b)

Cluench delay time thould begin wtten the furnaca door begint to open. and end tien the last mmer of the

load is immerted in the water quench tank. The maximum quench delay time may be exceeded, with

extremely large loads or long length. if performance tests indicate that all parts comply with all other

requirements.
Shorter times than those thown may be necessaw to emure that the minimum requirements am complied

with when quenched
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The maximum quench delay times suggested for various product, thicknesses are 9iven in

Table XXIX.

26. Aging Heat Treatments. The heat treatments recommended to achieve the commonly

expected high strength levels for titanium alloys are given in Table XXX. Aging heat treatments

cause the transformation of the metastable phases produced by the solution heat treatment to other

phases. Classically, alpha phase precipitates from the beta phase during aging resulting in a residual

enriched beta phase and alpha precipitate.

Metastable B + = ppt. + enrichad 8.

However, other reactions are commonplace. For example, the omega phase also may precipitate

from the beta phase and intermetallic compounds can form upon aging. Further, in the case of

cerIain alloys, the beta phase existing at the solution temperature transforms upon quenching to an

alpha form that is supersaturated with beta stabilizer (alpha prime). During subsequent aging, the

supersaturated alpha transforms to beta and alpha phases.

Supersaturated ~+ 6 + u ppt.

It is not unusual for several of these reactions to occur simultaneously during the aging haat treat-

ment to contribute to the total strengthening process.

As indicated by the curves of Figure 17, the time and temperature of the aging exposure has

much to do with the strength level achieved. Classically, the low aging temperatures result in the

formation of much omega phase which characteristically imparts high strength and low ductility to

the material being aged. Higher aging temperatures tend to precipitate alpha from tha beta phase

by a nucleation and growth prc+xas, and with longer aging times, alpha particle size may become

large, the residual beta phase may be softened, and a net reduction in strength may occur. This

condition is called the overaged condition. It is characterized as a moderately high strength condi-

tion combined with better ductility and toughness than an aged condition for the same alloy with

the same prior prcxxsaing history. Overaging maybe carried out to an extreme degree to render

the properties of a material similar to the properties of a fully annealed structure.

27. Special Purpose Heat Treatments. The demand for higher strength and better ductility

in titanium materials which existed since their first use’has recently been accompanied by a demand

for additional characteristics such as improved toughness, improved thermal stability, and improved

resistance to stress-corrosion. To meet this demand, the development of new titanium alloys has

been pursued, and in addition, haat treatment techniques have bean modified to afford property

improvements. For exampla, several of the annealing heat treatments dascrikd for the Ti-6A14V

alloy in section II 1, Paragraph 20, are relatively new and have led to tha availability of mechanical

propeny mmbinations that were not availabla with simple.mill annealing or with the solution

traatlng plus aging procedures.

Recrystallization Annealing, for example, affords a maximum toughness and resistance to

atreas-corrosion cracking at an annealed strength level. The recrystallization anneal is achiwed by

furrtace cooling from a moderately high solution temperature in the alpha-beta field. Such a treat-

ment tends to enrich the residual bata phase at a low voldme percent of the structure and to other-

wise produce an equilibrium microstructure composed of equiaxed alpha and residual bata phaaes-

very stable and tough.

Duplex annealing is similar to solution treating plus overaging for Ti-6Al-4V alloy with the

important difference of.a low cooling rate from the solution temperature. Due to the difference

67

Downloaded from http://www.everyspec.com on 2009-08-06T4:47:49.



MI L-H DE K-697A

1 JUNE 1974

TAB LEXXX. AGING HEAT TREATMENT SCHEDULES(a)

I

Nominal Composition, w % Aging Temperature, F Aging Time. hwrs(b~

Ti.3Al.2.5V

Ti.4Al.3M&lv

Ti.5Al-2Sn-2Zr4 Ma40
Ti.6A14v

Ti.6Al.6V-2Sn

Ti-6Al-ZSn4Zr.6M0

Tt&N-2S*2Zr.2Me2 f3-O.2Si

Ti-7AJ4Mo

Ti-l Al.8V-5Fe

TI-2AI.1 lV.2SIt-l lZr(e)

Ti-3Al-8V-6@4Mo-4Zr

Ti-11.5Mo-6Zr4.5Sn

Ti-8Ma-8V-2 Fs-3AI

Ti-13 V-1 1Cr-3Al

900 to 950

9oa to 975

1050 to l150(c~

lloot0120Q

tlootolow

1050 to 1300(C)

875t01150

1100 to 12@~

lo50t01150

1200 to 1300(C)

9i%lzw(d~

8oot0110u

850 to 1250

6oot01050

1050 to 1 Zw(cl

900
11OO(C)

900 to 950”

1100,s0 1200[CJ

825 to 1000

2to 8

Zto 12

1/6 to 6

8

4t012

Zto 4

Zto 8

2to 8

2to 8

lt04

4

4 to 24

Zto 4

1 to 48

B to 24

6t012

8

8

8

8to16

2 to 60

Notes :

(a) On!y allow rscommendad for use in the solution treatad Plus aged mrdition am tabulated.

(b) Agingand overagingtreatments are terminated by air cooling.
(c) Oversgingheat treatmartt tshsdulet.

(d) The overaesdcondition may bs achievedwith the highe~tefnpttraturssof tie rangeindicated.

(e) Agingtreamtmts. including doubleagingtreatments within the time and temperature ranges shown have

bsan avsluated. A stsndard aging treatmmt hes not baen telected.

. .

in cooling rate, the bate phase residual from the solution treatment is not subject to profound

transformation since it is already pafially atrdrilizad during slow cooling. The subsequent overaging

tn?atment furdter stabilizes the two-phase microstructure and affords a material with moderately

high strangth (intermediate to annealed and STA strengths) and good ductility and toughness. Also,

the elimination of the quenching operation offers a production advantage for tftis heat treatment.

Beta annealing of aloha-bete allovs as the name imcdias. is a&omolished usina an annealina

temperature above-tie &a transus ternpemtura and ralativeiy slow m“oling from his high tem-- . .

pereture, followed by an tweraging treatment The h!gh solution annaeling temperature results in

a 100 percent. bats microstructure (at tampereture) which ~nsfonns to an acicular alpha atructura

upon cooling (see Structure A of Figure 16). Trensforrnad beta microstructure are associated

with excellent toughness and desit-ebla combinations of other propatiiaa as described previously.

Vihile the atmve special heat treatments have bean dascribad using the case for TL6AI-4V alloy,

other alpha-beta compositions can be similarly heat treatad with similar results. In addition to

these treatments, same compositions have preferred heat treatment schedules that were developed
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along with the development of the alloy or of a particular alloy form, to optimize properties. For

example, continuously rolled Tt-8Al-4V atrip is annealed according to a special schedule. Further,

the Ti-8Al-l Me-l V alloy has simple and duplex annealing treatments applicable to various product

forms and to the degree of stability and other properties desired. The Ti-8A1-2Sn-4Zr-2Mo alloy

has duplex and triplex annealing treatreien~, and variations in the, heat treatment ach@ulea

~
appropriate to various product forms. Thus it becomes apparant that while broad desxiptions of

the various heat treatments for titanium can be summarized, it is recommended Mat USW$of anY

particular titanium material should seek detailed heat treatment instructions for the development

of combinations of properties desired.

28. Heat Treatment Precautions. There are two fundamental requirements for successful

I
titanium heat treatment: (1) minimizing contamination, and (2) maximizing the accuracy of the

time, temperature, and cooling rate prescribed for heat treating a given material. The importance

of the latter point and the related metallurgical effwts have been reviewed in the foregoing sections.

Additional points related to precautions in avoiding contamination are summarized.

The oxidation of titanium at elevated temperatures can occur in air at quite low temperatures

including aging temperatures and can (cad to the degradation of properties if aging times are pro-

longed or if aging temperatures are high. The actual scaling of titanium can cccur at about 1lGG F,

and above this temperature, scaling and contamination of eubscale metal layers increases with

increasing temperature and time of exposure.” Oxygen diffusion results in a hard, brittle surface

(subscale) layer. This layer should be removed by mechanical or chemical means prior to forming

parta, further heat treatment steps, or application in’ components.

In addition to oxygen contamination (and to a small extent nitrogen) precautions that should

be observed during heat treatment, hydrogen contamination precautions should be followed.

Hydrogen may be readily absorbad from uncontrolled atmospheres of heat treating furnaces (e.9.

hiah dew Doint in inert oes atmospheres. fuel vaDora in fuel-fired furneces. or atmospheric water

va~or), an-d from pickl i~g arid s~le removal baths. Absorbed hydrogen &n be emb~ttling in

titanium under various conditions related to al Ioy type. Therefore if a hydrogen contamination is

suspected, it should be eliminated by vacuum annealing.

The above interstitial contain ination problems are not the ord y onas of concern. For

example, iron oxide in contact with very high temperature titanium” can result in a thermite type

reaction. In addition, the presence of chlorides during heat treatment (wen from finger prints) can

lead to a stress-corrosion problem. Other metals can react vigorously with titanium at elevated

temperatures, and eo can ceramic, other inorganic and organic materials. The necessity for the

cleanliness of the heat treatment operation becomes apparent when the reactivity of titanium with

practically everything it is in contact with is fully realized.

Oiatortion due to heat treatment has been a problem among some titanium users. Generally

no problem exisls if the work pieca being heat treated is not finished to final dimensions, since a

final dimensional control can be imposed on a heat distorted parl. Howaver, the heat treatment of

dimensionally finished pens can be a problem due to distortion and should be avoided. In some

cases, fixturing can be quite helpful in avoiding gross distortion, and in fact is frequently used wen

o? undimensiorsed work pieces. Howwer fixturing cannot be relied upon to prevent distortion and

warpage completely, so the preferred tectinique is to pe~orm heat treatment prior to dimensional

finishing.

I
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Forming Processes
..

29. General. Titanium is more difficult to form than the more familiar steels and aluminum

alloys. Titanium alloys generally have less predictable forming characteristics, and being quite

strong materials, require higher forming pressures which must be controlled over a smaller work-

ability range. That is, the spread between yield and ultimate strength, expressed as a percentage

of the ultimate strength, is smaller. Other characteristics adversely affecting titanium formability

include tendencies toward nonuniformities in sheet, notch sensitivity, galling sensitivity, low shrink

capabilities, and potential embrittlement by interstitial contamination (as in hot forming). Sub-

stantial improvements have bean made in forming machines, dies and techniques during the last

several yeara that have lad to practices for forming titaniu’m that have had a high degree of success.

Nevertheless, the successful forming of titanium still relies on:a good deal of experience.

Some companies prefer hot forming to improve the formability and dimensional tolerance

control of titanium. Othera use the cold forming, hot-sizing approach to accomplish the fabrication

of parts having close tolerances and acceptable mechafl~cal properties.

When formed at room temperature, unalloyed titanium and its alloys behave like cold-rolled

stainless ateeL For example, in stretch forming, titanium seems to behave like full-hard stainless

steel, while in press forming, unalloyed titanium can be produced to shapes achieved in onequarter-

hard stainless. Further, the formability of moat titanium alloys at 1200 F is comparable to that of

annealad stainless steel at room temperature. The commercial unalloyed titanium gradas, being

more ductile than the titanium alloys (generally), present fewer problems and can be fabricated to

simple shapes at room temperature.

Springback in titanium is often unpredictable but always to a degree that can be a problem

if not ~ken into forming considerations. Springbeck anglw”commonly range between 2~and 40

dagraas for sheets of Ti-6A14V alloy formed in bending at room temperature. The wide variat~ns

in yield strength among differant heats, magnified by a low modulus of elasticity, can give a wide

spread in springbatk angle, especially if the bend angle of the part is fixad by the forming tool and

the bend radius to thickness ratio is large. Of course, springback and springback nonuniformity,

tend to diminish with increasing forming temperature. ”

All titanium alloys resist sudden movement; hence, stretching and pressing operations are

usually recommended when a controlled rate of load application can be maintained. The slower

the forming speed, the batter the formability at room temperature. At elwatad temparaturaa, some

titanium alloys, like TL6A14V, have batter formabilities at higher forming temperatures. Faster

speeds may be necessary from an economic viewpoint, and can be tolerated if large radii ban be

accommodated in the part design. The formability of titanium is poor in operations characterized

by shrink flanges such as found in rubber press forming. Consequently areas that require gathering

of material should be minimized when designing parts . .

Hot forming improves the forming characteristics of titanium mainly by increasing ita ductility; “.

major imprqvaments normally occur above 1000 F for most titanium alloys. The yield strength

normally atar& to decrease significantly at about the same temperature arid this leads to lower

forming pressure raquiramants. Parts formed at elwatad temperatures exhibit greater mntour uni-

formity since smaller proparty variations exict between various Iota of material at the higher

temperatu ras.

.!

I

It is apparent from the foregoing discussion that titanium and its alloys may be formed both

at room temperature and at elevated temperatures with formability being improved using the higher
,,
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temperatures. Thedi=dvantagm ofhotforming, thepo=ibility ofwork-pi~e contamination and

the requirement for heated tobl ing, are not formidable and hot forming is today more widely used

than cold forming. Table XXXlgives a comparison of therelative formability of represmtative~

titanium alloys in various hot and cold forming operations.

30. Material Preparation. Conventional cleaning, etching, andd=aling prwedurescanbe

used to remove dirt, surface oxidized layers, and/or scales from titanium materials before fornsing.

Scales and surface oxides can increase the notch sensitivity during forming. Grease, oil, and all

residues from solvents or fingerprinting that might be a source of chlorides mo~oved before

any heating operation associated with forming to avoid a possible stress-corrosion reaction. Parts

requiring removal of oxides by etching or pickling operations must be of sufficient gage to allow for

this metal removal treatment. The pickling operation must be carefully controlled to minimize

local attack and undue dimensional changes.

Blanks and parts prepared for forming by one or more of several possible cutting operations

such as sawing, nibbling, or shearing should have the worked edgas deburred. The scratches result-

ing from the deburring operation should be parallel to the material surface. The edgas of shrink and

stretch flanges should be polished prior to forming. Sharp edges should be removed and chamferrad

edges should be avoided. Cracks in sheared edgas are undesirable, but maybe tolerated if they are

in an area that can be removed by trimming after forming. Scratches on the surface of a blank to

be formed are detrimental to the formability of titanium. Consequently, all necessary steps should

be taken to reduce the occurrence of scratches before or between forming operations. Interleaving

with paper is often used as an aid in minimizing surface scratching.

When titanium is to be heat@ in air for a long period of time, scale-inhibiting coatin% may be

used to minimize surface contamination. The appl ication o! such coatings are usually covered by

company specifications and should be carefully. followed. Inspection procedures, both on incoming

material and on material processed for forming, cannot be overemphasized.

31. Tooling. The choice of tooling materials for titanium forming depends on the forming

operation, the forming temperature, the number of pats to be produced, and coat considerations.

cold forming operations, which stress the tooling in compression, can be conducted with tools

made from epoxy-faced aluminum or zinc alloys. The latter can be cast close to the desired dimen-

sions and are easy and cheap to machine. Because machining is expensive, the coat of tool materials

is usually a small part of the total tooling costs.

The ability of tooling to withs&nd wear and dktortion at the forming temperature controls the

number of partz that can be made on a set of hot-forming dies. The selection of tooling Inaterials

for hot fornsing is often a mmpromiae baaed on expectations of tool performance and the number

of parts to be produced before changes in design or order completion occur. ceramic ~tarialsr

cast iron, die ~, nickel-base alloys, and stainless steals have been used successfully for hot-forming

tools Good tooling% expensive and is only justified when close tolerances or large production

quantities of parts are required. The following materials are examples of some used for h~t-forming -

operations.

Operation ““Materials
..

Stretch fomsing Cast ceramic (Glasrock), H-11, H-15, Hi Si cast icon,

AISI 4130, and type 310 stainfaas ateel

Brake forming’ H-1 1, H-13, and Incoloy 802.

Yoder roll forming H-1 1, H-13 tool steels
,.
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Draw forming High Si cast iron and Incoloy 802.

Hammer and hydropress High Si cast iron, RA330 stainless Seel,

forming Inconel X, and Incoloy 802.

Hot sizing operations Mifd steel, High Si cast iron, High Si nodular cast

iron, H-13, Types 310 and RA330stainlm.

steels, Inconel X, Hastel Ioy X, and Incoloy 802.

Hot forming may be accomplished using heating of the blank alone or combined blank-die

heating. Thelatter, ofcoursa, isp”raferrad. Integral heating oftooling forhotforming is common

since temperance control is easier and more pracis6. Die temperatures of 4@ to 1500 F have been

used and depend on the titanium alloy to be formed, the shape of the part, and the forming

method. Dies and platens are f raquentl y heated with electricity because of its f Iexibility, ease of

control, and cleanliness. Insulating blankets of various types are f raquantly used in conjunction

with hot-forming operations.

32. Lubricants. Lubricants perform three main functions in titanium forming operations:

(1) they minimize the energy of pressure required to overcome friction between the blank and the

tooling, (2) they reduce galling and seizing between blank and tooiin9, and (3) they control the rate

of heat transfer between blank and tooling as in hot forming. Friction is generally undesirable since

it accentuates the difficulty of securing uniform blank movement over the tooling.

Organic, nonchlorinatad oils, greases, and waxes may be used in cold forming operations as

well as the solid dry film lubricants such as the graphites and molybdenum dizdfide types.

Colloidal graphite is commonly used in both hot and cold forming operations. At elevated tem-

peratures, boundary type Iubrica:ion se6ms to be best. Consequently it is common practice to use

the solid dry film lubricants in. conjunction with oils and graases for hot forming. Many satisfactory

lubricants have been used in forming titanium that typically result in reducing the coefficient of

friction to 0.20 or less and in turn this results in low tool wear.

33. Forming Methods. The many kinds of forming operations commonly usad in making

end items from the batter known metals of commerce, are also usad in making parts from titanium

and its alloys- Basically each of the operations involves deformation by bending or stretching or

combinations of these and as earlier described might be done hot or cold. Hot forming generally

affords greater ductility and therefore greater formablli~. The operations include: brake forming,

stretch forming, deep draw forming, trapped rubber and drop hammer forging, spinning and shear

forming, dimpling, joggling, roll bending and roll forming, tuba bulging, and tuba bending. As

mentioned previrwaly, titanium work pieces under deformation in these various operations behave

much like the variws grades of stainless steel. Generally. the titanium al Ioys have a more limited

formability than the steels so that while all of the various forming methods can be used in making

titanium parts, cautious approaches to the forming method selected should be employed.

34. Forming Process Precautions. There are sevar~l specific precautions to be observed in

forming titanium and its alloys. These relate to contamination, notch sensitivity, anisotropy, strain
. . . . . .

rate sensitivity, Ute Bauachinger ettact, and Simple Overstraming.

The contamination of titanium during forming maybe avoid&1 or eliminated as a problem
qufie easily when it is realized how readily it can occur. ,In the handling of as-received titanium

stock, for example, the mere act of fingerprinting to any extent is considered poor form since the

chlorides of the printa might lead to a stress-corrosion problem in some further processing step.

Similarly the ink Drintinq on some stcck and any accumulation of layout marking, dirt, g~asa, etc.,

should be eliminated eariy h the processing sequence.
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pickling operations for example, should be controlled so as not to introduce further contamination.

ThMprmutions are~WiAlly impomant when hot forming isplanned. During hot forming, the

oxidation of titanium surfaces is certain to occur to some degree, depending on any coatings used,

andseverity of theexpoaure-temperature and dwell time. Thus, theelimination of contamination

picked up during the hot-forming operation must be careful Iy controlled too, by descaling, pickling,

or machining operations. Toinsure theatteinment ofdesirad mechanical propeniea, contamination

should be minimized throughout the entire sequence of”forming operations.

Titanium alloys are perhaps as sensitive to surface defects as any of the high strength materials

with respect toeffecte on formability. Thescratch marks oneurfacea thatcen appear during

handling and the tool marks on cut surfaces, edges in particular, can be the ctress risers that result

in poor formability. Su&notch~mum beminimizd oreliminat4 toachiwe agoodformabiliW,

andincriticel operations, auchas atretch forming, thepolishing ofedgaa isnotatoo extreme pre-

cautionary meawre. Genemlly, ~ratch~, notcha, ordefwS orien@pamllel tothemaiorwrain

axis of the wurkpiece are leas a problem than those otherwise oriented.

B~use titanium mill products are often aniaotropic, sections that are to be formed should be

oriented in such a way that the maior deformation occurs in a direction of maximum ductility.

For example, in stretch forming, blank layout should be performed so that maximum stretch will

&awompliAd intherolling orlongitudiml ditiion-pamllel totie grain. In bending, the bend

axis would preferable be perpendicular to the grain to take advantage of the maximum tensile

elongation in the longitudinal direction. While it is realized that preferred material orientations

cannot be achieved in some forming operations or in some parts, the limitations of ductility in

aniaotropic products should be understood and accommodated. Similarly, the strain rate sensitivity

and the variation of this sensitivity among various titanium alloys should be understood in selecting

a forming process that is the most closely matched to the materials capability.

Cold forming can result in a loss of compressive yield strength via the Bauschinger effect. This

is a phenomenon wherein the compressive yield strength can be appreciably lowered upon

plastically deforming a metal in tension. (Tensile yield strength also maybe decreased by plastically

deforming in compression.) Titanium alloys are subject to this phenomenon to various degrees and

serious degradation of properties cars be experienced in cold formed parta where the problem has

not been anticipated. Figure 18 shows the decreases in compressive yield strengths f or representa-

tive alloys deformed by various amounts in tension. In spite of the extent of these strength

decreases under certain conditions, the yield strengths may be restored by asress relief annealing or,

of course, by full annealing or solution treating and aging if those are steps in part making subse-

quent to forming, Stress relief annealing, a hot sizing operation, or a full heat treatment of some

type following a mld forming operation not only eliminates the problem of the 8auschirsger effect

but minimizes or eliminates problems of delayed cracking and at= corrosion. Thus where cold

forming is selected in lieu of a hot forming operation, it is well to consider an appropriate thermal

exposure to recondition the workpiece to insure optimum properliea.

Machininq P&aasea

35. General. Several years ago, titanium had the reputation of being very difficult to

machine compared with common construction materials. However, years of experience and m

aeamh on various problems have progressively imprwed the situation. Today, tools and techniques

are available for machining titanium efficient y. In fact, some machining operations give more

consistent results on titanium than they do for some ateels. A bonus factor is the ease of attaining

good surface finidses. Roughness values as low as 20 to 30 microinches can be obtainad on some

pans.
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Figure 18. Effect of Cold Stretch Forming on the Compressive

Yield Strengths of Various Titanium Alloys

Generally, machining problems for titanium c-erroriginate from four sources: high cutting

temperatures, chemical reactivity and abrasiveness with tools, and a relatively low modulus of

elasticity. A built-up edge, however, does not form on tools used to machine titanium. Although

this phenomenon accounts for the characteristically good finish on machined surfaces, it also

leaves the cutting edge naked to the abrading action of the chip peeling off the work. In addition,

titanium produces a thin chip, which flows at high velocity over the tool face on a small tool+hip

contact area. This, plus the high strength of titanium produces high contact pressures at the tool-

chip interface. This combination of werrts and the poor heat conductivity of titan~um results in

unusually high tool-tip temperamres.

The cutting temperature achieved at the tool point depends pertly on the rate at which heat

is generated, from the tool forces involved, and pertly on .he rate at which it is removed by the

chip, the cutting fluid, and by conduction through the tool. The heat-transfer characteristics of the

chip and work material dapend on thermal diffusivity, which is a.function of density, specific heat,

and thermal conductivity. Since titanium exhibits poor thermal diffusivity, tool-chip interface

temperatures are higher than they would be when machining other metals at equal tool stresses.

lb higher temperatures in the cutting zone lead to rapid tool failure unless efficient cooling is prc-
vided by suitable cutting fluids.

.

The strong chemical reactivity of titanium with tool materials at high cutting temperatures

and pressures induces galling, welding, and smaaring, since an alloy is continuously formed between
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the titanium chip and the tool material. This alloy passes off with the chip, producing tool wear.

Titanium reactivity also shoti’up when the tool dwells in the cut, even momentarily as in drilling.

The surface of titanium usually contains a high content of oxygen, especially if it has been -

exposed to air at high temperatures. This oxygen-enriched layer is hard and abrasive, and can cause

dulling of tools. Therefore, it is often desirable to clean the surface, prior to machining, by sand

blasting or by chemical deacaling. When this is not possible, the firat cut taken is usually a heavy

one, to cause the tool to penetrate under tha hard “skin” of oxygen-enriched titanium. Abrasion

by surface contamination or scale can notch cutting tools at the depth-of-cut line. Consequently,

this is another reason to remove oxygen enriched surface layers, if possible, prior to machining

operations.

The stiffness of a part, determined by the ahape and the elastic modulus of the alloy workpiece

is an important consideration in designing fixtures and selecting machining conditions for titanium.

Since the elastic modulus for titanium is only about half that of steel, a titanium part may deflect

saveral times as much as a similar steel pars during machining, creating tolerance, tool rubbing and

other tool miacutting problems.

36. Machining Requirements. Successful machining of titanium and its alloys requires the

use of highquality machine tools and cutting tools; an absolute minimum of vibration; rigid setups;

and observance of recommended machining practices.

Machine tool selection is a primary factor; just any machine will not do. [n fact, machine

tools used for machining titanium must be in excellent condition and possesscertain basic attributes

that insure vibration-free operations. Theaa include dynamic balance of rotating elements; true

running spindles; snug bearinga, slid=, and acmwa; sturdy frames; wide speed/feed rangas; and

ample power to maintain spaed throughout cutting. Undersized or under-powered machines

should be avoided. Certain locations of machines near or adjacent to heavy traffic also can induce

unwanted vibration and chatter during machining. . .

Rigidity of operation is a very important consideration. Generally, it is obtainad through the

use of adequate clamping and by minimizing deflection of work and tool during machining. In

milling, this means strong, short tools, machining cloae to the table, rigid fixturing, frequent

clamping of long parts, and the use of backup support for thin wells and delicate workpiecea.

Rigidity in turning is achieved by machining close to the apindte, gripping the work firmly in the

collet, and providing steady or follow rests for slender parta. Drilling requires short drills, positive

clamping of sheet, and backup plates on thrwgh holes.

Cutting speed is important in all machining operations and is a very critical variable for

titanium. Cutting apeed haa a pmnouncad affect on tookhip temperature: excessive speeds can

cause overheating and short tool life. Consequently, speeds are limited to relatively low values,

unless adequate moling can be supplied at the cutting site. However, all machining variables should

be carefully selected to effect optimum machining rates.
. .

All machining operations mquira a positive uniform feed. achievad mechanically. The cutting

tool should never dwell or ride in the cut without removing metal. As an added precaution, all

cutters should be retracted when they are returned across the wotk. The cutter should be up to

apeed and should maintain this speed as the cutter takea the load.

In summary, correct machining setups for titanium require strong, aharp cutting tools;

positive feeds; relatively low cutting speeds; and certain typ~ of cutting fluids. Improper cutter
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1. rigidity and/or geometry can contribute to vibration. Spindle speeds and feeds shou Id be verified

on each machine to ensure correct cutting conditions, since small changes in cutting conditions can

I
produce {arga changes in tool life. All machining variables should be Cerefully:selected to effect

optimum machining rates.

i“ 37. Tooling. ~enmachining titanium, itisn~e~W to&lmta tmlthat retains itshard-

n“&sathigh temperaturea. Sintered~rbide tools area good choice kauwof their’’red hardness”.

Excellent results are usually obtained with these but, because of their brittleness, carbide tools may

chip andspall when titanium chi~weld to them. Machirs@gofti~niumw ithcarbidet oolsrequires

-- rigid machines and a rigid setup. “Throwaway” carbide inserts are the mom economical cutters

@uaeof tfseirfrigh productivity. With the use of inserts, higher-rotetional speadsand heavier

feeds can be used; and no time is lost picking up cuts. Another reason why the “throwaway” inserts

/are more economical than cemented tYPea, is that thecostof newormulti-point inserts is lower
‘than the cost of ratipping or regrinding. Grade 883a.equivalrht carbide tips have performed best

on titanium alloys, both for roughing cuts”=nd~rsishipg operations. Cast-alloy steels, which fill the

gap between carbides and high-speed steels, are used when conditions do not permit the use of

carbides.

Titanium can be cut using high-speed steel tools; however, production rate is lowered. Never-

theless, for interrupted CUSS,high-speed tools may be the best choice. Live centers are always used

to suppers the work because of seizing when “fixed centers are emploved.

~

38. Coolants. Titanium can be machined dfi with good results; howwer, much better

results will be obtained when proper coolants are used. The coolant should be directed as close as

possible to the point of tool contact. Mist coolant or “through-the-wheel” coolant has proven

excellent for grinding or drilling titanium.

Cutting fluids are used on titanium to increase tool life, to improve surface finish, to minimize

welding, and to reduce residual stresses in the part. Soluble oil-water emulsions, water-soluble

waxes, and chemical coolants are usually used at the higher cutting speeds (75 to lCSOfpm and up).

Low-viscosiW sulfurized oils, chlorinated oils, and sulfochlorinated oils are used at lower cutting

speeds to reduce tool-chip friction and to minimize welding of chip to tool. Cutting oils may have

either mineral oil or mineral oil-lard oil bases. Many fluids that improve machinability are complex,

often proprietary, and sometimes contain unidentified active compounds. (Chlorinated oil cumin9

fluids pose a danger of stress corrosion from chlorine.residues. These residues should be promptly

removad with a norrchlorinated degreaser.) Machining handbooks frequently identify specific

coolants for use in specific titanium machining operations.

39. Matal Removal Technique& Both conventional and unconventional metal removal

techniques can be used in machining titanium. Conventional methods including milling, turning,

boring, drilling, tapping, reaming, sewing, broaching, and various abrasive cutting operations have

been dweloped for titanium. Unconventional methods &ch as electrochemical machining and
grinding, chemical milling, and electric-discharge machining have been advanced to a high State Of

efficiency in working titanium. Each method has connected with it a multitude of procedural

details which should be followed to obtain the best results. Due to the large number of instructions

an-d recommendations for each process it is impossible to cover them thoroughly in this handbook.

However, highlights concerning ~e~al of the commonly used metal removal techniques are cited.

a. Milling. Breaking or chipping of milling cutters remains a problem. A partial solution .

is to use “climb milling”, rigid machines, and a rigid setup. Progressive tool chipping and wear

produces a surface-finish deterioration and IOS of tolerance. Other problems found in milling
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include heat, deflection, and abrasion. In addition to using “climb milling” and rigid setups,

milling may be done more eucbessfully when tuning spaad is low, tool angles promote unhampered

chip flow, and tools are used that are of relatively small diameter but with the largest number ok

teeth.

b. Drilling. Success in drilling titanium is obtained by adopting a “keep drilling” concept,

using mechanical feeds. The dri II should not be allowed to ride, and low speeds and hea~ feeds

should be maintained. The drill should be sharp and as short as possible. When feeding the work by

hand, galling and seizing will occur if the rate of feed is not constant. The coolant should consist of

a sulfurized- or chlorinated-type mixed with mineral oils, or soluble oils and water and should be

supplied to the tuning zone in a positive manner. The galling action of titanium during drilling,

which may be accentuated by high cutting temperatures and pressures, resultz in rapid tool wear,

out-of-round holes, taperad holes, or smeared holes, with tap breakage a likely consequence if the

holes are to be threaded.,

c. Tapping. Tapping screw-holes can be troublesome, particularly in tapping blind-holes

where chips can build up. The largest possible tap drill should be used; those with spiral pointa are

the best. A rigid power setup is bener than hand tapping. Very slow tapping speeds with highly

active cutting flu ids are most effective.

d. Sawing. Titanium can be sawed by using a coarse pitch blade having two to six teeth

per inch. Blades whose analysis is high in molybdenum content outperform general-purpose blades.

.Blade tension should be high. Heavy feds and slow speeds are best; and a coolant should be used.

Some difficulty is encountered in sewing large billets. Due to the relatively heavy feed pressures

required to keep the blade cutting the material, and because the blade is subject to wear, it is diffi-

cult to maintain a straight cut. In cutting billet diameters over 8 inches, grooving the material

I/E-inch wide to a l-inch depth on the circumference helps to allwiate this problem, as this re-

duces the diameter and helps to guide the saw blade. Maximum rigidi~ is needad when sawing

titanium and is favored by using the widest and thickest cutting band permitted by the band wheel

and any radii. of cut that might be desired.

e. Turning and Boring. These operations and facing are essentially the same and offer no

unusual difficulties: They give less trouble than milling, as.pacially wfsen cutting is continuous

rather than intermittent. Howwer, the problems of high tool~tip temperatures, galling and abrasive

reaction with tool materials, and lack of sat-up rigidity can be serious if the general rules for

titanium machining are not followed. Low cutting speeds, feeds to result in constant metal re-

moval, and adequate coolant dirwed positively to the work zone are recommended for beat ra-

Suka.
. .

f. Abrasive Cutting. Another means of cutting titanium is to use abrasive cutting belts,

discs, or cutoff wheels. overheating and contamination ,of the work is prwentad by generous use

of coolants. Titanium and its alloys can be cut abrasively at about the same rate es hardened high-

spaed steal% Moderately light cuts are recommended. Smearing of ground titanium surfac~ can
. .

result from abrasive tool l~ding, and inadequacies of the sat-up rigidity, cutting spaed inadequacies

and poor tool ‘characteriatlca. Thaae problems can be minimjzed by choos”mg the right abrasive

tml and renditions. Aluminum, oxide and silicon carbide abrasive tools are available in a variety of

grit sizes, hardnassae and bond materials. Optimum spaads and feeds (generally light) are raCom-

mendad for each type. As in other machining operations, cutting f Iuids and their proper appl icetion

to the workpiace are very important for the successful abrasive cutting of titanium.

9. Chemical Milling. This unconventional method for metal removal refers to shaping,

fabricating, machining, or blanfcing of metal parts to specific configurations by controlled chemical
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dissolution with suitable etchants or reagenta. Chemical milling is particularly useful for removing

metal from the surface. of formed or complex-shaped parts, or from thin sections. The method

provides an increased capability and flexibility in the fabrication of parts and offers savings in labor

time, and materials. The chief drawback is the very careful mntrol required in maintaining the

desired dimensional tolermces and the composition of the acid etchant to prevent excessive hydro-

gen pickup.

The acid etchants used for the chemical milling of titanium are propriem’~ aqueous solutions

containing hydrofluoric acid (H F) plus other oxidizing acids and additives to inhibit hydrogen

pickup and to enhance etching characteristics. Etch ratas range from about 0.5 to 5.0 roils per

minute (1 to 1.5 usually). Time of immersion in the acid solution of course determines the depth

of cut. Depth of cut limitations are about 0.5 inch for titanium and minimum widths Of CUtS that

can be machined are about three times the etch depths (due to the sideways etching at about the

same rate as,down). Dimensional tolerances can be held to abotit *2 mik.and typical aurface-

roughneas values produced range between 15 to 50 microinchas. Etchants are usually circulated

in the etch tanks and parts are moved and turned to promote uniform metal removal. Etchanta

akio may be sprayed against the work piece where, f,or example, the piercing of thin parts is desired.

Metal can be removed from an entire part with chemical milling or else selective machining

can be accomplished by using masking. Simultaneous etching of a part from both sides is possible.

No elaborate holding fixtures are required. Many parta can be machined at the same time with of

coursa.tank size and solution volume limitations. Masking materials such as vinyl polymers and

neoprene elastomers are often applied in multiple coats and baked on (200 to 300 F) and patterns

desired may be subsequently scribed. The manual peeling of the mask to expose the area to be

etched follows. Patterns also may be developed by silk screen and photographic techniques. After

machhsing, the maskants can be easily remwed”by manual “peeling or by immersion in wlvents.
..’

I 40. General. Many individual joining processes may be used in assembling a titanium

structure. The processes include welding of several types, brazing, soldering (rarely), solid state

adhesive bonding, and mechanical fastening. Of these joining types, only welding is markedly
I sensitive to the choice of titanium al Ioy. The remaining processes can be applied to any of the

alloys with about the same degree of au&ess. There are many factors affecting the choice of a

joining procassand these include consideration of the metallurgical compatibility, strength require

menta, cost requirements, and permanency of the joint. Each procesihas its advantages and dis

advantages and few” fixed rules are applicable in selecting a joining method. Since joint require

menta are quite varied, this handbook doas not attempt to compare advan~ges associated with the

various methods. Instead, brief d~riptions of the procaszes are offered which emphasize the

major requirements and precautions.

Before discussing the several individual methods for joining titanium, some of the various

characteristics of titanium, which strongly affect joining techniques are reviewed.

a. Titanium and its altoys have a high affinity for oxygen, hydrogen and nitrogen at

elevated temperatures, and can become severely embrittled by theris at relatively low Iavels of

concentration. There are several possible sources for the contaminants.

b. Titanium alloys are susceptible to stress corrosion by sodium chloride (e.g., from

fingerprints) at temperatures above 600 F.
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c. Molten titanium is highly reactive with most materials, including all the common’

refractories.

d. Exc*ive alloy ingwith other structural metals (e.g., steel andaluminum) greatlv=dukm

the inipact strength of titanium due to the formation of brittle intermetellic compounds and ex-

cessive solid-solution hardening.

e. Titanium exhibits a high coefficient of friction, and has poor wear and galling character.

istics.

f. Titanium is noble in moat galvanic couples.

41. Welding Technology. lmpotiant factors forwelding titinium concern material and

process suitabilities. fitanium materials sui@biliW involv~Mo distinct criteria: (1) Theabilityto

physimlly produce awldedjoint, and(2) mtitiactoW petiorm_agce..of thejointinwwice. Very

few titanium alloys fail to meet the first while the second may be satisfied by proper alloy selection.

Commercially-pure titanium and the alpha-type alloys do not respond to heat treatment, and their

mechanical propetiies amaff~td only slightly byvariations inmicrommcture. Thesa alloys are

medilyadapted toall types of welding operations Depending onalloy content, themachanicel

‘propenies of alpha-beta alloys may be greatly affected by heat treatment and variations in micro-

structure. Spwiafmnsideration isrquired inselwting alpha-&ta alloys forwelding applimtions,

becetsseaomealloys areembrittled bywelding operations. Generally, increased bataatabilizer

content inalpha-beta type alloys decreases theauitabilityof thealloy for welding. Welded joints

in baaalloys areductile intheas-wlded condition, buttheir strengths are low. When heat-

tre.sted toincrease strength, weld ductility decreases. Thus, where achoice isavailable, alpha

titinium alloys ampreferred forweldti a=mbli~, with alpha-be@ and beta alloys being less

desirable depending upon the ultimate properties required in the joint.

Titanium welding process suitability is related to cost, requirements for joint strength and

Ieaktightness, and considerations for mill product fohit, component configuration, and joint design

andlocetion. Thewelding processes that may beusedon titanium assemblies include fusion

welding, resistance welding and explosive welding, though lass popular than these other methods

isuwdin thecldding ofshWtand plate andtheinterior orexterior ofcylindem. In the first

categoW, the processes of inter-gas-shielded tungsten arc (GTA for gas-tungsten-arc), inert gas-

ahielded metal arc (GMA), inter-gas-shielded arc apot (arc-spot), and electron beam (EB) welding

are popular. Laser welding is being developed. Intheaecond category, spot, roll-apot, andaeem

welding aretheclassic prcscesses. lnaddition, upaet-welding processed may beuaed to assemble

Special configurations. Forexample, f)afiwlding; afomofmi@nce wlding, jsuW.toprduce

jointain bera, forgings, rolh?drings,andtubing. Induction pressure welding, gaspreasure welding,

and high frequency (ultrasonic) welding also are common processes.

42. Fusion Welding. This is a general term often used to’titegorize welding processes in

wftich joining is accomplished by heating to the melting point usingan external heat source.

Titanium fusion welding is accomplished using an electric arc, plasma arc, or an electron beam to
. . .

melt the metal. GTA, GMA, Arc-Spot, and EB fusion welding processes fpr titanium have much in

common and the points diacu~d in this section relate to all”of them. Factors to be considered in

fusion welding include: composition of base metal, cleaning of the”parte to be joined, joint design,

filler wire, inert gas and its application, tooling, heat input, distortion (shrinkage and residual

stress), residual stress (property values), weld defects. inspection, and Subsequent jOint Perform-

ance. Obviously a welding handbook would be required IO describe all these variables and their

interrelationships. Here, only the highlights are mentioned.
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a. Base metal composition and condition. Alloy selection for titanium welding has been

previously discussed. Points to be added include concerns regarding compatibility with the heat-

treated condition of the base metal. before and after welding and contamination that might be

incorporated in the base metal prior to welding. Since any fusion-welding cycle results Iii a weld

zone of as<ast metal, any.preexisting microstructural condition in the joint area will be changed

during welding. 1n addition to the weld zone, the heat-affected zone of the weld area goes through

a cycle of heating high into the solid solution phase range. While this heating cycle has no harmful

effect on the mechanical pmpemies of unalloyed titanium, it can adversely affetit the properties of

highly heat-treatable titanium alloys to the extent that they become unsuitable for many applica-

tions. Heat treatment subsequent to welding must be designed for compatibility to the modified

structures of the joint. Contamination of the base metal surface layers in operations preceding

welding should be removed prior to welding because this source of contamination is sure to result

in nonoptirnum weld joints.

Since excessive alloying of titanium with other common structural metals has a deleterious

effect, titanium has never been satisfactorily directly welded to other metals. However, methods

have been advanced which use compatible metals (e,g., silver and vanadium) as an interlayer

Qetween steel and titanium to afford serviceable joints between these dissimilar metals.

b. Cleaning. Careful preweld cleaning is essential to successful fusion welding of titanium.

Poor cleaning can result in weld contamination and defects, particularly porosity. Edges to be

joined are often etched-, drew filed, wire brudwzd, or abraded and wiped with acetone or alcohol

just prior to welding. One commonly followed rule is: if the areas to be welded cannot be cleaned,

do not try to make the weld.,

c. Joint Design. Square abutting edges of titanium parts to be joined are satisfactory for

the thinner sections Thick sections may require a machined bevel or some other contour on the

abutting edges. Designs are usually based on geometries that are suitable from the viewpoints of

amenability to proper shteldlng and of allowing sufficient clearance for filling with molten metal.

The fusion welding process to be used is also a. factor. For example, EB weld joint configuration

has a much nwrowar gap than GTA or GMA configurations. Close dimensional tolerances are

alwa~s preferred with any of the we{dktg processes.

d. Filler Wire. Some fusion welding processes involve the addition of metal from sources

other than the base metal. Wire is most commonly used, since it is easy to add at a controlled rate.

Wire added during GTA (formerly referred to as TIG) welding is called “cold wire”. Wire U* in

GMA (formerly referred to as MIG) welding maybe called “electrode wire”. Filler wire is the

common term and is available in both unalloyed and alloy grades. Titanium wire for welding must

meet stringent quality standards since the high surface-area-to-volume ratibs of common wire sizes

used in welding reprwserrt a sizeable contamination source for weldmenta. Wire defects, such as

seams, laps, cracks, or center bursts, are strictly undesirable for filler wire since the defect areas are

a possible repository for contaminants.

e. Inert Gas. Special pmcedurea have been deweloped to ensure against weld contamina- ‘

tion in adopting fusion-welding processes to titanium assemblies. Only high purity weldhg grade

gases Should be used. The qwcial procedures include the use of large gas nozzles and trailing shields

to protect the face of the welds from air. and backing bars that provide means for introducing inert

gas to shield the back of the welds from air. Also, inert-gas-filled weldjng chambers are often used

● Recommended etchant is a 30% HN03–3% HF-balance H20 solution, used with caution to

avoid hydrogen pickup.
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with these processes. The dew point of the shielding gas serves as a measure of the gas purity with
I respect to water vapor. ‘Argon and helium are used for d’rielding with all fusion welding processes

1“ except EB (EB welding in vacuum). In addition to making sure of the purity of the basic gas,

another concern is that the inert gas is not degraded during flow through the welding equi~ment-1
due to leaky joints, etc.

i Tooling. Conventional GTA and GMA welding power supplies, torches, and control

systems are used effectively in welding titanium. Of course, the conventional welding equipment

I selected for use must be supplemented with auxiliary shielding tooling for welding to be done out-

side of chambers. Shielding devices are available that fzrovide an adequate inert gas flow at the

fusion zone, behind the fusion zone (trailing shield) and on the side opposita the fusion zone (back-

up shielding). Hold down tooling is commonly of the “chill” type (e.g. copped to afford rapid

I cooling of the heated metal and may in fact be designed integrally with the shielding arrangement.

9. Heat Input. With titanium fusion welding, it is the preferred practice to use heat inputs

that are just above the minimum eisergy required to melt sufficient metal to form a wald. High

level heat inputs contribute to Various bad effects. The lowest heat inputs are obtainad with EB

welding.
I

h. Distortion. Fusion welding processes are characterized by thermal cycles that cause

localized shrinkage. Shrinkage must be planned for–it cannot be avoided. Shrinkage, in turn, can

result in part distortion. Shrinkage can be controlled to some extent by tooling restraints and both

shrinkage and distortion are minimized by low heat inputs. The residual stresses in fusion weld-

ments caused by shrinkage and other espixts of the thermal cycle are often high when distortion

is low and vice versa. Such locked-in stresses are best alleviated by stress-relief annealing or full
~.

heat treatment cycles if those are appropriate after welding. If the residual stresses are not

~
?W:”:l relieved, it is quite possible that in addition to distortion problems, the stresses can contribute to

general mechanical properrf degradation.

i. Defects. Fusion weldmerrts can exhibit defects related to irregularities of the weld zone

geomet~ such as undarfilling, overfapa, undercuts, porosity, lack of fusion (e.9. at abutting WfaCCS),

inclusions, and cracks The production of defect-free vmlds is highly dependent on the quality re-

quimmersts of applicable specifications and inspection methods used. For example, cracks are

“ easily inspected for visually and are muse for weld rejection. Similarly, underfill, undercuts. and

overlaps, are easily detected and S@ defects may be alleviated by weld repairing (rewelding).

Inclusions, internal cracks, and porosity are much more difficult to detect however, requiring, for

example, radiography for identification. Some factors suspe@ed of causing porosity in titanium

welds are: high hydrogen content, oxygen, nitrogen, and carison contamination (joint area im-

properly cleaned or dirty fillar wire), and insufficiencies in technique related to improper heat input,

welding speed, gas flow. and cooling rate. Thorough insp@ion techniques an? capable of detecting

most of the defects that are known to result in degradation of weld properties. . .
. .

I
—-- ..... i. Joint Performan@. The only reliable way to determina what weld features are truly

defects is to evaluate the effects of such features in a test program. Ev.@uatione must inc!uda tests . “.

that are representative of the service conditions expected. Many d.efact-lika weld anomoliee have

no effect on the static-tension properties although th&e Same featurea may be found to degrade

performance in a fatiye teat. Thus, under the best of circumstanc& regarding both weld prepara-

tion, inspection, and evaluation short of actual service, a conservative engineering approach is

called for in the use of weldments. Under these conditions, fusion welding cart be an extremely

advantageous technique for a~embling components.
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43. Electron Beam Welding. Because EB weldhsg is quite a different form of fusion welding

than GTA or GMA processes, a general desaiption of some of the features of EB welding is offered.

The EB welding process is carried out in a high vacuum - at, or less than, 0.1 micron of mercury

pressure – and uses a stream of electrons accelerated from a cathode by a high elactricelptential

to produce the rquirad heat. The eleqtrons give UP their energy as heat uPon striking the material

to be welded. Two types of equipment are generally available: low voltage, rated up. to 60 kili-

volts accelerating potention, and high voltage, ratad at 60 to 150 kilovolts. With either type, the

low-vacuum system assures that contamination of the weld and heat-affected zone is lass than that

caused by any other welding technique. The lower-voltage equipment gives a weld fusion zone with

a width-to-penetration ratio of from @v&to-one (2: 1) to unity; the high-voltage equipment givea a

ratio of one-t~five (1:5) or greater. Thk penetration is often quite large because the electron beam

drills a fine hole through the work which is then filled in by Capillaw action. The main disadvantages

of the highwoltage equipment are the generation of X-rays, which require lead shielding, and the ex-

cessive drop-through and spatter at the root of the weld. The disadvantages can be managed quite

efficient y however so that EB welding has become a highly valised process for the joining of

titanium.

44. Resistance Welding. This category of joining tachnolo~ is characterized by methods

wherein the metals to be joined ‘are heated to the melting point or very close to it, using heat

generated by the resistance of the perta to the flow of electric currant. Titanium and all ofiita

weldable grades can be successfully reaiatenca-welded with techniques similar to those used for fer-

rous alloys; these techniques are somewhat simpler than those often used for aluminum alloys. The

most pertinent processes of this type are spot, roll-spot, and seam welding. As mentioned prwiously,

flash welding is sometimes considered a resistance welding method although it also can be classified

along with pressure welding.

in the most common form of spot and seam welding, electric current is passed through a

localized area of overlapping sheets until aufflcient heat is generated to melt a portion of the inter-

facing metals to form a weld nugget. The nugget is entirely contained within the remaining solid

portions of the sheet. Joints can also be made in which no melting is involved. These have bean

celled diffusion bondad or solid-state bonded joirs= They are similar to conventional resistance

welds except that no molten nugget area is formed. Both kinds of joints have heat affected zones

in the joint area. As might be expected, the weld nugget and the heat affected zones can be con-

trolled by selection of current size and application time wisich in turn controls the elevated tem-

perature cycle experienced at the joint. Electrode tool size and pressure applied through the

electrodes as wall as the composition and geometry of, the parts being joined are also factors in

determining the size and quality of the joint.

Aa in fusion welding, titanium alloy composition, condition, and cleanliness contribute to the

success or failure of resistance welds- Thus, these factors of pertinency to fusion welding as prs

viously discussed apply to resistance welding. Joint design is of course differant; resistance welding

involves joining of overlapping material layers. Such factors as edge dk.tance and interapot spacing

are of importance. Access to both sides of the joint is mandatory. There are further differences.

For example, filler wire is nwer usad in apot or seam welding. Also, some of the defects found in .

resistance welds, e.g. insufficient penetration, excessive sheet separation or surface indentation, are

of a different character than defects in fusion welds. On the other hand, some of the problems

en~ountered are common to both forms of welding, e.g. porosity, inclusions, contamination,

cracks, distortion, requirements for stress relief annealing, inspection, and post-weld joint perform-

ance. Some of the features of spot and seam welding are as follows:
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a. Spot Welding. Titanium is spot welded in much the same manner as other metals.

Special shielding (i.e., inert~as shielding), such as used for fusion welding, is not necessary because

of the close proximity of the adjacent surfaces at the weld zone, and the very short duration of the

I weld cycle. Titanium is often considered to be more readily spot welded than aluminum and niany

of the carbon and low al Ioy steels, because of its relatively low electrical and thermal conduct ivi~.

Also, since titanium and stainless steels are similar in electrical and thermal conductivity, and

strength at elwated temperatures, it is convenient and simple to adapt stainless steel spot-welding
I

techniques for use with titanium. Therefore, a titanium alloy of a given thickness can be spot

welded with the same welding machine settings that are satisfactory for a similar gage stainless

steel. The recommended machine settings developed for titanium by various investigators substanti-

ate this to a degree, and is generally considered as accurate as the ability to incorporate any recom-

mended data into the settings from one production machine to another. Various auxiliary controls,

such as upslope or down-slope or post-weld heat controls, do not seem to offer any exceptional

advantages when used in welding titanium. Roll-spot welding is the same as spot welding except

that a wheel-shaped electrode is used instead of the cylindrical type. Rotation of the wheel is inter,

mittent with thcwheel electrodes in a fixed position during the actual weld cycle. The apparatus

is indaed to provide programmed spacing between the parts joined.

b. Seem Welding. Since seam welding is essentially a series of overlapping apot welds made
pr’ograasively along a joint by rotating the electrodes, the same criteria for the spot welding of

titanium would apply to seam welding techniques for titanium.

. .

45. Upset Welding Processes. This method of making jointa not only involves the generation

of heat within the parts to be joined but in addition features sufficient pressures to upset the

heated metal, bringing the surfaces to be joined in intimate contact. Further, there may ba an

actual extrusion of the metal which formed the original contact surface to a position removed from

the axis of the ultimate joint. Thus, a feature of some preasura weldments is that original surfaces

which may become contaminated during heating, are removed from the critical portion of the

final joint. In this kind of joi nt, heat generation may be f rom gas torches, induction coils, electric

resistance between parts to be joined (flesh welding),”or high frequency generatore (ultrasonic

welding), Contamination from the heat source is relatively unimportant due to the above described

upset featura in making the joint. Other methods are used too. For example, entire parta may be

heated in vacuum or inert gas and pressure joir@ with a minimum of localized upset at the joint.

Such methods are akin to diffusion bonding as well as to upwt welding.

Conventional pressure welding equipment is aetisfactoti”for upset walding titanium and its

alloys. The welds an? made in the Wme manner as for ateel using similar upset pressures of about

2500 pai. The pressure maybe applied throughout the heating cycle which, as previously men-

tioned, may be generated using gas torch welding equipment, induction haating, or resistance heat-

ing techniques.. The pieces to be joined are machined so that they are in a gcod fit up in the weld-

ing machine prior to the application of heat Butt joints are satisfactory for thin sections whereas

beveled edgee are sometimes used on thicker sections. For jointi ivith solid cross sections, inert-gas

shielding is not required but may beuaed.. Enclosures can be placed around the joints and in the

case of hollow cross sections, inert gas can be introduced inside of the ~mbly so that all surfaces
. .

are protected. from contamination. . .
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Upset welding is better adapted to the high-strength heat treatible titanium alloys than fusion

welding in two respects. ( 1) molten metal is not retained in the joint, so cast structures are not

present and (2) the hot metal of the ultimate joint is worked in the joining process which tends to

improve ductility. Upset welds that have mechanical properties approaching those of the base

metals can be made on conventional machines.
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While ultrasonic welding is not truly an upset welding technique, it is described within this

category as a convenience and due to the fact that small amounts of metal can be displaced in pro-

ducing the joint. Ultrasonic welding may be considered a form of pressure welding in which two

sheet surfaces to be joined are brought together and clamped between two electrodes. One electrode

oscillates at u Itrasonic frequency with respect to the other, parallel to the plane of the ititerface.

This causes the faying swfaces to mb across each other to form a solid-phase weld where a galling

action takes place. The vibrational energy not only causes relative motion of the two surfaces, but

generates some heat in the joint area which softens the metal and pr~motas welding. As in other

upset welding processes, the mechanical properties of the joint can be nearly equivalent to those of

the base metal under optimum welding conditions.

46. Quality Aasyrance for Weldments. Quality control for welding should start with incoming

material. WelTtaata made on material to be usad in welded assemblies will ensure that the base

metal and filler rods are satiafactoW for the intendad application.

One of the better and quicker means of evaluating weldments is visual appearance. Generally,

welds with dull white, gray, or yellow scale ar6 excessively contaminated. With more adequate

shielding, the weld surface may have a bright metallic blue or gold appearance or a combination

thereof. Colors such as these indicate surface contamination only, and the welds generally are

_.satisfactory. If the welds have the appearance of newly polished silver, this is an indication of

nearly perfect shielding. How&ver, contaminated welds with this appearance can be produced if

the shieldkrg around the molten puddle is insufficient, but shielding over the solidified weld is good.

Also, good weld surface appearance does not provide an indication that the base or filler metals

were not excessively contaminated before the welding operation “began. Even slight surface corr-

tamination should be removed from titanium weldments if post weld heat treatment is to be usad.

If not removed it can diffuse into the material during the heat treatment causing property deteri-

oration. Of course, before surface appearance is used to evaluate weld contamination, welds with

varying surface appearances should be,made under routine welding conditions, and then should be

tasted for ductility.

Other quality<ontrol procedures used for titanium weldmersts include dye perretrarrt,”ultra-

sonics and radiography for locating cracks, porosity, and other defects such as incomplete weld

penetration, tungsten inclusions, visual examination for undercut, penetration, and weld reinforce-

ment. Metallographic examination, mechanical tests, and hardness measurements are also usual

specification requirements.

47. Diffusion and Deformation Bonding. Th&a techniques for joining metals including

titanium are important aubcatagories of the technique referred to as solid state bonding. W[thin

this class, joints are produced with all components of the joining system being maintained as

solids. Roll bonding, gas-pressure bonding, and solid-state welding are other names used for the

general tmhnique. Properly prepared-metallurgically clean–surfaces are essential for achieving a

wccessful joint using this joining method.

In diffusion bonding, deformation is limited to tfrat amount required to bring the surfaces to

be joined into intimate contact. Once the surfaces are in contact, a joint is formed by diffusion of .

anme element or elements across the previously existing interface. Diffusion bonding is primarily

a ~me. and temperature-controlled pmcass. The steps involved in diffusion bonding are:

(1) Preparation of the surfaces to be bondad by cleaning or other special treatments

(2) Assembly of the components to be bonded
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(3) Application of the required bonding pressure and temperature in the selected bonding

environment ,,

(4) Holding under the conditions prescribed in Step 3 for the required bonding time =

I
(5) Removal from the bonding equipment for inspection andlor test.

Diffusion-bonded joints have been made in titanium and aweral of its alloys at selected condi-

tions encompassing the following ranges:

Temperance 1500to1900F

Time 30 minutes to 6 houra

Pressure 5 to 10 ksi.

Me &thods used to apply pre$aure include simple presses containing a fixed and movable

die, evacuation of sealed assemblies so that the pressure differential applies a given load, and placing

the assembly in autoclaves so that high gas pressures can be applied. A variety of heating methods

also can be used in diffusion bonding, but generally the temperature is raised by heating with some

type of radiation heater. With titanium, a vacuum environment is most practical, although it is

possible to bond in an inert gas.

Deformation bonding differs from diffusion bonding primarily in that a measurable reduction

in the thickness of the parts being joined occurs with deformation bonding. The large amount of

deformation involved makes it possible to produce a bond in much shorter times and frequently at

lower temperatures than with diffusion bonding. The desired pressure in deformation bonding

may be applied by suitable mechanical devices such as presses, as in tha joining of built-up structures

fmm layered components, or rolling mills, as in roll-welded sandwich structures. Considerable effort

has been expended in the dwelopment of these processes since the joint mechanical properties that

are attainable are the same as base metal properties. Correctly produced, a bonded joint may be

indislinguiahable from the base metal.

48. Brazing. This method of joining titanium can be used to advantage in many applications

“tiere welded joints are undesirable or difficult to achiwe such as in the joining of dissimilar metals

to titanium or of sandwich structures. Moat of the common brazing techniques are used including

induction, furnace, resistance, torch, and dip brazing. Moat of the problems encountered in brazing

titanium are related to titenibm’s high affinity for other elements. That is, con~mination prob-

lems, es described in previous sections, and compatibility problems related to the difficulty in

finding braze filler metals that do not react diaadvantagaously with the base metal (i.e. producing

embrittlemmt or erosion problems). Another problem area haa been one of finding braze filler.

metals suitable for use in the thermal cycles that are compatible with the heat treatments used for

titanium alloys. Since the preparation of surfaces to be brazed irtyolvea the same general precau-

tions es are applicable to other joining processes for titanium, discussion will be confined to the

topics of filler metals, fluxes and atmospheres, and brazing medzods. ,.

..

a. filler Metala. To be useful aa a brazing filler metal for titanium, an alloy must melt

within a desired temperature range which is generally between a temperature much above the use

temperature (on the low side) and below the bata transus temperature of the titanium alloy (on the

high side). Also, a brazing filler metal should readily wet but not alloy with titanium at brazing

temperatures to prevent degradation of the joint by formation of brittle intermetallic compounds.
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Practically all metals readily wet titanium but because of titanium’s high reactivity, they also

readily alloy with titanium. Because titanium-silver compounds are relatively ductile, silver and

silver-base alloys are Wad as brazing filler metals to produce brazed joints. Although alloying and

consequent formation of brittle intermetallics are not eliminated, ductile joints are possible when

the copper content of the silver is low. Silver and silver-base brazing filler metals form strong joints

with usable strengths UP io 600.600 F. The most useful alloys are silver-lithium, silvar-aluminum-

mangenase, and s~lver=”opper-lithium. The silver-lithium alloys are usad in a composition range of

0.5 {o 3.0 percent Iithiurn; The typical composition for the silver-aluminum-manganese alloy is

A9-5AI-1 Mn. The brazing temperature for this alloy is between 1450 and 1650 F.

Among other brazing alloys of interest are the silver-cadmium-zinc filler metals developed for

oxyacetylene torch-brazing applications (Ag-5Cd-25Zn is typical), palladium-base alloys which are

quite strong and are rasistent to nitric acid (also impermeable to hel ium leakage), aluminum base

alloys such as 3003 alloy, and a family of titanium-zirconium-bery ilium alloys. A preferred

palladium-base alloy is Pal-l 5.4 A93.5 Si with a Iiquidus temperature of 1280 F. Tkanium-

zirconium-base filler metal alloys include: Ti43Zr-12Ni-2Be, Ti-46Zr-5Be, and Ti-45Zr-5Al-5Be.

The latter alloys have improved crevice corrosion resistance, good strength and peel characteristics

and flow at temperatures below the beta transus temperatures of the titanium foil alloys.

I

b. Fluxes and Atmospheres Special fluxes, eitfrer in combination with, or without, inert-

gas atmospheres or vacuums, may be used for successful brazing of titanium. However it is not a

common practice to use fluxes in brazing titanium. All fluxes for titanium contain chloride com-

pounds. Thus there is a strong possibility that stress-corrosion cracking as a result of flux entrap
I

ment may cccur when brazing with these compounds. Consequently, tests should be made with

brazed joints, prior to use of these materials, to determine adequacy and acceptability.

Vacuums of from 1W5 to 10~ Torr are often usad to prwent contamination of titanium by

oxygen and nitrogen from the air during furnace and induction brazing. Inert-gas atmospheres of

helium or argon are also employed. The argon gas technique, however, is more commonly usad

than either the heliumgas or vacuum techniques. Some fluxes have been dweloped for use where

the titanium member(s) of the joint is protected against high-temperature oxidation by first

elactrochemically depositing a metal-protecting film on the titanium. However, as previously

stated, fluxas are not commonly used in conjunction with any of the brazing methods.

c. 8razing MetJrods. he effect of the brazing thermal cycle on base-metal properties is

important in aal&ting brazing method and filler metal for any particular application. The brazing

temperature may affect the.ultimate and yield strengths of heat-treatable alloys unless it is possible

to fully heat treat the assembly after brazing. If the brazing operation is part of the haat treatment

schedule, it must be at the solution temperature since brazing alloys are not available that melt and

flow at aging temperatures. Some overaging haat treatments are compatible with brazing tempera-

tures hovmver if the lower strengths of an ovaraged condition are satisfactory. If the brazin9 is to
be done at the solution temperature, cooling rate from ti,e thermal exposure must be compatible

with the recommended cooling rate for the alloy being brazed in order to dwelop the preferred

properties Of cwraa, if the material to be bmzad is intendad for use in the annealed condition,

the brazing cycle can usually be adjusted to conform with a preferred annealing heat treatment

schedule.

“ The various brazing techniques used for titanium and its alloys, together with their relative

advantages and disadvantages, are as follows:
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Induction brazing technique is used when the filler metals being used alloy readily with

titanium; the object of this technique is to obtain the shortest brazing time to minimize alloying in

the joints. The assembly to be brazed or the assembly and induction coil, together with filler metal

preplaced, are encloszd in a nonmetallic container filled with an inert gas; then, they are brazed -

using a predetermined heating cycle. Design of both joint and induction coil are important. Some

drawbacks to this technique are the type and size of joint that can be heated by an induction coil,

and the need for protection against atmospheric contain ination.

Furnace brazing is more easily adapted to various joint configurations and larger-sized

assemblies than the induction brazing method. However, filler metals are usually held in the

molten state for longer periods of time than in the induction method, which can result in excessive

alloying. To minimize brittle intemtetallics formation, filler metals that do not alloy readily with

titanium should be USA. The joints produced by this method are usually of lower strengths than

those from either” induction or torch-brazed techniques. Also, preplaced filler metal and protective

atmosphae or vacuum techniques are required.

Torch brazing uses a standard oxyacetylenetorch. Short brazing times, with consequent

minimizing of alloying, we possible. A slightly reducing flame is used. The equipment cost is low

when using this technique. The flux is preplaced in the joint, and the filler metal either preplacad

or fed into the joint. This method generally requirea special fluxes and skilled operatora. Also, the

removal of fluxes, contaminated surfaces after brazing, and possibility of stress-corrosion from en-

trapped flux pose certain” problems.

The resistance brazing technique uses spot-welding equipment to make lap joints. Filler metal
. . . . .. . . . . . . . . . .

I m me term ot ToII, is placed betWan me sheets wmn or wlmout tlux. rrotectton against atmos-

pheric contamination is not generally requimtf.

Chemical-bath dip brazing can be used, but this method is not generally recommended

because the titanium surface can be contaminated rather easily by the salt bath.
.

49. Soldering. Solder joining of titanium can be accomplished by first depositing a thin

film of silver, copper, or tin on titanium using a metal plating technique applicable to titanium.

These films can be wetted by 60Sn40Pb or 50Sn-50Pb solder-alloys heated with a soldering iron

using commercial soldering f Iux. The deposited films are thin and soluble in the liquid solders. If

tfse soldering temperatures become too high or soldering time too long, the film will completely

dissolve in the liquid solder. The soldering of titanium is not a much used joining process.
. .

50. Adhesive Bonding. This method of joining titanium Sham many fati.cfs in WmrnOn

with other joining techniques. Reproduction of good adhesive-bonded joints requires consideration

of the materials, processing conditions, equipment, end aubaequent service conditions. The

principal material involved in adhesive bonding is the adhesive itself-the titanium composition

being bonded is of little importance. A wide variety of chemical compounds have been used for

adhesivea. They m~ be classified es thertnoplaatic,. tfwrmoaetting, elastomeric, ceramic, and

blends of the first three types. Suitable adhesives for a given application must fulfill the rtsquir~

menta of being amenable to a reliable processing technique tfsat will intire.reproducible joint

properties, and of performing satisfactorily under service exposures particularly if elevated

tamperatum exposures are involved. . .

Equipment for adhesive bonding of titanium is of the same general types used in bonding

other materials. A major factor in the bonding process is the swfcce preparation.. Books have been

written on the subject. Significant differences in joint properties may occur because of surface prepara-

tion variations. Decreasing and acid etching or alkaline cleaning aswell asabrasive cleaning (e.g. grit blasting),.

. .
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have been used., The chief aim is to remove foreign matter from the surface and to activate it to

receive the adhesive. Chlorinated solvents are avoided as are pickling solutions which promote
. . ,

I hydrogen pickup. Activation films typically used for otanwm can Ise complex mixtures 01

phosphates, fluorides, chromates, tilfates, and nitrates.
I

Film thickness as well as composition is

important and prepared a,dherend surfaces should be bonded no later than 8 hours after preparation.

Assembly of an adhesivebonded joint after surface preparation involves applying the adhesive,

positioning and holding the adherends in the desired relationship, and curing. Adhesive application

depends on the type of adhesive used and can involve roller coating, brushing, troweling, dipping,

spraying, or laying on since thick or thin liquids, viscous plastics, tapea or sheets maybe the

adhesive form used. Positioning and holding pressures and devices are quite variable depending

upon the configuration being assembled and other factors. For example, dead-weight loading may

be satisfactory for simple shapes whereas elaborate vacuum chucking arrangements might be m-

quired in the assembly of complex parts Riveting has been used to hold assemblies together tw.

Up to several hundred psi pressures a~ required for some adhesives. Curing maybe possible at

room temperature but the. higher strength adhesives are cured at elevated temperatures. Curing

time is quite imporfantand joints properly processed and cured can be very satisfactory from a

mechanical properties viewpoint.

51. Mechanical Fastening. There are many methods available to produce a mechanically

fastenad joint including ahrink fitting, keys, spring retainers, nails, screws, rivets, and bolts. The

type of fastening used is determined on the basis of expected loads and type of loading to be en-

countered in service. Titanium and its alloys may be joined by any of the mechanical fastening

methods. Further, titanium fastening devices such as rivets and bolts are manufactured to be used

in the joining of titanium and ofher materials. Mechanically fastened joints differ so widely from

each other in joint design, type fastener, and means of assembly, that it is impossible in a short

space to fully describe any of the variables involved. Instead, this section limits discussion to a

few features of the mechanical fastening of and with titanium.

Titanium and its alloys are mechanically.joinad with the same kind of fastenera used for more

conventional structural metals. Fasteners are available in a large number of sizes and shapes.

Fastener types for both sheer and tension loading are available and may be made of titanium (and

alloys), aluminum, Monel, HI 1 or SAE 4340 steels, or A286 high temperature alloy. Almost any

fastener design can be applied to titanium so long as the factors of cost, application equipment,

fastener availability, shop experience, and joint performance are considered. Two compatibility

considerations also ~ould be given attention: coefficient of thermal expansion and galvanic

corrosion potential. For example, in high temperature service, mechanically fastened joints

between titanium and other metals can be subject to loosening and tightening of the fastener due

to thermal expansion difference Fastening with dissimilar metals also m“iaesthe possibility of

galvanic corrosion in the presence of aqueous electrolytes unless the fasteners are electrically

isolated as with sealants.

Fastening devices have been manufactured from a wide variety of titanium ,materials including

unalloyed grades (principally rivets), TL6AI-1 Mo-I V, the beta alloys, Ti-6Al-6V-2Sn, but aieflY

the TJ6AI.4V alloy. Galling and seizing are problems encountered with fastenera made of

titanium-between fastener and hole in interference fi! joints and bfmveen screw and thread in

threaded type fastenera. To ameliorate these difficulties, various coatings have been used, some of

which (e.g. cadmium) have led to fastener failure problems. Coatings on titanium fasteners also

have been used to al h?viate galvanic corrosion problems, for example on titanium fastenem used to

join aluminum component% As more and more experience is gained, solutions to the problems

B9
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are more readily available and an increased usc of titanium fasteners has been observed. They offer

a reliable high strength means of securing a joint with a considerable weight saving potential.

Coatings and Surface Treatments v

52. General. Surface preparations of numerous types may be applied to titanium and its

alloys for a variety of protection, property improvement, and decoration purposes. The prepara-

tions include metallic and nonmetallic coatings of numerous types and chemical and mechanical

treatments These may be categorized in several different ways, the usual method being classifica-

tion by type of processing. However, since only a brief presentation of the subject will be included

in this handbook, the various surface treatments available for titanium are included under the

categories of protective coatings, coatings for property improvement, and surface treatments other

than coatings.

Surface treatments for titanium may be applied to improve the oxidation andlor the corrosion

resistance, the erosion and the wear and galling characteristics, the dynamic mechanical properties,

other physical properties such as radiation characteristics, and the cosmetics. Some surface treat-

ments require an elaborate process for application while others may be quite simply applied. Most

surface treatments require precleaning of the titanium wrface. The usduhress of surface treatments

strongly depends upon the type and severity of service requirements. For example, service require-

ments range from the simple need to color-code equipment, achievable by painting, to the complex

needs of wear resistant gear teeth, obtainable for lightly loaded gears by combinations of electro-

chemical metal plating, shot blasting, and lubricants. Generally, surface treatments for titanium

are ouite useful and serviceable in the less severe applications whereas some of the more severe

potential applications cannot be satisfied with exi.&g surface treatments.

53. Protective Coatings. The reactivity of titanium increases markedly with increasing

temperature which results in scaling and surface contamination. At temperatures of about 1200 F

and above, oxygen contamination can be a problem if workplaces are not in some way protected

~ (e.g. by inert atmosphere, vacuum, or coatings). At 1500 F and above, scale formation on titanium

can be quite rapid and metal loss to the scale can be significant. Further, the metal layers beneath

the scale can be severely mntaminated. Thus, the need for protective coatings in such operations

as the prima~ fabrication of mill products and heat treatment is apparent. The titanium producers

uze protective coatings to minimize the problem. Ce@mic coatings of several types are used which

are generally composition controlled for selected temperature usage. Compositions are usually

proprietary but products are readily available with full insouciions for application and use tempera-

ture limits. A principal feature of thaw coatings is that they inhibit hydrssgen pickup as well as

oxygen pickup. Both nonfusing nonaelfdeaceling and fuaeble aelfdescaling types are available and

coatings of both types may be used in certain heat treatment pmcessas as well as in metalworking

operations.

Titanium and its alloys are quite resistant to many corrosive media and”conditio& but the

useful range of alloys may be extended in certain environments by the,use of coatings. For example,

the degmmlation of titanium (by crddng) by the ao.calhd hot-aalt%tr~rtiion reaction (in
. .

chloride containing er@ronmenta at temperatures of 450 F and higher) may be alleviated by

anodized coatings or by metallic coatings. Since anodized coatings vary iri hardness, density,

cryatellinity, and thickness depending upon anodizing conditions and electrolytes, different results

have been reported. Generally however, thin, dense anodized cbatings formed in NaOh, H2S04

or NaNH4HP04, afford some protection from hot-salt atresa.corrosion and such coatings have been

found to minimally degrade conjunctive properties such as post-creep tensile ductility and fatigue.

Aluminum coatings applied by hot dipping or flame spraying to thicknesses of about 1 mil and
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electroplated nickel coatings also have been found to afford some protection against the hot-salt

stress-corrosion reaction. Aluminum coatings also are useful for the protection against oxidation

and contamination of titanium in ejevated-temperature exposures. Incorrectly applied coatings, or

coatings which can interact with the basis metal in the service environment, are likely to have

deleterious effects to the basis metal. it is highly improbable that coatings which are classified as

protective for titanium apply optimally for all conditions of use designated for the protective

coating. On the other hand, judicial selection of coating systems will do much to enhance protec.

tion of titanium in many specific and unique applications.

54. Coatings for Property Improvement. The most widely researched type of coating for

titanium is one for the improvement of titanium’s wear and galling resistance. The relative softness

of titanium even in heat treated hardenad conditions, combined with its high reactivity with other

materials, kads to “the wear and gal Iing problem. The hard oxides and the oxygen enriched surface

Iayem that form on titanium are of no help in alleviating gallingand wear since they tend to be

brittle as well as hard and readily span,. Therefore, in service conditions where a rubbing together

of surfaces is likely to be encountered, the necessity exists for coatings which can improve upon

the galling and wear characteristics of titanium.

Metallic and nonmetallic coatings of many types have been used to improve wear properties.

Metallic coatings can be appl iad by dipping, electroplating, flame spraying, plasma-spraying, vapor

deposition, painting and baking, and other methods. Numerous metals can be used, including

aluminum, nickel, chromium, molybdenum, and others. Nonmetallic coatings can be applied by

a number of methods als@, including gaseous diffusion, salt bath reaction, painting, electrochemical

reaction, flame spraying, and chemical conversion reactions. The nonmetallic rewarched have

included nitrogen, oxygen, carbon, metal oxides, ceramics, and complex organic and inorganic

compounds. Each coating appeam to have advantages, such as relative ease of application and

improved wear characteristics, and disadvantages, such as degradation of fatigue properties,

associated with it. There is no such thing as the best coating for the improvement of wear and

galling: each need for coating must be carefully studied to determine the best coating for a par.

titular application. The following descriptions are for typical coatings which have been found to

be beneficial in the prior experience.

a. Aluminum. This metal has been applied by painting, flame spraying, roll cladding, and

hot dipping methods for example, wherein various th~cknassea of coatings can be built up. Although

aluminum has no better galling and wear resistance than titanium, it can be anodized by converv

tional means. The anodized aluminum coating in combinati6h with a lubricant, organics or resin

bonded dry-film lubricants for example, offer some improvement in the wear of titanium. As

pPWiOUSly mentioned, aluminum coatings are more commonly applied to afford some protection

against oxidation.

b. Nickel. Both electroless nickel plating and electroplating from conventional baths have

been used to apply nickel to titanium surfaces. Nickel plating has been used by itself in conjunction

with lubricants and. as a primary undercoating for overplates with chromium, iron, and other

metals, to achiwe improvements in wear and gal Iing properties. The metal can be used as plated, -

or as plated plus diffusion heat treated to achieve better adherency. Titanium-nickel intermetall ic

compound can form at elevated temperatures and this compound has been shown to be deleterious

to mechanical properties as wel I as to contribute to surface Walling. Nevertheless, nickel plates

can be used advantageously to improve the surface prope~tias of titaniu,m in some applications.

c. Chromium. Electroplating of chromium on titanium, with or without an underplate of

nickel or copper, has been examined extensively withthe purpose of improving wear and galling
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properties. Various electroplating procedures have given different degrees of adherency which is

one of the problems in using .electroplate for this purpose. Diffusion heat treatments cars be used

to improve adherency but this cars lead to the formation of titanium<hromium intermetallic

compound and problems of surface embrittlement. Lubricants used in conjunction with elect~6-

platas afford meaningfu I benefits in titanium applications where the wear problem does not involve

heavy contact stresses.

d. Molybdenum. This metal is usually flame-sprayed onto the titanium substrate and can

be built up to desirable thicknesses. Since titanium and molybdenum do not form intermetallic

compounds, surface embrittlement is not a problem. Howaver, oxygen enriched molybdenum

coatings and thick coatings are inherently brittle. Used with organic or inorganic lubricants,

molybdenum is used satisfactorily in applications involving sliding contact (e.9. sham), whereas it

is unsuitable for resisting severe abrasion and high-shock loads.

e. Nitrogen. The surface of titanium maybe hardened significantly with nitrogen via a gas

diffusion reaction or from cyanide salt baths. Carborsitriding also may be accomplished from

cyanide type baths. Quite high reaction temperatures are involvad in rsitriding titanium wtsich may

be undesirable from a substrate properties viewpoint. Howaver, the high hardness of nitridad

surfaces may be successfully used in conjunction with lubricants to resist wear.

f. oxygen. Titanium surfaces may be hardenad by simply exposing work pieces to air or

oxygen at elevated temperatures. Howwer, a more aatiafactoW coating from the viewpoint of

coating durability is obtained by using one of the numerous anodizing procedures. Titanium can

be anodized in nearly any electrolyte to give matings ranging between hard, thin, crystalline coats

and soft, thick, amorphous coats depending on electrolyte and electrical conditions. Direct current

exposure of the work pime in the anodizing solution should only be anempted after thorough pre

cleaning and exposures should be carefully controlled to yield the coating characteristi& desired.

Anodized coatings used in conjunction with either wet or dry-film lubricants are widely used to

improve the wear and gall ing resistance of titan ium.,

9. Ceramics. As an example of this type coating for titanium, flame sprayed aluminum

oxide may be considered. The A1203 coatings, applied either on the bare titanium or with a

nickel-chromium intermediate coating, can be used effectively in conjunction with lubricants to

provide hard coatings that are resistant to abrasion and wear. Ceramic coatings also maybe used

to improve erosion miatance. . .

h. Chemical conversion Coatings. Coatinga of *is type act as a base for lubricants

promoting their retention and thereby aiding the lack of lubricity and associated wear problems.

conversion coatings may be applied by spraying, bm”ahing, or immersion in salt baths, the Ianer

being the commonly used method. Sodium and potassium salts of phosphates and fluorides in

carefaslly controlled acidic solutions give a useful coating in f mm 2 to 10 minute exposure. The

resultant coatings are compriaedoof titanium~otessiumfrhoaphat~fluoride mmpounds wtsich are

quite stable and hold Iubricenfa well. The conversion coatin@ can be.used to facilitate metal-

working as well es to improve wear in service exposures.

i. Lubricants. The list of lubricants that have be6ri applied to~tarrium is seemingly

without end. Liquid and solid lubricants used on bare titanium afford some improvement for the

wear problem but are much more effective when used with a hard coating of some SYPe, e.9.

anodized coatings. Synthetic long-chain compounds, halogenated hydrocarbons, reactive inorganic

solutions (e.g. iodine in alcohol or hydrogen sulfide in water), colloidal graphite, and molybdenum

disul fide in either resin or lacquer have been used with variable results. When used on bare
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titanium, no strong natural bonding takes place between lubricant and titanium. Lubricants alone

may perform satisfactorily at low loads but heavy loads quickly cause a breakthrough and metal to

metal contact. The I iqu id lubricants which have shown a great deal of promise on bare titanium

are methylene iodide and polyethylene glycol. Molybdenum disulfide in a heat cured resin base

appears to be one Of the most beneficial dry-film lubricants. It cannot be overemphasized, however,

that lubricants alone do not offer much improvement in the wear and galling of titanium and are

better used in conjunction with one of the coatings for titanium such as a metal electroplate or

anodized coating.

In addition to the coatings applied to titanium for the improvement of the wear problem,

coatings of various kinds can be used to improve other surface properties. For example, metal Iic

plating (thin) followed by diffusion annealing was found to alter surface stress relaxation character-

istics and thereby improve creep and fatigue properties of the basis metal. Aluminum, copper, and

chromium were effective in this regard. Aluminum coatings and gold castings, the latter painted on

and subsequent y fired (at 950 to 14~ F) have been used to improve the heat-ref Iaction character-

istics of titanium. High emissivity paints for titanium also have been developed although paints are

usually used more for appearance and identification purposes than for such functional purposes as

an aid to thermal radiation. Anodized titanium has relatively low reflectance at short wave-lengths

and high reflectance at longer wavelengths to afford improved solar energy collecting surfaces. The

corrosion resistance coatings and the oxidation resistant coatings were previously described and are

rementioned here to point out the fact that there are coatings for titanium of many types,

apparently a coating for nearly avery need

55. Surface Treatments Other Than Coatings. Both mechanical and chemical surface

treatments are available for titanium that can impart desirable surface characteristics. Processes

such as shot paening, vapor blasting, grit blasting, surface rolling, or barrel tumbling can be used,

for example, to introduce surface residual stress for the purpose of improving fatigue properties or

reducing stress-corrosion sensitivity. Such treatments work harden the surface and alter surface

roughness, both factors that can affect bulk mechanical properties. For example, a fatigue life

improvement may be obtained in properly glass-bead peersed surfaces (glass shot preferred to Reel

shot to avoid iron contamination of surfaces in certain corrosive or reactive environments). Gla.xi

bead peening of the interior surfaces of titanium spacecraft tankage also Was usad to reduce atr6ss-

corrosion susceptibility. Peening intensity is quite an important factor in achieving a beneficial

result. In addition to the mechanical working of surfaces, mechanical finishing of titanium

surfaces achieved by machining, grinding, or POIishing operations, is equally important in affecting

such properties as fatigue life. Smooth finishes also can be important where reflectivity, fluid floW

resistance, corrosion, coating. adherence, friction, or appearance might be the property of interest.

Electrochemical and chemical polishing of titanium surfaces are important processes for some

application A jewelv finish can be obtained on titanium in an alcohokhloride electrolyte using.
titanium as anode and 30. to 6@volt direct current. A current of 1 to 5 ampkq. in. is maintained

in the room temperature solution for 1 to 6 minutes to achiwe a polished surface quite pleasing in

appearance and beneficial to such surface sensitive properties as fatigue life and bend ductility.
Chemical polishing also is possible, usually in aqueous wlutions containing the fluoride ion (e.g.

NH4F,HF to H2Si F6 solutions) and an oxidizing acid (e.g. HN03). The rate of chemical dissolution

and the degree of pol iahing are related to the solution .temperature,’ the titanium alloy, and the

condition of the initial surface. Polished surfaces can be beneficial in many applications.

Corrosion Characteristics

56. General. Titanium is inherently a reactive metal, so that whenever it is exposed to air

or other environments containing available oxygen a thin surface film of oxide is formed. It is to
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this film that titanium owes its excellent corrosion resistance. Titanium is equal to, or better than,

most metals in resistance to direct chemical corrosion by a wide variety of chemicals and is general Iy

resistant to stress corrosion, erosion-corrosion, galvanic corrosion, and oxidation. Compared to

many other structural metals, titanium generally is more resistant to corrosion in a wide variety-of

chemical environments, and generally is less prone to failure from stress-, erosion., and galvanic-

corrosion, and from oxidation.

The most protective films on titanium are usually developed when water, even in trace

amounts, is present in the environment. For example, if titanium and its alloys are exposed to

some strongly oxidizing environments in the absence of moisture, the film that is formed is not

protective, and rapid oxidation, often pyrophoric in nature, may take place. Examples of such

reactions that may be initiated at room temperature or slightly above are (1) titanium and dry

chlorine and (2j, titanium and dry fuming nitric acid.

The corrosion resistance of the various titanium alloys has not been investigated as extensively

I as that of the commercially pure grades; howwer, available data indicates that the general corrosion-

resistance characteristics of titinium are not impaired b~alloying. In fact, some of the beta alloys

are highly resistant to some very hostile environments (e.g. H~S04). When exposed to various WPes

of atmospheres for extended periods, commercially pure alloy titanium retains the luster obtained

in the finishing operation.

-,

57. Chemical Environments. Titanium and its alloys corrode rapidly in en~ronments that

cause breakdown of the protective films. Of most importance are such reagents as hydrofluoric,

hydrochloric, sulfuric, phosphoric, oxalic, and formic acids. However, attack by all these media

except hydrofluoric acid can be reduced in many instances by the addition of acid salts, oxidizing

acids, and other suitable inhibitors. Dry chlorine also attacks titanium, but it is quite resistant in

wet chlorine (1% moisture) and other oxidizing gases, such as S02 and C02. -.

Titanium has excellent corrosion resistance to all concentrations of nitric acid up to 350 F.

Howwer in nitric acid above 20 percent concentration and at 375 F, the corrosion rate may be as

high as 10D mila/year. Even at 550 F the rate of attack in 20% HN03 is only 12 miltiyear. An

anomaly exists, however, at 375 F, in that corrosion rates as high as 100 milalyear are reported at

concentrations above 20 percent H N03. Caution should be exercised, however, when-titanium

alloys are used in anhydrous fuming H N03 because the reaction can by pyrophoric. The resistance

of titanium to chromic acid is good, as is its resistance to aqua regia (3 HCI-I l-lN03). For mixt~~—

of sulfuric and nitric acids, co~rosion rates increase with increasing H2S04 conc~tration.

Titanium, like many other metals, has good resistance to dilute solutions of.alkali.. Hot, strong,

I caustic solutions will atteck unalloyed titanium and titanium alloys. On the other hand, there is no

widence to suggest that titanium alloys are susceptible to caustic embrittlement as are carbon

steels and stainless steels.
. .

Titanium is superior to stainless steels in its resiatarrce to corrosiorrand pitting in moat neutral . .

chloride solutions. The main exceptions ara LsoNingsolutions of aluminum chloride, atannic

I

chloride, cupric chloride, zinc chloride, magnesium chloride, and celciuty chloride, which all wi I

cause pitting of titanium alloys. In addition, at temperatut@s above about 200 F, titanium may

evince crwice corrosion in seawater or in promine. On the othw hand; titanium is not attacked by

the highly corrosive ferric chloride and sodium hypochlorite solutions, which are corrosive to \

stainless steel.
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Long-term studies indicate that titanium in seawater and marine environments is resistant to
pitting, stress corrosion, galvanic corrosion, crevice corrosion (below about. 200 F), erosion-

corrosion, and corrosion fatigue. Ttianium tasted for effect of flowing seawater showed a thinning

rate corresponding to 0.00003 irich per year. No thinning cou Id be detected in similar tests con-

ducted in slowly moving seawater. Even after severe testing for 60 days in rapidly moving seawatw,

titanium showed negligible attack. Conditions which usual Iy accelerate attack (stagnation in

crwicas; under fouling organisms; under moist salt crystals) failed to damage the metal. In salt

spray testa, titanium alloys were not attacked after exposure for 1000 hours.

The tensile properties of titanium alloys are generally unaffected by prolonged exposure to a

marine environment. Tensile test specimens with yield strengths of 105 ksi have withstood static

loads of up to 80 ksi in wa air for over four years without sign of failure. Specimens tested in sea-

water and in marine air maintained a fatigue endurance limit of 60 ksi.

Pure hydrocarbons are not considered corrosive to most metals, including titanium. In addi-

tion, titanium exhibits good corrosion behavior in most chlorinated and f Iuorinated hydrocarbons,

and other similar compounds used as hydraulic and/or heat-exchange fluids. It should be pointed

out, however, that such materials may hydrolyze in the presence of water. forming HF or liCl,

I which in turn may attack titanium. In addition, at elevated temperatures, these hydrocarbons may

decompose, liberating hydrogen, a portion of which may be absorbed by the titanium, resulting ih

loss,of ductility, or chlorides may be released that can initiate elevated-temperature stress-corrosion

cracking.

Titanium is not recommended for us? in gaseous or liquid oxygen since a violent reaction can

I
occur. When a fresh titanium surface such as a crack or fracture is exposed to gaseous oxygen, even

at -250 F and at a pressure of about 60 to 100 psi, burning can begin. Once the reaction starts, the

oxide formed is not protective, as it is, for example, with stainless steel. In liquid oxygen, titanium

is impact sensitive at Iwels below those of many organics. Titanium and its alloys also exhibit

pyrophoric reactions under impact in chlorine trifluoride, liquid fluorine, and nitrogen tetroxide.

I

However, ordy in the case of )iquid and gaseous oxygen has the reaction been found to propagate

once it was initiated.

58. Stress.Corrosion. “Stress-corrosion is a form of localized corrosion which results in

cracking from the simultaneous action of a corrosive environment and sustained tensile stress on a

metal.” It is characterized by a brittl&type fracture occurring in~n-~wise ductile material.

I

‘The surface direction of the cracks is perpendicular to the direction of the’stress load. Cracking

may be either intergranular Cwtransgranular, depending on the alloy, the structure, and the environ-

ment. In general, stress-corrosion cracking of titanium alloys is intergranular.

Com rcially pure titanium has not been found to fa~stress-~orrosion cracking in any

?mtita except ~mg tiN03 or methanol containing HCI, H 2S04, or 8~T -H owaver, under “plane

strain” conditions, in the presence of a preexisting crack, ‘unalloyed titanium containing high

oxygen levels will exhibit rapid crack propagation in seawater at low st~ess levels. This phenomenon

is thought by many to be akin to atress corrosion cracking. The common aqueous stress-corrosion

test solutions do not have any effaa on titanium alloya under normal conditions. However recent

t- have disclosed that titanium alloys under exposure condi~ioos of ambient temperature,

aqueous media, and in a state of stress that produces a virgin metal surface (a fresh crack) will

undergo stress corrosion. In particular, it has been found that some common aqueous atress-

corrosion solutions (distilled water, tap water, 3.5% NaCl solution) affect the fatigue life of sharp

notch test specimens at high stress levels. Figure 19 illustrates the increased fatigue crack growth

rate in water and salt water compared with cracking in air. Such environments cause reduced stress

I -.
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Figure 19. Crack Length Increase As a Function of Fatigue

Cycles in Duplex Annealed TL8AI-lV Sheet in

Various Environments

rupture life in fatigue-cracked tension and bend specimens. In the latter case, cracking propagates

very rapidly from the infinitely sharp fatigue-induced notch in a direction normal to the direction

of the tension stress. A fresh titanium surface is continually being exposed to the test medium in

lftk type of teat. Under these conditions, it appeara that the titanium materials, as well as some

odser structural materials teated, undergo a atreaa-corrosion type of deterioration. The same effect

was observed in steels and was commonly used to speed up crack development in the preparation

of fatigueprecrecked frectssretoughness specimens. While the practical limitations irripoaed by

this ambient-temperature reaction are presently unknown, it is entirely clear that titanium alloys

are not immune from such reactions, as was previously believed.

,.

~e susceptibility of pn?cracked titanium alloys to stress corrosion cracking in salt water

aPPeem to be affected by tie aluminum, omen, and tin content’ and iaomoqshous beta stabilizers. ‘-
The date indicata that the susceptibility occurs with higher oxygen, aluminum, or aluminum-tin

mntenta. “Figure 20 ahowe the effect of increasing aluminum content on the environmental tough-

ness of a Ti-Al-Mo-V alloy series. Tensile yield strength and air twghness are not much affected

by a high aluminum content wfsereas the high aluminum conr@nt alloys have a degraded toughness

in salt water. The presence of iaomorphous beta-stabilizers-moly bdenum, vanadium, and

columbium-tends to reduce sensitivity of titanium alloys. The addition of molybdenum to

TL7A1.2Cb-l Ta or Ti-7Al-3Cb tended to reduce their susceptibility to cracking, and the addition
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of molybdenum is currently being considered as a compositional improvement for certain al Ioys in

order to reduce their cracking potential in salt water. The Ti-6Al-2Cb-l Ta-O.8Mo alloy was

dweloped on this basis,
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Alloys that have shown some degree of susceptibility to rapid crack propagation in salt water

are listed below, but not ntiesarily in order of susceptibility:

.

Unalloyed Ti with 0.32 percent oxygen content

Ti-5Al-2.5Sn

I

Ti-6A14v

Ti-6Al-6V.2Sn

TF7AI-3M0

TF8AI-lMO-lV

Ti-8Mn

Ti-13V-l lCr-3Al

There probably. is no such thing as a titanium alloy which is completely immune to the salt-water

stress-corrosion reaction although some materials are highly resistant to it. These include:

Unal Ioyed Ti with low ox ygen content

Ti-4Al-3Mo-lv

TL6AI-2M0

Ti-6Al-2Cb-lTa-0.8Mo

Ti-2Al-4Mo-4Zr (experimental)

Ti-5Al-2Sn-2Mo-2V (experimental)

Ti- 11.5Mo-6Zr-4.5Sn (as solution treatad)

The degree of susceptibility of some titanium al Ioys to stress-corrosion cracking in salt water

can be changed by the heat treatment given the material. In general, rapid quenching from tempera-

tures above the beta tranaus tends to improve resistance, whi Ie aging in the 900 to 1300 F range

tends to decrease resistance to accelerated cracking.

Alloys of titanium can also suffer stress-corrosion cracking at ambient temperatures under

certain other specific renditions. Failures have baen encounter in red fuming HN03 (as men-

tioned above), in N204, and in HCI. In addition, certain alloys have shown susceptibility to atress-

corrosion cracking in chlorinated-hydrocmtmn solvents. Cracks will initiate and propagat6 only if

the right combination of stress, metallurgical history, and environmental factors is present.

In the case of red fuming HN03, cracking is limited to environments containing lass“tian

1.5% water or more than 6% NO .. . The cracking is thought to be related to the selective attack of

Jsmall amwnts of beta-phase an or an enriched-alloy zone along the grain boundaries. In addition,

this attack leaves finely divided, highly reactive particles of titanium which will datonata under

slight shock. Adding water above 1.5% to the anhydrws acid greatly reduces the chance for

stress-corrosion cracking end pyrophoric reactions.

,.

Failure of the Ti~A14V alloy in tankage applications has omured in N204 containing oxygen

and chlorides as impurities. With the oxygen replaced by greater than O.CK percent NO as an . .

inhibitor, failures are prevented. This attack may be the result of incomplete oxide formation at

the metal-surface slip planes, or by preferential abmrption Qf the chloride ion. Currant specifica-

tions for propellant-grade N204 require the NO content to be between 0.4 and 0.8 percent.
. .

Methyl alcohol is another medium that initiates atrass-corrosion cracking of titanium and its

alloys. With small additions of bromine, HCI, or H2S04 to methanol, even unal Ioyed titanium can

be made to crack. With chemically pure methanol, the susceptibility of titanium alloys varies,

depending on alloy, heat treatment, and stress level. For example, solution-treated-and-aged
,.
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Ti-6Al-4V evinces some failures at about 70 percent of its yield strength, while annealed Ti-6Al-4V

ctacks only on stressihg near its yield point. The Ti-6Al-l Mo-1 V alloy appears more susceptible.

Stress-corrosion cracking also ti.urs at elevated temperatures. Late in 1955, wtia~e cracking

was observed on TL6AI-4V alloys undergoing creep testing at 700 F. The cracking was attributed

at that time to surface embritdement induced by oxidation. Later, it was established that cracks

were often associated with fingerprinta. Follow-up tasting of specimens under stress in contact with

1

pure NaCl produced cracking at e@ated temperatures. This phenomenon has become known as

hot+alt stress-corrosion cracking.

While cracking of titanium alloys in contact with hot sodium chloride has been obtained in

Iaboratorystudias at temperatures as low as 450 F, this phenomenon has not been official Iy r~

ported as the cause of failure of a titanium part in service. It should be pointed out, however, that,

wi [h the possible exception of jet-engine components, titanium parts in service are not usually

subjected to combinations of stress afrd temperature in the range found to induce cracking in the

laboratoW.

~

Studies to date have indicated that several types of chloride salts will initiate failure. However,

NaCl nowappears to be most reactive. Oxygen or a reducible oxide (Ti02) must also apparently

be present for cracking to occur, although the critical concentration of oxygen is low (1 to 10

microns Hg pressure). Water may also enter into the reaction and appears to be necessary, although

its critical concentration is low (on the order of 10 ppm).

I Recent studies on the mechanism have shown that a gas-phase reaction can occur, whereas

previously a Iiqu id-phase reaction seemed to be required. The mechanism apparently involves

NaCl, 02, H20, and reaction products of TiC12, NaOH and Ti02. A more recent theory proposes

that NaCl and water react to form NaOH and HCI. The HCLreacts with the protective oxides on

the surface, forming unprotective chlorides. The hydrogen released by the attack of the exposed

I titanium is then believed to diffuse into the metal to cause subsequent hydrogen embrittlement.

It appears that most titanium alloys are susceptible to some degree to hot-salt stress.corrosion

cracking. The alpha-phase alloys, such as Ti-5Al-2.5Sn, are apparently most susceptible to attack

The alpha-beta alloys are less susceptible but the degree of suscepti~lity may increase with in-

creases in aluminum content. For example, the Ti-6Al-l Me-l V alloy (both as mill annealed and

duplex annealed) is very susceptible. However, the Ti-6Mn alloy, which contains no aluminum, is

also susceptible.

Alloys with intermediate resistance are TI-6AI-4V, l-i-6Al-6V-2Sn, and Ti-3Al.l lCr-13V.

Among the most resistant alloys are TL4AI-3M0-l V, Ti-2.5Al-l lSn-5Zr-l Mo-9.2Si, and an experi-

mental Ti-2Al-4M04Zr allov. Variations in heat treatment have been found to affect the reactivity

of many alloys also. Table XXX I I lists approximate str~-temperature thresholds for several

titanium alloys.

The use of certain coatings on a titanium surface shows promise of protection. Surface

coatings of nickel plate, aluminum plate,. and zinc plate show promise of delaying attack when the

cogting is nonporous. In one study, flamesprayed aluminum and nickel and elactrolass nickel

were porous and not very effective, while hot-dipped aluminum gave good protection. In other

work, promising results were obtained with a duplex nickel coating. In view of the role of oxygen

(even as Ti02) on the hot-salt cracking, it is not believed that anodized films will offer satisfactory

protection:
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TABLE XXX II.
.,

APPROXIMATE THFIESHOLDS FOR STRESS-CORROSION

CRACKING OF TITANIUM ALLOYS IN HOT SALT

Nominal Compcrcition, 1W–Hr Threchold Stress, ksi

WC% Condition 550 600 650 700 750 800 850 900 950

Ti-5Al-2.5Sn Annealsd 28 30 —15— 10-20 —— —— -—

15
——

Ti-8Al.l Mo-lv Aged

Annealsd

Ti-2.5Al.l Mc-10Sn-5Zr Aged

TMAI.3MCI-IV Agsd

Annealed

—— —- —— —— 25

25 55 –– 23 --

20
—-

-—

18

--

—— .

—— -— —— 70 –– 40 35—— -—

—— 95 -- 25 ––

e4 78 –– 28 --

25

1549

—
——

——

—-

—

—

Ti.6A14V Aced — 95 65 25 30

w 50 -– 22 ––

12

1S-24

15
--

——

-.

-—
—

Another phenomenon that is closely related to stress-corrosion cracking is that of liquid-metal

embrittlement. Many alloy sywems, including titanium, hwebeen found toexhitit brittle failure

when incontact with specific low-melting-point metals. Inthe case of titanium alloy s, molten

mdmiumwill =umcmcking (e.g. tienusd asacoating ontitanium faaenem). Mercury and

mercury amalgems alao initiate cracking. Howwer, inthiscase, plastic rather than elastic deforma-

tionisrequired to induce cracking. Further, ithasbwn found that silver will muse cracking of

stressed Ti-7A14M0 and Ti-5Al.2.5Sn alloys at.temperatures of 650 F and above.

59. Crevice Cormsicm. Crwicecorrosion oftitanium anditsalloys has bwnshowntoomur

inchloride-aalt ablutions at elevated temperature. This attack occurs above 200 F, with increasing

frequency from 300t0400F. Acid andneutml mlutions~use thegreat~wXeptibiliW, tiereas

no attack has been observed at pH of 9 or more. Crevice attack occurs with about the same fre-

quency among unalloyed titanium and the common titanium alloys. The titanium alloy with about

0.2 percent palladium providea increased resistance to crevice attack, but it too is attacked after

long-term exposure at elevated temperature. A comparative y’ new alloy, Ti-( 1-2) Ni, also is

resistant to crevica corrosion. While. the mechanism is not completely understood, microcrevices,

lack of oxygen, and hydride formation maybe involved.

60. Galvanic Corrosion. In most environments, the electromotive potential of passive

titanium is quite similar to that for Monel and stainless steels. Therefore, galvanic effects are not

likely to occur when titanium alloys are coupled to these materials. On the other hand, less noble

materials. such as aluminum alloys, carbon steels, and magnesium alloys, may suffer accelerated

attack when coupled with titanium. The extent and degree of galvanic attack of a dissimilar metal

couple depends on the environment to which the coupl,e is exposed, and on the respective areas of

each metal iiwolved, e.g., if titanium is the cathodic member of a muple,%rsd if the area of the

antic member is smaller in relation to the titanium, then in a corrosive environment severe cor-

rosion of the anodic member could be expected. On the other hand, leas attack will be evident if

the areas of the two metals are rwersed. Such attack can be prwented or minimized in most cases

by protective paints and other treatments, which include modifying the environment or insulating

the dissimilar metals from direct contact with each other.

I
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WASINNGTON, D.C.

MII.-HDBK-723A

Steel and Iron Wrought Products

1. This standardization handbook was developed for the Department of Defense in

accordance with established procedure.

2. This publication was approved on 30 November 1970 for printing and inclusion in

the military standardization handbook series.

3. This handbook provides basic and fundamental information on steel and iron wrought

products for the guidance of engineers and designers of military materiel. The handbook

is not intended to be referenced”in purchase specifications except for informational pur-.

poses, nor shall it supersede any specification requirements.

4. Every effort has been made to reflect the latest information on steel and iron wrought

products. It is theintent to review this document periodically to insure its completeness

and currency. Users of this document are encouraged to report any errors discovered and

recommendations for changes or inclusions to The Director, Army Materials and Mechanics

Research Center, Watertown, Massachusetts 02172, ATTN: AMXMR-MS .
,-.
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Preface

This is one of a group of handbooks covering metallic and nonmetallic materials used in the de-

sign and construction of military equipment.

The purpose of the handbook is to provide technical information and data about steel and iron

wrought products for use in achieving the objectives of the Defense Standardization Program. The

handbook is intended for use, as applicable, in engineering design, development, inspection, pro-

curement, maintenance, supply, and disposal of equipment and materials. Whenever practicable,

the various types, classes, and grades of materials are identified with applicable government

specifications. Corresponding technical society specifications and commercial designations are

listed for reference.

The numerical values for properties listed in this handbook are in agreement with values listed

in the issues of specification in effect on the issue date of the handbook. The handbook values

may, in some instances, differ from those listed in current specifications because of revisions or

amendments made to specifications after publication of the handbook. In connection with procure-

ment, it should be understood that the issue of specifications listed in the contract govern require-

ments.

Whenever specifications are referred to in this handbook, only the basic designation is’ given,

all revision and amendmeat symbols ,are omitted. This is done for simplification and also to avoid

the necessity of correcting the handbook whenever specifications are revised or ameride”d. Current

issues of specifications should be determined by consulting the latest issue of the ‘<Department

of Defense Index of Specifications and Standaxds”.

The basic handbook was prepared by the Materials Engineering Section of the Denver Division of

Martin - Marietta Corporation and the Army Ma~rials and Mechanics Research Center, Watertown,

Mass. Comments on the handbook are invited and should be addressed to:

The Director

Army Materials and Mechanics Research Center

Watertown, Massachusetts 02172

ATTN: AMXMR-MS

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



ML-HDBK-723A
30 NOVEMBER1970

Contents

Paragraph

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

Page

. . . .
111

1

1

1

1

1

2

4

4

4

4

7

7

9

11

11

11

13

17

18

18

23

28

36

39

39

39

39;

39

39

44

44

44

.

..

Preface, ...:.....

Chapter 1, .INTRODUCTION .

. .

. .

. .

,.
. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

.4.

.

.

..

.

..

,.

..

.

.

.

.

.

. .

.,

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

‘.

. .

. .

. .

. .

. .

. .

.,.

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

.
1:

PURPOSE . . .

SCOPE; . . . .

1. General. .

2. Definitions

3. Contents .

APPLICATIONS

4. O,bjectives

5. Limitations

,..

. . .

. . .

. . .

. . .

,.

i..
.

. . . .

. . . .

. . . .,.

BACKGROUND. .

Chapter 2. IRON AND STEEL

. . .

PIG IRON PRODUCTION ~ :
,.::.

,,,,
WROUGHT IRON PRODUCTION

STEEL PRODUCTION . . . . .’

6. Gerierhl . . . . . . . . . .
,..

7. Effects of Alloying Elements

8. Steelmaking Processes . . .

9. Ingot and Deoxidizing Practices .

FERROUS METALLURGY . . . . . .

10. . The Structure of Metals . . . . .

11. The Iron-Carbon Diagram . . . .

12. The Theory of Heat Treatment. .

13. Hardenability . . . . . . . . .

Chapter 3 .“ WROUGHT pRomcTs. . .

WROUGHT PRODUCTS. . . . . . . .

14. General . . . . . . . . . . . .

15. Hot Working. , . ., . . . . . .

16. Cold Working . . . . . . . . . .

17. Wrought Forms. . . . . . . . .

HEAT TREATMENT OF STEEL . . .

18. General . . . . . . . . . . . .

19. Annealing. . . . . . . . . . .

.
,,:,

.,
.,.

.:.

. .

. . .

. .

. .

. .

. .

. .

. .

. .

.

v

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



. . .

. . .

. . ..

. . .

. . .

. . .

. . .

. . .

. . .

. . .

..;

. . .

.:.

MIL-HDBK-723A

.

.

.

.

.

.

.

.

.

.

30 ‘NOVEMBER1970

ePage
Paragraph

Normalizing . . . . . . .. . . . . . . .

Hardening by Quenching and Tempering. .

47 “

47

48

5i

52

52

52

20.

21.”

22.

23.

24.

25.

26.

.

.

.

.

.

.

.,

.

.

.

.

,.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..

.

.

.

.’

.

.

.

.

Heat Treatment of Selected Steels

.

.

. .

Controlled Atmospheres . .

Martempering . . . . . . .

Austempering . ; . . . . .

Surface Hardening of Steels .

.

.

.

.

.

.. .

.

.

.

.

.

. .

THE FORMING OF STEEL . . 55

55

55

56

56

56 J

56

56

56

57

57

57

. .

. .

““
. .

.,.

. .

.“.

. . .

,.

. .

. .

,.

. .

. .

. .

. .

. .

. .

.. .

. .

. .

. .

. .

. .

.

.

.

. . .

. . .

. . ,.

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .
,.

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .,.

... .

. . .

. . .

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

General. . : . . . . .

Forging. . . . . . . .

Hot Extrusion . . . . .

Hot Drawing or Cupping.

Hot Spinning . . . . .

Hot Pressing . . . . .

Cold Heading . . . . .

Press Work. . ; . . . .

Explosive Forming. . .

Roll Forming . . . . .

Other Forming Processes . .

57

57 .

MACHINING OF STEEL . . . . .

38. General. . . . . . . . . . .

39. Machinability . . . . . . .

.,

.

.

‘,

.

.

.

.

.

57

58 e
58

JOINING OF STEEL AND WROUGHT IRON,

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50. -

General . . . . . . . . . . . . . .

Oxyaectylene Welding . . . . . . .

Shielded Metal Arc Welding Process .

Gas Shielded Arc Welding Process . .

Submerged Arc Welding . . .. . . . .

58

62

66

69

71

72

74

75 . .
77

77 ,,

77

83
‘J,

83

86

88

Forge Welding . . .

Flash Welding . . .

Induction Welding .

Electroslag Welding

Friction Welding . .

,Stud Welding . . . .

. . . . . . . .

. . . . . . . .

. . . . . . . .

. . . . . . ,..

. . . . . . . .

. . . . . . . .

. . . .

. .. . .

,,. ’..

.? . . . .

51.; “Spot Welding . . . .

52. Projection Welding .

53. Residual Stresses. .

54. Brazing 1 . . . . .

55. Soldering . . . . .

. . . . . . . .

. .

. .

. .

..

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . . . . . . .

. . . .

. . . .

. . . .

. . . .

. .

. .

. .

. .

..!

. . . . .

. . . .
,

. -.. .

-.

.

. . .

. . .

. . . . .

56. Inspection of Welds and Brazed or Soldered Joints .

57. Mechanical Fastening . . . . .

. . . . .. . .
-.. .

89

92

. . .. . .

. . . . . .. . . .

.

,. .,.. ... . , .. . .

. . . .Chapter 4. SELECTION CRITERIA . . . . . . . . . . .

. . . . . . . . .

. .. . . . . . 95. .

95INTRODUCTION. . . . . . . . .. . . . . . . . .. . . . . . . .

vi

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1-HDBK-723A
30 NOVEMBER1970:

Page

95

95

99

101

104

105

105

107

107

107

118

123

123

’123

124

125

127

Paragraph

MECHANICAL PROPERTIES .

.,

. .

. .

. .

. .

. .

. .

,.

,.
,.

. . . . . . . . .

. . .

. . .

. . .

.

.

.

.

.

. . .

. . .

. . .

‘.

..

. . .

. . .

. . .

..:

.

.

.

58.

59.

60.

61.

62.

63.

Elasticity. . . . . . .

Strain Hardening . . . .

The Tension Test ,. . .

Compression Properties .

Shear Properties . . . .

Hardness Tests . ~, . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. ...”..

.. . . . .

. . . . .

. . . . .

. . . . .

. . . . .

. . . . . ..

. . . . .

. . . . .

,..

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

,. .

. .

. .

. . . .<

. .

.,

. .

. .

. .

. ,.

... .

. .

. .

,. ,.

. .

. .

.

,.

..

..:

. . .

BRITTLE FRACTURE. . . .

64. General. . . . . . . .

65. Quantitative Approaches

66. Qualitative Approaches .

FATIGUE . . . . . . . . . .

67. General.’ ~ . . . . . .

68. Fatigue Tests . . . , .

. . .

. . .

..’.

.. . .

. . .

. . .

. . .

. . .

. . .

. . .

,..

. . .

. . .

. ...

69. Presentation of Fatigue Data

70. Factors Affecting Fatigue Life . : . .

CORROSION . . . . . . . . . . . . . . .

71.

72.

73.

74.

75.

General . . . . .” . ...’.... ., :... . . . . . . . . . .

,Galvanic Corrosion. . . .. ., . . . ., ,. . . . . ,.

Stress Corrosion . . . . . . . . . . . . . .

Corrosion Protection . . . . . . . . . . . . .

Rocket and Missile Propellant Compatibility. . .

,. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

128

130

130

130

. .

. .

. .

. .

. .

. .

. .

. .

. .

.~.

. . .

‘..

. . .

. . .

. . .

. . .

. . .

. . .

. . .

..

.’

. ,.

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

,.

.

. . . . . . ,.. .PHYSICAL PROPERTIES .

76. Thermal Conductivity

77. Thermal Expansion. .

78. Density, . . . . . .

MATERIALS SELECTION .

130

130 ;

131

132

. . .

. . .

.:.

,..

. . .

... > . .:.,,,... ,. ,:.,. ,V. :::.., : ,:; ., .,,

-. ’.... . . .
..

. . . . . . . . .

‘ 132. . . . . . . .

,.
. . . .Chapter 5. QUALITY ASSURANCE. . . . . ~. .

GENERAL: :..,.....’.. .: . . .

MATERIALS DESIGNATIONS . . . . . . . . .

SPECIFICATIONS. . . . . . . . . . “. . . .

79. General . . . . . . . . . . . . . . .

80. Use of Specifications. . . . . . . . . ~

135’..

. . . 135

135. . .

135

135

137

. . .

. . .

. .

STANDARDS . . . . . . . . . .

APPENDIX A - GLOSSARY . . . .

APPENDIX B - BIBLIOGRAPHY , .

INDEX . . . . . . . . . . . .

137. . . . . .

. . . . . .

. . . . . .

.,

. .

. .

143

149. .

. . 151. . . . . “.. . . . .

vii

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



,. ,,

MIL-tiDBK_’723h
30 NOVEMBER

Table

I.

II.

III.

IV.

v.

‘VI.

VII.
,,

,, VIII.

x.

XI.

XII.

970

Tables

Figure

1.

2.

“3. ,

4 .

5 .

6.

7.

,. 8.

9.

10.

Stress Relief Temperatures. . . . . . . . . . . . . . . . . . . . . . . . ..,

Annealing Cycle for Low-Carbon” and Low-Alloy Steels . . . .” . . . . . . . . .

Normalizing Cycle for Low-Carbon and Low-Alloy Steels . . . . .:. . . . . : .

Austenizing Cycle for ‘Low-Carbon and Low-Alloy Steels . . . . ~. . . . . . ., .

Tempering Cycle for Low-Alloy Steels . . . . . . . . . ,. . . . . . . . . . . .

Preheat Temperatures for Low-Alloy Steels. . . . . . . . . . . . . . . . . .

Brazing Alloys, for Carbon and Low-Alloy Steels. . . . . . .’ . . . . ., . . . .

Fatigue Characteristics . . . . . .. . . . . . . . . . . . . . . . . . . . . .

Fatigue Life of 3130 Steel Specimens Tested Under

,.
,. ,-

Completely Reversed stress at 95~000 psi . . . . . “. .“ . . . . . . . . . . . .

Galvanic Series Of Metals and Al@s . . . . .’ . “ . . - . . . . . . . ‘. . . .

Numerical Designation of Steels by Composition : . . . . . . . . “. . ,.” . . .
,.

Specification Cross Index .’ . . . . . . . . . . . . . . . ~ ,. ..”.,l . . . . . .

I llustrat ions ~~~~‘.

Vertical Section through a“Blast Furnace . . . . . . ,. . . . . . . . . . . .

Pipeinan ingot . . . . . . ..............” . . .’.......
. .

Unit Cells of the Body-Centered Cubic and the

Face-Centered Cubic Crystal Structures . . . . . . . . . . . . u’ . . . . .+. .

‘Equilibrium Diagram-iron-Carbon sys~m . . . . . . . . . . . . . . : .. . .

Equilibrium Diagram-Iron-Carbon System . . . . . . . ~ . . . . . . . . . ..

Lever Diagram . .. . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . ...
Lever Diagram . . . . . . . . . ’ . . . . ...”..... ,,,

Lever Diagram . . . . . . . . . . . .. . . . . .. ~.- . . . ... . . .

The Use of Transformation Curves to Develop

Isothermal Transformation Diagrams. . . . . . . . . . “., . . . . . . . . .

The Isothermal Transformation Diagram of an

Eutectoid Carbon Steel . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . .
VIII

Page

49

49

50

50

50

65

86

126.

127

129

136

138

Page

8

18

20

22

24

25

26

27

30

3

al

.

.

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



Figure

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

: 23.

24.

25.

26.

27.

28.

29.

30.

- 31.

32.

33.

34.

35.

36.

37.

38.

39.

MI1-HDBK-723A

30 NOVEMBER1970’

The Isothermal Transformation Diagram of a

Hypoeutectoid Carbon Steel ‘ . . . . . . . . . . .’. .’. .“. . .“. . “., .

The Isothermal Transformatioir Diagram ‘of an

Eutectoid Carbon Steel with Cooling Curves Shown . . . . ; . . . . . . . . . .

Flow Chart - Steel Wrought Products . , .,,.,, . . ,. . . . . .. . . . !- . . . .

Principle of Rolling Operations . . . . . . . . . . . . . . . . ,., ., .. . : . .

Schematic Representation of the Full Annealing Cycle . . . . . . . ~ . ,, ,., .

Schematic Representation of the Isothermal Annealing Cycle . ., . . . . . . . . . ,

Schematic Representation of the Quench and Temper Cycle . . . . . . . .. ,..,: .

Schematic Representation of the Martempering Cycle . . . . . ,. . ., . . . . .

Schematic Representation of the Austempering Cycle . .. . . . . . . . . ~. . ~~

Characteristics of Neutral, Carburizing and Oxidizing Flames . . . ‘. . .’ i : . ~:

Edge Configurations for Oxyacetylene Welding . . ‘ . . . . . . . . . . . . . . ~

Oxyacetylene Welding Equipment . . .. . . . . . . ; : . . . , . . .. . . . . .

The Shielded Metal-Arc Welding Circuit

(Reverse Polarity Operation) . . . . . . . . . . . . . . . . . ...’.. . . .
.

A Schematic Diagram of the Shielded Metal-Arc Welding Process . . . . . . . .. ,,

The Gas Tungsten-Arc. (TIG) Welding Process, . . . . . . . . . . . . . . . . ,
., .,

The Gas Metal-Arc (MI,G) Welding Process . . . . . . . . . ., . . . . . . . . ..
. .,. ., ,!. ,.

The Submerged Arc Welding Process . . . . . .. . . . . . . . . . . . . . . . . .
.. .

Joirit Designs for Forge Welding. . . . . . . . . . . . . . . . . . ., . .
. . .

The Flash Welding Sequence . . . . “. . . ; . .. . . . . . . . . . . . . . .. .. .

Joint Designs for Flash Welding. . . . . . . . .’. .,. . . . . . . . . . . . .

The Electroslag Welding Process. . . . . . . ., . . . . . , . . . . ., . . . .

The Friction Welding Process . . . . . . . . . . . . . . . . . . . . . .
. ..’

The Stud Welding Process. . . . ~,. .,,. . . ~.. . . ., . . . . . .. . . . . . .,

Spot Welding and Seam Welding Processes . . . . . . . .,,. . . . . . . . . . . .

Mash Seam Welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
. .

Projection Welding...,.. . . . . . . .. . . . . . . . . . . . . . . . . .
. . .

Examples of Fasteners and Clips Designed for Projection W“el$ipg . ., . . . . .

Underbead Cracking in a Fillet Weld . . . . . . . . . . . . . . . . . . .

Example sof Brazed Joints.. . . . . . . . . . . ...”. . . . . . . . . .
,.,

ix

“ Page

32

35 .’

40

41

45

46

48

51 ‘,

53

59

60

61

63

64

67

68

70

72

73

74

75

78

79

80.

81

83

84

85

87

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



,,. ,

‘[MI1-HDBK-723:A. , , .
+3.0NOVEMBER1,970

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

,,

,,. -
Interlock Solder Joints . . . . . . . . .;”. . .’. .,. . . . . . . . . . . .

Effective Throat Thickness of an Equal Leg 45 Degree Fillet, Weld . . . . . . .,

Acceptable and Defective Weld Bead .Profiles . . ‘. “. . . . . . . . .“ . . : .

Undercut and Overlap in Fillet and Butt Welds ‘ ~ . . . i “. . . . . . . . . .

Lock Joint Design . . . . . . . . . . . . . . ...’..”.. . . ...”..

ARod Subjected to Tensile Loading . . . . . . .’ .“”. . . . . . .’ . . . .

Shear Loading ..:.”;.., . . . . ...’. . ., . . ’ .. ’ .. . . ...”.

Deflection in a Rod Subjected to a Tensile Load . . . . ~ . . . . . . . . . .

Shear Deflection . . . . . . . .. . . . . .. . . . . . . . . . . . . . . .

ALoad-Deflection Curve . . . . . . . . . . . . . ~“ . . . . .”’.’....

AStress-Strain Curve, . . . . ~ . . . . .. . . . . . . . . . . . . . . .. .. .

The Elastic Portion, of a stress Strain Curve . . . . . . . : . . . . . . . .

Three Dimensional Strain . . . .“. . . . . . i . .’. . . . .

The Proportional Limit.... . . . . . . .:.:.....

Plastic Behavior . . . . . . . . . . . . . . . . . . . . .

Flat and Round Tensile Specimens . ‘‘.’ . . . . ‘. . . . . . . .

A Load-Strain Diagram for a Material With a Definite Yield Point .

A Load-Strain Diagram for a Material Without a Definite Yield Point

Measurement of the Elongation of a Tensile Specimen

Torsion Loading . . . .“ . . . . “. . . .

The Drop-Weight Test Specimen” . . , . .

The Drop-Weight Test . . . . . . . .“ . .

Effect of Thickness on Fracture Toughness

“Types of Cracks ...’.... . . . . .

Effect of Crack “Length on Fracture Strength

. . . .

. .. . .

. . . .

,,,.
. . . .

. ..”.

. . . .
.

Common Fracture Toughness Test Specimens . . . ‘.

Fracture Toughness Load Curves . . . . . . . . .

Fracture Stress Flaw Size Curve . . . . . . . . .
.,

Flaw Shape Parameter Curve . . ,. . . . . ‘. . . .

Chatpy Impact Test Specimens . . . . . . . . :.. .
.. ,

Charpy Impact Test.. .; . .“. . . . . . . .

x

. .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . .
,,,.

. . . . . .

. . . . .

. . . . . .
,,.

. . . . . . .

. . . . . . .

. . . . . .

. . . . . .

. . . . . .

...”... .

. . . . . .

. . . . . .

. . . . . .

. . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . .

. . . . . . .

. . . . . .

Page

88

89

90

91

93

95

96

97

97

98

98

99

99

100

100

101

103

103

104

105

108

-109

111

111

’112

113

116

116

117

118

119

r

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MIL-HDBK-723A
NOVEMBER197030

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

Page

120”

121

122

123

124

125

126

127

Figure

71.

72.

73.

74.

75.

76.

77.

.78.

79.

80.

Brittle’ to Ductile Transition Curve ~. . ; ; . . . .. . . .

. . .

..

. .

. .

. . .

. .

. .

. .

. .

. . .

Transition of Fracture Appearance with Temperature .

Effect of Notch Sharpness on the Stress Concentration Factor : .

Fatigue Loading Cycles . . . . . . . . . . . .

S-N Curve . . . . . . . . . . . . . . . . .

Soderberg Diagram. . . . . . . . . . . . . .

Method of Constructing the Soderberg Diagram .

S-N Curves of Notched and Unnotched Specimens

. . . . .

. .. ..- ,.

. . . . .

. :.. .

. . ..- .

. . . . .

. . . . . .

. .

. .

. .

.. .

.’ .

.“.

. .

.. ’.,..

. . . . .

Galvanic Cell. . . . . . . . . .

Restrained Rod . . . . . . . . .

128

131

.

.

.

.

.

.

.

.

.

.

.

.

..

.

list of Formulas
.’.

Formula Number Page

95

96

96

97

98

98

100

100

102

102

105

105

105

105

106

106

107

Stress; . . . .’ .”. .“. .

Shear Stress. . . ‘. . . . .

Modules of Elasticity . . .

Shear Strain . . . . . . . .

Strain . . . . . . . . . .

Poision’s Ratio . . . . . .

Logarithmic Plastic Strain .

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(lo)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

.

.

E-Necking . . . . . ,

% elongation . . . . .

% Reduction of Area . .

Shear Stress-Torsion . .

Shear Stress-At 1a Point

Uniaxial Stress-Tensile

Shear Ultimate Strength

. .

. .

. .

. .

. .

. .

.

. . . . .

. .

. .

. .

. . .

. . .

. . .

. . .

.. .

. .

. .

. .

Brinell Hardness Number . . .

Diamond Pyramid Hardness . .

Knoop Hardness Number . . .

xi

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1-HDBK-723A.

. .

30 NOVEMBER

.,’

(18)

(19)

(20)

.(21)

(22)

(23)

i24)

,,, (25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

Page

107

110

112

Hardness-Tensile Strength Correlation

Stress Intensity. . . . . . . . . .

Inverse Square root law . . . . ,. .

Plane Stress . . . . . ““. ‘: “

Plane Sttain-Stress-An,aly sis . . . .

Applied Stress . . . . . . . . . .

Energy-absorbed by Charpy specimen

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

. .

.

. .

.

.

. .

. .

. .

. .

. .

. .

. .

. . .

. . .

. . .

. . .

.. . .

..,.

. . .

. . .

,..

. . .

. . .

. . .

.. 112

112

117

119

123 ‘

123

123

124

.

.Mean Stress - Fatigue . . . . . .

Alternating Stress - Fatigue . . .

Stress Ratio - Fatigue . . . . .

A-ratio - Fatigue . . . . . . . .

Fatigue Notch Factor . . . . .!.

Linear Damage Principal . . . .

Coefficient of Linear Expansion .

.

.

..

.

. .

.

. .

. .

. .

. .

.

.

.

125

126

131

.

.

131

131

131

Increases in Length of restrained rod-heat

Compression

.

Stress . . . . . .

Stress . . . . . .

. . .

. . .

,.

. .. .

. . . .

. .

. .Compression
.

,,

,.

,,

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1-HDBK-723A!’”
30 NOUMBER1970

.,

Chapter I
...

Introduct ion

. .

,.

PURPOSE

MIL-HDBK- 723A was developed for the

Department of Defense (DOD) in accordance with

standard procedure and in compliance with poli-

cies and requirements of the Defense .Standard-

ization program (DSP).

~” D“OD Directive 4120.3-M establishes and, to-

gether with Defense Standardization Manual

4120.3-M7 “Standardization Policies, Proce-

dures and Instructions”, implements the DSP.

Because of the comprehensive description of the

DSP provided in these documents a detailed dis-

cri&ion is not presented here. ‘However, the

following definition of standardization., taken

from DOD Directive 4120i3sM, in effect summari-

zes the ‘DSP.
,,,

‘‘Standardization is the adoption and use (by

consensus or decision) of engineering criteria to

achieve the objectives of the DSP. These cri-,.
teria are applied, as appropriate, in design,

development, procurement; productiori,. inspec-

tion, s Uppl y , maintenance, and disposal of

equipment and supplies>’. ,

As implied in” the preceding definition, the

mission of the DOD with respect to standardiza-

tion is to develop, establish, and maintain a

comprehensive and integrated system of technical

documentation in support of design, cleveIopment,

engineering, procurement, inspection, mainten-

ance, and supply management.

MIL-HDBK- 723A is

standardization handbooks

and non-metallic materiaIs

tion of military ‘equipment.

one of a group of”

covering the metallic

used in the construc-

These handbooks are

1

, ..

part of the previously referenced integrated SYs-

tem of technicaI documentation developed, es-

tablished, and maintained by the DOD in support

of the DSP. ,,

The basis for the development of MIL-HDBK-

’723 A then is the DSP. The specific purpose

of ‘MIL-HDBK-72 3A. is to provide technical

information and data on steel and iron wrought

products for use in achieving the obj ectivep of

the DSP. The provisions of DOD Directive

4120,3 apply .,to all departments and agencies of

the DOD, consequently, the, data provided. by the

h~dbook are intepded for application,. as ap-

propriate, in design, development, procur,emept,

production, inspection, maintenance, s“upply, and

disposal of military equipment and supplies,.

SCOPE

,.

1. G e n e r a !,. MIL-HDBK-1723A , contains

technicaI information” and data pert’ainirig” to, the

wrought products of three, ferrous materials;

wrought iron, carbon steels, and low alloy steels

2. Definit ions.

a. General. The terms carbon steel and low-

alloy steel apply to a large number of ferrous

alloys. Various designations, su~h as, trade

names, specification numbers, ‘1and descriptive>.
phrases, are commonly used to identify the

various alloys”;, a practice that quite often leads

to misunderstanding and confusion. To avoid

that problem , ,the following definitions of the

handbook subjects are provided.

b, wrought iron. (American Society for Test-

“ing and;,,Materials - ASTM definition.) A ferrous
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material, aggregated from a ‘solidifying mass of

pasty particles of highly refiried metallic iron,

with which, without subsequent fusion, is in-

corporated a minutely and uniformly distributed

amount of slag.

c. Carbon sfeel. (The American Iron and

Steel Institute - AISI Definition.) Carbon steel

is classed as such when ‘no minimum content is

specified or guaranteed for aluminum, chromium,

columbium, molybdenum, nickel, titanium,

tungsten, vanadium, or zirconium; when’ the

minimum for copper does not exceed 0.40 percent;

or when the maximum content specified or

guaranteed for any of the following elements

does not exceed the percentages noted; manga-

nese, 1.65; silicon, 0.60; copper, 0.60.

d. Alloy stee/ (/ow a//oy stee/). (The AISI

Definition.)” By common custom, steel is con-

sidered to be alloy steel when the maximum

range given for the content of alloying elements

exceeds one or more of the following limits:

manganese, 1.65 percent;’ silicon, 0.60 percent;

copper, 0.60 percent; or in which a definite

range or a definite m’inimum quantity of any

“of the following elements is specified or re-

quired within the Limits of the recognized fiel’d

‘of constructional alloy steels; aluminum, boron,

chromium up to 3.99 percent, cobalt, columbium,

molybdenum, nickel, titanium; tungsten, vanadium,

zirconium, or any other alloying element added to

obtain a desired alloying effect. Small quantities

of certain elements” are present in alloy steels

wliich are not specified or required. These ele-
ments, are considered as incidental and may. be

.,present to ,the following maximum amounts: cop-

per, 0.35 percent; nickel, 0.25 percent, chromium,

0.20 percent, molybdenum, 0.06 percent.

3. Contents. - “ -

a, General. It“is anticipated that this hand-

book wiIl be used by personnel engaged in ‘any

of a varieiy of occupations’ including engineering

design, development,’ procurement, inspection,

manufacturing; supply, maintenance, and dis-

posal of military equipment an~ materials. To

satisfy the wide range of interest of this audi-

ence the subject of steel and iron wrought

products is c“overed from the smelting of iron

ores through to the production and ultimate use

of the wrought products.

Unlike other handbooks of the series, MIL-

HDBK-’723A does not contain a co’mplete

listing or tabulation of minimum physical and

mechanical properties values for the various

alloys included in the subject categories.

Properties of this type, commonly referred to as

design allowable, are available in other publi -

cations, for example, MIL-HDBK-5, industrial

handbooks, and material specifications. R-epeti-

tion of these data is unwarranted and beyond the’

scope of the handbook. As indicated in the fol-’

lowing chapter summaries, the handbook is in-

tended to provide practical information about the

production, availability, working, and use of

steel and iron wrought products.

b. chapter ]. Chapter 1 is a short iritro-

ductory chapter in which the purpose and scope

of the handbook are defined. In addition, ap-

plications for the data presented in the ‘handbook

are id,entifiedj and a brief review of iron and

steel wrought product development and use is

presented.

c. chapter i!. Chapter .2, deals with funda-

mental concepts and principles of iron and steel

production and technology. First, the production
.

of pig iron by the reduction smelting of iron ores”

in a blast furnace is described. Then, by ex-

plaining the use of this basic material, the

methods currently used to produce wrought iron

and steels are introduced. In the discourse on

steel production, the difference between carbon

and alloy steels is explained by describing how

the properties and, characteristics of steel are

affected by carbon and other common alloying

elements. The chapter concludes with a brief

treatise of the basic principles of ferrous metal-

lurgy which discusses: the structure of metals;

the’ iron-carbon system; the theory of heat treat-

ment; isothermal transformation diagrams; “and

hardenability.

d. Chapter 3. In Chapter 3, the wrought

product forms in which wrought iron, carbon

‘5teels, and alloy steels may be obtained are

identified. Pertinent information is given about

each of the various forms, including, how each is

‘m

2
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made, and “size’ limits. The remainder” of the

chapter deals with how the wrought product forms

of the subject materials are worked. The main

topics covered are: hear treatment, machining,

forming, and joining.

e. chapter 4. Chapter 4 is concerned with

the identification and definition of selection

criteria, that is, those factors upon which, in

keeping with good practice, the selection of ma-

terials of construction should be based. The

most common uses found for iron and steel

wrought products are structural applications

where the primary purpose of the material is to

sustain some applied load. Therefore, the

mechanical properties of these materials are

usually’ of singular importance. For this reason,

the subjects of mechanical properties, mechani-

cal testing, elastic analysis, and brittle frac”ture

have been treated in considerable detail in

Chapter 4. Not only have the various mechanical

properties been identified, but associated test

methods are described, and the significance and

use of the properties in selecting materials is

explained.

In the final-section of the chapter the general

problem of material selection is considered. The

importance of identifying and considering all re-

quirements in searching for a solution to a ma-

terial selection ‘problem is developed by examin-

ing the relationship’ to. intelligent material select-

ion of topics such as: essential design

requirements; material properties and character-

istics, manufacturing and producibility factors;

material availability; and total project costs.

Selecting a material for a particular applica-

tion ,can be a simple” or very difficult task de-

pending upon the limiting factors involved. In

some cases, previous experience is directly

applicable tO *e problem and *e proper material
is selected almost, automatically. A.t orher times,

the material may be selected on the basis of

availability and cost alone. However, selecting

the proper material is usually not such a simple

task. Design requirements, functional require-

ments, environmental requirements, the size of

the structure and its elements, the limitations of

manufacturing facilities and equipment, pro-

ducibility features of the material, total cost of

3
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the program, and many other factors which directly

influence material selection must be accorded

due consideration.

To determine the “most suitable material for an

application it is necessary to first identifY all of

the pertinent requirements and factors ‘with which

the material must be compatible. Next, candidate

materials are selected and evaluated with respect

to these requirements, and, on the basis of com-

parison, the proper material can be selected.

This seems to be a simple and straightforward

procedure; however, in practice, due primarily to

the nature of structural metals, more often than

not one or more compromises must be made, in

choosing the material. In other words, it is

usually impossible to find a material that totally

meets all of the essential requirements.

f. Chapter 5. Quality assurance, which is

the title and subject of the fifth and final chapter

of the handbook, is obviously an ambiguous

phrase which, to be meaningful, must be identi-

fied with a particular subject. Since iron and

steel wrought products are raw materials, the

meanirig of “quality assurance” derived in

Chapter 5 is based on application of the term to

the purchase of raw materials”. ‘It is defined as:

a general descriptive phrase that serves to

identify any, and all, of the means available and

used by a purchaser of raw materials to assure

himself that the materials he orders and receives

are of acceptable quality.

To assure that the quality of purchased ma-

terial meets the required or desired level, the

purchaser must assume a number of responsibil-

ities. He must define the exact requirements to

which the material must conform; communicate

these. requirements, completely and explicitly,

to the material producer; obtain confirmation from

the producer that the requirements are realistic

and that the producer is willing to supply ma-

terial -to them; contract for purchase of the ma-

terial; and inspect the material to confirm that ~

it meets the requirements.

The use of material spe~ifications and

associated standards simplifies this system.

Specifications and standards have been develop-

ed and issued by government agencies, indus-

trial so~ieties and organizations, private
/

1
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companies, and others. The use of these

specifications serves to simplify and standardize

communications between the buyer and producer

of raw materials. Since this is a MIL-HDBK, the

use of government specifications and standards

is emphasized in Chapter 5, although industrial

specifications, such as ASTM, AISI, SAE (Society

of Automotive Engineers), ASM (American

Society for Metals), are examined arid compared

to government specifications on the basis of

purpose and scope.

In addition to the explanation .of the purpose

and use of material s pacifications and standards,

Chapter 5 deals with the inspection of iron and

steel wrought products. To confirm that a mate-

rial meets specification requirements, it is

necessary to perform examinations and tests.

Depending upon the material and specification

involved the inspection may be cursory or

extensive. The tests and methods normally used

to inspect ferrous wrought products are identified

and their purposes expIained together with the

significance of the results obtained.

Chapter 5 also conta~’s a cross index tabula-

tion of government and industrial specifications

and standards applicable to the handbook sub-

jects.

APPLICATIONS

4. Object ives. This handbook is intended to

be used in achieving the objectives of the

‘ Defense Standardization Program, established in

DOD Directive 4120.3. Essentially, it serves

as a means of disseminating technical data and

information about ferrous wrought products to

cognizant and interested personnel of the De-

partment of Defense and associated government

and industrial organizations. The use of the

handbook in fields of interest such as; design

and development engine ering, procurement, in-

spection, manufacturing, maintenance;, and

supply of military equipment and materials

certainly does not require explanation or ela-

boration. Rather, it is the limitations of the

handbook which should be identified.
,.

5. Limitat ions; First, this handbook does

not contain design allowable, that is, a listing

4

of mechanical and physical properties values

for the various alloys covered by the handbook.

Design allowable for these alloys are published

in various documents, ‘such as; MIL-HDBK-5;

appropriate Military, Federal, American Society

for Metals’ (ASM), ASTM, Society of Automotive

Engineers (SAE), and AISI material specifica-

tions; Metals Handbook (published by ASM); the

Aerospace Structural Metals Handbook; to name

but a few. These and other, appropriate refer-

ences should be consulted for design allowable

properties values. Also, consultation with

Materials Engineering organizations to confirm

design values, regardless of the source, is

recommended.

Second, this handbook, although it contains

considerable data relative to material specifica-

tions and standards, is neither, and should not

be referenced in a purchase order or contract.

Materials specifications have been developed

specifically to communicate material require-

m~nts, from the buyer to the material. producer.

Standards contain supplementary data - and,. are

used to augment the scope of specifications.

These documents are designed for use in the

purchase of materials and s~ould be specified

in the contract or purchase order. The handbook

only explains the use of specifications and

standards and has no function in the procure-

ment of materials.

BACKGROUND

Even before the time of recorded” history

man knew how to reduce iron-rich ores to make a

usable ‘form of iron. From this modest begin-

ning, the current technology of iron and steel

production evolved. Numerous ferrous alloys

and products are marketed today; allowing the

consumer to’ choose the alloy with the combina-

tion of properties and” characteristics that best

suit his needs. However, even the wide variety

of steels currently available does not satisfy

all of the demands of industry. The demand for

new alloys. to ,s atisfy more stringent environ-

mental and functional requirements stimulates

research and development efforts, with the result

that the technology continues to expand.

aB

The ““use of ferrous materials in military

ectui~ment undoubtedly dates back to the initial
4. . .-

@

I
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discovery of crude wrought iron. In more recent

eras, carbon and alloy steels have been, and are

being, used extensively in military equipment

and structures. Aside from the fact that these

materials are ideally suited to the application,

they are also inexpensive, relatively easy to

fabricate, and readily available in large or small

quantities. To “illustrate the versatility of these

materials and their importance to defense and

military efforts it is necessary only to recount a/
few familiar applications. For example, various

carbon and alloy steels are used in tanks, jeeps,

MI1-HDBK-723A
30 NOVEMBER1970

trucks, ships, and” earth moving equipment. Some

of the higher strength alloy steels have been

used in airborne structures of both aircraft and

missiles. These examples are cited to demon-

strate the versatility of the ferrous wrought

products, which derives from the wide ran~e of

properties and characteristics developed, col-

lectively, by the various alloys. Therefore,

even in the space age, carbon and alloy steels

continue to pIay

defense efforts.

a vital role in military and

5
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Chapter 2

Iron and Steel

PIG IRON PRODUCTION

Iron and steel production begins with the

mining of iron-rich mineral deposits known as’

iron ores. Iron is present. in the ores in the form

of chemical compounds, not as free iron, because

the element iron is so active chemically that it

does not exist in nature in the free state. The

important iron compounds, as related to iron and

steel production, are the oxides of iron. In the

United States the important ores, are, hematite,

magnetite, and Iinronite, which contain ferric

oxide (Fe203), ferrosoferric oxide (Fe30 4), and

hydrated ferric oxide (2 Fe203 . 3 H20), res-

pectively,

Iron is’ extracted from iron ore in a blast.

furnace. A blast furnace, shown in vertical cross-

section in Figure 1, is essentially a tall steel

shell “erected on a concrete base. The inner .sur-
,,.

faces of the furnace, lined with refractory ma-

terials, form three distinct sections: the cylin-

drical, hearth at the bottom; the” upward and

outward sloping bosh located directly abofe the

hearth; and the stack.

The blast furnace process of extracting iron

from ore is a redtiction smelting process. Free

iron is obtained by developing conditiog,s in the

furnace whereby the iron oxides in the ore are

converted, through a series of oxidation - reduc-

tion reactions, to free iron and carbon compounds.

In operation, ore and other solids are fed into

the furnace through the top and the iron ‘and waste

materials are drawn off at the bottom of the fur-

nace. Ordinarily, once a blast furnace is started

up it is operated continuously until it must be

shut down for repair or for some tdier reason.

7

,.

The solids are fed into a blast furnac’e through

a two-hopper, two-bell system, incorporated in

the conical cover on the stack. The solids, con-

sisting chiefly of iron ore, coke, and limestone,

are conveyed to the top of the furnace in open-end

cars called skips. The solids are discharged into

“the small hopper and collect on the small bell

fo~ming the bottom of the hopper. The small bell

is lowered and the solids drop onto the bell

shaped bottom of the large hopper. When the pro-,

per charge has collected on the large bell it is

lowered and the charge is ,deposited on top of the

material ‘in the stack. The two bells mperate in”-

dependently, and at least one is closed at all

times to prevent the escape of gases and fla~es

through the top of the furnace.

Pre-heated air is blown into the furnace

through. nozzles, called tuyeres, located at the

top of the hearth. The” tuyeres, usually about 20

in number, are equally’ spaced around the circum-

ference of the hearth. In the vicinity of the

tuyeres, the oxygen in the air” reacts with the

carbon in the coke to form carbon dioxide (C02 ),

which, at the prevailing elevated temperature,

reacts with the excess carbon present to form

carbon iuonoxide (CO). As the carbon monoxide

travels upward through the charge of solid ma-

terials it contacts and reacts with the iron oxides

in” the ore. The oxides are converted, through a

series of oxidation-reduction reactions, to free.

iron, carbon dioxide and carbon monoxide. Re-

action of the oxides with carbon monoxide ac-

counts for a majority of the iron reduced in a

blast furnace, although approximately 20 per-

cent is produced by direct reduction of the oxide-s

,reacting with carbon.
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The reducing reactions begin in the charge

near the top of the furnace, where the prevailing

temperature is 300 to 400”F. “As the charge

descends, in the”stack, ‘the concentration of CO

increases, and the temperature becomes progres-

“sively higher; in the vicinity of the tuyeres the

temperature exceeds 3000°F. The higher tem-

peratures and increased quantity of CO combine

to accelerate the reactions as the charge des-

cends into the furnace.

The limestone in the charge also reacts to

the increasing temperature as the charge des-

cends. Limestone is essentially calcium car&n-

ate (CaCQ3), which decomposes at temperatures

above 15000F,” to form lime (CaO), and carbon

dioxide (C02 ). The lime react: with the gangue

(waste materials in the ore), and with the ash

that is, produced by combustion of the coke near

the tuyeres. The product of these reactions is a

nonmetallic material knawn as slag.

,

In the stack the charge is a mixture of the

various solid materials and hot gases. As the

solid charge descends and passes through the

bosh, it is converted first into a pasty mass and

finally; in the lower portion of the bosh, into

molten iron and molten slag. The molten materials

collect in tire hearth and, since they are immis-

cible, the less dense slag floats on the iron. The

molten slag and molten iron are drawn off periodi-

cally through ports provided in the hearth. Be-

cause the two materials collectat different levels

they are drawn off through separate ports. The

slag, when it is drawn off, is either discarded or

processed for sale”as ballast, aggregate, or in-

sulation material.

The third product of the blast furnace pro-

cess, hot gases, are exhausted through offtakes

in the conical cover on the stack. After a number

of cleaning” operations they are passed into p

stove and burned. The heat produced by their

combustion is used to pre-heat the air that is

forced into the furnace through the tuyeres.

When the molten iron is drawn off, it is passed

through troughs and collected in refractory-lined

ladles. As it passes through the troughs any slag

flowing with it is skimmed off and disposed of.

The molten iron in the ladles is used either as a

molten charge in steel making furnaces or it is

taken to a pig casting machine and cast into

small blocks, called pigs, w“eighing approximately

100 pounds each: It is from the latter form that

the material derives the name pig iron.
,.

The pig iron produced in, a, blast furnace is

not pure iron. During the smelting process, the

iron dissolves impurities such as sulphur,. phos-

phorus, manganese, silicon, and other elements

that are contained in the coke, ore and other

materials in the furnace charge. Pig iron is pro-

duced in different grades, for example : open

hearth basic, foundry, malleable, bessemer,

which vary in chemical composition to meet use

requirements.

WROUGHT IRON PRODUCTION

The methods now ‘used to produce wrought

iron differ considerably from the primitive methods

employed thousands of years ago. The ancients

undoubtedly discovered iron” “by accidentally re -

ducing it from a surface deposit’of iron rich ore.

From that time on wrought iron has b’een $roduced

directly from iron ore. The practice probably

persists in less advanced areas of the world even

today, although the production of wrought iron

directly from ore disappeared from” commercial

practice in the United States around 1900.

Wrought iron is how produced- by indirect pro’

cesses, that is, by remelting and refining pig iron.

In 1875, Henry Cort introduced a process for

making wrought iron in which pig iron and scrap

iron could be used as well as ore. An improved

version .of this process known as the c~Puddling’

Process”, was used successfully for many, years

in the United States, retaining commercial

signi~icance until the Aston process was intro-

duced, about 1930.

The “Puddling Process” was carried out in a

reverberatory furnace. Pig iron was melted in

the hearth of the furnace, the bottoni of wliich

was formed of iron oxide, while the sides were

~lined with hematite ore. Iron oxide was ,added to

the molten metal and the mixture was stirred

manually to accelerate the oxidation reactions

by which carbon and other impurities in the iron

‘were eliminated. During this refining process an

9
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iron-silicate slag was formed. Since pure metals

have higher melting points,.than alloyed or impure

metals, as the contaminants were eliminated from

the pig iron, the melting point of the iron gra-

dually, but continuously, increased. Refining

continued until die temperature of the furnace

(about 2600°F) was not sufficient to keep the

metal in the molten condition: The slag, with a

“lower melting temperature than the :efi~ed iron,

remained molten. As manual’ stirring was con-

tinued a pasty mass of plastic refined iion,

impregnated with molten slag, was produced:

The material was then divided into ball shaped

portions, weighing 200 to 500 Ibs. each, which

were taken from the fuinace while still at welding

temperature and ‘subjected to a’ squeezing or

pressing operation to eliminate excess slag. The

resultant blooms were immediately rolled flat to

form bars which were then-cut into short lengths:

These were then assembled into a pile, reheated

to welding temperature, and rolled to eliminate’.
more slag and simultaneouslyweld the individual

bars together to forma single .bar.

The skill of the operator directly affected the

quality of individual heats of wrought iron pro-

duced by the hand-puddling process. Consequent-

ly, there. was considerable variance in the com-

position and quality of the ?aterial produced by

this process. Also the manual nature of the

operation limited the amount of material that

could be produced in one heat. These process

limitations prompted the development of various

m’achines which were intended to improve the

quality and quantity of the wrougit iron produced.. . . .
Although these effcmts met with varying degrees

of success, none of the devices or processes

developed were completely satisfactory. ,Gener-

ally, the various machines were designed to eli-

minate “the manual stirring operations: The melt-

“ing and refining of the pig iron and subsequent

operations, were still carried .out in one furnace.

While some of the machines did produce larger

heats’than were possible by hand puddling, the

production of, material of consistent quality con-

tinued to be a problem.

,

The Aston process, which was first usedon a

commercial production basis in, 1930;. proved to

be a practical solution to the problem. Wrought

10

iron can be

process and

consistently

produced in large, quantity,by this

the quality of the ‘material. can be

maintained at a high “level: This

e
process differs considerably from either, the hand

puddling or mechanical puddling processes that

preceded it. The various operations, such as,

melting of the pig iron, refinement of the pig iron,

preparation of the slag, aqdimixing of the con-

stituents, are each c,arried out separately in

equipment provided for that specific purpose.

In brief, the”pig iron is melted in a cupola,

tapped into a ladle where it is desulfurized, and

then poured into a Bessemer converter where it

is further refined. The refined ironis thentapped

intoa ladle for transportation to the processing

area where it is poured at “a controlled rate into
..

the ladle of a “processing machine which con-

tains a specially “prepared iroii-silicate slag. ,As

the’ iron is poured, the ladle containing the ‘slag

is moved back’ and forth to assure prop,er mixing

of the iron and slag. ,Wheh the iron is poured into

the ladle the temperature of the slag is several

hundred degrees beIow the freezing point of the

molten refined iron. Consequently, the iron solidi-

fies rapidly and the dissolved gases in the iron

are entrapped. The resulting small explosions,

by which the entrapped gases’ are liberated,
@

shatter the’ metal into small fragments which

collect at the- bottom of the ladle. At the pre-

vailing temperature the small pieces of iron weld

together to forma ball of refined iron impregnated

with molten” slag. When the reactions stop, the

excess slag is poured off and the’ spongy ball,’

which weighs’6000 to 8000 pounds; is dumped on

the platform of a large press. The excess slag is

squeezed outofrhe ball which is re’duced’to a

solid bloom., The bloom is then reduced to any of

a number of wrought forms through a series of

,r

.,

rolling operations. ,...

,,.
In finished forrn’j wrought iron produced by the

Aston Process contains” about 2 percent slag; by

weight. The slag is distributed throughout the

iron matrix in the form of minute fibers which may

number more than 250,000 per square inch of,cross

sectional area. The multitude of slag. inclusions

are responsible for, the excellent resistance of

wrought iron to progressive, corrosion,, since they

serve as ,natural barriers that cortfine the corro-

sion.to the surface of the material.
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STEEL PRODUCTION 7. Effects of Alloying Elements

6. General. Before delving into the intrica-

cies of steel production the two classes or types

of steels covered by this handbook, carbon steels

and low alloy steels , will be briefly examined.

Definitions of these steels were given in Chapter

I, however, for convenience they are repeated

here.

a. Carbon stee/. (The AISI Definition). Steel

is classed “as carbon steel when no minimum

content is specified or guaranteed for aluminum,

chromium, columbium, molybdenum, ”nickel, tita-

nium, tungsten, vanadium, or zirconium; when

the minimum for copper does not, exceed 0.40

percent; or when the maximum csmtent specified

& guaranteed for any of the following elements

does not exceed the percentages noted: man-

ganese, 1.65; silicon, 0.60; copper, 0.60.

b. Alloy steel. (The AISI Definition). By

common custom, steel is considered to be alloy

steel when the maximum range given for the con-

tent of alloying elements exceeds one or more of

the following limits: manganese, 1.65 percent;

silicon, 0.60 percent; copper, 0.60 percent; or

in which a definite range or a ,definite minimum

quantity of any of the following elements is spe-

cified or required within the limits of the recog-

nized field of constructional alloy steels; alumi-

num, boron, chromium Up to 3.99 percent, cobalt>

columbium, molybdenum, nickel, titanium, tung-

sten, vanadium, zirconium, or any other alloying

element added to obtain a desired alloying effect.

Small quantities of certain elements are p’resent

in alloy steels which are not specified or re-

quired. These elements are considered, as incid-

ental and may be present to the following maxi-

mum amounts; copper, 0.35 percent, nickel, 0.25

percent; chromium, 0.20 percent; molybdenum,

0.06 percent.

c. Low-alloy steel. Since this handbook

co~ers only carbon and low-alloy steels it is

necessary to qualify the preceding definition.

LOW alloy steels, for this handbook, are defined

as steels with a total alloy content of five per-

cent or less. This figure includes the construc-

tional high strength low-alloy steels, and the

AISI-SAE steels defined in Chapter 5.

. .
a, General, Steel, in the generic sense, de-

fines ,a family of iron-carbon alloys which, collec-

tively, develop a vast range &f physical,, me-

chanical and chemical properties. ,There are

many different types and alloys of steel, eac’h

capable, of developing a particular combination

of properties and characteristics that make, it

uniquely suitable for one or more applications.

The versatility of steel is derived from two

factors:

(1) Properties can be changed by thermal

treatment; and

(2) The addition of one or more alloying ele-

ments, in proper amounts and proportions, can

effect further changes in properties and charac-

teristics.

The combined effect of these factors is de-

monstrated by” the. widespread application of the

various steels produced today. Carbon steels,

corrosion resisting steels, tool steels, high-

hardenability alloy steels, low-alloy high-s$rength

structural steels, spring steels, maraging” steels,

and others are produced in many alloys and

forms each with a‘ distinctive combination of

properties and characteristics. A user may

choose the alloy and form that best meets his re-

quirements. The tremendous versatility of steel

accounts for the fact that it is the most impor-

tant metal produced today. ..

The heat treatment of steels will, be covered

later in this chapter. In this section the’ effects

of various common” alloying elements on the

properties of steel will be discussed.

Even the carbon steels are not pure iron-

carbon alloys. The previously listed definition

of carbon steel indicates that elements other

than carbon are present in these steels. Some of

the”se are intentionally included in the composi-

tion of the steel, while others are present as

impurities. Actually, all of the commercial plain

carbon steels contain limited amounts of man-

ganese, sulfur, phosphorus and usually some

silicon. In addition they may contain, normally

in trace” amounts only, one or ‘more of the other

common alloying elements.
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The carbon steelsa re, producedin,t wogrades,

the plain carbon steels, and the free cutting or

free machining grade. These steels conform

with the composition limits of the AISI-SAE

designations. Further composition restrictions

aie provided by applicable specifications, which

usually limit the amounts of carbon, manganese,

sulfur and phosphorus permitted in the steel.

In the plain carbon steels, Sulfur and phosphorus

are considered as impurities and maximum limits

are specified. Carbon and ‘manganese are pur-

posely included in the composition of these

t.teeIs. and permissible ranges are specified

for both elements. .,’.

In the free machining alloys, sulfur, ‘and in

some alloys, phosphorus an~ lead, ” are also

controlled within specified limits as well as

carbon and manganese.

Despite. the fact that other eIements are pur-

posely included in the composfiiori of plain

carbon steels, carbon “is the principal alloying

element, and the properties of “a “steel are pri-

marily dependent upon the amount of carbon

alloyed with” the” iron.’ For practical purposes,

therefore, ~ plain carbon steel may be consi-

dered as one in which only, carbon ii added tci

the iron fm the singular purpo”se of”’controlling

the properties of the steel. Manganese a’nd, sili-

con, which are intentional additions, to the com-

positioris of., plain carbon steels, ‘do affect the

properties of the steel, but they are not added

specifically for that purpose. The effect on pro-

perties is” a secondary function of these ele-

ments; silicon is added as a deoxidizing agent,

while manganese, also a strong deoxidizer, in

addition combines with the sulfur to form man-

ganese sulfide, thereby restricting the formation

of a less desirable compound, ”iron sulfide. The

free machining alloys reta”in the carbon steel

classification because the extraneous elements

are a“dded to the iron-carbon alloy in smaII.,,
amounts well within the composition’ limits of

the AISI’ designation for carbon steels. The

principal effect of the additions is to -achieve

improved machining characteristics, as compared

with a comparable plain” carbon alloy.

By contrast with the carbon steels,, an alloy

steel is one to which one or more elements, in

addition to carbon, are added to the iron speci-

fically to effect a change ,or ,changes in proper-

ties. These elements impart speciaI properties

to steel that cannot be obtained in a plain carbon

kteel. Some of the common alloying elements of

steel are discussed briefly. in the succeeding

paragraphs.

b. Carbon. Tfre principal alloying element

in “carbon steels is carbon. Theoretically,, the

carbon content range for steels extends from

approximately 1.7 percent carbon (by weight):.to

0.001 or less. In actual practice, commercial

carbon steels are produced with carbon content

ranging, in nominal figures, from about 1.0 per-

cent, to approximately 0.05 percent.

The properties of a ,carbon steel “are ,depend-

ent upon the amount of carbon in the steel.

Hardness, “toughness, strength; ductility, and

weldability are all directly affected by carbon.

The hardness and strength of carbon steels in

the as-rolled condition increase with increasing

carbon content up to’ approximately, 0.85 percent

carbon. The maximum hardness that can be

achieved. by proper heat treatment of carbon

steels also increases with increasing carbon

content up to 0.60 percent carbon. Ductility,

toughness, and weldability geneially decrease,.,
as carbon content increases.

c. Manganese. Manganese is an active de-

oxidizer’ and, in addition, combines, with the,

sulfur to form manganese sulfide. This cons titu-”

ent enhances the machining characteristics of

the free machining carbon steels. When sulfur

is present as an impurity, the formation of man-

ganese” srilfide restricts the formation of. iron

sulfide. Iron sulfide is detrimental to the hot

rolling and forging characteristics of steeI, prod-

ucing a condition known as t ‘red shortness” or

‘(hot shortness”, that is, the material is sus-

ceptible to tearing or cracking at rolling or

forging temperatures. Manganese ,’enhaqces the

hardenability’ of the steeI because it decreases

the critical, or minimum, cooling ‘rate necessary

for hardening a steel.

d. Silicon. Silicon in the form of ferrosilicon

is used as a deoxidizer and hardener in both

alloy and carbon “steels.
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e. Nickel. Nickel increases impact resist-

ance and toughness, particularly at low tempera-

tures. It lowers the critical temperatures of steel

for heat treatment and enhances hardenability.

.In the high strength low-alloy structural steels

which receive no more than an air-quench, nickel

is ,used to obtain given, stre”rigth levels at lower

carbon content than would otherwise be required.

As a result the ductility, toughness, and fatigue

resistance of the steels are improved.

f. Chromium. Chromium enhances hardena-

bility, improves wear and abrasion resistance,

and promotes carburization.

g. Molybdenum. Molybdenum enhances hard-

‘enability, and widens the temperature range for

effective he..c treatment,

h. Vanadium. Vanadium is a strong deoxidiz-

er and also inhibits grain growth.

i. Aluminum. Aluminum is a strong deoxi-

dizer and, like “vanadium, inhibits grain” growth.

Aluminum improves the nitriding characteristics

of steel when present in amounts of approxi-

mately 1 percent.

j. Boron. Boron serves one purpose in steel;

it increases hardenability.

k. Multiple alloying elements. A combination

of two or more of the above alloying elements

usually imparts some of the characteristic pro-

,perti’es of each. Constructional’ chromium-nickel-

alloy steels, for example, ~develop. good harden-

ing properties, with excellent ‘ductility, while

chromium-molybdenum combinations develop ex-

cellent hardenability with satisfactory ductility

and a certain, amount of heat resistance. The

combined effect of two or more alloying elements

on the hardenability of a steel is considerably

greater than the” sum of the effects of the same

alloying elements used separately. The general

effectiveness of the nickel-chromium-molybdenum

steeIs, both with and without boron, is accounted

for in this way.

Various combinations of alloying elements

are employed by the different producers of high

“strength low alloy steels to achieve the mechani-

cal properties, resistance to atmospheric corro-

sion,

‘ those

and other properties that “characterize

steels.. Carbon is generally maintained at

13
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a level that will insure freedom from excessive

hardening after welding and will retain ductility.

Manganese is used principally as a strengthen-

ing element. Phosphorus is sometimes employed

as a strengthening element and to enhance re-

sistance to atmospheric corrosion. Copp’er is

u;sed to enhance resistance to atmospheric cor-

rosion and as a strengthening element. Silicon,

nickel, chromium, molybdenum, vanadium; alu-

minum, titanium, zirconium, and other elements

sometimes are used, singly or in combination,

for their beneficial effects on strength, tough-

ness, corrosion resistance, and other desirable

pgopertiesl.

,, ,, ....,.
8. .Stee~making Pracesses . ; , .

a . General. Various processes have been

developed to produce carbon and low-alloy steels

from pig iron and scrap steel. In the-’United

States the processes of the greatest’ commercial

significance are: the basic open-hearth” proc~ks;

‘the acid Bessemer process; the basic~oxygen

process; and the electric arc process. Each pro-

cess is distinctive, with inherent advantages

and’ disadvantages, but, there are marked ‘simi-

larities in the fundamental elements of these

~rocesses.

In each process, refining of the raw materials

is an essential operation. The raw materials

used to make the steel contain various metallic

and non-metallic elements as impurities. To

make steel, many of these impurities must be

,temoved or reduced in amount to a level tha’t c’an

be tolerated in steel. In. all of the previously

listed steel-making processes, refining is ‘ac-

complished by promoting chemical reactions,
7
principally, but not exclusively, oxidation re-

actions. Carbon, manganese, iron, silicon and

other elements, are oxidized during the refining

period. Many of the oxides evolve as ,gases, or

enter the slag thus reducing the amounts of, the

extraneous elements in the iron.

During the refining process elements that

are needed in the steel, such as, carbon and

manganese, are removed from the iron along with

the impurities: Cons equently, each process is

designed to permit the addition of selected ma-

terials ,to ~he molten metal .o’ that the amounts
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of carbon, manganese and other.desirable- alloy-

ing elements in the steel can be adjusted, within

,limits, to” produce a steel of the desired composi-

tion.

As steel isrefinedd uringt hecourse of these

processes, its oxygen content is increased.

Vaiious means are employed to deoxidize steels.

Deoxidizing and ingot practices are discussed

after each of the”processes are described.

As a final prelude to the process description,

it should be noted that steel making processes

are classed as either basic or acid processes.

Classification depends upon the type of furnace

lining used, which can be either an acid 01 a

basic refractory material. The slag that forms

during the process must be compatible with the

lining, that is, a basic slag for a basic lining,

arid an acid slag for an acid lining. Silica (Si02)

is a common acid furnace lining, while magnesite

(MgC~) and dolomite (Magnesite +CaC03) are

basic linings. The open-hearth, Bessemer, and

electric arc processes may be operated as basic

or as acid processes. In the United States the

basic open-he.mth process is the predominant

‘process, accounting for more than 80 percent of

the steel produced.

b. The basic open-hearth process. The opFn-

hearth process is a regenerative process that

employs a furnace with the following features:

the hearth is shallow, usually elliptically shaped,

and lined with basic refractory materials; the

hearth combines with the “front and. back walls

and the roof to form the combustion chamber; and

the combustion chamber is closed at each end”

by similar structures that include the burners

and also the air-gas passageways that are part

of the regenerative system.

During operation of the furnace, the burners

are fired alternately. One burner’ fires for approx-

imately 20 minutes, it is then shut-off and the

other burner is fired for a like period of time.

Pre-heated air and gases enter the furnace

through the regenerative system passageways

at the end of the combustion chamber where the

burner is firing. The gases-and combustion, pro-

ducts travel the length ~f the furnace, being

exhausted through the, regenerative passageways

at the opposite end of the chamber from which

the air and gases enteyed. When the. burners are

alternated, the flow. of air and gases is reversed.

The hot exhaust gases enter ,the regenerative

system through the passageways at the end of

the combustion chamber. They are passed through

a regenerative chamber at the exhaust end of, the

furnace and from there to the exhaust stack.

Regenerative chambers are located at each

end of the furnace. They are large brick chambers

in which firebricks are arranged, in a criss -cross

pattern to form vertical and horizontal passages

for the air and gases to pass through. The fire-

bricks are arranged so, that as much of their

surface area as possible is exposed to the gases

flowing through the passages. As the. hot exhaust

gases from the furnace ,pass through’ a regenera-

tive chamber heat is transferred to’ the firebricks.

When the burners are alternated the air’ and gas

flow through the furnace is reversed. Air and

gases now pass through the heated chamber,

absorbing heat as ,they do so, and then. enter the

combustion, chamber. In this manner, the regen-

erative chamber at one end of the furnace is

being heated by exhaust gases while the chamber

at the other end of th’e furnace is ‘preheating the

air and gases entering the combustion chamber.

The function of the chambers are interchanged “

whenever the burners are alternated.

An open-hearth furnace is’ charged through

water-cooled, hydraulically op’crated doors in” the

front wall of the furnace. Solids are charged first.

Usually the solid charge includes solid pig iron,

scrap steel, iron ore and limestone. The charge

is melted bY ,heat from the long sweeping. flame

of the operating burner. When the solids have

nearly melted, molten pig iron is added to the

charge and the refining period begins. The first

phase of the refining period, is known as the ore

boil. ~ slag forms on the molten metal and the

silicon, ‘manganese and phosphorus in the pig

iron are oxidized and enter the slag. Carbon is

also oxidized, forming carbon monoxide gas

which, as it boils off, agitates the bath causing

the slag to foam and .inc:ease in volume. When

the volume .of the slag is sufficient, it is drawn

off or flushed out through a door at the rear of

the furnace. The ,slag contain”s silicon, phos-,—
phorus, and manganese, so, the flush serves. as a

means of’ reducing the quantity- of these elements

14
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in the heat~. The flush is continued for as long as

necessary to assure” a thorough flushing of the

heat, which may be for two hours or more.

The ore boil continues until the carbon con-

tent in the melt ‘diminishes and the temperature

of the bath rises. With” increasing temperatures

the limestone begins to decompose forming. car-

bon dioxide and calcium oxide, (lime). This phase

of the operation is known as the lime boil be-

cause of the vigorous reaction caused by the

release of the carbon dioxide. The lime rises to

the surface and a strong basic and reducing slag

is formed which is capable of retaining phos-

phorus and’ sulfur.’

.,. The lime boil subsides due to depletion of

the limestone and when most of the lime has

risen to the surface the working period begins.

Almost all of the impurities have been eliminated

by this time, except for carbon, of which there is !

usually a slight excess. Any alloy additions are

made during this period, and oxidation is con-

tinued to reduce the amount of carbon and any

other elements in the steel to the proper and

desired levels. When a suitable composition is

achieved, as determined by analysis of samples

from the heat, the heat is tapped.

The molten steel and slag are drawn-off

through the tap “hole, which ‘in stationary furnaces’

is located at the center and near the back of the

hearth. The tap hole which is “sealed with dolo-

mite and clay, is opened when the heat is ready

to tap. The steel flows out of the furnace and

into a refractory lined spout or runner that directs

the steel into a large ladle. The slag follows the’

steel out of the furnace and into the ladle where

some is retained as an insulating cover for the

steel. The excess slag overflows into a slag pot.

~. c. The Acid-Bessemer process. Although the

Bessemer process may be operated as either an

acid or basic. process, only the acid pro”cess is

of commercial significance in the United States,

consequently, this ‘discussion is restricted to the

acid,,piocesk only.

The furnace in which the Bessemer process

is carried out is known as a converter. The con-~

verter is a large, open topped, pear shaped, steel

e
shell vessel, the inside surface: of which are

15

lined with acid refractory materials, predominately

silica. The bottom surface of the refractory lined

chamber is pierced with numerous small holes,

or tuyeres, which lead from the chamber into the

windbox below the chamber. The converter is

trunion mounted so that .it can be tipped to the

horizontal position for charging and pouring. One

of the trunions is hollow and compressed air is

piped through it to the windbox. From the wind-

box the air passes through the tuyeres into the

refractory lined chamber.

The converter is tipped to a horizontal posi’-

tion for charging. Molten pig iron is a common

charge, although solids, such as roll scale, s’crap

and solid pig iron “can be added to the molten

charge. After the converter is charged the com-

pressed air is turned on and the vessel is slowly

rotated to a vertical position. The air, under 15

to 30 psi pressure, passes through the tuyeres

and is blown through the charge. The silicon,

manganese and carbon in the pig iron are oxidized

rapidly, in the order mentioned, by the oxygen in

the air passing through the charge. The progress

of the blow can be determined by changes in the

flame coming from the open end of the converter.

When the blow is completed the air is shut off

and the converter is tilted to pour the steel into

a large ladle. Ferromangane’se is added as the

steel is poured into the ladle. The purpose of

this addition is to convert the iron oxide and iron

sulfi-de in the steel to MnO and MnS. The carbon

in the ‘ferromanganese also reacts with oxygen

in the steel to form carbon monoxide, which as it

boils off agitates the bath and helps to distribute

the manganese more uniformly.

d. The basic-oxygen process. This process

was developed in Linz, Austria and is sometimes

referred to as the LD process (Linz-Dorowitz).

Other names by which it is known are the direct

oxygen’ process’ and the oxygen converter proce SS.

The process is carried out in a converter

somewhat similar in shape and construction to

the Bessemer converter. However, in this process

the inside surfaces of the vessel are lined with

basic refractory materials and the bottom surface

is solid’ and does not contain tuyeres.
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The basic oxygen converter is tilted to a hori-

zontal position foi charging. Solid’ scrap is usual-

ly charged first and makes up about .25 to 30

percent of the charge. Molten pig iron is added

after the scrap, along. with some roll scale and

lime. After charging the converter. is rotated to

a vertical position and a water-cooled oxygen

lance is lowered into position above’ the charge.

High purity oxygen (98%) “utider 100 to 150 psi

pressure is ,blown onto the surface of the charge.

The charge is refined by the resulting oxidation

reactions’. The difference in density of refined

and unrefined metal, and the evolution and boil-

ing off of carbon monoxide gas, produce a violent

agitation and circulation of the bath which brings

fresh metal into contact with the oxygen, thereby

accelerating the refining process.

Completion of the process is “indicated by a

change in the flame at the mouth of the converter.

When the process is completed the oxygen. lance

is withdrawn and the converter is rotated to a

horizontal position where the slag is skimmed

off. ”The converter is then rotated in the’ opposite

direction and the steel is poured into a large

ladle.

e. Electric arc processes. Steel can be made

in electric arc furnaces by either acid or ,basic

processes. However, the basic process is gener-

ally used to produce electiic arc steels that are

converted into wrought products. Therefore, this

discussion is restricted to the basic electric arc

prticesses:

Two types of electric arc furnaces’ have been

developed, the direct-arc type and the indirect

arc type. Of the two, the direct-arc furnace is

the more common.

The carbon or graphite electrodes of the ifi-

direct-arc’ furnace are. located above the charge

and are positioned in-line with a gap between

them. The arc is struck between the electrodes

and the charge. is heat:! by radiation.

The modern direct-arc furnace employs a

different. principle. Three electrodes are used,

each conriected to a single phase of ,a three phase

current. “The” electrodes are held” in the vertical

position by. external supporting structure and

pass through openings in the furnace roof. Heat

is generated by arcs that are struck between the

electrodes and the charge.

Direct arc furnaces are Viisatiie units with

definite” advantage’s” a.i compared to the other

types of ftirnaces discussed previor&ly:” The ad-’

vantages ‘include:

(1) Fuel burning furnaces require. an oxidizing

atmosphere to support combustion of the fuel,

but in an electric arc furnace a neutral or reduc-

,ing atmosphere can. be developed and maintained.

al

(2) The heat generated by”the electric arc is

pure heat. Neither liquid nor gaseous fuels are

burned in. the furnace, consequently, the hazard -

of ‘contaminating the bath with ~mpurities nor-

mally contained in a liquid or gaseous fuel is

eliminated.

(3) Very high temperatures can be attained

in electric arc furnaces and temperatures” can be

accurately controlled. ,’

(4) Refining and alloying can be controlled

“to -’meet exacting requirements. By comparison

with other processes the operating costs of elec-

tric arc furnaces are relatively high. In the strict
@

sense, the electric “arc processes do not compete

with other processes, being used primarily to pro-

duce clean, high quality steels, generally, tool

steels, stainless steels, and the like.

A direct arc furnace is usually charged with

carefully selected steel scrap of known composi- ‘

tion. To assure an excess of carbon in the

charge, coke, anthracite coal, broken electrodes

or other forms of carbon are usually added to the
,.

scrap. Ore, ~imestone, and,alloying elements may

be included in the initial charge or they can be

added later after the metal charge has melted.
. .

After. the charge is laid’ iri “the hearth the

electrodes are lowered itito position and arcs ‘are

struck betivien the electrodes, and the ‘charge:

As melting progresses silicon, manganese, and

phosphorus begin to oxidize and, with the lime,

form a slag. As tl-ie oxidation reactions continue

the temperature of the bath is increased .to about

2900°F to promote oxidation of the carbon and

“also to inc~ease .,the fluidity. of the bath. With

16 ‘m
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● ‘increased fluidity, solid inclusions’ rise to the

slag and are re”tairred there.

The initial”, oxidizing slag is made Up of lime,

silica and iron oxides. When the bath is suffi-

ciently refined by the oxidation reactions, the

oxidizing slag is removed and a reducing slag is

built by adding fluorspar, lime and carbon to form

calcium carbide. The carbide slag reacts with.

the oxides of iron, manganese, vanadium, chromi-

um, and tungsten, that are in the slag, reducing

them, thus returning the metals to the steel. The

basic slag also reduces oxides in the steel, and

converts sulfur to calcium sulfide (CaS) which is

retained in the slag. During this period, any nec-

essary alloy additions are made and when anal-

ys e’s indicate that the desired composition has

been achieved a final deoxidizer is added, the

temperature is raised to about 3000°F, and the

steel is tapped into a ladle.

Vacuum arc melting is a process for refining

and improving steel. In this process, the steel

●
is first melted in an electric arc furnace to pro-

duce a special ingot suitable for remelting. This

ingot, when properly processed, ” then serves “as

an electrode in a vacuum arc furnace. The fur-

nace is placed under a vacuum, an electric cur-

rent is applied, and the electrode melts under

heat of the electric arc into a copper crucible.

Metal turbulence caused by the electric arc, and

the high rate of heat transfer through the water

cooled waHs of the copper crucible, ‘make pos-

sible a sound ingot structure.

=
Vacuum arc melting effectively lowers oxygen,

v

nitrogen, and hydrogen, and nonmetallic inclu-

sions carried over from the first melting can be

significantly reduced in the vacuum remelt.

Steels produced by this method are generally

more uniform and finer grained in structure and

have better mechanical, chemical, and physical

properties than those obtained by conventional

air melt processes. Equipment, processing, and

process controls are, however, generally more

complex, stringent, and costly than conventional

steel making processes. Vacuum arc process

steels are premium quality grades used for

specialized applications such as for aircraft
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9. Irigot ond Deoxidizing Pract ices. The pre:

ceding process descriptions stopped at the point.

where the steel was tapped into a ladle,. At this

point the steel is ready to be poured into ingot

molds.. Ingot and deoxidizing practices are the

next subjects discussed.
..

.,

a. Ingots. Ingots are produced in a variety’ ‘

of types, sizes, and shapes depending upon the

“wrought product to be manufactured. The cross

sectional shape of an ingot may be square, rec-

tangular, slab, round or polygonal, any functional

shape that fits the ingot to the final wrought

product and provides for economical processing.

,Ingot mold cavities are usually tapered from one

end to the other so that the ingot is either smaller

or larger at the top t,han at the bottom. The taper,

or draft, allows the mold to be stripped from the

casting. Dependirig upon the direction of die

taper, molds are classed as either big-end-up or

big-end-down type molds.

Like ‘most metals, steel contracts tturing

solidification, thus, the volume of the solid is

less than that of the liquid from which it forms.

When molten steel is poured into an ingot mold

the metal in contact with the mold surface freezes

almost immediately, establishing the outside

surface of the ingot. With the extrerneties of the

casting established by the solidified skin, it. is

apparent 7 since “solidification. progresses from

: the outside surfaces inward; that the difference

in volume between the liquid and solid steel must

produce some effect. If the difference’ in volume

is not compensated for in some other way, a

cavity forms in the section of the casting that

freezes last. The last portion to solidify is usu-

ally the upper central portion of the ingot and

the cavity that forms there is called a”pipe. This

effect is shown schematically in Figure 2. The

only way to eliminate the pipe is to crop ( cut off)

the end of the ingot.

The pipe can be confined or concentrated at

the top of the ingot by regulating the solidifica-

tion of the casting. Big-end-up molds promote

‘progressive solidification of the casting from the

bottom upward. When a refractory lined collar, or

hot top, is added to the mold a portion of the

applications. molten steel is insulated and a reservoir of mol-
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ten metal is provided to, feed the ingot as it

solidifies, ‘thus compensating for th’e contraction

that’ occurs. In this manner the pipe can be con-

fined to the hottop portion of the ingot.

Hot tops can, and are, used effectively both

with big-end-up and with big-end-down type molds

to minimize,. the portion of each ingot that must be

cropped,.

,. ~Pipe

FIGURE 2. Pipe in an-lngat

b. Deoxidat ion pract ices

(I) General. Molten steel usually contains

oxygen in the form of iron oxide, and as a dis-

solved gas. If the steel is not deoxidized before

it is cast, the oxygen reacts with carbon to form

a gas (CO) which evolv,es ~uring solidification

of the steel. The amount of gas evolved during

solidification can be controlled effectively by

: various deoxidation practices. Deoxidizers can

be added to the steel in the furnace, in theladle,

in the mold, or by a combination of these methods,

to effect complete or partial deoxidation of the’

stee I, as desired. Common, deoxidizers are ferro-

manganese, ferrosilicon and aluminum.

Three types of steel, classified according to

deoxidation, are: killed steel, semiskilled steel,

and rimmed steel. “”

(2) Killed Steel. Killed steels are those that

have ,been so thoroughly deoxidized that they lie

quietly in the mold because little or no gas is

evolved. Killed steels are usually cast in big-

end-up hot top molds. Generally killed steels are

used when” a sound, homogeneous structime is

required. Alloy steels, carburizing steels, steels.

for forgings, are typical applications for. killed

steel.
,,:

(3 ) Semiskilled Steel. Sernikilled steel is not”’

as thoroughly deoxidized as killed steel. Some

oxygen is present to react with the carbon .to

form CO when the steel is poured into the ingot

molds. Steel of this type generally contains more.

blow-holes and inclusions ~than killed steel.

Semiskilled steel is used extensively for. heavy

structural shapes and. plate.

(4) Rimmed Steel. A relatively small amount

of deoxidant is added to rimmed steel and a con-

siderable amount of gas evolves and rises to the

surface as the steel solidifies. An ingot of “rimmed

steel has an outside skin of low carbon content

steel, an intermediate zone which contains blow-

holes of various sizes, and a core of metal rich

in carbon, sulftir and phosphorus. Rimmed steel

has a good surface finish and a high degree of”

ductility which makes it useful” for thin sheet,

wire, tinplate. and similar products.

(5) Capped Steel. Capped steel” practice is a

variation of rimmed practice. The steel is poured a

into trig-end-down molds with .a constricted top

(bottle top) to facilitate capping. The rimming

action is allowed to begin but is terminated after. . .
a short time by sealing the mold with a steel, or.

cast iron cap.’ An addition of aluminum or fekrq-

silicon to the top of the top surface, of the molten

steel has the same effect as capping. and is some-

times used in place of a cap. The, product is an

“ingot with a thin skin or rim which is relatively

free of blow-holes and with less segregation than

rimmed steels. Steel of this type is used to make

sheet, strip, tin plate and bars. ,,,.

FERROUS METALLURGY,

10. The Structure ‘of Metals. Metallic mat-

erials, together with the other substances in our

world, can be dividecj into, three basic classifi-

cations: elements, compounds, and, mixtures.

a. Elementi. ”fi”Elements are substances that

cannot be broken down” into simpler substances

by ordinary ‘chemical methods. For example, iron,

carbon, ‘ manganese, sulfur and phosphorus are

18
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included among the more’ than 100 elements dis-

covered to date.

b. Compound. A compound is a substance

produced by a chemical reaction between two or

more elements. The. constituents of a compound

unite in definite fixed proportion by weight. The

properties of a compound differ from those of its

component elements. Compounds, unlike ele-

ments, can be decomposed by chemical reactions

into simpler substances, that is, into elements,

and/or other compounds. Iron carbide (Fe3C),

also known as cementite, is a compound.

c. Mixtures. Mixtures are’ produced by the

intermingling of elements, compounds, or both.

The composition of a mixture is not governed by

the law of definite proportions, as are compounds,

and the components of a mixture may be inter-

mingled in various proportions. The constituents

of a mixture can be separated by purely physical

means and each component in a mixture retains

its own properties. An often cited example, air,

is a gaseous mixture of riitrogen, oxygen, argon,

carbon dioxide, water vapor and other gases.

d. Solutions. Solutions are a specific kind

of mixture in which the components are so com-

pletely miscible as to be indistinguishable under

the optical microscope.

Elements, the fundamental substances from

which other substances are made, are, in turn,

composed of atoms. It is convenient to visualize

an atom as a miniature solar system composed

of a nucleus surrounded by electrons which re-

volve in what may be considered as concentric

orbital shells located at discrete distances from

the nucleus. The electrons are small particles

of unit negative charge. The nucleus is com-

posed of protons and neutrons. Protons are small

particles with an equal but opposite charge to

that of an electron, that is, they bear a unit

positive charge. Neutrons are small electrically

oeutral particles. The mass of a proton is 1836

times that of an electron, while the mass of a

neutron is 1839 times that of an electron.

Atoms are essentially electrically neutral,

possessing equal numbers “of protons and elec-

trons. The number of protons in’ the nucleus of

an atom is unique for each element and is called

ihe atomic ‘number of the element. Of course the

number of electrons possessed by an atom is

also equal to the atomic number.

The electrons surrounding the nucleus of. an

atom are grouped in specific and distinct energy

levels commonly described as orbital shells. Pro-

gressing away from the nucleus, each additional

shell may contain successively more electrons.

The first shell may contain two electrons: the

second, eight electrons; the third, eighteen elec-

trons; and so forth. The outermost shell of elec-

trons is known as the valency group. The

properties of the elements are strongly related to

electrons in this group, which are known as val-

ence electrons’. When the outer shell is com-

pletely filled the atom is very stable &d -does

not combine with other atoms. Some of the inert

gases are examples; helium, atomic number 2,

has one electron shell filled with two electrons,

and neon, atomic number 10, has two complete

shelIs of two and eight electrons respectively.

Provisional stability is achieved when the third

and higher shells contain eight electrons. For e

example, argon, atomic number 18, has’ three

electron shells, the first two are complete with

two and eight electrons respectively, while

the third shell, although incomplete, contains

the stable number of eight electrons. Argon is

also included among the inert gases.

The ability of atoms to “combine with like

atoms to form crystals or with other atoms to

conform compounds is governed by the valence

electron s.. Metals typically have positive

val-enc e, that is, their atoms tend to give up

electrons in chemical reactions leaving them

with more protons than electrons. In this, state,

@e atoms possess a positive charge and are

called positive ions. Non-metals tend to ac-

cept electrons and form negative ions.

Ionic compounds are formed between strongly

me taIlic and strongly non-metallic ,elernents.

Electrons are transferred from the metal atoms to

the non-metal atoms, forming positively and

negatively charged ions. The electrostatic

forces acting between the oppositely charged

ions bond the ions together as a“ molecule of the

new compound.

Solid metals, under ordinary circumstances,

are crystalline materials. By de finition~ a crys-

tal consists of atoms arranged in a pattern that
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FIGURE 3. Unit Cells of the Body-Centered Cubic and

Face-Centered Cubic Crysta l Structures
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repeats periodically i’n three ‘dimensions. The

space-lattice is a useful and convenient concept

for describing the geometric arrangement of

atoms within a crystal.’ A space-lattice is a

geometric construction depicting the three di-

mensional arrangement of atoms in space for a

specific crystal structure. Therefore, a space-

lattice consists of points in. space, not lines or

planes, and the lattice is understood to extend

“indefinitely in space in a regular arrangement

witbin which each point has identical suttound-

ings. In practice it is often inconvenient “to use

a point lattice, cons equently it is common prac-

tice to connect the points by straight lines to

form an equivalent line Iartice. Also, it is often

more convenient to describe a space-lattice in

terms of a unit cell, which is the smallest group

of points which, when repeated in all directions,

will develop the space-lattice.

Most metals solidify in one of three crystal

structures; the body-centered cubic; the face-

centered cubic, or the close-packed hexagonal.

The crystal structure of iron is body-centered

cubic at temperature below 1697 ‘F. Between

1697°F and 2535°F” it is face-centered cubic and

from 2535 *F to the melting point, 2795°F~ it iS

body-centered cubic again. The ability of a sub-

stance to exist in more than one’ crystal struc-

ture is iinown as polymorphism and the ch~ge

from one structure to another is referred to as a

polymorphic transformation. The unit cells of

“the ‘body-centered cubic and the face-centered

cubic structures are illustrated in Figure 3.

When a. solid metal is heated sufficiently it

melts and becomes liquid. If heating is con:

tinued the liquid metal eventually boils and is

transformed to a vapor. To effect these changes

in :physical state a considerable amount of ther-

mal energy must be supplied to the metal, which

.
and kinetic energy of. the metallic atoms.. The

vapor state is the highest “energy state of the

three states in which a metal can exist. In t.
vapor state, the kinetic. energy of individual

atoms is so great that their gravitational, and

chemical attraction for each other ‘is overcome.

Their movement is a rapid, random, independ-

ent vibration, restricted only by the “container

and collisions with other atoms. Obviously. the

arrangement of atoms in a gas is unordered and

continuously changing.

‘As a gas is cooled it loses thermal energy

and the average kinetic ene’r& of the metal

atoms diminishes. As cooling continues the

vapor condenses into a liquid. In the liquid

phase the atoms are ‘still capable of a relatively @

free’ and independent motion, although such .mo-

tion is much more restricted than’ in the vapor

phase. Continued co’oling of the liquid, of

course, further reduces the kinetic energy of the

atoms., At the freezing point, the mutual attrac-’

tion of some neighboring atoms prevails over

their kinetic energies and small groups of atoms

form at “random within ‘the mass of liquid. The

atoms in, these groups align in the definite” ord-

ered geometrical arrangement characteristic of
.,

the metal’s crystal structure. Some of these

groups become relatively stable and serve as

crystal nuclei to which. other atoms are attracted

and” become attached. The atoms continue to

align in the definite geometric arrangemerit of the

metal’s crystal structure as the “nuclei. grow in

three. crystallographic directions. Because..of the

random orientation and distribution of the nuclei

the crystals deveIop rather freeIy in. the Iiquid

during tk initial phase of solidification. Inevit-

ably, however, ‘individual adjacent “.tryst.als’ ap-

proach each other and. further” growth is impaired

by mutual interference. As a result of the mutual

,.,.—.-
in turn, manifests itself as--increased p-oteritial
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interference on every side, the crystals form geo-

metrically irregular .ex’ternal surfaces. The ir-

regularly shaped crystals thus formed are com-

monly referred to as grains. Because the crystals

nucleate and grow in different orientation, the

surface atoms of adjacent grains are mismatched

and grain boundaries are formed by the distorted,

layers of atoms between normal “grains. Each

grain boundary atom, as a result of the distortion,.

exists in a higher-energy state than that which is

typical for the atoms within the grains. Grain

boundaries then, are’ regions of abnormally high

free energy, a condition that significantly affects

the mechanical, physical, and chemical charac-

teristics of a metal. First, the less densely

packed arrangement along the grain boundaries

furnishes a path” for more rapid transfer of atoms

than do the aligned atoms within the grains.

Second, because they exist at higher energy lev-

els, grain boundary atoms tend to react more

- readily with corrosive media than ‘the normal

atom within the grains. Third, foreign or impurity

atoms tend to concentrate at grain boundaries

where they can be firted in more readily. Fourth,

nucleation, for precipitation and eutectoid reac-

tions involving the formation of one or more new

phases, occurs at grain boundaries. Fifth, below

the recrystallization temperature grain boundaries

are stronger than the matrix crystals, while above

the recrystallization temperature the relative

strengths of the grain boundaries and the matrix

crystals are reversed..

The metals are elements that possess, to

some degree, particular properties that are re-

ferred to as metallic properties. One particular

characteristic of metals, already discussed, is

the type of atomic bond which they form. .,The

bond of course is the ,metallic bond in wh”ich the

atoms in the metal share electrons. The elec-

trons are relatively free to move from atom to

atom and form’ what is commonly referred to as an

electron cloud or gas. Metals also possess

metallic luster. They are opaque, generally are

good conductors of heat and electricity, and are,

to some extent, malleable and ductile.

While metals are elements possessed of me-

tallic properties, there are other substances that

also possess metallic properties.” These sub-

stances, which are combinations of two or more’

elemqnts, are called metallic alloys, or more

commonly, alloys. At least one of the compo-

nents of any ’alloy is a metal. The importance-of

alloys is indicated by the fact that the majority

of the metallic materials used in structural ap-

plications today are alloys rather than metals.

Elements can combine either as compounds,

or as inixtures. Compounds, as previously dis-

“.cussed, are formed when atoms of the reacting,

elements unite in a definite ratio by weight.

Compounds are identified by chemical formulas,

for example: water, H20; iron-carbide, Fe3C.

Mixtures, however, are combinations of, elements

that are not governed by the “law of fixed pro-

portions. In mixtures the component elem,ents

maY be intermingled in any:~desired proportion.

It was previously noted that solutions are mix-

tures. . Liquid solutions are commonplace and

everyone is quite familiar with them. Brine,, a

solution of salt in water is a common example.

In true- solutions, single atoms or molecules

of one substance are uniformly dispersed through-

out another in such a manner that the identity of

the dispersed substance is lost. Sugar, for

example, will dissolve in water, but the solution

will remain clear. The combination .of sugar and

water becomes a single-phase liquid which is

homogeneous within the limits of observation.

A true solution is a uniform mixture ‘of a solute

(the dissolved substance) and a solvent (the sub-

stance in which the’ solute dissolves).

Solutions are not restricted to liquids; solid

solutions form in a manner similar to liquid solu-

tions. Brass, for example, is a solid solution of’

zinc atoms dissolved in copper. When zinc is

added to copper to form brass, zinc atoms sub-

stitute for some of the copper atoms in the crys-

tal strut ture. This type of solid solution is

caHed a substitutional solid solution.,,
,.

Another form of. solid solution is the inter-

stitial solid solution. In this type of solution the

solute atoms do not replace the solvent atoms but

rather occupy positions between the normal posi-

tions of the solvent atoms, that is, at the inter-

stices. The solution of carbon in iron is an

example of this type of solution.

In any alloy, when the components are com-

pletely soluble in the liquid state, the solubiIity

.,..
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may or may not change upon solidification. When

complete volubility persists in the solid state,

the alloy will consist of one phase, a solid solu-

tion. If, however, the” volubility of the compo-

nents in the solid state is negligible, they may

form more than one phase upon solidification. A

phase is generally defined as a microscopically

homogeneous body of matter; as related to alloys,

a phase may be ‘considered as a structurally ho-

mogeneous and physically distinct portion of the

alloy system. For example, when an alloy solidi-

fies, or freezes, the phases formed may be a

chemical compound and a solid solution, or two

solid solutions. Before the alloy solidifies com-

pletely, a solid solution may exist in equilibrium

with a liquid. In each of these examples, two

phases of the alloy are involved.

I l. The Iron-Carbon System. Equilibrium dia-

grams are graphs or maps of the temperature and

composition boundaries of the phase fields. that

exist in an alloy system under conditions of com-

plete equilibrium.

The equilibrium diagram of the iron-carbon

system, from O percent to 7 percent carbon by

weight, is shown in Figure 4. This is the only

portion of the system pertinent to steels. Exten-

sive reference will be made to the diagram’ in the

following discussion.

Pure iron is polymorphic, that is, it exists in

more than one crystal structure. In the case of

pure iron the crystal structure changes with tem-

perature. The crystal structure of pure iron is

body-centered cubic up to 1670”F. This poly-

morphic form of iron is called alpha-iron. From

1670”F to 2535°F, the stable cvsral structure of

pure iron is face-centered cubic, designated as

gamma-iron. Above 2535°F iron again has a

body-centered cubic crystal structure and is

known as delta-iron: This form is stable up to

the melting. temperature 2795°F. These points

are identified on the equilibrium diagram along

the zero percent carbon ordinate.

The polymorphic transformations of iron ac-

count for the very great importance of steel as a

strut rural material. Gamma-iron is capable of

dissolving, in solid solution, approximately forty

times more carbon than alpha-iron. This fact, as.

30 NOVEMBER1970

will be developed later, is of considerable indus-

trial importance.

Carbon is soluble, to some extent, in” all three

of the polymorphic forms of iron. The extent” of

these solid solution phase fields are indicated in

Figure 4. The solid solution of carbon in alpha-

iron is known as ferrite or : alpha-ferrite. The

maximum volubility of carbon in alpha-iron is

0.025 percent by weight at 1333 ‘F.

Austenite is the name applied to the solid so-

lution of carbon in gamma-iron. Gamma-iron can

dissolve a maximum of 2.o percent carbon, and

this at a temperature of 2065°F. The solid solu-

tion of carbon in delta-iron is called delta-ferrite

or delta solid solution (Ass). The maximum

volubility of carbon in delta-iron is 0.10 percent

at 2715°F.

In addition to the solid solutions just de-

scribed, carbon and iron form a hard, brittle inter-

metallic compound, iron carbide (Fe C), which is
3

commonly referred to as cementite. In steels,

under equilibrium conditions, carbon occurs as

iron carbide rather than as free carbon. For that

reason the equilibrium diagram of the iron-rich

portions of the iron-carbon system is often called

the iron-iron carbide equilibrium diagram.

Two points of particular interest and impor-

tance in equilibrium diagrams are points C and S,

Figure 4. C is the eutectic point and S is the

euctectoid point. The eutectic reaction is an

isothermal reaction in which a liquid solution is

converted into two or more intimately mixed

solids on cooling. The number of solids formed

is the same as the number ,of components in the

solution. A eutectic is defined as an intimate

mechanical mixture of two or more phases having

a definite melting point and a definite composi-

tion.

A eutectoid reaction is an isothermal revers~

ible reaction in which a solid solution is con-

verted into two or more intimately mixed solids

on cooling. The number of solids formed is the

same as the number of components in the solu-

tion. Therefore, a eutectoid is a mechanical mix-

ture of two or more phases having a definite com-

position and a definite temperature of transformat-

ion within the solid state.

23
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In the iron-carbon system the eutectic is a

mixture of austenite and iron carbide. The iron-

carbon eutectic contains 4.3 percent carbon by

weight and forms at 2065°F when the liquid solu-

tion is cooled under equilibrium conditions. It

should be noted that the eutectic composition has

the lowest melting temperature of any alloy in the

iron-iron carbide system. As carbon content is

decreased in the system, the melting point in-

creases along line C-B-A, Figure 4.

The eutectoid of the iron-carbon system con-

tains 0.83 percent carbon by weight. The

eutectoid, which forms at 1333 ‘F is a mixture

of ferrite and cementite, called pearlite. As in-

dicated in Figure 4, steels containing more than

0.83 percent carbon are hypereutectoid steels,

and steels with less than 0.83 percent carbon are

hypoeutectoid steels.

The temperatures at which the solid state

transformations take place are called critical

temperatures or critical points. The loci of these

critical points, which establish the boundaries of

the phase fields, are identified at Al, A3,.ACM,

and A in Figure 4.
3-1’ . Note that the 1333°F

.
isotherm located at the left of the eutectoid point

is designated as Al, while to the right of the

eutectoid point it is identified as A3-1.

Another interesting reaction is indicated on

the equilibrium diagram at 2700°F to2800°F and

from O to’0.5” percent carbon. The reaction is a

peritectic reaction, whichis essentiallyan inver-

sion of a eutectic reaction. In tbe latter, there is

a transformation of one phase to two on cooling.

In a pertectic reaction two phases convert to one

on cooling.

The iron-carbon equilibrium diagram and other

two-component system diagrams are called binary

diagrams. Inte,tpretation of these diagrams is not

difficult, as shown by the following example.

The first step in using a binary ’diagram is to

identify be alloy of interest. For this example

consider an alloy containing 0.60 percent carbon

and 99.40 percent iron. After the alloy has been

selected a vertical line is drawn through the dia-

gram at the selected composition. In this ex-

ampl’e the line starts at the 0.60 percent carbon

point on the abscissa, as shown in Figure 4.

30 NOVEMBER1970

Now, assume that the alloy is Heated to 2800”F

and held at that temperature until’ the system is

in equilibrium. From this temperature the alloy

will be slowly cooled, under equilibrium condi-

tions, to’room temperature.

At 2800 °F”the alloy i.i a liquid solution of

0.60 percent carbon and 99.40 percentiron. .CrYs-

tals of au.stenite begin to form in the liquid when

the temperature of, the alloy reaches th~ point

where the constant composition line intersects

the liquidus curve, A-B-C, at point “a”, Figure

5.” By drawing an isotherm through point, tea” and

noting where it intersects the solidus curve, the

composition of the first austenite crystals to form

can be determined. In this instance the first

austenite crystals will contain about 0.20 percent

carbon’. “Now, assume that the alloy has cooled to

the temperature at point ‘t b”, 26500F. Another

isotherm drawn through point “b” intersects ,fhe

solidus at the 0.30 percent carbon ordinate,

which indicates that the, austenite formed at

2650°F will contain 0.30 percent carbon. The

isotherm through “b” intersects the Iiquidus at

the 1.20 percent carbon ordinate, .SO that liquid

‘at 2650°F contains 1.’20 percent carbon. Next

consider the isotherm between the 0.30’ carbon

ordinate and the 1.20 carbon ordinate to be a

lever with its” fulcrumat tbe 0.60 carbon ordinate.

For simplification the fulcrum and terminal points

of the lever will be identified as x, y and z, as

shown in Figure 6.

~ 9 Units -

]- 3 ‘Units -

I
:

,,,,.,;;,:,..,.;

0.30 0;60 1.20

. .
PER CENT CARBON,. . .

,. .,
FIGURE6. Lever’ Diagram
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At 2650°F the fraction of the total mass of the

alloy “that, under equilibrium conditions, is,, solid

6 2 ,The
austenite is given by the relation g =— =—.

‘yx 9 3

fractiori of the total mass that.is liquid is given

by~=~.~- These fractions can be converted
yz 9 3

to percentages by multiplying them by 100. The

rule employed to find the relative amounts of the

two phases present at a temperature of interest is

known as. the lever priticiple. The lever ”principle

can be applied anywhere in the equilibrium dia-

gram where two phases exist.

. . .
When the alloy has cooled to point “c”, “Fig-

ure 5, the entire mass is solid austenite crys-

tals. Figure 5 shows that this phase exists, for

the. composition under study, from the tempera-

ture at point “c” to the temperature at point
** ,9

d. Austenite, it will be recalled, is a solid

solution of carbon in gamma-iron. FOK the corn-

position under study, the austenite contains

0.60 percent carbon. ;.,

When the alloy is cooled to point c‘d”, ferrite

begins to, form. By drawing an isotherm through

point “d” and noting where it intersects the

boundary line at the left side of the phase field,

the composition of the ferrite can be’ determined.

In this case it consists of 0.02 percent carbon

and 99.98 percent iron.
,.,
. Wheri the alloy has cooled to point ‘‘e”

(1350”F), Figure 5, by applying the lever prin-

ciple, the relative amounts of each phase that

exist at 1350°F can be determined as follows:

The isotherm is drawn and the fi?dcrum and ter-

minal points are labeled as shown .in Figure 7.

Then the Ieft-hand end point, “m”, is on the

0.02 percent carbon ordinate: the fulcrum, (‘n” is

on the 0:6 percent carbon ordinate: and the right-

hand end point ‘fq” is on the 0.70 percent carbon

ordinate.’
,..,

The percentage of ferrite’ in the total mass is

~_ 0.10

mq 0.68
x 100 = 14.7 percent. The percentage of,:

mn ~ 0.58
austenite in thetotal mass is.— = —x1OO=85.3

.:, mq 0.68

percent. The austenite contains 0.70 percent car-

bon and the ferrite 0.02 percent carbon.
‘ ,.,

– 68 Units ~

10 Units “

..+

—“58 Units

I
) ‘q

,.

0.0”2 0.60 0.70,

PER CENT CARBON,

FIGURE 7; Lever Diagram

The composition of the alloy as it’ reaches

point “f” is: -’ .,, .

Percent austenite =
0:60 -“o.025~x ~Oo’ ‘“

0.83 -0.025
.

0.575
=—x 100 = 71.4 percent

,, 0.805

Percent ferrite =
0.83.-0.60

0.83-0.025 x 100, ~

0.23 “’ “
= - = 28.6 percent

0.805

When the” alloy reaches point ‘!f“ the remain-

ing ,austenite” (71.4 percent of the total mass)

contains 0.83 percetit carbon, ,the eutectoid com-

position. This austenite then transforms,. iso-

thermally, to the eutectoid, pearlite.
. .

The ferrite that forms ,befoie the eutectoid

reaction is called proeutectoid ferrite. “As com-

puted above, 28.6 percent of the total mass is

proeutectoid feirite. The remainder of+ die mass

which is a mixture of ferrite andis now pearlite,’

cementite (iron carbide);’ The ferrite formed dur-

ing the eutectoid reaction is known as eutectoid,

ferrite; and the cementite formed is called eu-

tectoid cementite.

26,
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The percentages of eutectoid ferrite, and eu- Al temperature under equilibrium conditions. “At

tectoid cementite in the total mass can be found room temperature the 0.60 percent carbon steel

by applying the lever principle. Figure.8 illus- was found to consist of two phases, cementite

trates the lever relationships of this calculation. ‘(iron carbide, Fe3C) and ferrite. The $rrite was

observed to exist in two forms:

ferritej which formed as the steel was cooled from

P;:::t2’aJyg*eevepncpeh~jj~

“~e A3 temperature to the Al temperature; and as

“eutectoid ferrite which combined with the eu-

tectold cementlte to form eutectold pearllte

of the two phases in the solid steel were es-

timated to be:

:,

., .

0.025 ,
be

PER CENT .CAR60N.

FIGURE 8. Lever Diagiam ‘

The lever for this reaction has its fulcrum on the

0.83 carbon ordinate and its terminal points on

the 0.02s and 6.67 “percent carbon ordinates.,.

: Then, the percentages of ferrite and ce-

mentite in’ the pearlite are:
..

5.84
- Percent ferrite = —x 100 = 87.9 percent”

6.645

.805 >
Percent cementite = — x 100

,. 6.645
.<

– 12.1 percent—

Since 71.4 percent of the total mass is pearl-

ite, the percent of eutectoid ferrite in the total

mass is: 71.4 x .879 = 62.8 per’cent. The percent

of eutectoid cementite, in the total mass is:

71.4 x .121 = 8.6 percent. As shown by the fore-

going calculations, the total amount of ferrite in

the solidified steel is ,28.6. percent + 62.8 per-

cent = 91.4 percent. The- total amount of-.cemen-

tite in the steel is 8.6 percent.

The preceding example demonstrates the reac-

tions involved when- a hypoeutectoid steel is

cooled from above its melting point to below
. . . .

the

.,

Total ferrite = 91.4% (28.6% proeutectoid

ferrite + 62.8? ‘eutectoid

ferrite).

Total cementite = 8.6%

Any alloy of the iron-iron “carbide system can

analyzed in a similar manner. Actually, the

lever -diagram shown in Figure 8 and the asso-

ciated calculations are the relationships and cal-

culations~ which would be developed for the final

transformation of an alloy .of eutectoid composi -

tion (0.83 %C). As indicated, the eutectoid alloy

woirld, after the final transformation, be composed

entirely of the eutectoid, pearlite, consisting of

87.9 percent eutectoid ferrite and 12.1, percent

e:.!recroid c“ementite.
.

-Inspection ‘of the equilibrium ‘diagram’. Figure

4 indicates that any hypoeutectoid alloy wilI

transform, under equilibrium cooling, in the same

manner as the 0.60 percent carbon steel cited in

the sample analysis. When these steels cool to

the A3 temp’eiature ferrite begins to form from the

austenite; $ ah cooling continues; more ferrite

forms and the airs tenite, becomes increasingly

rich in c&bon. The composition of the austenite ..,-

of course follows the A3’ curve so that when the “

temperature reaches 1333 *F the remaining aus-

tenite contains 0.83 percent carbon, the eutectoid

composition. This austenite then’ transforms to

the. ,eutectoid, pearlite. Hypoeu,tectoid alloy s,.

when solidified under equilibrium conditions, are

composed .of proeutectoid ferrite and the eu-

tectoid, , pearlite. The relative amount of each

constituent in an alloy is determined by the

amount .of carbon in the alloy. It is evident from’

the equilibrium diagram that as the carbon content

decreases the “proeutectoid ferrite content of

27
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hypoeutectoid alloy s”increases, and the pearlite

content decreases proportionately.

The hypereutectoid steels contain carbon ‘in

excess of 0.83 percent to 1.7 percent. These

alloys, when cooled under equilibrium conditions,

transform into proeutectoid cementite and pearlite.

The proeuiectoid cementite begins to form when

the alloys are cooled to the Acm temperature,

which, as shown, varies with, carbon content. With

continued cooling the austenite rejects more and

more carbon in the form of cementite so that as

the temperature decreases the amount of proeu-

tectoid cementite increases. The change incom-

position of the austenite with decreasing tempera-

tures is indicated by the Acm curve. When die

temperature reaches 1333°F the remaining aus-

tenite contains 0.83 percent carbon, the eutectoid

composition, which transforms to the eutectoid,

pearlite. As indicated in Figure 4, the proeu-

tectoid cementite content of hypereutectoid

alloys increases with increasing carbon content,,
and the pearlite content decreases proportion-

ately.
,,

Equilibrium diagrams are maps of the trans-

formations that occur in alloy ‘systems under

equilibrium conditions. As previously mentioned,

the temperatures shown on an equilibrium diagram

at which some transformation takes place are

called critical temperatures or critical points.

The loci of ’these, critical temperatures are~denti-

fied as the AI, A3, A3.1 and ACM lines or

curves. The letter A derives from the word arrest,

since at these temperatures an arrest occurs in. .
the heating or cooling curve. The temperature

,.
interval between the” Al and A3 critical points

for a particular alIoy is designated as the critical

range. The A3 is called the upper critical tem-

perature and the A 1 is the lower critical tempera-

ture.
‘,

The rate ‘at which an iron-carbon alloy is

heated or cooled affects the critical temperature

of the. alloy. In practice, strict equilibrium condi -

tions are not maintained” during heating or cool-

ing be~ause equilibrium could be achieved only if

the heating or cooling rate was extremely slow,

or more accurately, infinitely slow. In comrtier-

cial enterprises equilibritim rates are not practi-

cal. Heating at nonequilibrium rates tends to

raise the critical temperatures, while cooling at,

nonequilibrium rates lowers the critical tempera-

tures from the equilibrium critical temperatures.

Generally the greater the rate of heating or cool-

ing the greater is die deviation from the equilib-

rium critical temperatures. The critical points on

heating are identified by the symbol Ac, for .ex-.

ample, Acl, Ac3~ AC1.3. The letter “c” derives

from the French word for heating, “chauffage”.

The symbol Ar denotes critical points on cool-

ing. Again the ‘‘r” derives from a French word,

this time, <‘cefroidissement” for cooling. When

it is necessary to ‘-identify the critical points

for equilibrium (e) conditions, the symbol Ae is

occasionally used, as Ael, Ae3, etc.

12. The Theory o.f Heat Treatment. The heat-

treatment of steels is essentially a process of

controlled departure from equilibrium heating and

cooling. When a steel is cooled, under equili-

brium cooling conditions, from above the A3

critical temperature; “the austenite remaining “when

the Al temperature is reached transforms to pearl-

ite. With more rapid cooling, the faster the cool-

ing rate the farther the’ transformation temperature

(Arl) is depressed below the Ael temperature.

The eutectoid, pearlite, that forms when aus-

tenite is cooled below the Arl temperature“isa

lamellar product made up of alternate plates of

ferrite and cementite. The pearlite formed under

equilibrium cooling is a coarse Iamellar product.

The process of transformation of pearlite from

austenite involves diffusion of carbon and since

the diffusion rate is a function of temperature,

faster cooling rates with attendant lower trans-

formation temperatures produces pearlite with a

finer Iamellar structure, A finer dispersion of

phases tends to promote greater strength and

hardness and to’reduce the ductility of the ste,el.

With very rapid cooling the ‘austenite transforma-

tion occurs at. a low temperature and the resulting

structure is not pe’arlite but a structure known as

martensite. Therefore, by controlling the cooling

rate, the temperature of the austenite transforma-

tion, ~and hence, the structure and properties of

the steel are controlled.
,,

28

“Isothermal Transformation Diagrams: The

time-temperature relationships for austenite trans-

formations’ &e graphically presented in isothermal

transformation diagrams, commonly referred to as
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T-T-T curves, or more precisely, Time-Tempera-

ture-Transformation diagrams. T-T-T diagrams

have been developed for various plain carbon and

alloy steels. These diagrams are a plot of the

rimes of the beginning and end of austenite ,.

transformations as a function of temperature.

The data that are required to plot a T-T-T cfia-

gram are developed through a series of isothermal

transformation studies. “The purpose of an iso-

thermal transformation study is to determine the

austenite transformation(s) that occur in a steeI

held at a constant temperature for increasing

periods of” time. To accomplish this objective

small thin pieces of the steel under study are

heated above the upper critical temperature and

held at temperature long enough for homogeneous

austenite for form. Each specimen, in turn is re-

moved and quenched into a lead or salt bath. which

is held at the desired study temperature. Thin

specimens are ,used so that cooling to the bath

temperature can be assumed to be instantaneous.

Each specimen is held in the isothermal bath for a

different period of time, which may be seconds,

‘minutes, or hours, and then quenched in brine or

water to transform any remaining austenite .to

martensite. After the brine quench, the structure

of each specimen is examined to determine what

transformation product or products, if any, had

formed during the isothermal cycle, and what per-

centage of the total structure had transformed

into each product. A plot of these data is called

an isothermal transformation curve. The data ob-

tained from a series of isothermal studies are

used to develop T-T-T diagrams in which the time

for the beginning and end& of transformations

are plotted as functions of temperature. The basic

method is illustrated in Figure 9.

Isothermal transformation studies provide in-

formation on the transformation rates encountered

at various temperatures and also the transforma-

tion products that form at the various tempera-

tures. Depending upon the transformation tern-”

peratures, and the composition of the steel,

austenite will transform into one or more of the

following constituents: proeutectoid ferrite;

proeutectoid cementite; pearlite; upper bainite;

“lower bainite; and martensite.

29

Figures 10 and 11 are the isothermal trans-

formation diagrams for eutectoid steel and a hypo-

eutectoid steel, respectively. Generally, for car-

bon and low alloy steels, the temperature ranges

over which austenite transforms into the various

constituents, under isothermal cooling, are as in-

dicated in Figure 10.

....

Referring to Figure 10., pearlitic “~icrostruc-

tures are f&med fr~m about- 1300°F to 1000°F.

Pearlite, as previously. discussed, is a consti-

tuent with a lamellar structure of alternating

plates of ferrite and cementite. The lamellar

structure formed at the higher transformation tem-

peratures is relatively coarse but as the trans-

formation temperatures decrease the lamellae be-

come more closely spaced. When the transformat-

ion occurs ar about 1000°F die lamellar structure

is very fine and difficult to resolve with an opti-

cal microscope.

The transformation of austenite to pearlite is a

process of nucleation and growth. In homogeneous

austenite nucleation apparently occurs almost ex-

clusively” at the grain boundaries. When the au.s-

tenite is not of uniform composition, but contains

residual iron carbide particles and carbon concen-

tration gradients, pearlite can nucleate within the

grains as well as at the grain boundaries.

The generally. accepted theory is that the

pearlite nucleus is a small lamella .of cementite

which, ” assuming the austenite is homogeneous,

forms at an austenite grain boundary. As the nu-

cleus grows into the grain it absorbs carbon atoms

from the surrounding austenite. When the carbon

concentration of the surrounding austenite has

been sufficiently reduced, ferrite nucleates and

grows along the surface of the cementite plate. .,

Because ferrite can dissolve only about 0.02 pe;- ,,, j

cent carbon, carbon atoms are rejected by $~e ,’,
ferrite as it forms. As a result there is a build-up ~,,;

of carbon at the ferrite-austenite interface. The “

carbon-concentration continues to increase until

the concentration level is sufficiently high and

a new cernentite nucleus forms. The sideways

nucleation is repeated. while, simultaneously,

growth occurs at the edges of the ferrite and

cementite plates ~ The ~lternating lamellae of

cementite and ferrite originating from a single

cementite nucleus is called a p~arlite colony..->_.>7 . .. .
-,----..
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FIGURE 9, The Use of Transformation Curves to Develop

Isothermal Transformation Diagrams
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With decreasing temperatures, from A el down

about llOO°F the rate of nucleation and the

rate of growth of .pearlite colonies both increase.

As a result, at lower transformation temperatures

the spacing the pearlite Iamellae becomes smaller

and the metal becomes harder. Pearlite formed

just below the Ael temperature, at about 1300° F,

is coarse pearlite with a lamellar spacing in the

order of 10-3 mm and a hardness of about Rock-

well C-15. The pearlite formed at about llOO°F

is fine pearlite with a spacing in t’he order of
10-4 mm and a hardness of about Rockwell C-40.

The fine pearlites formed at the lower transforma-

tion temperatures besides being harder than the

coarse pearlites formed at higher temperatures

are tougher and more ductile.

At temperatures near the low end of the pearl-

ite transformation range another constituent forms

from austenite. In plain carbon steels this’ con-

stituent .is formed only by isothermal transforma-

tion treatments and does not form when the steel

is cooled continuously from above the critical

temperature. The new constituent, known as

bainite, forms from about 105O”F down to about

400”F. Steels transformed in the range where the

bainite and pearlite transformation temperatures

overlap have structures containing both pearlite

and bainite. As the isothermal transformation

temperatures are lowered, bainite becomes the

predominant constituent and pearlite disappears.

Like pearlite, bainite is a mixture of ferrite and

cementite but the two phases are not arranged in

Iamellar form as in a pearlitic structure. The

transformation of austenite to bainite is also con-

sidered to involve a process of nucleation and

growth accompanied by carbon diffusion. Bainite

apparently grows from a ferrite nucleus into a

plate-like structure with each plate composed of a

ferrite matrix in which carbide particles are em-

bedded. Bainite, when viewed as a metaHo-

graphic section, has a characteristic acicular

(needlelike) appearance. Bainite formed at the

higher temperatures in the transformation range

has a feathery appearance and is commonly re-

ferred to as upper-bainite. The bainite that forms

at lower temperatures assumes a more pronounced

acicular structure identified as lower bainite.

As with pearlite, the hardness and toughness

of bainite both increase as the temperature of

33

transformation is lowered. Pearlite is usually

tougher than upper-bainite of similar hardness,

while lower bainite will compare favorably with

tempered martensite on the basis of toughness.

The transformations of austenite to pearlite or

bainite are time and temperature dependent. By

contrast the transformation of austenite to marten-

site is an athermal transformation, which means

that the reaction is dependent primarily upon tem-

perature and is essentially independent of time.

The martensite transformation then is consider-

ably different than the pearlite and bainite trans-

formations. In the lattei transformations, as indi-

cated in Figure 10, neither pearlite nor bainite

forms immediately upon reaching an isothermal

reaction temperature. An incubation period is

required before the transformation begins and the

steel must be held at temperature for a sufficient

period of time for the reaction to be completed.

By contrast, when austenite reaches the Ms

(martensite start) temperature the austenite begins

to transform to martensite instantly. Further, if
the steel is held at that temperature the small

amount of martensite that is formed instantly is

all that will form. Until the steel is cooled to a

still lower temperature, the transformation is

arrested.

At some temperature below the Ms temperature

the transformation of austenite to martensite will

be essentially completed. This’ temperature is

identified as the Mf (martensite finish) tempera-

turee. At temperatures between Ms and Mf frac-

tional transformation will occur. It is possible to

quench a steel to, say, the temperature at which

50 percent of the austenite will transform to, mar-

tensite and then isothermally transform the re-

maining austenite to lower bainite.

The transformation of austenite to martensite

does not involve the diffusion of carbon. The in-

stantaneous transformation of a small volume of

austenite to form a marten site needle involves a

shear displacement of the iron atoms in the aus-

tenite crystal lattice. The martensite thus formed

has a body-centered tetragonal crystal structure.

In this form it is identified as alpha martensite.

Alpha martensite consists of ferrite and carbon

(C) or finely divided iron-carbide (Fe3 C) in a

metastable (unstable) structure which is con-

sidered to be a transitional structure between the
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face-centered cubic structure of austenite and the

body-centered cubic structure of ferrite. The in-

stantaneous atherrnal tran”sformation of austenite

to martensire at relatively low temperature does

not allow the carbon atoms to diffuse out of the

lattice and they remain in solution in the highly

stressed transition lattice. The tetragonal crys-

tal structure of alpha martensite transforms to the

body-centered cubic strucmre, beta ’ martensite,

upon slight heating or long standing. Essentially

the trapped carbon escapes or is thrown out of”

the crystal lattice allowing the stressed lattice to

shrink, down to the body-centered cubic, structure.

Alpha martensite has an acicular structure

similar to lower bainite. It is the hardest and

most”brittle of the microstructure that can be ob-

tained in a given steel. The’hardness of alpha

martensite is a function of c’arbon’content, ranging

from a-theoretical maximum of Rc 65 in eutectoid

alloys toRc 40 or less in low ‘carbon steels.

Alpha “maitensite is” usually tempered to in-
.

crease its ductility and toughness although these

changes are usually accomplished at the expense

of hardness and strength. In tempering, the steel

is heated to some .temperature below the critical

temperatures and cooled at a’ suitable rate. The

microstructure and mechanical properties of

tempered steel depend upon the temperature and

duration of the tempering cycle. The carbide

particles agglomerate , become progressively

larger, as the tempering temperature and time at

temperature are increased: Usually an increase

in temperature and/or the time a“t temperature re-

sults in a lowering of the hardness and strength

.of a steel while its ductility and toughness are

increased. ,

To develop a martensitic structure a steel

must be a“ustenitized and then cooled at a rate

sufficient to prevent the formation of ferrite,

pearlite or bainite. Most steels must be cooled

very rapidly if the formation of pearlite is to be

avoided. This fact is illustrated in Figure 9

which indicates ‘that the transformation, of au-

stenite to pearlite begins in one second or less

between th’e temperatures of 1100”F and 950°F.

In this range, often referred to as the pearlite

nose of the curve, the transformation is complete

An isothermal transformation diagram shows

the changes in microstructure that occur when a

steel is cooled instantly to some reaction tem-

perature and held at that temperature long enough

for the reactions to go to completion. The dia-

gram for a given steel shows what “structure. or

structures are formed by isothermal transforma-

tion at any selected te&perature, the time that the

material must be at” temperature before a reaction

starts, and th’e time required to complete the re-

action.

Fine grained austenite transforms to pearlite

more rapidly than does coarser grained auste’nite.

This is expIained by the fact that as grain size

decreases the proportion. of grain boundary ma-

terial to the total mass increases. As previously

discussed, pearlite nucleates at the grain bound-

aries in homogeneous austenite. Consequently,

transformation to pearlite begins more quic~y and

progresses faster in fine grained austenite than in

coarse grained austenite.

Figures 10 and “11 illustrate the effect of car-

bon on the isothermal transformation reactions in

pl~in carbon steels. For the steel with the higher

carbon content (Figure 10) the transformations are

shown to start later and to progress more slowly

than do comparable reactions in the lower carbon

steel (Figure 11). In effect, higher carbon con-

tent shifts the isothermal transformation curves to

the right, that is, “transformations start later and

proceed more slowly as carbon content is in-

creased.

Most of the common metallic alloying elements

also tend to retard the start of isothermal trans-

forrnqtions and to increase the length of time re-

quired to complete ‘them.

,,~‘Compared to isothermal transformations, trans-

formations under continuous cooling take longer

to start and begin at lower temperature: In effect,

the isothermal transformation curve is shifted

downward and to the right. This is illustrated by

the reactions of a plain carbon steel of eutectoid

composition. In actuai’ practice, the steel can., be

fully hardened by tooling at a‘ rate of 250°F per

second. However, ~t~”e iso,the tmal diagrams for

such steel, Figure 12; “Indicates that a cooling

rate of at least 400°F per second is required to

in less than ten seconds. prevent the cooling rate curve from intersecting’

,,
34
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the ~ratrsforma tiort start curve at the pearlitoe

knee. Theoretically, when the two curves inter-

sect transformation to pearlite should begin and

should continue until the cooling curve passes

out of the pearlite field.,

13. Hordenobi I ity. If a steel is to be hard-

ened to a martensitic structure it must be austen;

itiied and then cooled at a rate that is fast

“enough tp prevent the formation of any of the

“other transformation products, such as, pearlite.

ferrite or bainite. The slowest rate that avoids

all other transformations is called the critical

cooling rate for martensite.’ AS would be ex-

pected, different steels have different critical

cooling rates, in fact there is considerable varia-
,.

tion in this respect.

Stee’1 with relatively slow critical cooling

rates are high hardenability steels, conversely,

steels that must be cooled rapidly to obtain a

marten sitic structure are low-hardenability ‘steels.

Hardenability, then, “is actually a measure of the

capacity of a steel to transform to marten site,

that is, to harden. Hardenability is also a meas-

ure of the depth to which a steel will transform to

martensite, or harden, under given cooling condi-

tions. Low haidenability steels respond to only a

limited depth, and are called shallow hardening

steels. With steels of high hardenability it is

possible ‘to harden thicker. sections to greater

depths. .

The most common method of cooling” a “.4teel to

obtain a martensitic structure is by quenching,

that is, rapidly cooling the steel from above the

critical temperature by immersion in some medium

that is capable of cooling it at the required rate.

The cooIing rate is determined by the harden-

ability of the steel and the size of the piece being

quenched. Brine, water, and oils are the most

common qrienching media, listed in the order of

decreasing severity of quench:
.,

In a piece of steel of any appreciable size the

cooling rates at the surface and at the center are

different. The difference in these rates increases

with the severity of the quench. Low harden-

abili~ steels, because of this difference in cool-

ing rates, respond, or harden, to only a limited

depth when quenched. High hardenability steels

harden to. greater depths.

The most widely

Jominy end-quench

tes”t is attributed

used hardenabiliry test is the

test. The popularity of this

to its convenience; only a

single specimen is required and in one operation

it is exposed to a range of cooling rates that vary

from a rapid water quench at one end of the speci-

men to a slow air quen~h at the other end. The

test specimen is a bar, four inches long and one-

inch in diameter. It is heated’to an austeqitizing

temperature and held at temperature long enough

to develop a uniform austenite structure and then

placed in a fixture and quenched. Quenching is

‘accomplished by a gentle stream of water that is

directed at and, ,alIowed to impinge on Orily one.

flat end of the specimen. The test bar is thereby

subjected to a series of cooling rates which vary

continuously from a rapid water quench at” one end,

to a slow air cool at the other end. After quench-

ing two flat surfaces are ground on the specimen.

These are located 180° “apart, run the full length

of the specimen and the depth of grind is at least

0,015 inch. Starting at the quenched end, Rock-

well C hardness measurements are, taken at 1/16

inch intervals along the length of the bar for at

least 2 1/2 inches. The results are plotted to

show hardness versus distance from the quenched

end.

The procedures for conducting the J ominy

end-quench test are established’ in Federal Test

Method Standard 151, Method 711. The Jominy

‘end-quench hardenability test is the most gen-

erally accepted. and widely used hardenability

test yet developed. Its popularity led to the de-

velopment of the ‘<H” grade steels. These alloy

steels are distinguished from the usual AISI-SAE

grade designation by the suffix “H” to denote

stee Is produced to a hardenability specification.

For example, 4340 is the standard AISI-SAE grade

designation for ‘a nickel-chromium-molybdenum

steel, while 4340~ identifies the same steel, pro-

duced to a hardenability specification.

Minimum and maximum end quench harden-

ability curves have been established for the “H”

steels. The establishment of these curves,

known as hardenability bands, permits the use of

steel specifications in which hardenability toler-

ances are” specified directly., In this type of steel

specification, hardenability is established as the

primary ,requirement, and chemical composition,

36 .,
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● grain size, etc., assume less importance and “are

not as stringently controlled as for standard

steels.

The practical application of hardenability data

to procurement specifications is of vital interest

to the buyer of alloy steels. Federal Standard

‘No. 66, ‘tSteels: Chemical Composition and

37
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HardenabiIity” gives the hardenability bands for

the standard “H” steels and explains how these

ciata ‘can be used. ASTM specification A304, the

SAE Handbook, and the ASM, Metals Handbook,

Volume 1, also present and explain the use of

hardenability bands and other types of harden-

ability data.
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Chapter 3

w rought Products

WROUGHT PRODUCTS

14. General. Steel making, from the reduc-

tion of iron-rich ores i n a blast furnace to the

casting of ingots, was discussed in Chapter 2.

Steel in ingot form is usually a coarse-grained,

heterogeneous, brittle material, and is in some

cases quite porous. To convert the relatively’

brittle cast ingot materiaI into a tougher, more

ductile, wrought product the steel must be

plastically deformed, or worked.

, The production of finished wrought steel

forms usually involves a sequence of opera-

tions that gradually convert the ingot into

‘finished form, Figure 13. The working of metals

is divided into two basic classifications, hot

working, and cold working. Hot working is the

plastic deformation of a metal at a temperature

‘above the recrystallization temperature of the

metal. Cold working is the plastic deformation

of a metal at a temperature lower than the re-

crystallization temperature of the metal.

15. l-lot Working. During hot working the in-

dividual grains in a piece of steel deform in

much the same manner as the whole piece. That

is, the grains tend to elongate in the same direc-

tion as the piece of steel elongates. At hot

working temperatures, however, the deformed

grains tend to break-up and re-form into new

,grains, a process, known as recrystallization.

The size of the new grains depends upon the

temperature at which the steel is worked, with

grain size increasing as temperature increases.

Hot working also closes blow holes (porosity)

and, if the surfaces are not oxidized, the pores

will weld shut. Inclusions,

sulfides, and other compounds
,,

,,

such as oxides,

are drawn. out by

( 39

hot working to form stringers which align “iri “the

direction of principal deformation.

16. Cold Working. Cold working, as related

to the production of wrought forms is usually

accomplished by cold rolling or cold drawing.

Cold rolling which results in only a slight reduc-

tion in the thickness of the steel, say 1 to 2

percent, is called temper rolling. With greater

reductions, the operation is known as cold rol-

Ikg or cold reduction. Cold working produces

two effects; the surface of the steel is improved

by comparison to hot worked material, and the

ultimate and yield strengths of the steel are in-

creased while ductility and tprghness decrease.

In effect the material strain hardens. Both

effects are dependent upon the magnitude of the

reduction during the cold working operation.

17. Wrought Forms.

o. Generol. The conversion of an ingot into

a wrought form usually involves a s cries of

operations. Because of the physical character-

istics of ingot material the first operations are,

usually hot working operations conducted at

relatively high temperatures, about 2200°F .to

2350°F. For standard wrought forms, such as,
plate, sheet, strip, structural shapes, bar,

etc., the ingot is usually first rolled on a

primary mill to convert it to a bloom, billet or

slab. Rolling is a process of shaping materials

by passing it between two rolls that are revolv-

ing in opposite directions at the same peripheral

speed, Figure 14. The rolls are spaced so that

the distance between them is less than the

thickness of the

passing through

material being worked, thus, in

the rolls the .thiclgness of.’ the”
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(’”+
FIGURE 14. Principle of Rolling Operat ions

material is reduced. The ingot is gradually con-

verted to a bloom, billet or slab by a series of

operations or ,passes through the rolls. If

necessary the ingot is turned between passes

to develop ,the proper shape. The shapes pro-

duced on the” primary mills are identified by

size and geometry as follows:

(1) Billets are generally round or square

with a minimtim’ diameter or thickness of 1-1/2

inches. The cross sectional’ area of billets

range from 2-1/4 sq. inches to 36 sq inches.

(2) Blooms usually have a square or rec-

tangulztr - cross-section. If rectangular, the

width is limited to no greater than twice the

thickness. The cross-sectional area is usually

36 sq inches or greater.
,,

(3) Slabs have a rec~ngular cross-section.

w-ith a width greater than twice the thickness.

The minimum thickness of slabs is 2 inches

and the minimum cross-sectional area is 16 sq

inches.

It is possible to roll ingots directly through

the bloom, slab, or billet stage into finished

steel products in one continuous operation.

Usuallyj however, the blooms, billets, or slabs

41

are cooled, and stored for some period of time

bet~een” the primary and subsequent operations.

During this period the products are inspected and

s,urface defects are removed by machining or

other ~methods to condition the material for

further process ing.. “

Ingots may be converted directly to wrought

products by forging. Forging is discussed later

in the chapter and the present discussion will

be limited to wrought forms produced by rolling.

Finished rolled wrought forms can be classed

as flat rolled products and sha$es. Flat ~ollpd

products. are, formed between ‘smooth rolls.

Rolls with grooved surfaces are used to produce

shapes. Flat rolled products include plate,

sheet, strip, and bar. These products character-

istically have a high width to thickness ratio.

Finished flat rolled steel products are di-

vided into .rwo major categories, hot rolled

products and. cold rolled products: Hot rolled

products are rolIed to final rhickness at elevated

temperatures, u&ra Ily above 1300°F. Cold rol-

led products are actually only cold finished

sinc”e the ingot is reduced to near~y the final

thickness by hot rolling and only rh,e final

reduction or reductions are accomplished by

cold rolling.

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



. _,

M1l-HDBK-723h
30 NOVEMBER1970

I
1“
I

b. Available forms.

(I) General. Following are brief descripi

tions of the basic wrought forms in which carbon

and alloy steels are available. When applicable,

general size ranges are listed buc there is no

attempt to define standard sizes,. conditions, and

tolerances for the various forms. This informs-”

tion was deliberately omitted because:

i
(a) When standard sizes are listed the

erroneous inference is often drawn that all. aIloys

are available in all sizes at all times and in

limitjess quantity., Because such conditions do

not exist standard size data are actually of

academic ,interest rather than of practical. value.

(b) Standard sizes, tolerances, and other

related information are included in available

publications, including but not limited to the

following: Bulletin R2’2-46,’ National Bureau of

Standards; Steel Products Manual, American Iron

‘and steel Institute; Federal Standard 48; S“AE

“Handbook; and the specifications a“rid standards

listed in Chapter 5.

.,
(c) The producers and suppliers of steel

‘products should be consulted. regarding the

availability of. wrought products., They” are the

most valid.. source of information regarding

wrought products and the sizes, finishes, and

compositions in which each is. available. The

sizes of. the various commodities that are pro-

duced and stocked vary with demand and the

stock lists and data sheets provided by the

producers and suppliers are periodically revised

to reflect the ever changing conditions.

(2) Plate. Plates arehot rolled, flat finished

steel products that are rolled either directly

from ingots or from reheated slabs. In terms of

thickness and width, carbon arid alloy steel

plate is defined as follows:

. Width (inches) Thickness” (incti)”

Over 8 ‘to 48 ~ * 0.2300 and thicker

inclusive .,,

48 and over 0.1800 and, thicker
,,

(3) Hot Rolled Bars. Hot rolled carbon and

alloy steel bars are rolled in a variety of sec-

tions such as rounds, squares, round cornered

,.

squares, flats, spring flats, hexagons, octagons,

and special bar shapes (angles, channels, tees,,

zees, with’ a maximum sectional diameter of 3

inches or less).

The general size limits for hot rolled carbon

and alloy steel bar are as follows:

Rounds, 1/4” to 8-1/2”, inclusive;

Squares, 1/4” to 5-1/2”, inclusive;

Round cornered squares, 3/8”” to 8“, in-

clusive;

Hexagons, 1/4” to 4-1/16’ ‘i inclusive;

Flats, 13/64” and over in ~specified thick-

ness, and up to 6“, inclusive, in specified

width;

Flats,: 0.230” and over in specified thick-

ness, over 6“ to 8“,, inclusive, .in specified

width;

Bar size shapes,”in’eluding angles, channels,,.
tees and zees when their ‘greatest sectional

diameter is less than ~“; “ ‘ ‘“
,.

Ovals, half-ovals and half-rounds;

Special bar sections. ‘
,,

(4) Cold Finished Bars. Cold finished car-

bon and alloy steel bars are produced from hot

rolled steel by several cold finishing processes.

Cold finishing improves the surface finishY

dimensional accuracy and alignment, of the ba;s.-

Cold finishing processes, which can, be used,

singly or in combination, include cold drawing,

cold rolling, turning, gririding, straightening and

‘polishing. Bars produced by cold finishing are

generally restricted to rounds, squares, flats,

and hexagons. :
.< :,.

Cold ‘rolling was discussed previously but

coIddrawing was, not. Cold drawing is a process

that consists essentially of pulling a hot rolled

bar .tlirough an opening, in a ;die. ” The die open-

“i ng is similar in shape. t“o the cross-section of

the bar but of smaller size, thus the section size

of the hot rolled bar is reduced by the &awing

operation. Before drawing the bars are descaledi

washed in clear water, and dipped in a hot lime

soIution which retards rusting and aids lubrica-

tion.
,. ‘,. .

“42 e
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Turning and polishing is a ctdd finishing

operation by which hot rolled round bars’ are

reduced to the desired size by turning in a

lathe, or a special purpose turning machine, and

finished by polishing. The rough surface metal

is removed and a bright, smooth, surface is

produced by the polishing operation. The sizes

of bars made by this operation generally range

from”3/4 inch tog inches.

Other, processes used on hot rolled rounds

are turning, grinding, and polishing. Except

that the bar is ground before itis polished there

is little difference between this operation and

the turning and polishing operation. Bars made

by turning, grinding, and polishing range from

3/4 inch to9 inches. ‘

For small diameter bars a high quality sur-

face is produced by, a combination of cold draw-

ing, centerless grinding and polishing operations

performed in the sequence indicated. Bars up to

1-15/16’ inch diameter can be made in this man-

ner.

●
(5) Hot Rolled and Cold Rolled Sheet and

Strip. The distinction between hot rolled and

cold rolled sheet and strip lies in the methods

used to attain the finished thickness. The cold

rolled commodities develop superior surface
,,,

finishes. Size ranges are indicated in the fol-
lowing tables: -

Hot Relied Carbon Steel Sheets

Thickness (inch) Width (inches)

0.2299 to 0.1800 12 to 48 inclusive
--

0.1799to 0.0449 over 12

Cold Rolled Carbon Steel Sheets
>

‘Thickness (inch) Width (inches)

0.0142 and up over 12

0.0142 to 0.0821 incl. over 2 ,

Hot Roller High Strength Low Alloy Steel Sheets
,.

Thickness (inch) Width (inches)

0.2299”ro 0.1800 ~ncl. 12 to 48 inclusive

0.1799 to 0.0710’ incl. over 12

Cold Rolled High Strength Low Alloy Steel Sheets

Thickness (inch) Width (inches)

0.0142 to 0.0821 incl. 2 to 12 inclusive

0.0142 and thicker over 2

Hot and Cold Rolled Alloy Sheets

Thickness (inch) Width (inches)

0.2299 and thinner 24 to 48 inclusive

0.1799 and thinner - over 48

‘Hot Rolled Carbon Steel Strip

Thickness (inch) Width (inches)

0.0255 to 0.2030 incl. to 3-1/2 incl.

0.0344 to 0.2030 incl. over 3-1/2 to 6 incl.

O. 0449 to 0.2299 incl. over 6 to 12 incl.

Cold Rolled Carbon Steel Strip

(0.7 5% carbon maximum)

Thickness (inch) Width (inches)

0.2499 and thinner over 1/2 to 23-15/16

incl .

Hot Rolled High Strength Low Alloy Steel Strip

Thickness (inch) Width (inches)

0.0255 to 0.2030 incl. to 3-1/2 incl.

0.0344 to 0.2030 incl. over 3-1/2 to 6 incl.

0.,0499 to 0.2299 “incl. over 6 to 12 incl.

Cold Rolled High Strength

Thickness (irich)

0.2499 and thinner

0.2499 and thinner

.,,

Low Alloy Steel Strip

Width (inches)

1/2 to 12.

12 to23-15/16 when.

a special edge or

special fitiish is

specified
—

Hot Rolled Alloy Steel Strip

Thickness (inch) Width (inches)

0.2030 and thinner to 6 incl.

0.2299 and thinner over 6 to 23-15/16

incl.

,,.’
.,
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Cold ‘Rolled Alloy

Thickness (inch)

Steel Strip

Width (inches)

0.2499 and under to 23-15/16 incl.

lorig” tertie and “s”hort, terne sheets and plate

‘(coaredw ithalead-tina lloy).”

(8) Wire. Carbon and alloy steels are,. in

some compositions, available in the form of

wire. Wire is not restricted to a round cross

section, it is in addition produced in many com-

(6) Structural Shapes. Structural shapes is

the general term applied to rolled flanged sec-

tions used in the construction of bridges, build-

ings, ships, railroad rolling stock, and for.

numerous other constructional purposes. They

are designated as wide” flange sections, beams,

channels Yangles, tees, zees, and include ceiter

sills, bulb angles and miscellaneous sections

for carbuilding.

Angles, channels, tees and zees ,are classi-

fied as structural shapes only when their great-

est sectional dimension is 3 inches or more.

Smaller sizes are classified as bar shapes.
,.

The method of designating the size of

structural sections is as follows:

u.

Wide-flange sections: by depth, width across

flange, and weight, per foot, in that order.

Beams and Channels: by depth of section and

weight per foot;
,.

Angles: by” length of legs and thickness in

fracrions of an inch; or by length of legs and

weigh~ per foot. The longer leg of an un-

equal angle is commonly stated first.

Tees:, by width of flange, overall depth of

stem, and weight per foot, in that order.

Zees: by depth, width of flanges and thick-

ness in fractions of an” ,inch; or by dep”th,

flange width and weight per foot.

Size designations have been listed by the

S. Departrqent of Commerce Simplified Prac-

tice Recommendation R2 16-46 covering H“ot

Rolled Carbon Steel Structural Shapes. Another

excellent reference is th’e ‘Steel Construction

Manual ‘of the American Institute of Steel

Construction.
,,

(7) Miscellaneous Flat Forms. Carbon steel

is also available in flat rolled form with various

coatings, for example; galvanized sheet and

strip (zinc coated); tin” plate (tin coated); and

. .
mon shapes, such as, squ’are, hexagon, octagon,

oval, half-oval, triangular, ” and flat. Wire is

drawn from hot rolled rod. The size limits for

wir”e range from 0.’001 inch to 4 inches diameter

for round wire arid from a few thousandths of an

inch of thickness to 3-1/2 iriches for square,—,
hexagonal, ,and octagonal wire.

(9). Tubular Products. Steel is also avail-

able in a wide variety of tubular forms, such as,

standard pipe, aircraft quality tubes, conduit

pipe, and tubular poles, to name a few classifi-

catiotis. Tubular- products are classified as

welded ‘and seamless, according to the methods

of manufacture.
,., .

e

HEAT T~EATMENT OF STEEL

18. General. The predictable changes to the,,,

microstructure that can be effected by heating
0

and cooling solid steel at selected, rates under:

controlled conditions is the basis for the h,eat

treatment of steel. In Chapter 2 the the’ory of

heat treatment was introduced during the study”

of equilibrium and isothermal transformation

diagrams. Some of the practical aspects. of steel

heat treatment are introduced in the ‘following

discussions of annealing, n“oimalizing, q“uench

and tempering, martempering, and .austempering.

19. Annealing:

a. General. ‘Steel is annealed for various

reasons, i.e., to ,reduce the hardness, to relieve

stresses, to develop a particular micros trttc’ture,.
a-ad a~soclated physical arm mechanical proper-

ties, and ,to improve machinability and form-

abilityy. To accomplish these purposes various

procedures are used, each of “which” is identified

by a descriptive term, such as, full annealing,

isothermal ,annealing, and process annealing. : .

Unless the term is qualified, annealing when’

applied to steel implies full anealing.

.

e44
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b. Full onqea/;ng. Full annealing is a rela-

tively simple heat treatment. The steel, is heated

to a t,empe,rature above the AC3 critical tempera-

ture ,and held at temperature long enough to allow

the solution of carbon and other alloying ele-

ments in ih:e austenite. The steel is cooled.,.

from the’ annealing temperature at a S1OWra~e so

. that the transformation is completed in the, high’

.,te”mperature region of the pearlite range. This

process is shown schematically in, Figure 15.

Full annealing produces a structure of relatively

soft coarse pearlite. Depending upon the,, ,,

composition of the steel, ferrite or carbide may

also be present.
,“

Full annealing is a simple process but it is

also a slow process; The steel must be cooled

very slowly from the annqaling (austeniti?ing)

temperature to a ‘temperature below that at which..
the transformation is completed. ”

45
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c. Isothermal annealing. “Annealing to a generally involved). To achieve full spheroidiza-
.

coarse pearlitic microstructure can be accomp-

lished by cooling steel from the austenitizing

temperature to the proper temperature for the

transformation to occur. It ‘is held at that

tempera ture until th’e transformation” is com-

pleied. This process is depicted in Figure 16.

d. Spheroidize annealing. Steels may be

heated and cooled to produce a structure of

globular carbides’ in- a ferrite matrix (a sphe-

roidized structure) by various procedures. One

such method consists of holding the steel at a.,_
temperature just below’ the Ae~ (hoIding between

Acl and AC3’ for at least part of the, time is

tion of the carbides by this method the steel

usually must be heid at temperature for long

periods of time. Heating and cooling the steel

to temperatures”alternately slightly above

and. slightly below the Ael ternp”er’ature”will also,,, ,.
produce a spheroidized st~ctute.. Also, if the

.,
carbide is not completely dissolved during

austenitizing and the “steel is slowly cooled in

a manner similar ,to full” annealirigi or if it is

isothermally treated as in isothermal annealing,

“a spheroidized structure can “be “developed.’ A

spheroidized structure is “sometimes desirable

to develop minimum h@ness and maximtim

ductility to facilitate forming, ”or, “in high” carbon e

I
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steels, to improve the machining characteristics

of the steel.

e. Process annealing. The annealing of cold

worked steel to restore its ductility and to re-

duce its hardness by recrystallization at sub-

critical (below Acl) temperatures is called

process annealing. Process annealing consists

of heating steel to some temperature below, and

usually near, ACI, holding it at temperat~e for

an appropriate time after which it is slowly

cooled, usually in air.

20. ~orma[izing. Normalizing is that proc-

ess of heat treatment which consists of reheat-

ing steel above its critical temperature and then

cooling it in air. “ Steels are normalized for two

basic purposes, to refine the grain, and to

develop a more uniform microstructure. It is

used as a preliminary treatment to quenching

and tempering to develop a more unifrxm micro-

structure and facilitate the solution of carbides

and alloying elements. Normalizing is also

used when the as-normalized properties are

those desired-in the finished part, in which case

normalizing is the final treatment. When neces-

sary, normalizing can be followed by tempering,

usually at 1000°F to 130.0°F, to reduce hard-

ness and to improve toughness.

21. Hardening by Quenching and Tempering.

a. General. Hardening by quenching and

tempering is the heat treatment commonly used

to develop martensitic structures with the de-

sired combination of toughness and strength.

The process is divided into three separate opera-

tions; heating, quenching, and tempering.

b. Austenitizing. The first step in the

hardening process is to austenitize the steel by

heating it to a temperature ab?)ve the critical

range. The material should be held at iempera-

ture long enough for the carbon and other alloy-

ing elements to dissolve but not long enough for

excessive grain growth to occur.

c. Quenching. Quenching is the rapid cool-

ing of the steel from the austenitizing tempera-

ture to a temperature below the Ms (Martensite

start) temperature. The cooling rate must be

rapid enough to prevent the formation of other

‘Y. ._. -
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transformation products such as pearlite, bain-

ite, ferrite or cementite. Common quenching

media include oils, “water, brine, and forced air.

The choice of cooling medium is dependent upon

the desired cooling rate which is determined by

the composition (hardenability) of the steel, and

the size and shape of the section being quenched.

Quenching sets up high thermal and transforma-

tion stresses which may cause distortion and

cracking of the part. Consequently it is usually

desirable to keep these s’tresses at a minimum

by cooling at a rate that is just slightly faster

than the critical cooling ra~e as determined by

the hardenability of the steel and the size and

shape of the piece being ,quenched.

Brine quenching is the most severe, followed

in order by water and oil quenching. Agitation

of the quenching medium is important because it

produces more uniform cooling and accelerates

the rate of cooling.

d. Tempering. Tempering is the name ap-

plied to the process of heating quench ‘hardened

or normalized steel to a temperature below the

transformation range, holding it at temperature

“for a suitable time and cooling. it at an appro-

priate rate. The martensite formed on quenching

is very hard, brittle and highly stressed. Tem-

pering is employed to relieve these stresses

and to improve the ductility of the steel, usually

at the expense of strength and hardness. The

stress relief, and’the recovery of ductility are

brought about by the precipitation of carbide

from the supersaturated unstable” aIpha martim-

:site and through diffusion and coalescence of

the carbide as tempering proceeds.

Tempering is usually carried out at tempera-

ture between 350°F and 1300°F and the usual

time at temperature ranges from 30 minutes to 4

hours. For many carbon and low alloy steels

ductility and toughness increases upon temper-

ing at temperatures up to” 400’°F. In rhe ap-

proximate temperature range of 450°F to 700”F

notch toughness decreases as tempering tempera-

tures are increased, consequently quench harden-

ed steels are rarely tempered in that temperature

rarige. Tempering in the range of 200”F to

400”F is use,d when it is important to. retain
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hardness and strength and’ effect a modest im-.=
provernent in toughness.. In’ the higher tempera-

ture range of 700° F. to 1250°F tempering causes

an appreciable increase in, toughness and

ductility of the steel and a Simultaneous de-

crease in hardness and strength..

As discussed in Chapter 2, the maximum as-

quenched hardness of a ,steel is primarily

dependent upon c“arbori ‘ content regardless of

what other alloying elements are included in the
. ,.

compos ItIon. Steels with the same carbon

content but, with otherwise different composi-

tions temper at different rates and the tempering

.

e

:
cycles must ‘be adjusted accordingly.’ The

tempering procedure for a fully hardened steel

can be varied, within limits, to develop different

combinations. of hardness and toughness.

22.’. Heat Treatment of Selected Steels. The

conventional quench and tempering process is

shown schematically in, Figure 17. Military

Specification Mil-H-6875, “Heat Treatment of 1

Steels (Aircraft Practice, Proce”ss for)” es-

tablishes heat treating practices for selected

steels commonly used in construction of ‘air-

craft and missiles. The processes covered by

this specification are: normalizing, annealing

(full), process annealing (stress-relieving),
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● hardening by quenching, and tempering. In ad-

dition to specifying temperatures or temperature

ranges for the various heat treatments for each

alloy, the specification establishes requirements

:for equipment, operating and test procedures, and

certification of equipment.

ASM Metals Handbook, Volume II, <‘Heat

Treating, Cleaning, and Finishing”” gives parti-

culars for the heat treatment “of many carbon and

low alloy steels. In addition to temperature data

the. Metals Handbook provides comprehensive
. coverage of the practical aspects of heat treat-

@g steels. The SAE Handbook and other sources

listed in the bibliography also provide specific

.-. information regarding the heat treatment of the

various carbon and” low alloy steels.

30 NOVEMBER1970

Tables I through V, give representative heat

treatment ~emperatures for selected steels. The

data presented in these tables are for generaI

cases and the temperatures and t$mes listed can,

and should be adjusted to com~ensate for dif-

ferences in equipment, chemical Composition,

the size and shape of the p-w being treated,

and other variables. The data pres~>ted in these

tables are intended only as example~”%’f the heat

treatments applicable to the s~~~cted steels.

These tables should not be u= to establish

heat treatment processes for t~’~steels listed.

Specification Mil-H-6875 and other approved

references, or preferably, a Materials Engineer-.
.....

ing organization should be consulted for that

purpose.

TABLE 1. STRESS RELIEF TEMPERATURES

.. .,,,,.....,

Stress Relief Soak Time at . .

Material Temperature (“F) Temperature”

..

Low-Alloy Steels (after heat
:.;.,..!

● treat at 150 to 180,000 p’si) 700+25 1 hr* “’

*Allow 1 hr per in. of cross section for heatup time.

\

TABLE I l. ANNEALING CYCLE FOR LOW-CARBON AND LOW-ALLOY STEELS

*

..

J<.,
Furnace . ..-0--.;.-
Cooling

,, ,./, .<,:.,.,
Annealing Cycle at

->

Temperature 50 °F/hr* Soak Time Heatup

Material Alloy (°F) From (°F) To (hr) Time

‘Low- 1018 1575 to 1650 1575 i1300 1 hr for 1 hr per

Carbon 1020 1575 to 1650 1575 1290 sections to in. of

1025 1575 to 1650 1575 1290 1 in. thick. material

1030 155o to 1625 1550 1200 Add 1/2 hr thick-

1035 1550 to 1625 1550 1200 for each ness.

additional

Low-Alloy 4130’” 1450 to 1550 1450 900 1 in. of
..
..-

4140 1450
.&

1450 to 1550 900 thickness. d-
4340 1450 to 1550 1450 900

‘j>

5150 1500 to ‘1600 1500 900 !,.<:,,

6150 1550 to 1650 1550 1000.
L

●“ *After reaching the lower temperature, the rate of cooling is unimportant:
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TABLE hi: NORMALIZING CYCLE FOR LOW-CARBON ANDLOW-ALLOYSTEELS

Normalizing

Temperature

(°F)

Soak Time

(hr) Heatup TimeMaterial Alloy

Low- “

Carbon

1015

1020

1025

1030

1035

4130

4140

4340

5150

6150

1650 to 1700

1650 to 1700

1625’to 1675

1625 to 1675

- 1600 to 1650

,1600.to 1750

1550 to 1700

1550 to 1700

1550 to 1700

1600to 175o

1 hr for sections 1 hr per in.

to 1 in. thick. of material

Add ‘1/2 hr for thickness.

each additional

1 in. of thickness.
.

.
Low-Alloy

TABLE IV. AUSTENIT!Z$NG CYCLE FOR LOW-CARBON AND LOW-ALLOY STEELS

Soak Time -

Alloy

1025

1030

1035

4130

4140

4340

5150

6150

Austenitizing

Temperature

===7 ‘eatUpTime,Material

Low-

Carbon*

Low-Alloy

(*F) Thickness (in.)

1/2 or less

1

2

3

4

5

1/4 1 hr per in.

1/3 of material

1/2 thickness.

1575 to 1650

1550 to 1600

1525 to 1575

15OO to 1600

1.55o to 1600

1500 to 1550

1475 to 1550

1550 to 1625

3/4

1-1/4

1-1/2

*The amount of strengthening by austenitizing and quenching is insignificant.

TABLE V. TEl& ERiNG CYCLE FOR LOW-ALLOY ST~ELS
,. 1

.,, ,

Tempering Temperature (“F)
,.

Alloy 125,000 psi. 150,000 psi 180,000 psi Soak Time’ Heatup Time ,

4130 950 to 1150 800 to’ 1000 700 to 900 1 hr per in. 1 hr per in.

4140 1050 to 1250 950 to 1150 800 to iooo of material of mate,rial

4340 1075 to 1225 975 to 1075 850 to 975 thickness thickness
.
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23. Controlled Atmospheres. Controlled at-

mospheres are often used to protect the” surfaces

of steel parts during heat’treatment. Unless such

precautions are taken, scaling, carburization, or

decarburization may result. Scaling, or oxidi-

zation,. mars the surface, represents a loss of

metal, and may affect thecooling rate when”rhe

part is quenched. Carburization is the addition

of carbon to the surface material by heating it

in contact with a carbonaceous material. De-

carburization is the loss of carbon born the

surfa~e of the part as a result of. h.eating the

part in contact with some medium that reacts

with car bon. Decarburization .restdts in a soft

surface and can seriously affect the fatigue life

of a steel part.

Controlled atmospheres are generally used

when temperatures exceed 1200.°F. The tem-

perature, time at temperature, and the carbon

content of the steel are important l%ctors which

must be considered in selecting an atmosphere

for a given application. Various atmospheres

:are used depending upon th~ material, the

treatment, available equipmen~, and the dis-

position of the parts after heat ~reatment. Parts

that are machined after heat treatment to a
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I

depth sufficient to remove the affected materiaI

usually do not need to be heat treated in a con-

trolled atmosphere.

24. Martempering. The transf& rnat ion of

austenite to martensite during rapid cooling of

a steel through the mart.ensite transformation

range produces high stresses. and can cause

distortion and cracking. Martempering is a

process that ‘is useful in reducing these high

stresses. It is an interrupted quenching process

in which a steel is quenched from’ the aukteni-

tizing temperature into hot oil or a molten salt

bath at a temperature near, but slightly above,

the Ms temperature ‘of the alloy, Figure 18. The

steel is held in the quenching medium long

ehough for its temperature to stabilize, after

which time it is removed and allowed to cool

slowly in air.

The transformation of austenite to martensite

occurs during the period when the steel is cool-

ing SIOWly in air. Because of the slow cooling

rate a relatively uniform temperature is main-

tained throughout the mass of the steel, and the

severe thermal gradients that are characteristic

of conventional quenching are not developed.

Cons equently,’ martensite forms, at a uniform rate

throughout the piece and the stresses developed,,
during tran’sformation “are much lower than for

conventional quenching. The lower stresses

developed by martempering in turn lessen the

distortion of the treated part.

Martempering is usually reserved for steels

of medium hardenability such as those that are

conventionally hardened by oil quenching. A

modified rnartempering process can’ also be used

t: advantage. It consists of quenching from the

aus ten”itiz ing temperature to a temperature

slightly below “the Ms. The higher cooling rates

obtained by the lower temperature quench in

effect allows the treatment of steels of lower

hardenability than can be treated by the standard

.martempering process.

25. Austempering. Austempering is the name,,

applled to the heat treatment whereby. aus tenite

is transformed isothermally to lower bainite,

‘Figure 19. Lower bainite, as “mentioned iq

Chapter 2, compares favorably to tempered mar-

tensite with respect to strength and hardness,

and for a comparable hardness, exhibits ,superior

ductility. Austempering is an alternate method

of heat treating steels to deveIop high strength

and hardness in combination with go’od ductility

and toughness.

The austempering process consists of:

a. Heating the steel to a temperature within

its austenitizing range.

b. Quenching th,e steel in a constant tempera;

ture bath at the desired transformation tempera-

ture in the lower bainite region. ,.,

c. Holding the steel in the bath for a suf-

ficient period of time to allow the aus tenite to

transform isothermally to bainite.

d. Cooling the steel to room temperature

in still air.

Austempering is an isothermal transforma-

tion process carried out at relatively high tem-

peratures so that, compared to conventional

quenching, transformation stress es are reduced,

and distortion is minimized. Austempering is

usually substituted for conventional quenching

and tempering to obtain higher ductility or notch

toughness at a given hardness, and/or to de-

crease the distortion and cracking associated

with normal quenching.

26. Surface Hardening of Steel.

a. ~enera/. In many industrial applications

it is necessary to “develop a high surface hard-

ness on a steel part so that it can resist wear

and abrasion. This can be done by hardening a

high carbon steel; however, the high hardness is

then accompanied by low ductility and toughness.

In many” applications the poor ductility and

toughness cannot ‘be tolerated throughout the

entire part and another solution to’ the problem

must be found.

Low carbon steels can be treated to develop

9

.“

..

a hard

steel,

normal

ing or

surface or case while the interior of the

.or core, is unaffected and retains its

ductility and toughness. Surface harden-

case hardening processes for steels may

e52
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FIGURE 19. Schematic Representat ion of the

Austempering Cycle

be divided into two broad classifications: (1)

those in which the composition “of the surface

material is changed; and (2) those in which the

composition of the surface material is not

changed. Carburizing, nitriding, carbonitriding,

and cyaniding are processes that fit into the

firs t classification. Flame hardening and

induction hardening are included in the second

classification.

b. Carburizing. Carburizing is usually ap-

plied tomplain carbon or low-alIoy steels with

less than 0.20% carbon. The low carbon .steel

is heated in contact with a carbonaceous ma-

terial to develop a’ case or surface layer on the

steel that has a high carbon content. Upon

quenching, the high carbon case becomes .very

hard while the low-carbon core remains rela-

tively soft. This process produces parts with

hard, wear-resistant exterior surfaces, and soft,.

tough cores. Three methods of carburizing steel

are:

(1) Pack Carburizing - in which the steel

parts are placed in containers and carbonaceous

solids are packed around them. The carbon-

aceous material is usually charcoal, or coke

mixed with a suitable energizer such as barium

53
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or sodium carbonate. Thecarbon monoxide gas

which forms is actually the car burizing- medium.

The chemical reaction is:

3Fe” + 2CQ — Fe3 C + C02

The carbon atoms diffuse into the steel, which

for carburizing is heated above the critical

range, hence the carbon goes into solid solution

in the austenite. “The temperature range for pack

carburizing is from 1500°F to 1750°F: the

temperature selected is usually about 100°F

above the AC3 point of the alloy being treated.

The depth of core and the carbon concentration

gradient of carburized parts are governed by the

carburizing temperature, time, the carbon po-

tential of tbe pack, and the original composition

of the steel.

(2) Gas Carburizing, - in which the steel

parts are’ exposed to carburizing gases. This

process is more controllable than pack car-

burizing and generally more versatile and ef-

ficient. The usuaI operating. temperature range

for gas carburizing is from ‘1550°F to 1750°,F.

(3) Liquid Carburizing - in- which the steel

parts are immersed in a molten salt bath con-

taining sodium cyanide. Low temperature salt

baths, 1550°F to 1“650~,’ are best suited for

cases 0.003 to 0.030 inches deep. High tem-

perature baths are used to produce deeper cases,

O. 020 to 0.120 inches deep, and in some in-

stances cases up to 0.250may be produ’ced.

Many carbon and low-alloy, steels are used

for’ car burizingy although the general. practice

is to use steels containing about 0.15 or 0;20

percent carbon.

The, heat treatment,’of a carburized steel will

depend upon the carburizing temperature, the

composition of the core. and the case, and the

properties that must be obtained. In some in-

stances the stee I may be quenched directly horn

the carburizing temperat~e and then tempered.

Another. method ‘is to slowly cool the” steel from

the carburizing temperature; reheat it to a

temperature slightly above the A3-1’ temperature,

quench, and temper. Double reheat and quench

operations are also employed with some steels.

54

In some instances it is’ necessary to develop

a case in only local areas and not over the

‘entire surface of a part. Carburization can be

prevented in local surface areas by protecting

those areas by copper plating them or covering

them with a ‘copper bearing lacquer. Another,,.
effective method is to machine the part after

carburizing, to remove’ the case from those areas

where a soft surface is desired..

c. Nitriding. Nitriding is a nitrogen case-

hardening process. For successful nitriding it -

is necessary to use alloy steels containing
●

aluminum, chromium and molybdenum which
.

combine with the nitrogen to form hard nitrides.

The nitriding medium is commonly ammonia gas .

and the operating temperature ,is in the vicinity “

of 950°F. Core depths are usually 0.015 to

0.020 inch. It is unnecessary to quench or
,,

temper the steel’ after nitriding; consequently,

parts are usually fully machined and hardened

before nitriding. ~~

d. Carbon ifriding. Carbonitr~ding is a case

hardening process in which carbon and alloy

steels are exposed to a gaseous atmosphere

from which they absorb carbon and nitrogen

simultaneous ly. The process is a modified gas

carburizing process in which arqmonia is intro-

duced into the gas car burizing atmosphere.

Operating temperatur& range from 1300°F to

1650”F. Case depths of 0.003 to O1O3O inch

are developed. Many carbon and alloy steels

with carbon contents up to 0.25 percent are

caibonitrided. Nitrogen increases the harden-

ability of the case. Thus full hardness can be!,:
achieved by less severe quenching, and dis-

tortion is minimized. . ,

e.; Cytrniding {liquid .ctmlxmitriding). This

process is simila~ to \iquid carburizing except

that the molten salt bath contains higher per:

centages of sodium cyanide, ranging from 30

percent to 97’ percent. The steel absorbs both

carbon and nitrogen from the molten bath and by

selection of bath c“ompos ition and operating

temperature it is possible to regulate, within

limits, the relative amounts of carbon and. ni-

trogen in the case, Operating temperatures

.,, ,

,,,.~
.’. ,.

.$’.

.,
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● range from 1400”F t.o 1600”F. Usually, thin

cases, less than 0.010 inch deep, are produced

by this process.

f. Flame hardening. Flame hardening is a

surface hardening process that consists of

heating the surface area to be hardened to a

temperature above the upper critical temperature

of the alloy with a high temperature flame. The

heated surface is then quenched in a suitable

manner. The process produces a hard surface

with a soft tough core.

g. Induction hardening. In this process the

surface of the steel is heated by induced current

to a temperature above the upper critical temper-

ature. The part to be hardened is placed in

coil, usually of water cooled copper tube,” that

does not contact the steel. A high frequency

current is passed through the coil and the sur-

face of the steel is heated by induced current.

The current is shut off and the steel is im-

mediately quenched. The heating time is fast,

from 1 to 5 seconds, and there is no rime for

serious oxidization; decarburization or grain

growth to occur. This process also develops a

hard surface over a soft tough core.

Steels used for flame and induction harden-

ing must have a carbon content of 0.40 percent

or greater.

THE FORMING OF STEEL

27. Genera 1. Carbon and low -alloy steels

in the form of ingots, billets, blooms, bar, sheet,

strip, plate and rod are formed to desired shapes

by various hot and cold forming methods. Some

of the more common methods are discussed

briefly in this section.

28. Forging.

a. General. Modern forging methods en-

compass the various hot working operations by

which metals and alloys are hammered or pressed

to the desired shape. The material is shaped

by impacr or pressure either on anvils, in open

dies or in C1OSed dies. Large forgings are often

ma’de directly from the ingot, smaller forgings

are made from billets, blooms, bar, and rod.

b. Hammer or smith forging. Hammer or

smith forging cons ists of hammering the heated

metal with hand tools (blacksmithing) or between

flat dies on a steam hammer. Hand forging, as

practiced by blacksmiths, is the oldest forging

process, and is. still’ in use today. Hand forg-

ings are necessarily limited in size, complexity

of shape, and dimensional accuracy. The skill

of the blacksmith is the all important factor in

the process. Currently the process is generally

restricted to repair work and to the production

of limited quantities of small parts. Larger

forgings are hand shaped with open dies on

steam hammers and pneumatic hammers. Al-

though the use of the steam or pneumatic ham-

mers permits the forging of larger parts, the

process ,’,smith forging, is dependent upon opera-

tor skill and is limited as to the shape and ac-

curacy of the forgings produced.

c. Drop forginrj (impact die forging). Drop

forging or impact die forging differs from smith

forging in the type of dies used. Open faced

dies are used to produce smith forgings” while

closed impression dies are used in drop fo~ging.

Closed Impression dies’ consist of two die blocks

in which cavities or impressions of the required

configurations are machined. One die block is

mounted to the anvil of the forging machine, the

other attaches to &e ram. The heated metal is

placed between the die blocks and is caused to

flow and conform to the shape of “the cavities by

the impact of repeated blows on the metal.

,Proper flow and”” shaping of the metal is con-.
trolled by a gradual change of shape through a

succession of forming steps. Eachstep is car-

ried out in a different die cavity. The cavities

are designed to be used in succession so that

forming of the part is a progressive operation.

The number of steps and the number of different

die cavities, or impressions, required of course

vary according to the size and shape of the final

forging. For small forgings a set of die blocks

“may contain all of the different impressions re-

quired to produce the part. For larger parts

more than one set of dies may he required.

Drop forgings are produced on steam drop. ham-.,
mers. “
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d. Press forging. Press forging consists of

a slow squeezjng of the metal between dies as

opposed, to the rapid” impact blows of hammer

forging. Press forging is used for all types of

forging operations, from open to CIOS d die.

Hydraulic and” mechanical presses are used in

press forging.

e. Upset forging. Upset forging machines

are designed to operate horizontally with a

vertical die parting plane as opposed to the

vertical operation and horizontal die parting of

hammer and press forgi,ngs. The operatioti

consists of gripping a“ bar of. uniform section

between gripper dies. .The gripper dies form a

cavity into which the free end of the bar pro-

trudes. Pressure is applie’d to the, free end of

the bar by a ram which ,upsets the bar until it

conforms to the shape’ of the die cavity. For

some products the ups etting operation may be

completed in one die cavity. For most shapes

the forming is accomplished in successive

operations in a series of cavities. Upset forging

is a versatile hot forming method by which a

wide variety of parts are pr&luced. In addition

to upsetting, the upset forging machines may be

used for’ piercing, trimming or punching.

29. Hot ‘Extrusion. ‘In this process, hot

plastic metal is forced through an orifice in a

die. Since the extruded metal assumes the

shape of the orifice, some shapes that cannot

be produced by rolling can be made as an ex-

trusion. Squeezing toothpaste from a tube is

analogous to the extrusion of metal. The ad-

vantages of the hot extrusion process, as

related to steel, are: shapes can be produced by

extrusion that are not- possible by rolling; and

the directionality of mechanical properties is

minimized. Die wear is a problem and affects

the tolerances of steel extrusions. “

. .,

30. l-lot Draw ing or Cupping. Hot drawing is

the operation in’ which heated steel is pushed

through a die to than’ge its cross section or

‘shape. On’e common hot drawing “process is

cupping. ‘“A round disk, cut out of a. steel plate. ,,
of . suitable thickness, is heated to forging

56

temperature and. placed on a ring die. A plunger

force: the metal down through the die to form

a cup” shaped part. The operation may” be re-

peated using dies of reduced diameter until the

desired cup shape is obtained.

Drawing may also be performed on a hot, draw

bench. In this horizontal operation a tubular

part, closed on one end, is forced through a

series of dies of continimlly decreasing diameter.

Cylinders are often formed by cupping followed

by hot drawing.

31. Hot $pinrring. Hot spinning is an opera-

tion by” which plate .in the form of a ‘circular

blank is- formed to a dish shape on special

spinning machines or on la~hes adapted to the

process. The, flat blank is held or attached to

a mandrel s o that the blank and mandrel can be

rotated. as a unit. A roller is brought to bear

against the rotating blank. The steel is formed

to the sha’pe ,of the mandrel by adjusting the

pressure on the roller and manipulating its

position. “’- :

32. Hot Pressing. Hot pressing is also used

to produce large dish shaped heads of various

sizes and designs from steel plate. Othe,t shapes

are also produced by this method in which a

plate blank is formed to the desired shape by

squeezing it between forming dies in a large

press. Again successive operations may be re-

quired to produce the final shape.

33. Cold Heading. Nails, rivets, and small

bolts are made by this method. Coiled bar or

rod is automatically fed into the machine which

upsets it to the desired shape.

34. Press Work. The forming operations per-

formed on presses rang,e from simple bends

produced on a press brake, to the complex

compound-curvature-forming involved in, the

production of automotive. parts. Many different

types and sizes of presses ate. used, most of

which may be adapted to different operations,

depending upon the types of dies used. The

tools most used in press operations come under

the general heading of punches an,d dies. The

punch refers to that part of the assembly which

is attached to the ram of the press while the

die is usually statigrnary and rests on the bed of

L
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the press. The die usually has an opening or is

shaped to mate with the punch and the two must

be aIigned for proper operation. The material is

worked between the punch and the die. Common

press operations include: shearing - blanking,

notching, perforating, etc; bending - forming,

angle bending, folding, etc; drawing - tubes,

cupping, forming flanges, embossing, etc; and

squeezing - coining, upsetting, cold forging, hot

pressing, etc:

35. ~xp[osive Forming. Explosive forming

is a high energy rate forming method which is

rapidly gaining prominence. It is a versatile

method that can be, adapted to large or small

parts and can be used effectively when produc-

tionquantities’are limited. The energy released

by detonating an explosive charge is transferred

through some suitable medium, such as water,

to the workpiece. The very fast rates at which

metal is deformed by explosive forming methods

often permits more severe forming between

process anneals than can be accompli shed by

standard methods.

36. Roll Forming. Coiled strip is formed

into tubular and ‘various other shapes by passing

it through a series of mating rolls which pro-

gressively forrri it to the desired shape.

37. ,Other Forming Processes. Carbon and

low -alloy steels may be hot w orked and cold

worked by other processes too numerous to list

here .“ Forming characteristics vary with compo-

sition, condition , and the severity of the form-

ing. The ASM Metals Handbook, Volume 1, 8th

Edition, presents a comprehensive discussion of

metal forming and the selection of steels for

forming.

MACHINING.OF STEEL.

38. General. The methods used to machine

carbon and low-alloy steels include all of the

common operations such as turning on lathes,

milling, drilling, sawing, grinding, broaching,

shaping, planing, etc. The machinability of

steel varies with composition and condition or

temper. The Machining Data Handbook compiled

by Metcut Research Associates, Inc., Cincinnati,

Ohio, for Rock Island. -Arsenal, Rock Island,

Illinois, (Contract DA-11 -070 -AMC-224 (w)) is .an

30 NOVEMBER1970

excellent source of detailed information fo[

various machining operations as applied to

steels and many other materials.

39. Machinability. Machinability has been

defined as ([a complex property of a material that

controls. the facility with which it can be cut to

the size, shape and surface finish required

commercially”. The predominant factor govern-

ing the machinability of carbon steels, as would

be expected, is carbon content. Low carbon

steels, 0.15 percent carbon or less, have low

tensile and shear strengths in the annealed

condition. As a result they are soft and gummy

and machine poorly. Cold drawing increases

strength and hardness and serves to improve the

machining characteristics of these steels.

Steels containing from 0.15 to 0.30 percent

carbon usually machine satisfactorily in the as-

forged, as-rolled, normalized, or annealed con-

dition.

The medium-carbon steels, containing up to

0.55 percen”t carbon, usually machine kst if

they have been annealed to produce a micro-

structure that is a mixture of pearlite (lamellar)

and spheroidite. If the material is not partially

spheroidized its hard’ness will be too high for

“optimum machinability’. Steels containing 0.55

to 0.60 percent carbon should be completely

spheroidized to develop the best machining

characters tics. ,,/

SeIection of the 1000 series carbon steels

is seldom based on machinability alone, although

relative machinability may be a consideration.

For example 1022 may be preferred to 1020 be-

cause’ of better machinability in those applica-

tions where either alloy is otherwise satis-

factory.

The 1100 and 1200 series free machining

carbon steels have improved machining char-

acteristics as ‘compared to equivalent 1000 ser:

ies. steels. The re sulfurized carbon steels

(1100 series) may contain up to 0.33 percent

sulfur, although for most of the compositions

the sulfur is held to within 0.08 to O.1~ per-

cent. The sulfur combines with manganese to

form MnS. The sulfides promote favorable

machining conditions by causing the chips to

:,.,,,.
...,,?..,

.. ,:
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break up and also serve as a built in lubricant

that prevents the chjps from sticking to the tool.

The series 1200 steels are resulfurized and

rephosphorized. Sulfur serves the purposes

noted above and phosphorus tends, to increase

the strength and hardness of the ferrite which

also promotes chip breakage.

The machinability of the alloy steels varies

with c opposition and temper. Generally alloy

steels are more difficult to machine than carbon

steels of equal carbon content. In addition, the

machining and heat treatment of alloy steeIs

must be coordinated for efficient production.

The effects of heat treatment on surface finish,

size, the distortion from quenching, etc., must

be considered in scheduling the operations.

JOINlilG OF STEEL-AND WROUGHT IRON

40. General. In generaI, wrought iron, car-

bon; and low alloy steels can be readily and ef-

fectively joined by the various methods com-

monly used in the metal fabricating industry.

‘The various joining methods may be grouped

as follows:

a. High temperature methods; various ‘fusion

welding and resistance welding processes.

b. Intermediate temperature methods; b~azing

and soldering processes.

c. Room temperature methods; mechanical

fastening.

The welding methods commonly used to join

wrought iron, car,bon and low alloy steels in-

clude oxyacetylene welding, shielded metal-arc

we Iding, gas shielded-arc welding, “submerged-

arc welding, forge welding, flash welding, in-

duction welding, electroslag weldirig, friction

welding, stud welding, spot, seam and projection

welding.

Intermediate temperature methods include

torch brazing, furnace “brazing and induction

brazing as well as the various soldering methods.

Room temperature mechariical methods in-

elude lock seaming,’ riveting and fastening with

screws, nuts and bolts.

41. Oxyacetylene Welding. Oxyacetylene

welding is a welding process in which coales-

cence is produced by heating a metal with an,

oxyacetylene gas flame or flames, with or with-

out the application of pressure, and with or

without the addition of filler metal. The acet-

ylene gas and oxygen are mixed in the proper

proportion in a mixing chamber which is general-
=’

ly a part of the welding tip assembly. The

torch is designed so that the operator has corn-

plete control of ,the flame.

Oxyacetylene weIding involves the melting

of the base metal and also the filler metal, if

any is used, with the heat produced by the

burning of the gases at, the tip of the” welding

torch. The molten; me,tal, which includes base

metal and any filler metal, intermix in a common

molten pool and upon cooling co’alesce to form

one continuous mass. Properly’ adjusted the

flame can also provide a protective atmosphere

to cover the pool of molten metal. A mixture

of one part oxygen to one part acetylene provides

flame temperatures up’ to 5600°F, approximately

twice the melting temperature of steel, and

produces the high local~ed heating necessary

for welding.

A range of welding tip sizes. are available

so that welding :f lames of various sizes can be

produced, with selection dependent upon the

specific application. Flame sizes range up to

3/16 inch or more in diameter and 2 inches or

more in length. The inner core or blue flame is

called the working flame. The closer the working

flame is to the surface of the metal being welded,,

the more efficient is the w,ansfer of heat from

the flame to the metal. ” Changing the ratio of

the volume of oxygen! t“o acetylene alters the

chemical action of the flame on the molten weld

puddle. Generally, wrought iron and steels are

welded with a neutral flame having approximately
,.

a 1:1 ga+s ratio. Increasing the oxygen flow

produce+ an oxidizing action; c.onv’ersely, in-

creasing the acetylene flow produces a car-

burizing action on the molten pool. Three ‘-types,

of flame adjustment are show”n in Figure 20.

-.

.
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1- Neutral Zone

/ Neutral Flame

Clear, sharp luminous
inner cone with quiet flame

[ Luminous

Inner Cone

-

Carburizinq or Reduclnq F 1ame
Long inner cone coupled

with feathery edges on flame

..:-

~z,ngzone

Oxidizlnq F 1ame
Short inner cone with

smaller overall flame

. .

FIGURE 20. Characterist ics of Neutral, Carburizing

and Oxidizing Flames
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The cleanliness of.rhe base metal at the weld

joint is of utmost importance. Oil, dirt or oxides

may cause blowholes, Irrck of fusion, slag in-
.

elusions or porosity.

The configuration of the edges of the material

to be welded is ‘determined by its ‘thickness.

Th@,sheet (up to 3/16 inch thick) can be com-

pletely melted by the flame without edge prep-

aration. Material from 3/16 to l/4 inch thick re-

quires a slight root, opening for complete pe~etra-

tion; however, filler metal must be added to

compensate for the root opening. The joint edges

of material I/4 inch or greater in thickness

should be beveled. The angle of bevel for the

oxyacetylene welding of wrought iron and steel

varies from 35 to 45 degrees, which is equivalent

to an included angle of from 70 to 90 degrees.

A root face of 1/16 inch is recommended, how-

ever, thinner edges are ,occasionally used.

Material 3/4 inch and greater in thickness should

be double beveled when it is possible to weld

from both sides. of the joint. The root face can

vary from O to 1/8 inches. See Figure 21.

70° to 90°

T = Thicknesses from 1/4”
up to, but not includ-

ing 3/4’1 thickness

70° to “90°

1A b“

.T “A ~

W.?:< ‘“a

T = 3/4’1 Thickness and over

FIGURE 21. Edge Configurat ions for

Oxyacetylene Welding

A bad characteristic of oxyacetylene welding —
is the steep temperature gradient that is pro-

duced across the weld joint and in the surround-

ing base metal. This temperature gradient often

results in distortion unless precautions are . .

taken to minimize its effect. The problem can

often be minimized by first; tack we Iding the

assembly and then starting the final weld at

that section of the assembly that is least sub-

ject to distortion, Peening, the proper use of

braces, welding alternately on both sides of the

joint, and the use of a backstep sequence in

welding are all methods which may be used to

control or minimize distortion. However, the

most effective deterrent of all is to design

weldments properly.

During welding, the temperature of the base

metal ranges from the melting temperature and

above in the weld’ puddle, to room temperature

in areas remote from the heat source. Because

the material adjacent to and in the weld is

heated to a temperature considerably above the

transformation temperature of the steel a coarse

grain structure’ ,develops in the weld metal and

adjacent base material. -.This condition can be

corrected by a grain refining heat treatment after

we”lding.

If a steel contains sufficient carbon, and if

the rate of cooling after welding is rapid enough,

the weld metal and material in the heat affected

zone will harden. Hardening should be avoided

because the affected material will lack ductility.

and will be susceptible to cracking. Hardening

can be avoided in most hardenable steels by

playing the torch over the weld and th,e adjacent

heat affected zone for a short period of time after

welding is completed, or by preheating ‘die ma-

terial, before it is welded. .Air hardening steels

may require a post heat treatment, such as a

stress relief treatment or an annealing treatment,

to eliminate the hardened zone.

A variety of equipment is available for both

manual and automatic oxyacetylene welding.

Most oxyacetylene welding is performed manually.

However, when production rates warrant, auto-

matic” or semi-automatic equipment can be used

to great advantage. Figure 22 shows schemati-

cally the relationship of the, basic tools required

in manual oxyacetylene welding. Automatic

60
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FIGURE 22, Oxyacetylene Welding Equipment
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systems employ special welding heads, regulat-

ors, valves and other accessories designed for

automatic operation. ‘

Low carbon, low alloy steels, and wrought

iron are readily welded by the oxyacetylene

process. For welding; carbon steels having

more than 0.35% carbon are generally considered

high carbon steel,s and require special care to
!

preserve their particular properties. Low alloy

steels with air hardening tendencies also re-

quire special attention during welding, even

those with a carbon content’ less than 0.35%.

For these steels the material & the joint area

is usually preheated to a temperature, of 300°F”

to 750°F to retard the rate of cooling in the weld

zone. Retarding the cooling rate minimizes the

possibility of hardening the weld metal and the

material in the heat affected zone. It! is also im-

portant to maintain a u“niform teinperature in the

weld area when these steels are welded. -

Multi-pass welding is “used when it is de-

sirable to obtain maximum ductility of a steel

weld in the as-welde”d or stress-relieved condi-

tion. Improved dtictility in the weld deposit

results from grain refinement in the’ underlying

weld beads when they are reheated during sub-

sequent passes.. The finaI deposit will not be

refined unless an extra deposit is added and

subsequently removed, or unless the last deposit

is subsequently torch heated to a. normalizing

temperature. ,. ”..
,.,.

Generally, the composition of the weld de- .

posit should approach that of the base metal.

This is particularly true when the weldment will

be heat treated after welding to develop me-

chanical properties that are not possible in the

as-welded condition. Steel” rods and’ wire for

.oxyacetyle’n> welding are designed to deposit

metal of a desired composition. Allowances

are usually “made in &e composition of the rod

to ‘Allow for the recovery. of Certain ilements in

the weld deposit. Filler’ metal conforming to

Type A, Mil-R-908 “Rods, Welding; Steel and

Cast Iron”; Class 1’Mil-R-5632 ‘tRods and Wire,

Steel, Welding”; and GA60 or GB60 of the AWS-

ASTM Specifications for Iron and Steel Gas

Welding Rods are suitable for welding wrought’

iron and low carbon steels. Filler metals con-

forming to Type B or Type ,C, Mil-R-908.; and

Class 2, Mil-R-5632 are suitable for welding low

alloy steels.

.’

42. Shielded Metal-Arc. Welding. Process.

Shielded metal-arc welding is a wel,ding process

in which coalescence is produced by heating the

material with an electric arc which is struck

between a coated metal electrode and “tie work.

Shielding is obtained from the decompos [tion of

the electrode coat ing. Pressure is not used and

filler metal is obtained from the electrode.. The

shielded metal-arc process is primarily amanual

process alihough “automatic procedures have

been developed. ,,

Basically, the process consists of establish-

ing an electric arc between a coated metallic

electrode and the metal to be welded. Current

flows through two leads and arcs acress the gap

between the eird of a consumable eIectrode and

the metal being welded. Transformation of

electrical energy into heat energy at the gap

provides the necessary heat. Figure 23 illus-

trates the. metallic arc welding circ’uit.

During welding, the materials in-the electrode

coating ~are decomposed ,,by the heat Of. the arc

and perform a number of functions, namely: (a)

they promote and help stabilize conduction

acress the arc; (b) they produce an envelope of

gas which excludes oxygen and nitrogen in the

air from contacting the molten weld puddle; (c)

they add fluxing ing~edients..to the molten pud-

dle for refining purposes; (d) In certain electrode

design<, they add alloying elements to the weld

deposit; and (e) they provide materials that help

to control the bead shape. Figure 24 is a sche-

matic presentation of the shielded metal arc

process.

Actual welding con$ists of striking an arc by

touching the work pie ce with the electrode and

quickly withdrawing it to normal arc length, then

guiding the electrode to produce simultaneous

fusion to the electrode tip and base metal to

form a solid bond on ‘cooling. Intermixing of the

deposited, filler metal with me Ited base metal

occurs’ to a greater or Iesser degree depending

on the techniques used.
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FIGURE 23. The Shielded Metal-Arc Welding Circuit

(Reverse Polarity Operation)
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~lGURE 24.. ASchematic Diagram of the Shielded

Metal-Arc Welding Process

Manual welding equipment includes a power

source (as transformer, dc generator, ac gener-

ator or dc rectifier), electrode holders, cables,

cable connectors, ground connectors, chipping

hammers, wi.,re brushis, helmets and weld gages”

.’Automatic shielded metal-arc welding equip-

ment, in addition to a welding head, consists of

such items as work positioners, head travel

carriages, turning rolls, work skids with hold-

downs, and portable power units.

Joint design is very. important Particularly ‘n

heavy sections and in the case of higher carbon

and low alloy steels. In general, joint design
,.

sho,u~d be in accordance with the Iatest practices

for shielded metal arc welding as recommended

by the American. Welding Society.

Dirt, greases, oil, paint; and oxide should

be removed from joint areas to prevent. porosity

,and inclusions in the weld deposit.

In shielded metal-arc welding “of wrought iron

the best results are obtained when die welding

speed and current are slightly below those” u;ed

for mild steel of the same thickness. The’ilower

speed permits the molten metal immediately

behind the arc to remain polten longer, thereby

allowing’ entrapped slag and gases to float out

of the weld puddle. The use of a lower current

also minimizes the possibility of burning through

thinner sections. In practice, as little base

metal as possible is melted to minimize’ the ac-

cumulation o~ slag in the weld. In’ multi-pass

operations each weld bead, should be thoroughly

cleaned of oxide before subsequent beads are

deposited. ,,
,.,

Electrodes selected for welding wrought iron

should meet the requirements of Mil-E-15599, or

the requirements of the E60XX series of classi-

fications of the AWSIAS’TM Specifications for

Mild Steel Arc Welding Electrodes.

Low carbon steels up to 0.30 percent carbon o
content are readily weld’ed by the shielded metal-

arc ptoce’ss. These steels are normally welded

without preheat, post-heat or special electrodes.

Special precautions such as preheating to 200°F,

maintaining a minimum interpass temperature of

200°F, and postweld stress relief are advisable

when section, thickness exceeds one inch.

When the’ car bon content is over 0.30%

special precautions. are necessary to avoid ~

cracking in the weld deposit or in the adjacent

heat affected zone. Preheating to, and maintain-

ing a minimum .interpass temperature of 300°F >
to 400°F is advisable for all thicknesses of

material. A stress relief treatment should follow

welding.

:,: Carbon steels having a carbon content over

0.50% are seldom welded. However, satisfactory

w“eldk may be obtained if special precautions

are taken to avoid cracking.

The selection of electrode type and the size

of electrode to’ use in welding carbon steels

depends ‘upon the weld strength requirements,

the composition of the steel being welded, the
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thickness of the steel, the joint configuration,

and the welding position. Electrodes of “the

Mil-60XX series of Mil-E-15599 or the E60XX

series of AWS-ASTM Specification for Mil!d Steel

Arc Welding Electrodes are suitable for welding

the low carbon steels. For welding the medium

and higher carbon steels, low hydrogeri type

electrodes of the Mil-70XX series, meeting

Mil-E-18038 and Mil-E-22200, and electrodes of

the AWS-ASTM E70XX series are recommended.

It is usually advisable to preheat the low

aIloy steels prior to we Iding in order to avoid

cracking. Preheating in the order of 400°F ro

750°F is recommended depending upon harden-

ability. The areas to be welded Should be pre-

heated to the temperature noted in Table VI.

TABLE V1. PREHEAT TEMPERATURES FOR

LOW-ALLOY STEELS

Carbon

Content (%)

0.16 .through

0.35

0.34 through

0.43

Hardenability

Equivalency

AISI-4130 and

steels of equal

or equivalent

hardenability

Steels with

hardenability

higher than

above

Preheat and

Interpass Temp.

(“F Mini)

400

500 to.750

Exceptions to the preheating rule are a group

of high-strength low-alloy steels such as HY80,

HY1OO and similar steels marketed by the steel

industry. These steels are supplied in the

quenched and tempered condition and combine

high yield strength and good “notch toughness

with good weldability. To obtain 100% joint

efficiency when welding these steels it is

necessary to use the proper electrode and to

cool the weld zone as rapidly ~~as possible.

Interpass temperatures must also be held to

certain minimums if. 100% joint efficiency is to

be attained. As a result rehear treatment after

weldirig is not necessary. Moderate preheating

may be advisable when the thickness of the

steel section exceeds one inch.

Preheating of ‘face hardened armor steels

is neither recommended nor desirable for the

obvious reason that heat input should be held

as low as practical to avoid tempering and

softening wide areas of the hardened surface

adjacent to the weld deposit.

For low alloy steels electrodes conforming

to Mil-70XX, Mil-80XX, Mil-90 XX and Mil-100XX

of Mil-E-6843, Mil-E-15716, Mil-E-18038, and

Mil-E-22200 are generally used when the weld-

ment will remain in the as-welded condition or

when the weldment will be stress relieved after

welding. The type of electrode selected for use

depends upon the steel being welded and

strength requirements. Electrodes meeting the

requirements ‘for the E70XX, E80XX, E90XX

and E 100XX classifications of the AWS-ASTM

Specifications are also ,widely used by industry.

When heat treatment after welding is required

to develop mechanical properties higher than

those attainable in the as-welded condition,

specially designed electrodes with chemical

compositions capable of responding to heat

treatment must be used. Electrodes in this

category are obtainable to Mil-E-8697 require-

ments. The selection of a particular electrode

is based upon the alloy being welded and

strength level required after heat treatment.

Electrodes “used for welding the high-strength

low-alloy strucmral steels include theMil-ll OXX

series, and Mil-120XX series of Mil-E-18038

and Mil~E-22200. When lower-than-base-metal

strength can be tolerated, <electrodes of the

Mil-90XX series, Mil-E-18036 and Mil~E-2220.&

may be used. Corresponding electrodes of tfie

AWS-’ASTM classification are widely used by

industry to weld these steels.

Because of its importance, reference should

be made to the care of low hydrogen type elec-

trodes. Low hydrogen type electrodes. generally

have less than 0.2 percent moistu,re in thi

coating to avoid introducing hydrogen, to the

weld zone. .Usually, these electrodes are

packed in hermetically sealed containers which

should not be opened until the time of use. After

opening the container, storing the electrodes in

a holding oven at the temperature recommended

by the manufacturer is advisable. Electrodes

,. 65
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that have been exposed to moisture should be

reconditioned according to the ‘manufacturer’s

instructions or discarded.

It is generally advantageous to stress relieve

the low alloy steels after welding. In addition

to relieving residual stresses in ~e welded

structure, the temperatures involved in stress

relieving are such that any hardened material

adjacent to, the weld will be tempered, with, a

corresponding improvement in ductility.
,..

43. Gas-Shielded Arc Welding Process.

a, General. The gas-shielded arc welding

process is a process in which coalescence is

produced by heating the metal with an electric

arc which is struck and maintained betieen the

end of a metal electrode ,and the part being

welded. The, arc and weld region are shielded

by a protective gas. The-shielding gas may or

bay not be inert; press ore “may or mziy not be

applied; and’ filler metal may or may not be

added to the joint.

Gas-shielded arc welding is divided into two

variations which may be classified as follows:

(1) Procedures using non-consumable elec-

trodes, including both manual and mechanized

operation, termed the gas tungsten-arc process.

(2) Procedures usjng consumable electrodes,

also including both’ manual and mechanized

operation, termed the gas metal-arc process.

b. The gas tungsten-arc w elding process.

This process, often referred to as the TIG

process, uses a tungsten or tungsten alloy

electrode as, the source of ,welding heat. The

heat for welding is produced by an electric arc

maintained between the electrode tip and the

metal being welded: Basic fearures of the

process are illustrated in Figure 25. In manual

‘welding,, the filler metal, if required, is fed into

the molten puddle in the vicinity of the arc in a

manner simifar to ,oxyacetylene welding.: . The

molten metal, the adjacent base metal, and the

elec~ode are protected from the atmosphere by

an envelope, of inert gas fed through the elec-

trode holder. G$nerally; argon, helium,. or mix-

tures of the two gases ‘are used for shielding

purposes; argon is most frequently used. The

prt7ces”s utilizes’ @th direct current reverse

polarity

polarity

polarity

The

include

,,

(DCRP) ~~and direct current straight e
(DCSP), however, direct current straight

is preferred for welding steels.

basicy, components for manual welding

a power unit, an “electrode holder (com-

monly called a torch) ‘“witli gas passages and a

nozzle for directing the flow of shielding gas,

‘tungsten or ‘mngsten alloy ,electrodes, gas flow

regulating equipment, and tisually a foot control

for on-off switc~ing purposes. Mechanized

welding equipment may. in,clude electronic de-

vice,s ~for checking and adjusting the welding

torch level, work handling equipment, provisions

for initiating the arc and~o-iit[olli,ng gas flow,

and filler metal feed mechanisms.

c. The gas metal-arc welding process. This

process, commonly referred to as the MIG pro-

cess, uses a consumable electrode which is

deposited as filler metal in the weld joint. The

arc and weld puddle are shielded from the atmos-

phere by a gas, gas mixture or gas-flux mixture.

In welding the carbon and low’ alloy steels,

shielding is ‘u,sualIy accomplished with mixtures

of argon plus 2 percent oxygen; argon and carbon

dioxide (C02); or C02 with flux - additions.

Direct current reverse polarity (DCRP) is used
“m

for welding steels.

The basic equipment required for semi-

automatic .MIG welding is shown in Figure 26. ~

The equipment permirs automatic feeding of the

filler metal, and manual: control of the welding

gun. The process has been adapted to fn}ly

autornati~ operation with electronic devices

controlling the equipment. .,

d. Process considerations.
,, ‘.

(1)Carbon” Stkels. Both ‘the gas tungsten-

arc and gas metal-arc processes are u“sed .to
T

weld carbon steels. . ‘The gas tungsten-arc

process is usually limited to the welding of

thinner sections with or without the. addition of

filler metal. The gas metal-arc process, because

of its high ;depos ition rate, is” generally used to

weld’ heavier section thickfiesses; Quite, often,,
the root pass of ‘a multi~pass “weld is made with

the” gas tungsten-arc process, while the. remain-

ing passes are mad-e -with some other” ,welding

process, such as the shielded .merid-arc process.

This procedure assures a clean”; sound root bead;
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Joint design and preparation should be in

accordance with the best practices recommended

by the American Welding Society. Cleanliness

of areas to be welded is very important in gas

shielded-arc” welding”. AH greases, dirt, paint

and oxides should be removed from joint areas

to prevent excessive porosity and inclusions in

the weld deposit.

[n general, preheating practices applicable

to shielded metal-arc welding of carbon steels’

also apply to gas shielded-arc welding..,

Filler rods meeting Class 1 requirements of

Mil-R-5632 are used with the gas tungsten-arc

process in the welding of low and medium carbon

steels. A number of welding wires are avail-

able which are’ designed specifically for gas

‘ metal-arc w.el’ding of the. low and medium carbon

steels. These’ wires usually contain deoxidizers

or other scavenging agents to prevent porosity

or other damage to the weld metal from the

oxygen, nitrogen or hydrogen that may be in the

shielding gas or which may reach the weld from

the surrounding atmosphere. Deoxidizing agents

are essential in welding wires that are used

with shielding gas es containing oxygen. The

deoxidizing elements generally used are man-

ganese, silicon and aluminum..

(2) Low Alloy Steels. The gas tungsten-arc

and gas metal-arc piocesses are both used for

welding die low alloy steels; however, the gas

tungsten-arc process is generally selected when

optimum “mechanical properties are required for

highly stressed parts. Joint design and prepara-

tion are “similar to that used in shielded metal-

arc welding: ~~

pre~eaiing Praiticei gerierally parallel those
.,

used for shielded metal-arc welding.

Several compositions of filler wire have been

developed for use .in ‘gas metal-arc welding the

low-alloy steels. 5election is.,ysually based on

composition of the steel to be welded and weld

strength requjrernents. Generally, the composi-

tion of the wire is, similar to, &e base metal to

be weidid excep{ that, in’ some cases, the ca,t-

bon content’ is lowered in order to, obtain im-

proved ductility in the weld. Usually .tbe lower

carbon content is compensated for by increasing

3,0 NOVEMBER1970

the alloy content of the wire. This often im-

proves weld ductility and notch toughness with-

out sacrificing tensile strength. Filler metal

rnecting Class 2 requirements of Mil-R-5632 may

be used to weld low alloy steel structures which

will be heat treated after welding to develop

high mechanical properties. “
. .

44. Submerged Arc Welding.’ Submerged arc

welding may be defined as a process in which

the heat for coalescence is produced by an

electric arc or arcs struck and.. maintained

between a bare metal electrode, ok electrodes,

and the work under a shieIding. blanket of

granular, -fusible material. Pressure is not used

and filler metal is obtained either from the

electrode or from supplementary welding rod.

The basic feature of the submerged; arc welding

process is, the flux, a finely crushed mineral

composition, which makes possible the special,,
operating conditions involved in this process.

In’ submerged arc welding the electrode is not ‘in

contact with the material being welded; the

current is carried across the gap by the flux.

The flux, when cold; is a nonconductor ‘ of

electricity; but in the molten state it,, becomes a

highly conductive medium. The flux is laid

either manually or automatically ahead of the

weld zone. It serves as a shield to protect the

material from the atmosphere, and also ,as the

conducting medium. .The insulating effect of the

molten flux blanket enables., intense heat to be

~generated in the. weld ,zone where the electrode

and base metal are rapidly fused. Since +e

atmosphere is excluded, bate welding wire can

be fed directly into the weld zone. The ,fused

flux cracks off or can be readily removed upon.-
,cooling. Figure 27 shows the essential ele-”

ments of the submerged arc process.

,. ,,

Alternating current transformers are the most

widely used sources of power because of the

high welding current required for submerged arc

welding. However, standard motor-generator or

rectifier-type dc. welding power suppIies can be

used. Remote control adjusters, actuated by

controls on the operator’s panel, are generally

part of the equipment., Both automatic and semi-

automatic qquipment can be obtained. , ‘“
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FIGIJRE 27. The SubmergedArc Weldingl%ocess

Electrodes are normally coiled, although various compositions and particle sizes. Al-

straight lengths are sometimes used: Steel rods

and wire supplied for carb6n and low alloy steel

welding are generally lightly coated with copper

to improve the contact surfaces and to prevent

rusting:

loying elements may reincluded in.their compo-

sition to be, introduced into the molten weld

metal during welding. The choice of flux de-

pends upon several factors: (a) the welding

procedure employed (b) the joint configuration,

and(c) the composition of the base metal.to be

Alloy weld deposits are produced by (a) the

use of an alloy steel wire or rod, (b) the use”of

a composite electrode , as a ,sheath enclosing a

core of alloying elements, and (c) the use of a

flux containing the alloying elements in con-

junction with a Iow, carbon steel electrode. Bare

welding electrodes. conforming with requirement

of Mil-E.18193 may be used in conjunction with

certain fluxes for welding many low carbon and

low alloy steels.

,.

The fluxes used in submerged arc welding

are granulated. fusible, mineral -materials of

welded. Fluxes conforming with requirements of

Mil-F-18251 “and Mil-F-19922’ are intended for

use in conjunction with Mil-E-18193 electrodes.

The deep penetrating effect of the concen-

trated heat generated during submerged arc

welding permits the use of small welding

grooves. Consequently a smaller’ amount of

filler metal is used in makinga joint: Generally,

the fused ‘metal consists of about two parts of’

base hetal to one part of filler’ metal. Joints

should be designed in accordance with the

recommendations of’ die American Welding

Society.
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Since the submerged arc process creates a

large volume of molten metal which remains

fluid for an appreciable time, some means must

be employed to support and contain it until

solidification takes place. This is accomplished

by the use of temporary or permanent weld

backing, Figure 27. As with ocher welding

processes it is important that all paint, rust or

sca~e, grease and dirt be removed from the

areas to be welded.

Wrought iron can be readily welded using the

same fluxes and electrodes that are used to

weld low carbon steels. SIower weIding speeds

than those used in welding carbon steels are

recommended to allow the greater volume of

gases generated during weIdiitg to escape before

the molten metal solidifies. Since the weld

deposit is more like a low carkn steel than

wrought iron, the second and subsequent passes,

if required; tin be made at ‘normal speeds- ~.
.,

The submerged arc welding process is ,one

of the leading welding processes used for join-

ing low and medium-carbon steels. Moderately

thick sections with a, ~arbon content ranging up

to 0.35 percent can ‘be welded without precau-

tionary measures such as preheating’ and” post-

weld heat treatment. Preheating is generally

necessary when the carbon content is over

0.35percent.

The low alloy steels are easily welded using

the submerged arc process. Precautions are

usually necessary, however, to avoid cracking

in the weld and heat affected zone. The heat

treatabIe low aIloy steels may be welded pro-

vided the weld area is preheated and the rate

of cooling i:,, ,slow. Orie important factor in

welding these .sceels is the proper selectioh of

‘filler metals and+ fluxes which will” deposit weld

metal capable of response to’ ‘heat treatment

after welding. Since “some ‘of the fluxes contain

alloying. elements, it is advisable to follow the

manufacturer’s recommendations in the choice of

fluxes “and wire.

In welding certain quenched and tempered

structural s’teels, the heat input must be closely

controlled to assure the retention of strength and

notch roughrie ss in the heat affected zone.

MIL-HDBK=723h
30 NOVEMBER1970

Retention of a high level “of strength and notch

toughness in the heat affected zone of these

steels depends on the rapid dissipation of heat

to permit formation of desirab Ie microstructure.

Any practice that will retard cooling, such as

preheating or high welding heat inputs, should

be avoided whenever possible.

45. Forge Welding. The ter~ ‘<forge weld-

ing” encompasses a group of welding processes

in which coalescence is produced by heating the

materiaI to be welded in a forge or other furnace

after which welding, is~accomplished by applying

pressure, or by hammering. Forge welding proc-

esses include roll welding, hammer welding and

die welding.

a. In hammer welding, the sections to be

joined are heated in a forge or furnace until the

surfaces, to be joined are in a plastic condition.

The surfaces are placed together and pressure is

applied by means of hammer bIows. The ham-

mer blows may be applied manually with a

sledge hammer or by more modern means such as

with semi-automatic or automatic hammer we]d-

ing equipment, powered by hyd~ulic, steam or
pneumatic equipment.

b.” In die welding, the heated materiaI is

welded by pressing it between dies which are

mounted in a suitable press.

c. Roll welding is used mainly to manu-

facture cIad steel plates. After the material is

heated it is passed through a set of rolls which

aPPIY the Pressure to make the bond.
,,.,.:

Several joint designs commorily used in

manual and automatic forge welding’ operations

are shown in Figure 28.
. ..

Wrought iron and low carbon steels are the

materials most commonly forge welded. Tem-

peratures somewhat higher than those required

for steels are used in forge welding ‘wrought

iron. Since wrought, iron is easily deformed at

these temperatures the pressure applied must

be carefully controlled to avoid excessive up-

setting in the joint areas. ,The ductility’ of

forge welded joints is notoriously, low in the

as-welded condition. Annealing after welding

will refine. the grain structure and improve

ductility in the joint area.

71

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1=HDBK-723A
30 HOVEMBER 1970

e
Lap Joint

v ..

..

Scarf Joint “

- cleftJO‘
Manual Forge Welding “, .

... . . .

,.

Butt

Joint

Automatic Forge Welding

FIGURE 28. Joint Designs for Forge Welding

46. Flash Welding. Flash w elding isameth-

od of resistance welding in which heat is

developed by the resistance to the flow of

electric current across a gap between two sur-

‘faces ro be joined.. The tw o surfaces are Posi-

tioned sufficiently close together to allow the

flow of an electric current across the gap. When

the two surfaces are heated to the fwsion point

they are brought into tight contact under suf-

ficient pressure to” cause upsetting to effect a o

joint. At this point the current is shut-off and

the joint is allowed to cool. Figure 29 shows

the flash welding sequence.

Most equipment in use today is either semi-

automatic or fully automatic with, controls which

start and stop the current supply, sequence the

motion of .&e movable platen, and, in some in-

stances, apply prehear and postheat ‘to the joint ‘
.,

area.

Flash welding heats the abutting surfaces to

a plastic temperature. At these temperatures. low

alloy steels and carbon steels with moderate or

high carbon content will tend to harden upon

cooling unless “the cooling rate is retarded.

This may be done by incl~ding a postheating

72 m
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FIGURE 29. The Flash Welding Sequence,. .,,., ,,.

.,.,,, .

operation in the, welding cycle. In some.cases

it is necessary to ‘heat tr,e,at the entire, welded.

assembly to obtain a uniform. structure and

hardness. . . ‘.,.:

Most specifications” governing the flash
. .

‘weldin”g of 5teels, ‘such “;s Mif-W-6873, require

“the e“stablishrnent .of: flash welding schedules

for each setup: This involves the preparation

and testing of specimens to develop the proper

equipment. :setup before production welding. All

data. necessaryto insure satisfactory production

parts. are recorded

governs: production

on the.. weld schedule which

operations. ., , I

. .,
‘Probably’ the most important reason’ why

flash ,welding finds Iimited’’application is the

expensive testing requirements imposed on the

‘process. Usually it’is required that moderately

or highly stressed parts be subjected to proof

testing after welding (and heat treatment if ‘re.

quired) to ensure joint integrity. ”

ment together with the testing

establish weld schedules gieatly

cost of the process.

At times it is necessary, to

This require-

necessary to

increases” the

bevel one ,or

both pieces of thejointias shownin Figure 30,

to facilitate flashing and ob,tajn uniform heating
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FIGURE 30. Joint Designs for Flesh Welding

of both faces of the joint. This is particularly

,true with thicker materials. The surfaces of the

parts contacting the electrodes and the surfaces

to be joined should be free of dirt, grease, and

oxides.

It is frequently necessary to remove all or.

prt of the extruded or upset material after

welding. They may ‘be necessary in some cases

only from the standpoint of appearance. Usually

removal of internal flash from the’ joints “of h’ol-

low shapes is not necessa;y.

47. induction Welding.’ induction welding is

“a welding process in which the heat for welding

is produced by the resistance of the material -to

the flow of an induced electric current. Fusion

maY be accomplished with or without the ap

plication of pressure. The equipment for in-

duction welding includes: (a) a source of

‘alternating or pulsating current,, (b) a device for

“ transferring energy to the work piece, and

(c) precise methods of controlling the energy

input, the duration of input, and the rate of

cooling. The available sources for alternating

current are high frequency motor generator sets,

vacuum-tube oscillators and spark-gap oscil-

lators. Heating for welding occurs very rapidly’,

in the order. o“f a few hundredths of a second, !,

requiring the use of precise control devices.

Inductor coils of copper tubing or Ear, are

generally used to tramsfer the energy to the work

piece. ‘The coil is usually formed to &e geom-

etry of the piece being heated and may be of

single or multiple turd design. .When the con-

figuration of the work piece precludes using a

surrounding. ,coil: other shapes are formed a,nd

placed adjacent, to th”e work piece.

The process is well ddapted to the joining of

thin sheet where a ‘very localized heat affected

zone adjacent to the weld ‘is desired. Induction

welding ,is used extensively in the continuous

forming of tube and’pipe from strip, steel. ‘
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Pos.tweld heat treatment. may be performed by

-the welding equipment. in cases where rin-

desirable as-welded, structures exist in the. weld

zone. ,-! .’-,.
,’

, 4S: Electroslag. Welding. ‘Electroslag w eld-

ing is a, welding process which relies on molten

slag ‘to pelt the filler metal and the base ma-

terial to be welded. The weld pool is “.also

conductive slag is maintained in a molten con-

dition , by its resistance to the current which

flows between the electrode and the work. The

electroslag process has unique features. which

set it apart from other forms, of electric welding.

The principle involves the fus ion of parent

metal and continuously fed filler metal under a

layer of high temperature electrically conductive

molten siag. Figrire 3 I is a schematic diagram
shielded by the molten slag. The electrically of the electroslag process.
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The electroslag process is applied mainly to

the vertical welding of medium and heavy plate.

Parts are assembled with a joint “gap of ap~

proximately 1 to 1-1/2 inches. Joim edges riced

not be beveled. Square edges, either flame cut

or machined, are satisfactory. A starting tab is

necessary to build the proper depth of conductive

slag before welding reaches the joint to be

welded. A run-off tab is also required as a dam

at the end of the seam. The arc is initiated;

much like the submerged arc process, by starting

an arc beneath granular flux dropped into the

cavity. Arc energy, however, is med ,only

initially to reduce the granular slag to a molten

state. The molten slag then serves as a .con~”’

ductor through which current passes from the~

electrode to the work piece. Heat generaied by

the resistance to the flow of current through the

molten slag and the weld puddle is sufficient to

melt the edges of the base i’netal and the welding

electrode into a pool beneath the slag. To

obtain consistent energy dissipation a transverse,“
motion, backwards and forwards, can be auto-

matically imparted to the electrode wire as it is

fed into the slag. For very heavy thicknesses,

with suitable equipment, two or three ‘w ires my

be fed into the same pool simultaneously. Water

cooled copper shoes are used on each side. of

the joint to retain the molten metal . and slag

pool. As the pool of weld metal builds up the

lower portion is continuously cooling to form a

homogeneous weld with effective penetration ,of

the base plates. Fresh flux must be added to

the slag pool during welding to replace slag that

solidifies into’ a thin layer on the surface of the

weld as’ it cools. The thin layer on the surface

can be easily removed. ~~ . “.

Equipment for electroslag welding is usually

designed and built to meet the special require-

ments of the user. The design generally depends

on the range of thicknesses to be welded and

degree of portability ‘desired. The welding power

is usually supplied by alternating current trans-

foqners, although direct current power sources

may also beused.
,:

The large quantity of heat generated during

the electroslag welding operation preheats the

base metal ahead of the actual’ welding zone.

This is beneficial in two respects: (a) preheat-

ing is not ..required, and (b). ihe heat as it dis-

sipates in the, adjacent ‘base’ metal tends to

minimize “:residual stress in the .weldarea. Be-,,
cause of the thermaI characteristics of the proc-

ess,’ the welds have a coarse dendritic structure

‘and a wide heat affected zone exhibiting con-

siderable grain growth. By using suitably

alloyed electrodes, me than ical properties e’qual

to or better than the base metal can be obtained

in ~e weld, notch impact energy excepted. Heat

treating above the lower critical” temperature of

the base metal is recomniended if high notch-

impact properties are required. Austenitizing

e

.-

.
treatments, such as “normalizing, and, quench and

tempering, refine the grain structure of the weld

and heat affected zone. with resultant improve-

ment in mechanical properties. Also, a sub-

critical stress relieving has been found to be

beneficial in improving ,weld ductility. .

..

Experience has’ shown that it is good prac-

tice to use electrode wire with a lower carbon

content than the base’ metal when medium carbon

and low alloy steels are welded with the e

electroslag process .“ Usually additional alloying

i.n the electrode wi:”e is relied upon to obtain

strength in the Weid “deposit equivalent to the

parent metal. When heat treatment after we~ding

is required, electrode” composition should com-

pare favorably, with ‘tie base metal composition

in order to achieve the des,iied properties’ in the

weld deposit. Three types of wire that have been

used with the electroslag process include: .-

solid wires; flux cored wires; and braided wires.

Materials that have been successfully welded

by the electroslag process “include the low

tensile strength structural steels (45,000 -

72,000 psi), the medium. tensile strength struc-

tural” steel’s (65,ooo - 85,000 psi), and’ high

tensile strength structural steels (75,000 -

100,000 psi). These include both carbon steeIs

and low alloy steels. Several high strength heat

treatable low alloy steels such as HY80, AISI

41XX and AISI: 43XX have been successfully

welded. ‘ .: ~~ ,.

,.

76

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1-HDBK-723A
30 NOVEMBER1970

49. Frict ion Welding. Friction welding is a

process in which mechanical energy is con- -‘

verted to thermal :energy through friction. The

most com~on method for friction welding , iS

illustrated” in Figure 32. TWO cylindrical bars

are aligned, one is rotated while the. othqr, is- .

held stationary. The process is controlled by .:

regulating the speed of the rotating member and

the force at the rubbing surfaces to develop suf-

ficient heat and metal displacement for welding.

Although the principles of friction welding
..

are not new, application on a production basis

is quite recent. However, the process has found

wide acceptance and a number of friction.w~ld[ng.

machines have beeri developed with several

speeds and adjustments to provide the neces -

sary versatility. “’
.

The carbon steels and low alloy steels are... ,.:-
readily we Ided by. the friction welrding process.

The higher car~n steels and certain’ low alloy

steels may require a postheat treatment depend-

ing upon the welding cycle employed and the

intended service conditions. In general, the

heat treatment of friction welded parts is much

the same as flash welded parts.
. . . .

50. Stud Welding. Stud welding is .an arc

welding process ii which hn’ electric arc is

struck between a metal stud and another piece

of metal. Wheri the surfaces’ to “be joined. are 4

properly heated “they ‘are brotrght together” under”

pressure. Partial shielding may be obtained by

the use of a ceramic ferrule surrounding the stud.

In stud welding, a stud welding gun is used

to pfoperly position the stud on the work piece.

Manual pressure holds the stud on contac,t with

The equipment used in stud welding consists

“of a source of dc welding current, a stud welding

gun, ferrules for shielding the arc; a~d controls,

including timing devices. The equipment is

usually designed with portability in mind, al-

though stationary equipment for large scaIe

operations are in wide use today.

Welding studs are usually supplied with a

quantity of welding flux either recessed within

or permanently attached to the welding end of

the stud. Generally, welding studs are made

from low carbon steeIs with a carbon content

rangirig from 0.15 td 0.23 percent. h4inimum

tensile properties in the order of 60,000 psi

ultimate strength, 50,000 psi yield strength,

and 20 percent elongation in 2 inches are often
.,

specified.

In pra$tice the same restrictions that apply

to ~he metal-arc welding of carbon steels apply

to stud welding. Carbon steels with a carbon

content up to 0.30 percent may be welded with-

out preheating. When the carbon content exceeds

0.30 “percent, particularly in heavy sections,

preheating is advisable in o“rder to prevent

cracking in the heat affected zone. In some

cases, a combination of preheating and post-

heating has proven beneficial.’

Low all’o~ steels may be satisfactorily stud

welded without preheating provided the carbon

content. is’held to 0.12 percent maximum. Pre-

heating is necessary when the carbon content

exceeds 0.12 percent to avoid cracking in the

heat affected zone.

The heat treat&ble high-strength low-alloy

structural steels reqirire more attention since

these steels usually are sufficiently hardenable

to form martensite in the heat affected zone.

the work piece so that the welding circ’uit is These ‘steels are quite sensitive to underbead

completed. After the circuit is completed the . .cracking and usually the weld area is low in

gun automatically withdraws the stud a short ductility. “Preheating to about 700 ‘F is recom-

distance to create a gap and an electric arc. mended ,when steels of ~is category are stud

Then, simultaneously, the flow of electric cur: welded.

rent is stopped and the” stud is plunged into ‘the, . 51. Spot Welding. Spot welding is a resist-

puddle of molten metal which has formed on ‘the anc”e weldingprocess. Lapped work pieces are

surface of the work piece. The process is positioned between two electrodes to which
similar to conventional arc welding because, in pressure is applied to hold the work pieces

effect, the stud serves as a consumable electrode together. .‘’ Resistance to the electric current

while the current is flowing. Figure 33 is a

●
passed through the material between the elec-

schematic diagram of the stud welding process. trodes produces sufficient heat to effect local
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fusion of the work pieces. .The size and: shape Rota
of the individually forrne d, welds are. limited by Elec
the size and shape of the electrodes.

,..

a. Roll-spot welding. A spot welding process

in which circular, rotating ‘electrodes ‘are u’s’ed

to produce a series of aligned, spaced, spot”
,. ,,

,.. ”
welds. ,. ,. .: .,, .. . :“” .’

.,. <

‘b. Seam’ “weIding.
Pressure.

A spot welding process

in- which circular, rotating, electrodes are tised
Rota

to produce. a,s eries of aligned, overlapping spot., Electrodes
welds.

,.,
Figure 34 show,s the characteristic ‘differ-

-.
Theerices between,’ spot -and,. seam we Iding -

important’ difference between spot and seam

welding. is that: in spot we Iding the electrodes

are “withdrawn out of .co”ntact with the weld area ‘“

after each. individual weld” or simultaneously

made group of welds, whereas in seam welding

at leas t,, ye, ,~otating electrode maintains .con-,,
.,’, tinuous pressure’ on the weld area.

,. ?’. .-. ,... .. . . .,,, . ,

●
One widely used modification of ‘ the seam

welding proc:ess’ is, known as ‘ ‘mash ‘welding” .

This produces” a weld in which the overlap of

the mating pieces. comprising the joint is much ‘

less. than for the conventional seam welded

joint. High quality joints can be produced by

mashing down the double thickness of an over-

lap to approximately the thlcknesk of one rnem-
,.,

ber of the assembly. Figure ,35 shows a mash,.
sear& weld’ set up. Low carbon steel sheet up

to 1/16. inch thick can be successfully ‘mash

welded if the overlap distance is held to ‘1-1~2

times T the: stock thickness. Tack welding or

clamping to maintain the overlap ahead of the

electrodes is, advisable..

Ba:ically; a spot or-’ seam ‘welding ,machine

consists “of three principal elements: ,-

30 NOVEMBER1970

,,,

r’

Pressure
. .

Before Welding

. .

,.

.,.

...

.,

,,
..

,,

. .

Weld

Completed Joint “

FIGURE 35. Mash Seam Welding

.

(1) The electrical circuit including the weld- (2) A mechanical system consisting of the.,,
ing transformer,, circuit in-and a ,se condary franie and apparatus for holding the work ‘and

eluding electrodes, ,@ich conducts ,the welding applying the necessary welding force or pres -

current through” the work piece”s. sure. ,,.1 -

. .
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(3) Equipment for controlling. various func-

tions of the process such as ,current initiation

and duration, current magni,thde and other process

sequences.

The surfaces of the parts to be welded’ should

be free from dirt; grease,. paint, oxides or other

films since these foreign substances tend to

increase surface resistance, with resultant

variation in the amount of heat genetated at the

weld area. Cons equently, weld quality and con-

sistency suffer. There are numerous methods of

cleaning used in preparing steels for spot and

seam welding. The most widely used include

vapor decreasing, chemical cleaning, wire

brushing and scraping.

Most specifications that govern the produc-

tion of high quality spot and seam welds require

the development of welding schedules which

establish specific values for all of the welding

variables before production welding is permitted

to start. The suitability of the schedule is

usually determined by the preparation and test-

ing of a specified number of samples. A weld

schedule is required for each material, or

combination of materials and each combination

of thicknesses that will be welded in production.

The weld schedule should be strictly adhered to

in production welding to maintain a high level

of weld quality.

High quality spot or seam welds are depend-

ent upon good design, the use of proper welding

procedures and effective in-process controls.

In designing the weld joint, consideration. must

be given to the spacing of spot welds with

re’spect to one another to avoid shunting losses

through prior welds. Minimum edge distances

(location of weld with respect to sheet edge)

must be established to prevent weld metal ex-

pulsion from between the joint members.

In high quality welding, representative sam-

ples from each welding machine are tested peri-

odically to ensure that a high level of weld

quality is being maintained during production.

The Usual practice for’ high quality spot and

seam weld production is to compare samples

with established quality standards on the basis

of a number of factors which affect weld. quality.

These factors, in

weld structure and

(1) Penetration Requirements: Penetration

into the base metal is ordinarily permitted to

vary from 20 to’ 90 percent of the thickness of

the member.

(2) Weld Symmetry: Welds should be sym-

metrical around the plane of the faying surfaces.
... ,

(3) Weld Diameter: Minimum w eld nugget

diameters, are generally related to minimum shear

strengths required.

(4) Interface Expulsion: Generally caused

by excessive current and results in internal

cavitation that usually reduces weld strength.

(5) Cracks and Porosity: Cracks and’ po-

rosity within the weld nugget are caused pri-

marily by excessive current and insufficient

electrode force. .,.’

general, are related ‘to the e

nclude the folIowing:

(6) Lack of Fusion: Lack of ftision”at the

weld interface may be’ due to insufficient current

or weld time.

(7) Surface Appearance and Electrode Pick-

up: Electrode pick-up usually results from im-

properly cleaned electrode tips (or faces in seam

welding). Excess ive current may be a con-

tributing factor.

(8) Surface Indentation: Exce”ssive,syrface ,.,
indentation results from the ‘use of excessive

heat or weld time, excessive “electrode force or
improperly contoured electrodes. ‘..

(9) Sheet Separation: Excessive sheet sep-

aration results from the same causes as exces-

sive surface indentation. Sometimes edge cracks

accompany excessive sheet separation. .

Spot or s earn, welding of carbon steels is

usually limited to low carbon steels with a maxi-
. .

mum of 0.15 percent carbon content. Higher car-

bon contents require the use of, special welding

techniqu~s involving””” a machine postheating

cycle to avoid undesirable weld structures,

cracking and extremely low ductility in the weId

region.

Welding of low-alloy and high-strength low-

alloy structural steels requires special welding

tech niques to reduce the hardness and avoid

.
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excessive brittleness in the weld area. Means

can be provided in the machine for preheating

and/or tempering the weld zone to improve

ductility.

Some of the low-alloy high-strength struc-

tural steels may be welded without the benefit

of preheating in the machine. In such cases

welding is followed by” tempering in a furnace at

about 1100°F to eliminate any undesirable weld

zone microstructure and to improve weld duc-

tility.

52. Projection Welding. projection welding

is a resistance welding process wherein coa-

lescence is produced by the heat obtained from

resistance to the flow of electric current through

‘the work pieces held together by e~ectrode

pressure. The resultant welds are localized at

predetermined points by the design of the parts

to be welded. The localization is usually ac-

complished by projections, bosses or inter-

sections.

Projection welding is a modification of the

spot welding process. Machines and process

controls similar to those employed in spot weld-

ing are used. One big difference in equipment

is the electrode employed in projection welding.

The pointed or domed” electrodes used in spot

welding are replaced by electrodes Wi-dI flat or.

recessed faces as shown in Figure 36. Projec-

tion welding electrodes are often designed to

maintain alignment of the parts during. welding

and to act as work locators.

Projections are formed in various ways such

as by forming in a punch press or by machining.

They may be of circular cross section or they

may be square, oval or elongated depending upon

the configuration of the parts to be welded.

Parts with typical welding projections are shown

in Figure 37. When Ihe parts to be welded are

of differing thickness, the projections are usual-

ly mounted on the thicker material, in order to

maintain heat ,balance on both sides of the weld.

Projection welding lends itself well to the

joining of relatively small parts that can be as-

sembled in holding jigs prior to introduction into

the welding machine. Examples include many

types of studs, nuts, screws and stampings.

Projection welding of steels is generally con-

fined to the low carbon variety with less than

0.20 percent carbon content.

53. Residual Stresses.

a. General. When two pieces of steel are

joined by welding, the weld metal and adjacent

heat-affected base metal undergo considerable

expansion on heating, and contract upon cooling

to room temperature. If the two pieces are free

to move theywill be drawn closer together during

contraction of the weld metal. If conditions are

such that the pieces cannot move freely toward

each. other during contraction, then the weld

area is said to be f‘under restraint”. The forces

set up by the restraining action create residual

or “locked-in” stresses in the weld region.

Generally the stresses are the highest in the

metal near the center of the weld, which is the

last to cool.

b: Stress re/ ief. Although not always the
. . .

case, residual stresses in welded structures are

considered to be detrimental. There are two

practical methods of reducing or eliminating

Electrodes residual stresses in welded structures: (a) ther-

mally (stress relief heat treatment), (b) peening

(hammer blows on the weld deposit).

““+

.,,,
Peening is frequently used to relieve resid-., ,. .

ual stresses but its effectiveness is question-

able because the method is difficult to control.

Stress relief by thermal means is the more ef-

FIGURE 36. Project ion Welding fective’ of the two. This ‘is usually accomplished

by heating. the entire welded structure in a fur-

nace or by local ”heating with a gas tor’ch.
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forproiection Welding

In general, the stress relief of low carbon (2) An intermittent sequence,of welding such
and [OW alloy steel welded structures is ac - as ‘‘skip7~ or t~backstep> ~ welding is oftenac-

complished at temperatures ranging from llOO°F vantageous.
to 1200°F. Usual soaking time at temperature

.!.

is one hour for each inch of thickness, with a (3) The introduction of bending stresses

one hour minimum. Cooling should be as gradual
during welding should be avoided.

as ~ssible. (4) Avoid overwelding,, i.e., excessively

c. Contro/ of residual stresses. Much can be large welds.

d~ne to control residual stresses during the (5) P.eening of all weld. beads, except root
fabrication of welded structures, for erample: and last bead, in multiple weld bead joints may

(1) The assembly and welding sequences
be helpful.

should permit movement of the detail parts d. Cracking. While the cracking conditions

during welding. Joints of maximum fixity should described below may’ occur in many of the low

be welded first. ‘‘ carbon and medium carbon steels, low alloy
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Cracking of welded joints results from the

presence of localized stress which at some point

exceeds the ultimate strength of the material.

When cracks occur during welding, usually little”

or no deformation is apparent.

Probably the most troublesome form of crack-

ing that occurs in the weld deposit is termed

‘[hot cracking”. Factors that lead to the format-

ion of “hot cracks” in the weld deposit are

high joint rigidity, the contour of the weld bead,

a high carbon content and a high sulphur or

silicon content. This type of cracking usually

occurs in the last metal ‘to freeze and is inter-

granular in nature. A convex bead is less stis-.
ceptible to ‘cracking than a concave had. A

stress concentration is developed at the thinnest

and hottes, t part of a concave bead during cool-

ing from the welding temperature, and a convex

bead, because of its thicker center section, is

less likely to crack.

Small star-shaped cracks are one type of hot

crack associated with weld craters. Unless

.. .
, ..

.. , ...’..
-. ‘h

,--- I I
,.’”
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special care is exercised, there is usually a

tendency to form a weld crater when the welding

operation is interrupted. Crater cracks may be

starting points for longitudinal weld cracks,

particularly when they form in a crater at the end

of a weld bead. To avoid “crater cracks it is

necessary to fill the crater with additional metal

before breaking off the weldirig operation. Pre-

heating usually minimizes any tendency toward

hot c’racking by reducing stresses in the area.

A “basic problem encountered in welding many

of the low alloy ste”els is a type of cracking

termed ‘‘mrderbead cracking”. When underbead

cracking occurs it is invariably located under

the fusion zorie, in the heat affected zone , of

alloy steels. Figure 38 ‘illustrates ‘underbead

cracking. Underbead cracking is attributed to

the affect of dissolved hydrogen released from

the austenite as it transforms. This type of

cracking in alloy steels can be virtually eli-

minated by preheating and the use of a low

hydrogen welding process. There is no tendency

toward underbead cracking in low carbon steels.

I /y
Heat Affected Zone

G
f“’ Fillet Weld

I
1

Depth of

[ /

.=+

\ _— —/ ““”’

Y
.,

I
\

(.

— Under bead”

Fusion ~

.. -

Cracks

FIGURE 38. Underbead Cracking in a Fillet Weld

,-.
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Sometimes cracks occur within the heat-

affected zone of the base metal. These cracks

are usually longitudinal in nature and almost

always associated with the hardened zone

‘developed in hardenable steels, such as the

medium carbon and low alloy steels. ‘Hardhess

and brittleness in the heat-affected” zone of the

base metal are metallurgical effects produced by

the heat of welding and are. the chief factors

which tend to cause cracking during welding.

When base metal cracking is encountered with

hardenable steels, improvement can be obtained

by (a) using a suitable preheat, (b) increasing

heat input which will rend to” retard the cooling

rate, and (c) selecting the most suitable elec-

trode for the steel being welded. ,,

54. Brazing. Brazing is a term used to de-

scribe a group of welding processes wherein

coalescence is produced by heating to suitable

temperatures above 800°F and by using a non.-

ferrous filler metal having a melting point below

that of the base metal. The filler metal is dis-

tributed between the C1OSely fitted surfaces of

the joint by capillary attraction. In the brazing

process there is no melting of the metals that

are being joined. The moIten brazing alloy

flows between the heated surfaces of the joint

members by capillary action, or it is melted in

place between the surfaces to be joined. The

bond between the brazing alloy and base metal

is obtained by slight diffusion of the. brazing

alloy into the heated base metal, by surface

alloying of base metal with the brazing alloy,

or by a combination of both.

Brazing processes have been classified ac-

cording to the heating method used. Heating

methods commonly employed in brazing carbon

and alloy steels include the following:

a. Torch brazing - the most commonly used

method. Gas mixtures may be air-gas, air-

acetylene, oxyacetylene, or other oxy-fuel gases.

b. Furnace brazing - used extensively when

parts can be preassembled or jigged and when

atmosphere control is required. The atmosphere

may be one of a ‘number of types, combusted fuel

gas, dissociated ammonia, high purity hydrogen,

purified inert gases or vacuum atmospheres.

c. Induction brazing’ - used when parts are

self jigging “or can be fixtured easily, and when

rapid, economic heating is required, as with

large production runs of single items.
.

The brazing alloy classifications used for

brazing carbon and low alloy steels include the

TABLE V1l. BRAZING ALLOYS FOR CARBON

AND LOW ALLOY STEELS

Brazing
Alloy

BCU (Copper

RBCu-Zn-A

(Copper-Zinc

BAg-1

(Silver Base)

BAg-lA

(Silver Base)

BAg-2

(Silver Base)

BAg-5

(Silver Base)

BAg-18

(Silver Base)

Brazirig

Temperature

Range (“F)

200 to 2100

1670 to 1750

1145 to 1440

1175 to’1400

1295 to 1550

1370 to 1550

.325 to 1550

Remarks

Lap and butt

joints commonly

used.

Overheating

should be avoid-

ed because

voids may form

in joints as a re-

sult of entrapped

zinc vapors.

Flows freely

into capillary

joints. ‘

Low tempera-

ture applica-

tions. Free

flowing.

Good “bridging”

characteristics.

Forms fine ts

readily.

Cadmium free.

Applications

involving ‘‘Iatep”

brazing.

Good “<‘wetting”

in controlled

atmosphere or

vacuum brazing

without flux.

.,
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copper and copper-zinc alloys and the silver

base alloys. It should be noted that the copper-

phosphorus” brazing alloys should” not be used

for joining ferrous alloys because the phospho-

rous co”ntent may cause the formation of brittle

phosphides at the interfaces of che joint and

brazing alloy. Cracking will occur through the

brittle phosphide if the joint is stressed after

brazing. ” Characteristics and usability of the

filler alloys for brazing carbon and low alloy

steels are presented in Table VII.

Brazing alloys can be obtained in strip, wire

and powder form. Department of’ Defense and

industry specifications governing the procure-

ment of brazing alloys include QQ-S-561,

Mil-B-1539~ ‘and ‘AWS A5.8.

A variety of brazing fluxes are available.

Selection is usually based on the temperature

range to ‘be used in brazing. Fluxes are special-

ly compounded mixtures of fluorides, borides and

wetting agents which melt below the melting
temperature of the brazing alloy, clean the sur-

face prior to alloy flow, prevent oxidation of

the brazing alloy and base metal surface during

brazing, promote flowing of the brazing alloy,

and cause it to wet rhe surfaces being brazed.

Fluxes should be removed as soon as possible

after brazing is completed. Many fluxes are cor-

rosive and may cause corrosion in the joint.

Basically there are two types of joints used

in brazing; they are the lap joint and the butt

joint. The lap joint provides the strongest joint

of the two, since the overlap can be adjusted to

develop strengths ‘in the joint equal to or better

than the parent metal despite the lower unit

strength of the brazing alloy. Joint design and

joint clearance, should be selected in accord-

ance with practices recommended by the Ameri-

can Welding Society. Figure 39 shows several

typical brazed joint designs. Cleanliness of

the surfaces to be joined is of prime importance

in brazing, particularly when brazing will be

accomplished by the controlled atmosphere fut-

nace method without the application of fluxes.

When brazing” the carbon and low alloy steels

with copper or copper-zinc alloys there is some

grain growfi in the base metal because of the

high brazing temperatures involved. The ac-

companying decrease in mechanical properties

87.
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k
Lap Joints

Joint

FIGURE 39. Examples af Brazed Jaints

may not be obj actionable for some applications.

When necessary, the grain. structure and me-

chanical properties of the material can be im-

proved by .r,eheating the brazed assembly above

the c“ritical range of the steel, provided the

brazing alloy used has, a melting temperature

above the austenitizing temperature of the steel.

I
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55. Soldering. Soldering is defined as a join-

ing,Processwherein coalescence between metal

parts is produced by heating to suitable te,mpeta-

tures generally below 8000F and by using non-

ferrous filler metals (soIder) having melting

temperatures below those of the base metals.

The solder is usually distributed between the

properly fitted surfaces of the joint by capillary

attraction.

The more common he,ating methods employed

in soldering include the soldering iron, or

soldering copper as it is sometimes called,

torch, oven or furnace, and induction coil.

The rwo basic types of joints used in solder-

ing are the conventional lap joint and butt joint.

Joint clearances of .002 to .005 inch are recom-

mended, however, clearances ranging to .010

inch have been used. Higher strengths can be

obtained with the lap joint. Joint strengths

considerably higher than attainable with the

conventional lap joint are possible by inter-

locking the parts to be joined and employing the

solder only to seal the joint. Figure 40 shows

typical interlock joint ‘designs. In order to

obtain maximum bond strength, the surfaces to

be joined must be thoroughly cleaned. Foreign

materials such as greas”e, - oil, dirt, scale and

finger marks should be, eliminated to insure

uniform and continuous contact between the

solder and the base metal. Cleaning may be ac-

complished by decreasing, acid cleaning, or by

wire brushing, shot blasting, filing, or grinding.

Mechanical cleaning has the advantage over the

other methods in that the surface is roughened

thus creating little irregularities against which

rhe solder can solidify’. This results in in-

creased gripping power.

The most common solders are composed of

tin and lead in varying amounts. Solders with

special properties may also contain antimony,

silver, bismuth or iridium. Most of the common

solders are included in Federal Specification

QQ-S-571 and industry specifications ASTM

B-32 and ASTM B284.

The main function of a’ flux is to promote

good wetting action between the solder and the

base metal. Fluxes may be highly corrosive,

mildly corrosive, or noncorrosive depending on

Apply Solder. Along Crevice

\

Interlock Butt Type J61nt

Solder

Crevice

Interlock Corner Joint

FIGURE 40. Interlock Solder Joints

the ingredients. They are available in either

liquid or paste form. Fluxes, both liquid and

paste, can be procured to Federal Specification

O-F-506.

FIUX residues that might corrode the base

metal or prove harmful to the soldered joint must

be removed or neutralized after the soldering

operation is completed. This is particularly im-

portant in cases where the service environment

might be humid; A noncorrosive type flux should

be used in cases where, for’ reasons “of joint

design, all surfaces are not accessible to

removal of flux residues after soldering:

88
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● 56. Inspection of Welds, and Brazed or Sol-

dered ioints.” Weldment defects may be classi-

fied as being in three general categories: di-

mensional defects, structural discontinuities,

and those associated with the properties of the

weld or welded joint. The purpose of this sec-

tion is to briefly describe some of the defects

encountered in welding practice and the inspec-.- . .
tion “&ettiods t used to’ establish the” soundness. . .
and integrity of-a w“eld or weldment., For a more

complete treatment of the” subject reference

should be made to thel Inspe ction Handbook for

Metal-Arc Welding published by the American

Welding Society.

The acceptance of weldments depends upon,.

among other things, tie maintenance of speci-

fied “dimensions whether it be the size and shape

of welds or dimensions of a completed assembly.

Any departure from the specified requirements

should be regarded as a dimensional defect

subject to correction before final acceptance of

the weldment. .,... .

Welding involves the application ‘of heat to

●
local sections of the material. Expansion and

contraction of the heated metal creates stresses

of varying magnitude which persist after cooling.

These stresses cause warpage and distortion in

welded assemblies. Warpage or distortion is

controllable, to a large degree, by the judicious

use of peening, clamps, jigs, or fixtures and by ;

proper welding sequence. Warpage or distortion

is often corrected by a straightening operation

which may involve the application of heat.

The size of a fillet weld is’ based on the

le”ngth of the shortest leg in its triangular cross

section. The effective throat thickness of a

fillet weld is the ihortest distance from the root -

to the face of the diagrammatic weld: For

example, the effective throat thickness of an”.’

equal leg 45 degree fillet weld is 0.707 multi-

plied by the norrpa,l leg size of the” weld, as..

shown in Figure .41. The’size of a butt “weld is

based on the joint penetration plus the root

perpetration when so specified. The profile o~ a

weld may have considerable effect upon its per-

formance in service. Excess convexity tends

to produce notches , whiIe excess concavity may

actually reduce the strength of a weld. Figure

●
42 illustrates acceptable and defective weld
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X Leg Size

,,.
.:

FIGURE 41. Effect ive Throat Thickness of an

Equol Leg 45 Degree Fillet Weld

.,.

,profiles: Weld size deficiencies may be detected

visually and with the aid of suitable ‘weld

gauges. ‘ Weld size deficiencies can be cor-

rected by selecting the proper size filler metal,

and” “employing the proper welding” technique.

Undercut and overlap are the result of improper

welding technique. These defects can be

detected visually and are illustrated in Figure

43. ‘Incomplete penetration of butt welds welded

from one side may be detected visually provided

the side opposite to the welding side is ac-

ces sible for viewing. Incomplete root pene tra-

tion in fillet welds and butt welds welded from

both sides cannot be detected visually.

Cracks. may occur in the weld deposit, ad-

jacent parent metal, “or..both. Cracking in weld
. . .
]omts results from the presence of localized

s“tress which at some point- exceeds the ultimate

strength of the material. Cracks open to the

surface can be detected visually.

Low power magnifying glass’es, magnetic

particle. inspection and penetrant inspection are

methods used to detect external discontinuities.

Internal discontinuities that may be present

in’ the weld zone include porosity, non-metallic

incisions, incomplete fusion and cracks. In-

spection and test methods employed to detect
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internal, defects include radiographic examiria-

tion, ultrasonic inspection, magnetic particle

inspection, fraction test, bend test, and micro-

s topic or ‘macroscopic examination. Porosity

and inclusions are usually the result of improper

precleaning or poor gas’ coverage. Incomplete

fusion can usually be traced ro improper welding

procedures. : ..

Specific mechanical a’nd chemical properties

are required of ‘all weld joints in”any given weld-

ment: The requirements depend on the specifi-

cations involved and any departure from tie

specified requirements should be judged as a

defect. , These ‘properties may be determined “by

testing pre-fabrication or in-process test plates,

although in many cases sample weldirtents taken

from production are tesred.

91

Resistance welds (spot, seam and projection)

and brazed or soldered joint{ generally must

meet the standards required b+ the contract or

design drawings. Methods of inspection are

usually dictated by the requirements.

The criteria for acceptance of carbon and

low alloy steel weldments are generally a part

of, or referenced in, most specifications,. codes,

s tart’dards and regulations. controlling welding

practices today. Some specifications contain

two or more levels of acceptance based upon

known service requirements or the inrended

function of:- the’ welded part. The following

specifications;. codes and standards largely

control welding practices today. IncIuded are

specifications related to brazing and soldering”

practices.
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DEPARTMENT OF DEFENSE

Mil-W.-4l

Mil-W-6858

Mil-S-6872

Mil-W-6873

Mil-B-7883

Mil-W-8611

Mil-W-12332

Mil-B-12672

Mil-B-12673

Mil-W-21157

Mil-W-45223

Mil-W-46086

,.

MIL-STD-278

MIL-STD-1261

Welding of Armor, MetalTArc,

Manual yi~h AusteniticElec-

tio’des, ‘for Aircraft.

Welding, Resistance, Alu-

minum, Magnesium, Non-

Hardening Steels or Alloys,

Nickel Alloy s, Heat Resisting

Alloys, and Titanium Alloys,

Spot and seam.

Soldering Process, General

Specification for.

Welding, Flash, Carbon and

Alloy Steel.

Brazing of Steels, Copper,

Copper Alloys, and Nickel

Alloys.

Welding, Metal-Arc and Gas,

“ .Steels, and. Corrosion and

Heat Resistant Alloys, Proc-

ess for.

Welding,’ Resistance, Spot

and Projection’, for Fabricating

Assemblies of Low Carbon ,

Steel.

Braze-Welding, Oxyacetylene,

of Built-Up Metal Structures.

Brazing, Oxyacetylene of

Built-Up Metal Structures.

Weldment, Steel, Carbon and

Low Alloy (Yield Strength

30,000-60,000 psi).

Welding, Spot, Harden’able

Steels.

Welding, Homogeneous Armor,

Metal Arc, Manual.

Welding and Inspection of

Machinery, Piping- and’ Pres-

sure Vessels for Ships of the

United States Navy.

Welding Procedures

structional’ Steels.

for Con-

92

NAVSHIPS 0900e Fabrication, Welding and In-

000-1000 Swrion Ofs@ Hu1ls.
.

NAVSHIPS 0900- Fabrication, Welding and In-

006~9010 s’pection of HY-80 Submarine

Hulls.’

MIL-HDBK-721 (MR) Corrosion and Corrosion Pro-

H-56 ‘

4SME ~~

AWS D1.O.

AWS D2 .0

ASA B31

API Standard

1104

SAE AMS 2665

SAE AMS 2666

SAE AMS 2667

SAE AMS 2668

SAE AMS 2669

SAE AMS 2670

tection ‘of Metals

Arc Welding

INDUSTRY

Boiler and Pressure Vessel

Code.

Code for Welding in Building

Construction.

Specifications for Welded

Highway and Railroad Bridges. -..

Code for Pressure Piping.

Field Welding of. Pipelines.

Silver Brazing. ‘ :

Silver Brazing(High Tempera-

ture)

Silver Brazing (For Flexible
o

Metal Hose)

Silver Brazing (Flexible Metal

Hose - 4000F Max ,Operating

Temperature)

Silver Brazing( Flexible Metal

Hose - 800 “F Max Operating

Tethperature)

Copper Furnace Brazing (Car-

bon and Low Alloy Steels)

57. Mechanical Fastening. The number ~~of

mechanical fasteners and fasten i&g methods

other than those briefly described herein is al-

most infinite.., The most common mechanical

fastening methods employed ,include lock s“eam-

ing, rivets, screws, nuts and bolts. ”

Low carbon steel sheet and strip .in thick-

nesses of .1/16 inch and less! lend. themselves

well to joining by lock seaming. Figure 44

shows a typical lock joint design. The open

seam may be soldered if ‘a leak tight joint is

desired (Figure 40).

,,
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FIGURE 44. Lock Joint Design

,

Riveting is a common method used to join

low carbon and low alloy structural steels. Its

use, however, has been overshadowed somewhat

by the higher joint efficiencies obtainable with

joints of welded design. Rivet types and sizes

in use are multitudinous. Rivet designs include

universal heads, flat heads, and countersunk

heads with solid or tubular shanks. Riveting

may be accomplished either hot or cold depend-

ing upon the application. The chief advantages

of riveting are that it affords a quick method of

joining and, as practiced cold, it avoids the

hazards of heating (warping and distortion) that

are encountered in welding.

A wide variety of screws, are used in joining

steel components. Screws are available in nu-

merous s“izes and designs including flat fillister

heads, drilled fillister heads, oval’ fillister.

heads, slotted hex heads, hexagon socket

heads, slotted hexagon shaped heads and slotted

flat countersunk heads with either solid or

drilled out shanks. Screws may be either carbon

or low alloy steel and may be obtain&d with a

cadmium, zinc or phosphate protective coating.

Nuts. and bolts are commercially available in

a wide assortment of sizes and types including

round heads, square heads, hexagon heads,

drilled heads, square and hexagon socket type

heads with solid or drilled out shanks. They

may be obtained with cadmium, zinc, black

oxide or phosphate coating for added corrosion

resistance.

93
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Select ion Criteria

.’ ,.

.,
. .

INTROD~CTION .:. ,,
“ . .

This ichapter is’ concerned with the identifi-

cation a~d application of selection criteria that

are the bzsis for determining the suitability of

an alloy for a particular application. Iron and

wrought steel products are used primarily as

structural members which must carry an applied

load. Therefore the mechanical properties of

these tnarerials are of special interest. For this

reason, ten’sile properties and related mechanical

properties, elastic and plastic behavior, brittle

fracture, and fatigue are discussed in detail.

In addition to these mechanical properties,

certain pertinent pliysical properties, corrosion,

stress corrosion, propellant compatibility, ther-

mal conductivity and expansion, and density are

discussed.,.. .

. ...,..‘. ~, .

.,. . ,.,

\“ ?.
,!

.’ ..., J:””

!., ,

.!. .

... .

,., .

.,. . ... . ..

,,

.
,.

In the final secrion of the chapter the prob-

lem of materials selection as related to design

requirements, material availability, Costs , ,,.
materials properties, and manufacturing con-

siderations, is discussed.

MECtiANICAL PROPERTIES
,..

58. Elast ic ity. Consider a rod being acted

upon by external forces, Figure 45. Th”e intensitY
of load is called the stress in the rod. Stress

is defined as the magnitude of rhe load divided

by the area over which it acts.

,f=~
A. (1)

where:

f = stress

“. P =‘ applied load

A. = the original cross-sectionaI area
I

.. ..

.,

,, ..,..,

‘P.,,

FIGURE 45. A Rod Subiected to Tensile Loading

95 ‘“”
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Stresses may be either tensile or compres-

sive and are usually expressed in units of pounds

per square inch (psi) or a ‘similar load per unit

of area term. A tensile stress is one which

would tend to make the bar. shown in Figure 45

longer, a compressive stress would make it

shorter.

If a force acts normal to a given cross ,sec-

tion, the resultant stress is a normal stress. If

the force acts parallel to a cross section the

resultant stress is a shear stress, and the mag-

nitude of this shear stress is obtained by di-

viding the force by the area of the face.

P

‘s = T (2)

where fs = shear stress .

P = applied force acting parallel to the

cross section

A = cross-sectional area

An example of shear stress is given by a pin

joining two plates, as shown in Figure 46. The

shear srress in the pin is: ,,.

fs .2
A

where A = cross sectional area of the pin paral-

lel to the applied load.

Every stress is accompanied by a“correspond-

ing deflection, or change in dimension, in the

stressed member. For the tensile loading shown

in Figure 47 the rod will increase in length an

amount’ 8. If the loading direction was reversed

and rhe bar was put in compression, it would in-

crease in length an amount 8, providing that the

magnitude of load remained the same. When the

deflec~ion 8, is divided by the original length,

L o, a value defined as normal conventional

8“
strain is obtained. e = —, e = strain in units of

Lo

inches per inch (in/in).

,,

.

P

[

.- -

,--,

.“’1,.,,.,,

.,

t

-—

--

,.

.,, ,
,.

...”
,.. ,.

,,

~., ,
.,, .,.

,,

FIGURE 46. Shear Loading c

,“
,.,

,.

.!

Stress and strain are related by a constant,

Young’s Modulus, which is commonly called the

Modulus of Elasticity, E,’ usually expressed in

pounds per square inch. .

f
,E=—

e’
(3)

.
where f = stress ,.

,,
e = strain,,

E’ = modulus of elasticity (about

30~(00,000 psi for steel)

Knowing this relationship, based on Hooke’s

Law, if either f ‘or e is known the other can be

calculated.
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Shear strain,

definition, can be described by considering

Figure 48. , If the rectangle is displaced by a

“““force so &at it assumes the configuration

described by the dotted lines, the shear strain

‘(es) is defined as:

FIGURE 470
.

Deflect ion in a

Tensile Laad

which is more complex in

Rod $ubiected to a ‘

,, -+6p-

‘2
e .-

S do

. . .

Shear stress and shear strain are related in the

same manner as are normal stress and strain.

f =,, Ges
s (4)

,., ,

where G =

:,. , ,.. .

P’... ,.

‘.,.L .

E “,
shear modulus, G =

2(l+p)

,modulus of elasticity

Poisson’ ratio (about 0.3 for

iteel)

The tensile properties of a material are de-

termined by subjecting a specimen ‘to an in-

creasing tensile load until failure of the speci-

men occurs. Depending upon the instrumentation

of the test, a load-deflection or a

curve is usually obtained.

load-strain

,97

,-, .-. .

P x“’
I

,r+ .––– ___ ._i

/
1“,. ., /’

/“”.
d /

/“”0” /
,,

,.,.
“1’

/’. ... . .

/

,, //11/1//11// ,(111111/11}1

FIGURE 48. Shear Deflect ion

The curve in Figure 49 represents either of

these curves. For engineering applications this

curve is converted to ‘a stress-strain curve,

Figure 50. This curve has the same shape as

the load-strain curve and is

vertipg the load to stress by

by the cross sectional area of

obtained by con-

dividing the load ,:-x”;

the specimen. j* ),.
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a

u

w
r-o
o
-1

F

The

two re i

Deflection or Strain

GURE 49. ALoad-Deflection Curve

stress -strairr curve can be divided into

Ions; the elastic region and the plastic

region, -as indicated in Figure 50. The initial

straight line portion of the stress-strain (or

load-deflection) curve is the elastic region.

Here stress and strain are related by f = Ee,

where E is the’elastic modulus and is the slope

of the stress-strain curve.

If a material is -loaded to a stress, f,l, in the

elastic region a corresponding strain e , will

occurj Figure 51. When the load is remo~ed the

total elastic strain will be recovered. If the

total load is not removed but is instead reduced

‘0 ‘2’
then ‘the total existing strain will be e2,

and the amount of strain recovered will be

e’=e -e2.
1

This strain can be calculated by

using the formula f = Ee.

‘1
fl =elE orel =—

E

‘2
f2 = e2E or e2 =—

E

so,

‘1 ‘2 ,’
,e -e =—-—

12EE.“- ,’

Ae =
fl -.f2

E

(5)

No permanent deflection or strain will result if a

material is stressed in the elastic region and

the load is later released.

Fracture

y+roportional Limit

1 Strain. (in/in]

&
,.

Plastic ,Region

,.

Elas?ic Region

FIGURE 50. A Stress-Strain Curve

‘.,

.I

A tensile force acting along’ ~he x-axis in

Figure 52 will produce a strain ex. This force

will also produce transverse strains ey and ez

in the y and z directions respectively. AS dis-

f
cussed previously ex = — . ey and ez will not

., E’

be as large as ex and will be negative as

the bar will contract in these two directions.

The ratio of e ~.and e z to ex is Poisson’s ratio,

p , a non-dimensional term.

~-eY_ez or e
Y

=ez=pex (6
ex ex

98
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The Elastic Portion of a,Stress

Strain ”Curve

When a body is acted on by a
,.:

of stress’es the total strain

determined’ by, ”algebraically

stress or a system

in a direction is

adding the direct

f ‘.
—Lstrains and the Poisson’s ratio strains, p e.
E.,. ,:., %,... ..’ ...
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A materiaI will behave elastically only until

a characteristic stress is reached. At this

stress the straight line portion of the stress-

strain curve ends, Figure 53. This stress is

the proportional or elastic limit stress. Beyond

‘&is limit the standard vaIue of E cannot be ac-

curately applied. The proportional limit, as

defined in MIL-HDBK-5, is the stress at which

the stress-strain’. diagram departs from a straight

Iine by a strain of 0.0001 inch per inch.

After the proportional limit has” been ex-

ceeded, stress and strain are no Ionger related

by” Hooke’s Law. In this plastic region the total

strain is composed of elastic strain + plastic

strain. Plastic strain is permanent strain that

is not recovered after the load h’as be’en removed.

It is important to note that although plastic

strain is occurring, elastic strain is also oc+

curring, Figure 54. The magnirude of this

elastic. strairi’ is still given by Hooke’s Law as

f
e =—. If a material is loaded to fl it will follow

E

the stress strain curve OAB and the total strain

will be e2. When unloaded it will unload along

BC which is parallel to the original elastic line

OA . The remaining plastic strain at f = O will

be el. The recovered elastic strain will be

-e.
‘2 1

,’

59. Strain” Hardening. When a metal is de-

formed past its proportional limit, the magnitude

of the stress required for further deformation in-.

crea5es’1 This increase is caused by strain

Y

t

..

ey

Hz

P

. . .

FIGURE 52. Three Dimensional Strain -
!.
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FIGURE 53. The Proportional Limit

hardening and the rate of increase is determined

by the strain hardening exponent, m. For

analysis the plastic portion of the stress-strain

curve is often closely approximated by an’

equation of the form S~ = B‘ com , where B is a

constant, and S; = true s tress and is obtained

by dividing the Ioad by the actual instantaneous

cross-s ecrional area of the bar. As previously

defined the engineering stress f, is obtained by

dividing the load by the original cross-sectional

area (f = P/A). Since the area decreases, under

tensile loading, with increasing plastic strain,

the actual true stress is always greater thah the

engineering stress. {o is” the logarithmic

plastic strain and is related to conventional

plastic strain e by:

Go =In(l +e). (7)

In addition to describing the stress-strain ,be-

havior in the plastic region, the strain hardening

exponent, m, is a measure of the uniform elonga-

tion an aIloy may undergo before necking.

During a tensiIe test, as a tensile s“pecimen

elongates the load will increase due to strain

hardening. At the same time the cross-sectional

area of the specimen decreases. During the first

‘1

.“’

,.
‘B—

-—— —-— --—— ——

A

“/”””1”
/ ‘

‘1” ’ -’e2
Strain (in< i,n)

,. .

-.

.

FIGU”RE 54. ‘Plast ic” Behavior

,,

part of the test, strain hardening. predominates

and the load increas,es’~ D’urifi”g,the later stages.,.,
of the test strain hardening becomes less pro- a
nounced and the load reaches a maximum and

then progressively decreases until fracture oc-

curs. Strain will be uniform along the entire

test section until” die maximum load is reached.

At this load’ some cross-section of the” bar that

is infinitesimally weaker than the rest of the

specimen will stretch under the constant .Ioad,

while other portions of the specimen will not.

Because of this, localized strain will occur and ;
the specimen will get thinner or “nec& ‘“at this

particular location. Then the load will begin to

decrease, the neck wilI continue to stretch and

get thinner, and fracture will eventually occur

at the neck.

The, strain at which necking begins is

directly “related to the strain hardening exponent.

c necking = M = in (1 + e), (8)

where c necking = logarithmic pla’stic strain
I

e = conventional plastic strain
I

;

m“’= strain hardening exponent a)
100
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““o 60. The Tension Test . There are two stand-

ard tensile specimen-s used for tensile testing.

As shown in Figure 55 the specimens have

either a rectangular. or circular cross-section.

The grips can be ,of. any configuration that al-

IOWS tensile loads to be applied axially through

the specimens: The common grip configurations

are shown. The general requirements for both

specimens are as follows:

a. The gage section should be of uniform

cross section along its length, it may taper

slightly so that at the center of the gage length

the width of flat specimens may be reduced to

a. width ,that is 0.010” less than the width of

the spe”cirnen at the ends, of the gage length.

“For ‘rourid’ specimens the permissible reduction

is limited to 1 percent of the diameter of the

specimen at the center of the gage length.

b; The gage section should be free from

burrs, scratches, pits or other surface defects.

.

●

30

c. The ratio of gage

specimen width or diameter

4:1.

section length to

should be at least

d. The radius of the shoulder fillets should

be large enough to preclude failures in this

area.

e. The grip length should be long enough to

prevent slipping or fracture in the grips.
.- ,. ,“

The properties most frequently obtained from

a tension test are yield strength, ultimate

strength, percent elongation and reduction of

area. other properties, less frequently &eas-

ur,ed, . are the elastic modulus, Poisson’s ratio,

and the strain hardening exponent.” A typicaI

sequence of events in tension testing is as fol-

lows:

a. The cross-sectional area

section is measured.

1 .

,,

,..

FLAT TEST SPECIMEN
,.“

. .

..
,,, ,, ~THREADED

,..,.. ROUND TEST SPECIMEN
,,

.

..

FIGURE 55; Flat and Round Tensile Specimens

.?
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b. The specimen is marked with standard

gage lengths for subsequent elongation measure-

ments.

c. The specirpen” is placed into a tensile

machine and a suitable strain. measuring device

is attached.

d. The specimen is. loaded to fracture.

,..
Depending on the type of data readout used,

a load-strain, stress-strain, or load-deflection

curve is obtained.

For those alloys having a distinct yield point,

the stress “at which the yield point” occurs is the

yield strength, Figure 56. For those alloys that

don’t have a distinct yield point, the yield

strength is commonly” designated as the stress

at which 0.20 percent plastic strain has ‘occur-

red. This stress is determined by the method

illustrated in Figure 57.

A‘ distance corresponding to 0.002 in./in.

strain is measured along the x-axis. From this

point, line BC is drawn parallel to OA. The

intersection of this line with the curve gives

the yield load, read from the y-axis. This yield

load is converted to yield stress by dividing by

the original cross-sectional area of the speci-

men.

The ultimate strength is obtained by di-

viding the maximum load that the specimen

carried by the original cross-sectional area.

This load can be obtained from the load-strain

curve, Figure 57, but it is usually read directly

from a dial on the tensile machine.

Percent elongation is the ratio of the in-

crease in length of the gage section of the

to its original length expressed as aspecimen

percent. It is, measured by indexing a gage

length (1 “ or 2 “ long usually) on the specimen

gage section and then measuring this length

after fracture. In Figure 58 the percent+Onga-

tion (% el) would be:

AL
%eI =— x 100

2 “
(9)

Elongation measurements made in this manner

are only an approximation of the true uniform

strain that an alloy c’an undergo. before necking.

The measurement is made across the fracture,

introducing an error , and localized strain occur-

ring in the ne eked portion introduces additional

error. The true uniform elongation that can be

expected can be determined by measuring the

strain hardening exponent (m = slope of Log S 1-

log ~ curve). Then: ,, . ,,

m= f=ln(l+ e),,
,,, :,

where -, ,.,

‘e = conventional plastic strain at necking.
..

Reduction of area is the ratio of the de-

crease’ in area at the fracture cro.is-section

(the neck) to the original area,” then:
,,

“Ao-Af .“’

% R.A. =
A.

Xloo. ..’ (lo)

where

- A. = original or initial cross section area

Af = final cross section area

,,

The tensile test is covered in good detail in

Federal Test Method Standard 1~1, and ASTM

Standard A370.

The application of tensile properties to

design is straightforward. The yield and ulti-

mate strengths designate how much load a

structure can carry under ideal conditions. How-

ever, in many applications some other criteria

such as fatigue characteristics, ‘defect tolerance

or shear stresses will determine the actual

working stress of a structure.

Elongation and reduction of area are meas-

urements of ductility and have primary applica-

tion in fabrication and forming work. Elonga-

tion values are the main consideration in’

stretching or drawing operations, while the re-

duction of area is important in roll forming.

Elongation is also used as a qualitative in-

dication of brittleness of an alloy or temper.

This is reasonable because in every structure

e

.

.
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FIGURE 56. A Load-Strain Diagram for a Material

With a Definite Yield Point

n

. .

. . . .

ULTIMATE LOAD
— —— —

.

— —— —

., ...

(IELD LOAD-—— —

,.

Propo’rt ional’Limit

Strain (in/in) ..-

W

... .
,W

,.
.(lJ..

r .. .~’,

,.,

..”...-.,.

ULTIMATE LOAD
—— —— —. ——

“ Fracture
YIELD LOAD
.— —.

Proportional Limit

,.. .

.,,

.;, -.
,, 0.002 Strain (in/in)

:, ’,.. ,*’ ,“. .-,
. . .,, . .,,. ., ,,

. . FIGURE.57.. A Load-StrainDiagram for a Material

Without a Definite Yield Point.. .. . . ,.~’”. -’
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FIGURE 58. Measurement of the Elongation of a

Tensile Specimen

there is likely to be some localized plastic flow,

even though it was designed to behave elastical-

ly. Of course if the particular temper or alloy

cannot be subjected to some plastic strain

without failure, the entire structure may be en-

dangered. For a quantitative measure of brittle-

ness the methods described in the section on

Brittle Fracture should “be used.

61. Compression Properties. Compression

properties are determined by subjecting a

specimen to an increasing compressive load

until general yielding has occurred. .Only the

compressive yield strength and compressive

elastic modulus are measured. This is done in

a manner similar to the ‘methods of the tensile

test. Theoretically these values should be the

same as the tensile yield and modulus values.

In reality there is usually some small differ:

ence. Generally no significant data are obtained

from a compression test that are not obtained

from a tension test. ,.

A material fails by crack formation and

propagation. Since a crack cannot form under

compressive loading conditions a, true com-

pression failure will never ‘occur. ‘ Failures,.,
under’ compressive loading can be attributed to

buckling instability and in some cases shear or

bending stresses.
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In. actuality the shear stress at a point is

4 .. . ., . . difference between the

stresses at the. point,

one-half the algebraic

(12) ‘

/ ) )
,, ,.

T

where

S1 = maximum principal stress

S3 = minimum principal stress

Furthermore, the shear stress law of yielding. . . . .
..

...

states that the uniaxial stress

test is related, to the stress

loading by

(s:) in a tensile

under multiaxial

: “

.. ’..:..

FIGURE 59. Torsion Looding
.

,.-

S~=S{ -S’
3

(13)
....

62. S hear- Propert ies. Shear propert ies are Combining 12 and 13
,.

usually determined in a torsion test. In the

torsion tes’ shear modulus, shear yield strength,,,
shear’ u“Itimate strength (modulus of rupture) and

the’ ‘shear modulus are measured, The torsion

tests are made by restraining a cylindrical

specimen at one end and subjecting it to a

twisting moment at the other, Figure 59. For

accurate yield strength measurements a thin-

walled cylindrical tube is used as the specimen.

The shear stress is given by:

s~ =2fs -.,
(14)

s’
fs .+

If S: is the ultimate stress (true) then tie actual

shear ultimate strength is 1/2 the tensile

ultimate. For thin walled tubes in torsion,

equation (1I) is slightly. in error. Experimental-

ly determined values of the, shear ultimate

strength indicate the error to be about 10%.

So the actual shear ultimate strength is about

10% higher than those predicted by equation

(14).
.,, .

63. Hardness Tests.

,;””fs=z
., 2r2t ‘

(11)

“ where -

,,

r= outer-radius of tube

t= tube wall thi,c.kness .
,,

“T” =“torque ‘

A torque~angle of twist curve is obtained and

the - shear yield strength is determined at the

proportional” limit” or at a specified permanent

twist such as ‘0.001 radian per inch.

m

.

a. General. There are three basic types of

hardness tests: (a) indentation hardness, (b)

s’cratch hardness and (c) rebound ‘hardness. Only

“indentation hardness, which”” is of primary im-

portance to metals , will be discussed.

As the name implies, indentation hardness is

measured by indenting the metal with a suitable.

load and indenter. The hardness obtained in

this way is actually a measure of the resistance

of the metal to plastic deforma$on, but through

empirical correlations, hardness gives the

designer an indication of the strength of the

alloy or metal being tested.’

The shear ultimate, or modulus of ruptire,

is o~ttiined by s’bbsti tuting the maximum

moment into equation (1 1). The’ shear ultimate

strength is usually in the range of 55% to 6570’

of the tensile strength of a material.
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The advantages of ‘indentation hardness

testing are that’it is fast, inexpensive, and es-

sentially non-d esti-uctive. In the majority~of

cas,es. the small indentation (usually less than

1/16” in diameter) will not cause any structural

damage to the part beirig tested.

b. Brine// hardness. The Brinell hardness

is measured by indenting the surface of the

metal with a 10mm diameter ball under a static

load of 3000 Kg. The Brinell hardness number

(BHN) is then calculated by dividing the load,

P, by the surface area of the indentation.

P,.
BHN =

(nD/2) (D -fi

where

P = applied load = (3000. Kg)

D = diameter of ball = (lOmm)

d = diameter of indentation (mm)

It is usually unnecessary to calcula~e

(15)

the BHN

since tables are available for converting the

“impression diameter directly to hardness. The

diameter of the impression is measured with a

microscope having an ocular scale with 0.1 mm

graduations. The diameter is measured to the

nearest 0.05mm.

c. Vickers hardness. A ktjuare base dia-

mond pyramid is used as the “indenter for the

Vickers hardness test. The static load used

for testing varies from 1 to 120 Kg depending on’

the hardness of the material being tested. A

diamond pyramid hardness (DPH] or Vickers

hardness number (VHN) obtained in this way

is defined as the load divided “by the’ “area of

indentation. The hardness is calculated by

using the following equation.

1.854 P
DPH = (16)

L 2.

~~ p = indenter load (Kg)

L = average length of the diagonals of

the indentation (mm)

d, Rockw ell hardness. The most widely .@

used hardness test is the Rockwell hardness

test. It, is” fast, easy, requires very little surface

preparation, and is sensitive to small variation,.. ,, . . ..
in hardness. The depth of penetration under

load is the measure of hardness.

,.. “. ,.

A minor load of 10 Kg is, first applied to

stabilize ‘the indenter and specimen. The major

load is then applied and the depth of penetration

is read directly from a dial gage as arbitrary

hardness numbers. The hardness number read

from the gage varies directly with the actual

material hardness, and inversely with depth of

penetration. A hard. material will not allow as

deep a penetration of the” indenter as will a

softer material. The dial gage contains 100

divisions, each of which corresponds to a

penetration of 0;00008”.

A single ‘combination ,of indenter and load

is not satisfactory for determining hardness for

materials having a wide range of hardne,ss.

Therefore, several combinations of indenters

and loads are used. A 1200 ‘diamond cone

(Brale indenter) and a 1/16” or a ,1/8” diameter

ball are generally used. .Major’ loads of 60, 100

and 150 Kg are used. The hardness reading ob-

tained depends on which combination of load

and indenter is used; so the combination must

be specified. This is done by adding a suffix

to the letter R. The suffix corresponds to a

particular scale which is determined by the load

and indenter used. Thus if a reading of 40 is

determined on the C scale, (Brale indenter and

150 Kg load) this hardness would be reported as .

Rockwell C 40 or RC40.

,.

..

8.

e. Microhardness. tests. It is sometimes, .
necessary to perform hardness tests on smaller

samples and areas than is possible with the

hardness tests previously discussed. For

example the ,variation ,of. hardness through the

thickness of a ,.carburi,z-ed case may be desired.

For this type’ of application a rnicrohardniss

tester is used.
,.

A microhardness” test is anrilagous to the

ordinary indentation hardness tests; the only,,
difference being that’ a’: smaller indenter and.
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much lighter loads are used. The Knoop in-

denter and Tukon tester are used for micro-

hardness testing. The Knoop indenter is a

pyramidal shaped diamond. The impres si.on of

the Knoop indenter, viewed normal to the

‘specimen surface, is rhombic in shape with the

long diagonal perpendicular to and seven times

the length of the shorter diagonal. The loads

applled by the Tukon tester a:e from 25g to

looog. The length of the long diagonal of the

impression is measured precisely with a micro-

scope and a filar eyepiece calibrated in milli-

meters. The Knoop hardness number (KHN) is

calculated as follows:

P
KHN = - (17]

,L2C

P = applied load (Kg)

L = length of longest diagonal (mm)

C = constant, characteristic of indenter

Knoop hardness numbers can be converted to

more conventional scales with suitable con-

version tables.

f. Hardness test ing precautions. When a

hardness test is made the following precautions

should be observed:

(1) The indenter should be clean and in

good condition.

(2) The test surface should be clean and

free from scale or oxides. For the Vickers and

the microhardness tests a metallurgically

polished surface is required. A rough ground

surface will usually suffice for Brinell” and

Rockwell tests.

(3) The specimen surface should be flat and

perp&ndicular to the indenter. Tests may be

made on cylindrical or spherical surfaces, but

low readings are obtained and must be empiri-

cally corrected.

(4) The specimen should be thick enough so

that the indenter does not produce a buIge on

the surface opposite the test surface.

; (5) Indentations should not be closer

5 times the longest indentation ‘dimension.

than

30 NOVEMBER1970

g. Hardness - tensile strength correlat ion.

The hardness ‘of a steel can be closely cor-

related to the ultimate tensile strength of the

steel:.

f tu= 500 x BHN (18)

f tu = ultimate tensile strength

BHN = Brinell hardness number

For example, a hardness reading of 200 BHN

would correspond to a tensile strength of

100,000 psi. Conversion tables are available

for converting hardness, values obtained from

one type of test to equivalent hardness values

for other tests. These” tables also list the ap-

proximate tensile strength, for steel, cor-

responding to a given hardness value.

BRITTLE FRACTURE

64. General. The catastrophic failures of

welded ships and tankers during World Wa~ II

brought to the attention of engineers the fact

that structural steels could fail at very low

stress levels in some environments. These

failures occurred at low ambient temperatures

and there was generally a notch, crack or other

defect present at the failure origin. This type

of failure has been appropriately termed brittle

fracture, because the failure is preceded by little

or no plastic strain. However, it is not the

brittleness of the fracture that is important.

The important consideration is that the failure

stress may be considerably less than the yield

strength of the material. The engineering

methods used to prevent such low strength

failures are discussed in this section.

65. Quantitat ive Approaches. “The basic me-

thods used to design against the occurrence of

brittle fracture may be divided into two broad

categories, quantitative methods and qualitative

methods. The, quantitative methods are the more

powerful since they give the designer seine

limiting parameter, such as: a minimum .oper&ting

temperature; a maximum permissible defect

size; or a maximum safe operating stress for a

particular alloy in a given application. Quanti-

tative methods include the Transition Tempera-

ture Method and the Fracture Mechanics Me~hod.
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FIGURE 60. The Drop-Weight Test Specimen
,’

a. Transit ion temperature metlrod. The drop-

weight test described in ASTM Standard ‘E208-

63T is a test method which w as developed to

determine the nil-ductility transition temperature

of ferritic steels. This test .is based on the

concept that ferritic. steels used in the notched

condition are markedly affected by temperature

so that there is a characteristic temperature

below which a given steel will fail in a brittle

manner and above which brittle fracture will not

occur. The nil-ductility transition temperature

determined by the drop-weight test is defined as

th,e temperature at which, in a series of. tests

conducted under specific conditions,, specimens

:

break; while at a temperature 10°F higher, under

duplicate ‘test conditions, no-break performance

is obtained from similar specimens.
v

The drop-weight test is a simple and in-

expensive test to conduct. ASTM E208 gives

the particulars for several different sized

specimens. The significant feature of all sizes

of specimens is t’he weld bead deposited on the

tension side of the” specimen along its longit-

udinal centerline, as shown in Figure 60’. The

drop test is conducted by positioning a speci-

men in a fixture, as indicated in Figute 61; the

specimen ‘is then struck by a 60-or “1OO lb.
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FIGURE 61. The Drop-Weight Test

weight which is dropped from a predetermined

height, sufficient to develop the necessary

impact energy to deflect the specimen until it

“impinges on the anvil, about 50. A cleavage

crack forms in the weld bead as soon as inci-

pient yield occurs, at about 3° deflection. A

-series of specimens are tested over a range of

temperatures. From these tests the nillductility

transition temperature is determined. It is the

temperature at which the steel, in the presence

of a cleavage crack, will not deform plastically

before fracturing, but wiIl fracture at the moment

of yielding. A specimen is considered broken

if it fractures to one or both edges of the tensile

surfaces. Complete separation at the compres-

sion side is not’ required. When a specimen

develops a crack which does not extend to

either edge of the tensile surface, it is con-

sidered a no-break performance.

After the nil-ductility transition tempera-

ture of an alloy has been, determined, brittle

fracture is prevented by using the alloy at

temperatures above the transition temperature.

Or, if the operating temperature is fixed, ah

alloy is selected that has a transition tempera-

ture below the lowest operating temperature. A

compl,ete discussion of nil-ducti’lity transition

temperature determination and application is

contained in ASTM Test Method E308-63T.

“ There are two major disadvantages of the

transition temperature approach to designing

against brittle fracture. It is often necessary to

use an alloy at a temperature below its transi-

tion temperature, and it would be desirable to

know what stress level is safe. Secondly, the

higher strength steel alloys do not have definite

transition temperatures. The fracture mechanics.

methods, does, however satisfy both of these

requirements.

b. Frocture mechanics method.

(I ) General. The fracture mechanics ap-

proach to brittle fracture analysis is to deter-

mine the fractu~e strength of an alloy in the

presence of a defect of known geometry. The

fracture mechanics method was developed
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originally from Griffith’s elastic analysis of the

fracture of’ brittle rnateriaIs. “,

The Griffith theory of the fractute of elastic

materials is based on the concept that small

elliptical cracks in a material act as local

stress risers that cause stresses to exceed” the

strength of the material, even though the nomi-

nal (P/A) stress across the section may be

quite low. A crack will begin to propagate

when rhe elastic energy released by propagation

is equal to, or greater than, the energy of

formation of the two new surfaces. Since the

elastic energy increases with increasing stress,

it is apparent that, at some value of stress, the

strain energy released by the crack” wiH be

greater than the energy of formation of the sur-

faces, and the crack will become self-propagating

under its own stress concentration,.,

Griffith’s theory was developed for a com-

pletely brittle material and so it does not

strictly apply to metals, which always undergo

some localized plastic strain before a brittle

fracture occurs.

To account for plastic flow, Irwin has modi-,.
fied the Griffith theory, with the result that the

fracture stre’ss of an alloy containing a crack of

known size can be a,cc,urately predicted. The

fracti,rre stress is characterized by the strain

energy release rate, G, an ‘experimentally de-

termined parameter. G increases with crack

length, and at the stress at which a crack of

known dimensions becomes ‘self-propagating it

is” called the critical strain energy rate and is

denoted by the subscript “u”; e.g., GC, GIC. Gc

denotes th~ critical G determined under plane

stress conditions, and. -GIc denotes” the critical

G determined under plane strain conditions. G

can also, be expressed in terms of the stres,s

intensity factor K, ,,
.,

.’”

“Kc=@. (19)

and

,,, F

,,, .,

GICE
KIC = ,,

(~-p2) ~~

,“,.

G

.,
,..

where E = modulus’of elastici-~ ‘“ ---- .,

y =, Poisson’s Ratio

and K are both referred to as fracture tough-

ness values. Since these values vary consider-

ably horn each other it is “important to specify

which is being .dis,cussed.

(2) Plane Stress and Plane Strain. By defi-

nition a plane str~ss” condition is one in which

the stress in at least one tlirectioq is zero.

This is illustrated by a thin-walled pressure

vessel or a thin sheet ,Ioaded in tension. In

each instance the stress :through tie thickness

is zero,. As applied to fracture m’eghanics”, plane

stress actually describes the stress state or

restraint at the leading crack edge. In view of

this a through crack in thin, material k in plane

stress conditions because the stress in the

thickness direction at the crack tip is z,ero or

very small.. For thicker r&iterial the restraint

at the crack tiont iricreases until fuIl restraint

exists and the stress in the thickness direction

is quite high. This fully restrained condition is

the plane strain condition. The ,thickness at

which full restraint is reached differs for dif-

ferent materials, but it is in ,tbe neighborhood of

l/4”to 1/2”.’ - ,’,

The significance of ;the plarie stress to plane

strain transition is that a much lower fracture

stress is required for a given defect Size when

plane strain conditions ‘exist. This is apparent

from the difference “in magnitude between I$c

and K,lC, Figure 62. It can be seen from Figute .,

62 that as the thickness increases, the fracture

toughness in the plane stress region .(Kc). de-

creases, to a constant value. of KIC, correspond-

ing to plane strain or fullrestraint.

Three types of cracks are likely to be en-

countered: Figure 63. A fracture initiated by a

through “crack may occur”’ under. either plane

stress or plane strain conditions;’ depending o,n

the mirerial thickness.’ ‘The initial propagation

of th’e surface and the embedded crack’ is always

under plane strain conditions’. However, when

the. crack ‘pops through rhe rhickness it will be

identical:- tb a through crack and may be in

either the plane stres”s’ or plane strain stress

state. Again this depends on the thickness.

110 aB,.
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The stress at which a tension member fails

in ‘the presence of a crack is dependent on the

fracture toughness of the material, and the

defect size. The relationship, sometimes called

so,

100,0006 ‘ L

‘f2 ‘ r = ‘00’000x 0“’
the inverse square ,root law, is the basis Of

fracture mechanics and is exptessed by: Sf 2 = 50,000psi

For the case of a crack in an infinitely wide

solid, such as a small crack in a pressure ves -‘Sf‘k” (20)

where

Sf = fracture stress ,..

sel, this equation takes the form: -

,,

c ,,..

“Sf=; ,’
n’c

(21)

A = a constant which expresses the : ,,,

fracture toughness -
for. plane stress, where “

,.
2C = crack length

K =“ fracture toughness> and
For example, using this expression, if a stress

of 100,000 psi will cause failure in a material in

,which & .25’” long crack is present, then 50;00.0

psi would cause failure if the crack were 1”

c = 1/2 the crack lef%th?’ Or
:“ ,.’-,

KIC

‘f=- , ‘“ ~~ “: ‘(22)
,“

m

long.

A
sf~ = —= 100,000= J-

r 2C 1
G ..

for plane strain.
A= 100,OOOJ7X

250

,, ,.,

STRENGTH ‘., ~~ ~~

.-

2200 L-L

I 50

100

50

0

Kc

%.:-

= 30,0,00 psi in
,’, ,

. .

N“ “ :;Kc =.15,000 psi ‘in
,..

-L’- “’I

.004 .012

2C — Crack Length ( in) ~~~

.020 .“.:. :, ,

.,

FIGURE 64. Effect of Crack ‘Length on Fracture Strength
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Equation 22, as plotted in Figure 64, iS one Of

the standard ways of presenting fracture strength

as a function of defect size. As discussed pre-

viously, the Kc values for thin material are con-

siderably higher than KIC values. Plotting the

lower KIC values in place of the Kc values would

have the effect of shifting the curves in Figure

64 to the left, indicating that it takes a con-

siderably longer crack to cause failure under

plane stress conditions, than it does under

plane strain conditions at a given stress level.

(3) F;acture Toughness Testing. The frac-

ture toughness of a material is determined by

loading a fatigue cracked specimen in tension

and recording the load at which the crack begins

to propagate, and also tie failure load.’ The

test methods employed to determine fracture

toughness and the restrictions on them are

numerous and sometimes complex. For a com-

plete description of testing methods, the many

publications covering the subject, especially

19 L 4
f7

0 .1

-“‘ 200 = #
4W

3

-’LL!&
ljv3
x Center - Cracked

r $J IT

MI1-HDBK-723A
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the ASTM publication “Fracture Toughness

Testing and Its Applications”, should be con-

sulted.

The specimens most often used are shown

in Figure 65. The specimens widths are usually

in the range of 1” to 4“. The thickness is

usually the same as that of the part hat is to

be made from the given material. The major ‘re-

striction on testing is that fracture toughness

data may only be obtained “in the elastic region

of the tensile curve. If yielding of the specimen

occurs, then the equations that are used to

determine K are no longer valid, since rhey ate

based on the elastic theory of stress analysis.

The equations attendant the specimens

shown in Figure 65. are those used to calculate

K or G. KIC or GIC values are obtained by using

the load at which the crack first begins to

propagate (‘‘pop-in values” ). Kc and Gc are

determined by using the load at fast fracture.

p2

G=—
+an’mm

EWt2 w

‘Gc ‘( ’-~2)K:‘EGIC

1 Crack Length a t FractU~e~;a=—
2

t = Thickness

Specimen

G=<
[

,an T(a 2’iTa
~+ O.lsin —

EW t
w 1

‘Gc=(’-~z)’f=‘Glc
0=+ Crack Length at Fracture

LLYL
L

~
3 t = Thickness

Double - Edge - Notched Specimen-

FIGURE 65. Common” Fracture Toughness Test Specimens
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Test Specimens (continued)FIGURE 65. Common Fracture Toughness
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FIGIJRE 66. Fraciure Toughness Load Curves

The load at pop-in is measured by recording the

strain occurring across the crack, in much the

same way as in the tensile test. A load-strain

curve, Figure 66 is attained. The deviation

from linearity is the pop-in load. Two rypes of

behavior are shown. In the “first, pop-in occurs

and then the load increases to failure under

plane stress condition. In the second case,

failure occurs immediate ly..= pop-in initiate S>

indicating’ that at the 1/2” thickness full re-

straint exists and the plane strain conditions

prevail.

(4) Designing Against Low Strength Fail-

ures. There are three” basic fracture me chanic’s ~

philosophies to designing against low strength

failures. These are: proof testing; leak before

failure criteria; and stress analysis method.

(a) Proof Testing. If a structure contains a

crack and it is loaded to a particular stress and

‘the crack does not propagate, then it may he

safely used at a slightly lower static operating

stress. This is the basis of implementing frac-

ture toughness through proof testing.

If a material has a characteristic fracture

stress-flaw size curve like that in Figure 67,

and it is proof tested at Sp,. then the largest

flaw that can possibly ‘be present is slightly

smaller than cl. The static operating stress in

e.

.,.

this case is So. For a failure to occur at So, a

crack of. size C2 mu<t be. present. However, it

has already been shown &rat the largest possible

flaw that can exist is. c1. Since C2 is larger than

c1, the structure can safely, operate at So.
,,

(b) Leak Before Failure. This’ method has m

primary application in preisure’ ‘vessel design.

The success of this method is dependent on

the plane strain-plane stre S,S transition. A

surface or embedded flaw in a ‘pressure vessel

1“

t-=

co l-i1.’”
I

--1--
,,

“l’
;=-; ..1 ,

o “ 1,”.
L

1, I , .::

.qc2’

Flaw Size, (in),-
,.

‘ FIGURE 67: Fracture Stress Flaw Size Curve
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may propagate at the proof or operating pressure

of the vessel. As previously discussed these

flaws will initially propagate under plane strain

conditions. The material used is selected on

the basis that it will. be able to tolerate a crack

having a length of at least twice the wall thick-

ness of the vessel, at the required stress level;

under plane strain c on”ditions. Then, if a sur-

face or embedded crack exists, it may propagate

at the operating stress. If it does, it will pop

through the thickness when its length is approxi-

mately twice the wall thickness. At this time,

providing the wall is thin enough, the crack is

under plane stress conditions and additional

load or stress is required for further crack

propagation. Therefore, the vessel will leak

and the defect can be easily

- brittle failure can occur.

(c) Stress Analysis. In the

method the fracture toughness

detected before

stress analysis

of the material

and the defect size that can be detected by non-

destructive inspection limit the working stress

0.5

0.4

..

0.2zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.I

o

30 NOVEMBER1970

of a part. The defect shape and size are both

considered, and are expressed in terms of the

defect size parameter a/Q. This parameter is

the ratio of a,. the crack depth, to Q, the flaw

shape parameter. Q is in turn a function of the

ratio of crack depth to crack length, that is,

Q+fi where 2C = crack length. This function
“2C

is plotted in Figure 68. TO determine the frac-

ture strength of a part having a know”n “defect

size, the value of Q is found from Figure 68.

The fracture stress is then determined from

equation 23.

KIc
s= (23)

where

s=

K Ic

applied stress

= plane strain fracture toughness

& =1”

& . s~a
Sys

,,

1.0 1.5 2.0 2.5

11

Q

FIGIJRE 68. Flaw Shape Parameter Curve :
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FIGURE 69. Charpy Impact Test Specimens

66., Qualitat ive Approaches.

a. General. The Charpy impa~t test, and

notched tensile ‘tests, are classified as quali-

tative brittle fracture tests*, because the test

data are not readily converted to design data. .

k The Charpy impact test . Numerous tests

have been devised to evaluate the transition

from brittle to ductile fracture in steels. One

such test, the Charpy impact test, has gained

wide recognition and acceptance because it is a

simple and rapid test m conduct. The reliability

of the Charpy impact test, and the’reproducibility

118

of results obtained from Charpy tests, were con-

firmed through an experimen~ - conducted, at the

Army Materials and Mechanics Research Center,

Watertown, Massachusetts~l)

,.
*Notche’d tensile test may be quantitative and,..
provide fracture toughness v“alues if the proper

testing requirements are satisfied.

(1) D.E. Driscoll, [‘Reproducibility of Charpy

Impact Tests”, Symposium on Impact Testing

ASTM STP No. 176, American Society for Test-

ing and Materials; p. 170 (1955).
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The Charpy testis a swinging pendulum type

of impact test. A pendulum is released from a

known height to strike a specially prepared
notched specimen (Figure 69) positioned in the

anvil of the impact machine. The pendulum’s

knife edged striker contacts the specimen at the

bottom of the swing, at which point the kinetic

energy of the pendulum reaches a maximum

value, Figure 70. After breaking the specimen,

the pendulum continues in its swing to a height

which is measured. Since the pendulum is

released from a known height the kinetic energy

of the pendulum at the time of impact is also a

known quantity. The energy expended in break-

ing the specimen may be expressed as a function

of the difference in the release height of the

pendulum and the height it attains after the

specimen is broken, so that:

Normally, swinging

MI1-HDBK-723A

30 NOVIMBER1970

pendulum impact ma-

chines are equipped with scales from which the

energy absorbed by the specimen is read directly

in foot-pounds.

. The Charpy test is a convenient test method

for determining the change’ in the fracture mode

of a steel as a function, of temperature. A

series of specimens can be tested over a range

of temperatures and the data thus obtained can

be plotted to develop a brittle to ductile transi-

tion curve, such as that shown in Figure 71. As

indicated in Figure 71, the transition from a

brittle to a ductile fracture usually occurs over

a range of temperatures. Likewise the fracture

of the specimen changes from 100% cleavage (a

bright, faceted appearance) to 100%. shear (a

silky, fiberous appearance). The temperature at

which specimens show a fracture of SOY. shear

Ea =W (ho- hf). and 50% cleavage is frequently defined as the
(24)

where:

transition temperature. Fracture appearance

data can be plotted as a function of temperature

as shown in Figure 72.

w=

ho =

hf =

Ea =

weight of the pendulum in pounds

release height in feet

final height in feet

energy absorved by th[

in foot-pounds
specimen

“’L’-~.
Spec

Str

>

L

D-~

men

iking Edge

The Charpy test is often used as an ac-

ceptance test for incoming material. In such

cases the ma~erial is usually required to meer

or exceed a specified impact energy level at a

given testing temperature, for example, 15 foot-

pounds at -40°F.

The Charpy test is also a convenient method

for comparing the notch toughness characteris-

tics of various materials.

The methods and procedures of conducting

the Charpy Impact Test are specified in A’STM

Standard E23, ‘‘Notched Bar Impact Tes~ing of

Metallic Materials”. The test IS also discussed ~

in ASTM Standard A370, ‘(Mechanical Testing of

Steel Products”. DetaiIed discussions of the

Charpy test are contained in “’References 2,,,8,

18 and 19 of the bibliography.

The Charpy test has been accepted as the

sta,ndard impact test for steel for guns by the

NATO Nations, as described in the following:

(1) NATO Standardizatiori Agreement, STA-

NAG 4020, Edition No. 2, 10 May 1966, ‘[Impact

Tests a“t Low Temperature for Steel for Guns”.

FIGURE 70: Charpy Impact Test
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FIGURE 71. Brittle to Ductile Transition Curve
., ,,

o) Department of the Army Technical Bul- radiui; and is often approximated -by, the formula

letin, TB~34-9-90, 15 August 1966, “Impact Kt ~A/a/R.

Tests at Low Temperatures for Steel for G“uns”..
.’

w

In the most commonly used notch tests a

c. Notched tensile tests. Notch tensile round specimen with a 50% notch depth is used.

tests are performed on CylitW=l specimens, The restraint, caused by the notch’ sets up a ,,

having an annular notch, or’ on flat specimens state of triaxial tension near the. notch root.

‘ having” double edge’ notches, Figure 73. These . This stress state increases. the flow resistance

notches act as stress concentrators and affect of the metal and thus ‘decreases the ductility at

the load carrying capabilities of the specimens. failure,, @t it may increase the fracture strength.

The stres< concentration due ro a notch or a“n The notch strength ratio, NSR, (ratio of notched

abrupt, change of section is. described in terms strength to unnotched strength), has been shown

of Kt, the theoretical , stress concentration to increase with increasing notch sharpness, at

factor. Kt is defined as the ratio” of the maxi- a constant notch depth, to a rnaxirnurnValue at,,
-mum stress, due to the notch, to “*e nominal which the triaxiality .’becomes constant. In-

stress across the area under the notch. Kt, creasing the sharpness beyond this point causes

should not be. confused with K c or K,Ic which are a. reduction in the NSR for n,otch sensitive ma-

fracture toughness values. Values of Kt have terials. Increasing the notch depth will increase

been determined for various geometries and the the triaxiality, and will increase the notch

values for the geometries of major importance in strength of &e specimen. Notched tensile tests

notch testing are shown in Figure 73. Kt” de- are used primarily as material screening tests.

pends on both the specimen size and the notch
,,
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FATIGUE

67. General, A material subjected to re-

peated tensile loading may fail even though the

stresses are below yield strength. Failure may

occur after a few load applications or after a few

million applications. This phenomenon is known

as fatigue. The” fatigue Iife is dependent upon

many variables, the most important of which are;

maximum stress, average stress, alternating

stress, the ratio of alternating to average

stress, yield strength, surface condition, and

environment. To determine the fatigue life of a

material for a given application these factors

must be considered.

68. Fatigue Tests. Fatigue tests are made

by subjecting a specimen to repeated cyclic

loading until failure occurs, or until the test is

discontinued. The typical types of load-cycling

are -shown in Figure 74. The loading cycles are

either tension-compression, tension-tension, or

zero s“tress-tension.

..

MIL-HDBK=723A
30 NOVEMBER1970

The maximum stress, S max, is the highest

$ension stress in the cycle. The minimum

stress, S rein, is the largest compressive stress

for compression-tension cycling, or the minimum

tensile stress for tension-tension cycling. Sm is

the average or mean stress of the

given by equation 25. ,

S max + S min
Sm =

2

Sa is the alternating stress and is

difference between S max and Sm.

Sa =Smax-Sm

cycle and is

(25)

equal to ~e

(26)

Another quantity useful in fatigue analysis is

the stress ratio R.

S min
R=— (27)

S max

Tension
(+)

Comp r

(-

ess ion

)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Smax—— .—— ——— ——

1
n Sa
—

m
u

m
m I
a)
L Sa
u
u)

_, L—— ——— — ——. —

FIGURE 74. Fatigue Looding Cycles
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For reveksed bending where Srnin =– S max

S min -S max
R= —=-

S max S max ‘

R=-1 ,“

Another very similar quantity is the A ratio. ,

~ - Sa

Sm
(28),

For reversed bending,” Sm = O and A = ~ ‘;CO

o

69. Presentat ion of Fatigue Data.

a. The S-N curve. The basic’ method of pre-

senting fatigue data is the”’ S-N’ curve. The

maximum stress is plotted as a function of the

number of cycles to failute, Figure 75. When

data are presented on an S-N curve it is neces-

sary to identify the A ratio or the stress ratio,

R, because ‘the fatigue life ,of a material is

dependent upon the maximum stress arid mean

stress of the applied cyclic load. At a speci-

fied maximum stress, the fatigue Iife of a

material is the lowest under reversed bending,

when Sm = O, and A =CO. For a given maximum

stress, the fatigue life increases as Sm increas-

es and A decreases.. The horizontal lines

labeled f‘Endurance Limit” in Figure 75 are

the stresses below which a steel will not fail

by fatigue, under the indicated conditions.

b. The Sodedierg diagram, A more us,eful

method of presenting fatigue data is the Soder-

berg diagram or modified Goodman diagram. In

the Soderberg diagram- the alternating stress, is

plotted .against the mean stress,. Figure 76. The

diagram shows the dependence of fatigue life on

the alternating and mean stress, as well as on

the A ratio. If the fatigue life is to. be deter-

mined. under the conditions of Sa .= Sm (A = 1),

at a given maximum stress, and if Sa = S max

–-Sin = Sal, then be stress. Sal is read off the

pro’per axis, and the fatigue life at the proper A

ratio is read from ,the ,d,iagram, in this case 10~

cycles. Notice that at ,an A ratio of .5, the al-

ternating stress that could be endured would be

Sa2, and the mean stress’ would’ be Sm2 for 104
,.

cycles.

Ideal Iy the Sode;berg diagram should be

constructed by. ~~determining the S-N curve for

several A ratios and then, plotting. these data.

The diagram can,’ however, be determined by

testing with only one A ratio. To do this the

S-N curve is established and the points are

plotted on the appropriate A ratio line. As an

example, data might .be obtained for an A ratio

of I. These data are plotted on the 45° (A = 1) a

line, Figure 77. A straight line is then drawn

connecting these points and the material ulti-

mate strength value that has been plotted on the

Sm axis. This gives a Soderberg diagram that is

conservative, and accurate enough for many en-

gineering applications. This method is of con-

siderable utility because most of the fatigue

data found in the literature is in the form of

u)

\
FIGURE .75. S-N Cu& e
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This method of determining the Soderberg dia-

gram makes it possible to use such data for
. . .

applications in which the A ratio is other &ana,

The dashed line connecting the yield

strengths plotted on each axis in Figures 76 and

77 limits the range over which the Smderberg

diagram ii used. If values beyond this line are

picked the yield strength of the material is ex-

ceeded. General yie~ding is usually a criteria

for failure, so fatigue tests in which the maxi-

mum stress is greater &an yield are seldom

needed.

70. Factors Affect ing Fatigue Life. The

presence

causes a

of a notch or any other defect that

stress concentration seriously reduces

the fatigue strength of a metal. The reduction

in fatigue strength is dependent on the stres,s

concentration factor Kt. For a Kt of 2; the ex-

pected fatigue strength would be 1/2 of the un-

notched farigue strength for a given- number of

cycles. The actual amount that the fktigue

strength & reduced is expressed, by fatigue

notch factor Kf.

Kf is simply the ratio . of the unnotched

strength to the notched strength for a g’iven

number of cycles.

Su
Kf=— (29)

Sn

Su = unnotched fatigue strength
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FIGURE 77. Method of Constructing the ‘

Soderberg Diagram

Sn = notched fatigue strength
..
,.’.,., .

Kf is equal to Kt “for small values of Kt, but as

()

if
Kt increases the, ratio - decreases. Kf is

Kt

determined by obtaining S-N curves for unnotched

specimens, and for notched specimens of. the

same material, Figure 78, Then for a given- num-

Su
ber of cycles the ratio of ~ M determined

from’ these curves. K~ is dependent on the notch

radius and sharpness, and may have different

values for the same Kt, “when Kt’ is developed

from two different geometries.

For applications where, t,he cyclic lqading

does not vary, i.e., Sa and Sm remain constant,

“tie fatigue life can be read directly from the

S-N curve or the Soderberg diagram. When the

loading cycle varies (Sa and Sm vary) a method

such as the linear damage principal is used.

‘This principal can he stated as follows: The

total fatigue life is the sum of the. number of

cycles experien~e,d at a given stress, divided by

the fatigue life at that, stress !,. In equation form

this’ tiould be:

Ml M2 M3 Mi

—+—+—+— =1 (30)

N1 N2 N3 Ni

where:.,

M = cycles at a given strees
.’

N = fatigue life at that stress

As an example; if a material having the fatigue.

characteristics show-n in Table VIII had been ‘

subjected to 20,000,0’00 cycles at 20,000 Psi>

how many additional cycles could it withstand

at 50,000psi’ before it would fail?

, TABLE Vlll. FATIGUE CHARACTERISTICS

S Max Cycles to Failure

10,000 psi W

20;000 70,000,000

30,000 20,000,000

50,000 6,000,000”’
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--%’L.I Notched.-— ——
I

103
Cycles

FIGURE 78. S-N Curves of Notched

and Unnotched Specimens

In this case, Ml = 20,000,000 for S = 20,000 psi

and NI = 70,000,000 from Table I

M2 = unknown for S = 50,000 psi.

N2 = 6,000,000

20,000,000 + M2
=1

70,000,000 6,000,000

and M2 ,= 6,000,000 x 1 . 20,000,000
70,000,000

,-- M2 = 6,000,000 x; = 4,280,000

Therefore the part could be expected to with:

stand an additional 4,280,000 cycles at 50,000

psi.

It is good design practice to eliminate stress

concentrations. This applies not only to stress

concentrations designed into a part, but also’ to

those reiulting from surface roughness and

defects in the material. The effect of surface

finish on fatigue life is indicated in Table IX.

TABLE IX. * FATIGUE LIFE OF 3130

STEEL SPECIMENS TESTED UNDER

COMPLETELY REVERSED STRESS AT

95,000 Psl

Surface Average

Roughness, Fatigue Life

Min. (Cycles)

Lathe-formed 105 24,000

Partly hand-polished 6 91,000

Hand-polished 5 137,000

Ground 7 217,000

Ground & polished 2 234,000

Superfinished 7 212,000

*G: Dieter, Jr., Mechanical Metallurgy,

McGraw-Hill, Inc., 1961

Other surface properties can be adjusted to

improve fatigue life. Carburizing7 nitriding and

cold working, which increase the surface hard-

ness, will increase the fatigue life. On the

other hand, decarburization of the surface is

particularly damaging to fatigue properties.

Shot-peening introduces compressive residual

stresses into the surface, as well as increasing

the strength through cold work. ‘Both of these

factors increase the fatigue life. However,

shot-peening also increases the surface rough-
..

ness and this of course decreases fatigue life:

CORROSION

71. General. Corrosion is the deterioration

of a metal due to chemical or electrochemical

action. Because corrosion is so prevaIent;

corrosion Ios ses are one of the most expensive

problems that are faced in the application of

metals.
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72. GALVANIC CORROSION.

a. ~erreral. In its simplest form, the gal-

vanic cell consists of two electrodes immersed

in a conducting solution (the electrolyte). The

electrodes may be two dissimilar metals, a

metal and a conducting nonmetal (e.g., carbon),

or a metal and an oxide. In each case, an

electrical potential is induced between he

electrodes. This potential may produce current

when the electrodes are joined by a suitable

conductor. When current is flowing, reactions

take place at each electrode, the ‘reactions for

one combination of electrodes and solutions

are shown in Figure 79.
.,

In a cell, dissolution of the metal occurs at
m

the negative electrode (the anode), while

hydrogen is evolved at the positive electrode

(cathode). The anodic metal, is corroded and

the cathode is protected. The rate of corrosion

of the anodic metal depends on the degree of

separation of the two metals concerned in the

~actical galvanic series, Table X. The cor-

rosion rate is also dependent on, the con-

duc tivity and composition of the electrolyte, and

the relative areas of the two metals. Galvanic

corrosion in service applications occurs through

the formation of composition cells or concentra-

tion cells.

Electron Flow

~

——— _ —. ~— —.— ., __ ——=____ .—— —- —.—.
———— I

.—

—
—

-+
H—,

Fe+

—

:- ‘:,
———.—.——,.-

Fe
+++—

F#—.

Fe++
Fe+++

—’ —-

H+ — _

node Cathof
(-l---- +

I

a.

.— __ .—
,,

Anode Reaction : Fe ~ Fe++ +2e-’_F~+

Cathode Reaction: 2H++ 2e-- H2 (gas)

++

..

+ 3e-

FIGURE 79. Galvanic Cel~
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TABLE X - GALVANIC SERIES OF

METALS AND ALLOYS

.,

Anodic End Magnesium

. Magnesium Alloys

Zinc

Alclad

Aluminum 6053

Cadmium

Aluminum 2024

Cast Iron

Wrought Iron

Mild Steel

13% Chromium Steel Type

410 (Active),.

18-8-3 Chromium Nickel

Stainless Steel Type 316

(Active)

18-8 Chromium Nickel

Stainless Steel Type 304

(Active)

Tin

Lead

Lead Tin Solders

Naval Brass.

Manganese Bronze

Muntz Metal

76 Ni-16 Cr-7 Fe Alloy

(Active)

Nickel (Active)

Silicon Bronze

Copper

Red Brass

Aluminum Brass

Admiralty Brass

Yellow Brass

76 Ni-16 Cr-7 Fe Alloy

(Passive) “

Nickel (Passive)

Silver Solder

70-30 Cupro-Nickel

Monel
.’. ,

Titanium

13%, Chromium Steel Type

410 (Passive)

18-8-3 Chromium Nickel

Stainless Steel Type 316

(Passive)

Cathodic

18-8 Chromium Nickel Stain-

less Steel Type 304 ‘

(Passive)

Silver

Graphite

Gold ..

End Platinum

b. Composition cc//s. A composition cell

-may occur between dissimilar metals or in a

single metal that has areas of differing electrode

potential. An illustration of the dissimilar

metal cell is galvanized (Zn coated) steel. The

Zn coating is anodic to the steel &se metal.

Therefore when an electrolyte, such as water is

present between the Fe and Zn a galvanic cell

is produced. Since Zn is anodic to steel, “it is

preferentially attacked, protecting the steel.

A composition cell may be set up in a singIe

metal because of differences in electrode po-

tential between various phases, or between the

grain boundaries and the matrix. An example of

this is intergranular corrosion. This type of

attack occur’s when the grain boundaries are

anodic to the matrix. The occurrence of ’inter-

granular corrosion is strongly dependent on the

therms 1 and mechanical treatment given the

metal. Generally speaking, the stronger the

alloy is made through. heat treat or coldwork,

the less corrosion resistant it becomes.

c. Concentration cc//s. Concentration cells

are formed when there is a difference in the

concentration of the electrolyte between the

areas in contact.. The area that has the weakest

concentration of electrolyte is attacked. The

same type of cell, but of considerably more im- :

portance is the oxygen concentration cell. .This

cell is characterized by areas that have dif-

ferent oxygen concentrations. The area having

the lowest oxygen concentration is anodic and

attacked. Corrosion caused by an oxyge con-

centration cell can be expected to J found

under surface dirt, mill scale or other areas

that may be oxygen deficient.

j’
i
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73. Stress Corrosion.

a. General. Stress corrosion may occur in

a susceptible material when it is subjected to

residual or applied surface tensi~e stresses

whiIe exposed co a corrosive environment.

Stress corrosion cracks, initiate and propagate

transverse to the’ loading direction, and a low

strength failure results. The time required for

stress corrosion to occur is dependent on

several variables.

b. Strength /eve\. As is the case with gen-

eral corrosion, the higher the streogth level

obtained through the heat treatment or cold

working of a given alloy, the lower will be its

resistance to stress corrosion.

c. Grain ,orientat ion. The direction of the

applied stress w,ith reference to. the grain

orientation is of prime importance. .The stress

corrosion resistance is lowest in the short

transverse grain direction and highest in the

longitudinal direction , with the long transverse

being intermediate. The stress corrosion

resistance’ of a material in the short transverse

may be only 10 % as good as that in the longi-

tudinal 1. The resistance in the long transverse

direction” is dependent on the grain geometry.

A materiaI with narrow elongated grains would

have’ a long transverse susceptibility to stress

corrosion nearly as poor a’s that in the short

transverse direction. For equiaxed grains,

such as found in cross-rolled material, ‘there

is no difference between the longitudinal. and

the longtransverse direction.

Concentration of Corrosive Erivironment:

The effect of varying the concentration of the

corrosive environnient on stress corrosion ‘can-

not always be predicted. In dilute solutions

the stress, corrosion rate is generally increased

as the concentration of corrodents increases.

However, it ii often found that a concentrated

solution is not as severe an environment as “is a

dilute one.

d.” Stress level. At a high stress level a

susceptible alloy, when exposed to a corrosive

medium, may fail in a matter of minutes. As the

stress is decreased, the time to failure in-

creases. This is the basis for the threshold

stress concept, which postulates, that for

stress corrosion susceptible materials there is

a stress value, the threshold stress; below

which stress corrosion cracking will not occur,

while at’ higher stress levels, stress corrosion

cracking should be expected to occur.

74. Corrosion Protect ion. There are two

basic methods of corrosion protection, surface

protection and galvanic protection. Surface

protection simply involves keeping the corrosive

environment away from the part. This is com-

monly achieved through plating, cladding or

,painting. Galvanjc protection is achieved by

electrically connecting the metal with a sacri-

ficial anode. Th;s ii illustrated by Zn coating

of steels and by magnesium bars buried in

contact with underground pipelines.

Stress ,.corrosion is riot usually a problem

virh carbon steel and wrought iron, but the

higher strength low aIIoy steels may be Sus-

ceptible to stress corrosion. Stress corrosion is

prevented primarily by surface protection, prope~

grain direction. exposure and by control of the

magnitude of applied stresses.

75. Rocket and Missile Propellant Compati-

bility. Although the low alloy and carbon steel

are compatible (not attacked) by many of the

common rocket and missile propellants,, if no

water is present, their use is usually not

recommended in applications where propellant

contact is likely. The combination of propel-

lants with atmospheric humidity presents a

corrosive environment that is too severe for

this class of steel.’ When they are used, protec-

tion methods such as plating or painting are

recommended, but even this may not be suf-

ficient, and failures will only be delayed.,.

PHYSICAL PROPERTIES:

76. Thermol Conduct ivity. Thermal con-

ductivity is the measure of the ability of .a

material to carry or’ conduct heat. It is anal-

agous to electrical conductivity; The thermal

conductivity is designated, by the symbol K and

has the. units of Btu/(hr~(ft2)(0 F)/ft. Thermal

conductivity is used “in the analysis of heat

transfer problems.

.,

9D

. .
I

130

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



77. Thermal Expansian. The change in di.

mension a solid experiences, when it is sub-

jected to a change in temperature, is described

by the coefficient of linear expansion, a. The

co-efficient” of’ linear expansion can be expressed

Lo ‘F

where:

Lo = original dimension

AL = change “in dimension

‘F = degrees Fahrenheit

(31)

with temperature

The units of a are in/in’°F. It is apparent

from these units that is actually the strain in

the solid due to a temperature change of I°F.

The coefficient of expansion depends on the

temperature at which it is measured, so the

range of temperatures over which a is valid is

always. specified. a is used to calculate volume

changes and to determine stresses in restrained

members that are subjected to temperature

changes. As an example of stresses induced

by temperature changes consider Figure 810t If

//// //.

////// , 0

MI1-HDBK-723A
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the rigidly restrained steel rod is heated until a

temperature rise of 200°F is obtained, the

amount it would increase in length is

AL= Lo aAT

or,

AL
—“=a AT=e

Lo

where

T = temperature change

e = strain

Lo = original length

(32)

“Since the rod is restrained it cannot increase

in length and a compressive, stress is induced

in the rod.

By definition,

S=Ee (33)

Combining equations 32 and 33,
. .

S= Ee=Ea AT (34)

T
/

I CY=” 7.3 X 10-6 in/in/°F

(100° F )
Lo

E = 30 X 106 psi

AT=200° F

,/

Restrained Rod

131

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



I

M1l-HDBlt=723’At
30” NOVEMBER”1970 ‘

Substituting the p:o~ values into equation 34

S = (30 x 106 psi)(~.’3 x IO-6 in/i#F)

X (200”F)

S = 43,800psi

‘“A’compressive stress of 43,800 psi would be

induced in the rod by a temperature change of

+2000F.

78. Density. ““Density is defined as the

mass per unit volume of a soIid, but it is com-

mon engineering practice to express density as

weight per unit volume, either in lb/in.3 or

lb/ft 3.

Density is a design consideration when the

weight of a structure musr be controlled. The

selection of an alloy is then often made on the

basis of a high yield strength to density ratio,

or as sometimes expressed, the ‘<strength to

weight ratio”.

MATERIALS SELECTION

,Choosing the correct materiaI for use in a

particular application can be a simple task or a

complex one, depending upon the requirements

which the material must satisfy. Generally a

material is selected for use, in a particular

application because:

(I) The Ipart Or structure made from it will

satisfy, as completely as possible, all of the

essential requirements of the application.

(2) The part or structure can be produced

and maintained for a lower total cost than is

‘possible with any other material.,

This doesn’t, and isn’t intended ro imply

that material should be selected on the basis

of initial or raw material cost alone. Raw ma-

terial cost is an important factor; however, the

choice of material, enco’rnpassing alloy, form,

temper and surface condition, can significantly

affect manufacturing costs, maintenance costs,

inspection costs, repair costs, handling costs,

etc. The effect on these costs should be care-

fully analyzed before a material is actually

selected for a particular application. Con-

sideration of raw material costs alone very often

does not reveal the true total cost situation.

Carbon and low-alloy steels, are available

in, many different combinations of composition,

form, ‘temper and surface condition. As dis-

cus sed.. in earlier chapters-, ,di,fferent alloys

possess different combinations, of properties

and characteristics. Many of the plain carbon

steels and the high strength low alloy steels,

for example, are most often used in the as-

rolIed condition, in applications where the

moderate strength they develop in this condition

is adequate for the purpose. When higher

strengths are required, an alloy steeI that can

be h~at treated to the required strength level is

ordinarily used. Naturally, alloy steels are

more expensive than plain carbon steels and

in ‘addition, the heat treatment increases the

fabrication costs. A’n alloy can be select~d on

the basis of mechanical properties, machining

characteristics, welding’ characteristics, forming

characteristics, heat trear response, the capa-

bility of being case hardened, or any combination

of properties and characteristic s., Considering

only carbon and alloy steels, a user. may choose

from a wide variety of alloys, each offering a

particular combination of properties and char-

acteristics,. To further complicate the situation,

other materials are competitive with steels in

some applications; as ‘for, example, die high

strength aluminum alloys and ritanium alloys.

The functional requirements, of some applica-

tions can be satisfied by any one of a number of

different materials. Choosing the best material

under such conditions can be a difficult decision

and the choice of material can significantly

affect the total cost of the project. Many vari-

ables can be involved and each should, be ac-

corded due consideration. In other cases re-

quirements are so stringent or so unique that it

is necessary to conduct a test program to eval-

uate various materials for the particular applica-

tion. Often it is impossible to find any material

that completely satisfies all of the essential

requirements of a given application and some

compromise must be effected. In any event,

careful analysis of all pertinent factors is

essential, to arrive at a satisfactory solution.

As with other engineering problems, a

logical, orderly approach i-s beneficial in solv-

ing materials selection problems. The Value
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Engineering technique first identifies es-

sential I functional requirements such as the-

type ardi magnitude of the loads, which the ,part

or structure must sustain, the operating envmon-

ment, service life, surface finish requirements,

surface hardness requirements, size, shape, and

weight limits, and so forth. When all of the

requirements are identified, candidate materials

can be selected on the basis of the appropriate

selection criteria, for example, tensile strength,

endurance limit, hardenability, corrosion resist-

ance, fracture toughness, etc. Then by compara-

tive analYsis, on the, basis of satisfying the

essential functional requirements and consider-

ing total cost, the most suitable material can be

selected.

Again it must be emphasized that the ma-

terials should be compared on the basis of total

MIL-HDBK=723A
30 NOVEMBER1970

cost, not initial raw material” cost alone. Also,

it is essential that the end product must be

capable of Satisfying, as completely as possible,

all of the essential functional requirements of

the application. Further, before a particular

material, that is, alloy, form, temper, and sur-

face conditiori is specified on a drawing, its cur-

rent availability and cost should be confirmed.

Careful attention to materials, selection can

help to keep the total cost of producing and

maintaining an item at a minimum, whether it is

a simple part or a complex structure. Some ma-

terial selections are easily made, others require

extensive analysis, In either case consultation

with a qualified Materials Engineering organ iza-

tion is recommended.
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Chapter s

Quality Assurance

GENERAL

When, the term “quality assurance” is applied

to the purchase of raw materials, such as iron or

steel wrought products, it may be considered as a

gene,ral definition of the various responsibilities

which are incumbent upon the purchaser (purchas-

ing agency) to assure that the material ordered

a@. accepted for use in a particular application is

of suitable quality. It is the responsibility of the

purchaser to:

a. Determine the exact requirements the mate-

rials must meet;

b. . Communicate these requirements, com-

.,.,, pletely,’ concisely, and explicitly, to the material

; producer(s);
,,,
.,, c. Obtain confirmation from the producer that

-..
the requirements are realistic and that the pro-

ducer is willing to supply material to these re-

quirements;

d. Verify that the incoming material satisfies

the established requirements.

MATERIALS DESIGNATIONS

The Am’erican Iron and Steel Institute and the

Society of Automotive Engineers, Inc., have de-

veloped similar numerical designation systems by

which steels are identified by chemical composi-

tion. The basics of these systems: are presented

in Table XI, which was taken from Federal Stand-.

ard No. 66 (Steel: Chemical Composition and

Harden ability). The standard also contains a

listing of the chemical composition, limits for car-

bon and. alloy steels, including the hardenability

steels (H-steels). The AISI designations are

given for the various compositions, and”, when

there. is no difference, the SAE designation is also

listed. The data in Federal Standard No. 66 are

directly applicable to the procurement of carbon

and alloy steel wrought products and the Standard

is referenced in, and forms a part of, many Fed-

eral and Military materials specifications.

SPECIFICATIONS

79. General. Material specificat ions are also

used extensively in the procurement of steel and

iron wrought products. Among the various specifi-

cations series available for use are the Military

Specifications and Staqdards, the Federal Speci-

fications and Standards, the A~S Specifications

(Aerospace Material Specifications issued by the

Society of Automotive Engineers, Inc.), and the

ASTM Standards (issued by the American Society

for Testing and Materials). The cross index at

the end of this chapter lists the Federal, Military,

AMS, and ASTM specifications which appIy to the

same composition and form of carbon or low alloy

steel. When applicable the AISI-SAE standard

composition designation number is also listed.

The “different specifications that are shown to

apply to steel of the same composition ~d form
are not necessarily equivalent specifications.

There are often slight differences between speci-

fications issued by the various organizations; any

Iwo specifications should be carefully reviewed

before they are used as equivalents.

Also, ‘the cross index is not a complete listing
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TABLE Xl. NUMERICAL DESIGNATION OF STEELS BY COMPOSITION

.

Series Designation

~lassification Groupings AISI SAE Explanation

~arbcm Steels Plain (nonresul. ) Each of the standard carbon

Low carbon up to 1013 up to 1013 and alloy steels is identi-

Med. low carbnn 1031 to 1022 incl 1013to 1022 incl ‘fied by ,a four-digit AISI

Med. high carbon Over 1022 to 1041 incl Over 1022 to 1041 incl or SAE number. The maj -

High carbon Over 1041 Over 1041 ority of AISI and SAE steels

Free-cutting (Free- are identical. The first two

machining) digits of the number indicate

Resulphurized Ilxx llXX the type, of steel; i.e., for

Repbosphorized 12XX lIXX carhnn steels 10XX indicates

and resulpbur- the non-ies,ulphurized carbon

ized steels, 1lxx indicates the re-

Acid bessemer Bllxx Ilxx phosphorized and re-sulphru-

Alloy Steels Manganese . ; 13XX 13XX iied carbon steels. Similarly,

Boron 14XX ., 14XX for alloy steels, the first two

Nickel -&hfomi&m 31XX 31XX ,digits indicate the grouping

33XX 33XX based on the significant alloy-

Molybdenum 40XX 40XX ing element or elements; ig. ,

44XX 44XX ‘ 13xx’ for rni+rga’nese steels:

45XX 45x,x The last two digits of ’the ntim-

ChromiumJ 41XX 41XX” ‘ “ .ber generally indicate the ap-

moly”bdenum ,- , .- { proximate middle. of the carbon

Nickel-chromium- 43XX. 43XX percentage range for the par-

molybdenum 47XX 47XX titular steel. For example in

81XX. ,. 81XX the composition identified as

86XX 86XX 1035, the 35 in the designa-

87XX 87XX ‘ tinn indicates that the steel

B8XX 88XX ha< a carbon content range

93XX 93X.X with a midpoint at 0.35 per-

98XX 98XX cent. In addition, prefix

Nickel:mol ybdenum 46XX 46XX letters are used (primarily in

48XX 48XX AISI designations) to indicate

Chromium
,.

,. the steelmaking process em-

Low 50X= “. ~ ‘, 40XX ployed or the special end-use
.,

5lxx. 51XX of the steel; i.e., B indicates

Low (bearing) 50XXX 501XX acid bessemer steel. For alloy

Medium (bearing) “ .5lxxx 511XX , ..steels suffix letters indicate

High (bearing) 52xxx 521XX ‘ ~ ‘“ modifications or special

Chromium- 61xx 61XX “4”’””types.

vanadium “ ..

Silicon-manganese
.,

92XX 92XX .,,

Boron-intensified XXBXX
,.

XXBXX ‘..

Leaded XXLXX XXLXX ,,,,

,.

—

,.. ,
.!

.,

‘,’.,. :’

of all Ofthe specifications covering steel wrought applies, are listed: : For a complete listing. of

products. Only the more common compositions specifications and staqdards the following should

and forms, . to which more than one specification be consulted. ,: :

,.

.! ”<’.,

136

I

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1-HDBK-723A

.

-.

..

30 NOVEMBER1970

a. The Department of Defense Index of Speci-

fications and Standards. This is a two part index,

numeric and alphabetical, listing all of the Mili-

tary and Federal Specifications and Standards.

b. The Index of Aerospace Materials Specifi-

cations.

c. The Index to ASTM Standards.

80. Use of Specificat ions. The usd of Mili-

tary, Federal, AM.S, and A5TM specifications

greatly simplifies the communication of require-

ments from the purchaser to the supplier or pro-

ducer. The specifications in these four series

are generally recognized and accepted by the

steel producers and are widely used throughout

the industry. By using specifications from these

series the purchaser communicates his require-

ments to the producer or supplier in a familiar

standard form and minimizes the possibility of a

misunderstanding.

The specifications are generally designed to

fit the composition and form of steel to which- they

apply. Consequently, the requirements estab-

lished by different specifications vary consider-

ably. For example, marry of the specifications for

carbon steels establish requirements for chemical

composition, temper, surface condition, form, and

dimensional tolerances, but mechanical properties

are often omitted. When these specifications are

used it is necessary for the procuring agency to

specify the mechanical properties requirements in

the purchase order or contract, whenever the con-

trol of these properties is considered to be neces-

s ary.

The requirements which a material must sat-

isfy are established by the purchaser on the basis

of meeting the functional and processing require-

ments demanded by a particular application. A

material specification should be selected which

establishes requirements for a material that are

consistent with the requirements of the applica-

tion. Because of the wide difference in specifica-

tions it is advisable to select specifications on

the basis of careful comparison with application

requirements.

$.

13

The material

nent requirements

specifications

for a specific

establish perti-

composition and

form of steel. Examples are, chemical composi-

tion, mechanical properties, hardness, dimen-

sional tolerances, austenite grain size, decarbu-

rization limits, and the like. As noted, the

requirements established by the different specifi-

cation vary greatly. The tests and examinations

which must be conducted to verify that a material

satisfies established requirements necessarily

vary with the requirements. It is the responsi-

bility of the purchaser’ to determine what tests

must be conducted to verify the quality of a lot of

material. Many specifications require the per-

formance of certain tests by the producer and

require the producer to submit certified reports of

the test results along with the material. In addi-

tion the purchaser is permitted ro duplicate these

tests and to perform any other appropriate tests

that are deemed necessary. A wide variety of

tests can be conducted on steel and iron wrought

products and the purchaser must select those that

are necessary and appropriate depending upon the

composition, form, and requirements imposed upon

the material.

STANDARDS

Federal and Military Specifications reference

various Military and Federal Standards which are

considered to form a part of the specifications.

One such standard has already been noted, FED

STD No. 66, “Steels - Chemical Composition and

Harden ability”, which provides the composition

and hardenability requirements for various carbon

and alloy steels. Federal Test Method Standard

No. 151, ‘{Metals, Test Methods” is another often

referenced standard. Others are: MIL-STD 430,

‘‘Macrograph. Standards for Steel Bars, Billets,

and Blooms”; FED STD No. 48, “Tolerances for

Steel and Iron Wrought Products”; FED STD No.

123, “Marking for Qomestic Shipment (Civilian

Agencies)”; FED STD No. 102, “Preservation,

Packaging and Packing Levels”; MIL STD No.

163, f ‘Steel Mill Products, Preparation for Ship-. .
ment and Storage;” MIL-STD 271, ‘‘Nondestructive

Testing Requirements for Metals”; MIL-STD 410,

“Qualification of Inspection Personnel (Magnetic

Particle and Penetrant)”; MIL-STD 453, ‘inspect-

ion Radiographic”; FED STD No. 183, “Con.

rinuous I den ti fi cation Marking of Iron and Steel

Products. ”

7
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The ASM and ASTM specification systems

have the equivalent of the Federal and Military

Standards. These documents provide supplemen-

tary data which are applicable to many specifica-

tions.

Federal Test Method Standard No. 151, for ex-

ample, establishes the procedures and methods

for testing metals w~en Military and Federal spec-

ifications are used. There are various tests which

may be used depending upon the properties and

characteristics to be checked. Many are spe cifi-

cally called for in the various specifications, for

example, tensile tests, analysis of chemical com-

position, austenite grain size determination, in-

clusion content, magnetic” particle inspection,

ultrasonic inspection, radiographic tests, etc.

The purchaser should verify by appropriate tests

that the incoming material satisfies the require-

ments established by the specification and by the

contract with the producer. It is the responsi-

bility of the purchasing agency to decide what

AIS1-SAE
Designation

TABLE X11. SPECIFICATiON CROSS INDEX

BAR - WRO1

1015

1018

1022

1035

1095
1117

1137

BlllZ

,’

tests will be conducted and by whom.

Special skills. are require-d ,“for, many of’ the

tests specified in Federal Stairdard Test Method

151. Care should be exercised’ to assure that

competent operators and equipment are used in

performing the specified tests.

Many of the tests applicable to the inspection

of raw materials are also useful as process con-

trol inspection tests. Careful selection and in-,.
spection of the raw materials used to produce a

part or structure does not insure the quality of the

final article. Steel wrought products can be

severely damaged during. fabrication &less the

processes are effectively ‘controlled. The hard-

ness test, tensile test, X-ray “examination, ultra-

sonic inspection, and” many of the other tests

described in Federal Test” Meth8d Standard 151

are applicable not only to the inspection of raw

materials birt are equally useful as in-process

inspection tests. “

Federal

iHT CARBON S1’EEL

(.2!2-S-630

QQ-S-631

QQ-S-631

QQ-S-631

QQ-S-631

QQ-S-631

QQ-S-634

QQ-S-637

QQ-S-632

QQ-S-632

QQ-S-632

QQ-S-632

QQ-S-632

QQ-S-632

QQ-S-632

QQ-S-631

QQ-S-631

~ QQ-S-631

QQ-S-631

QQ-S-631
QQ-S-637

QQ-S-637
. . QQ-S-637

QQ-S-741

QQ-S-741

QQ-S-741

Specification Number% ,.

ASTMMilitary

Mil-s- 16974

Mil-S-8559

Mil-S-3917

Mil-S-3917

Mil. s-3917

AMS

,-

.,’ .

5060

5069

5070”

5080’

5132

5022
5024

‘5010 ,

138

—

,.,

.A31.
A283, A306

“A306

A113

AI08 “

Alo8
A615

A616

A617
A615. A616. A617

A615”
A615

A6r5

AI08

AI08

AI08

A283, A306

A36

A36

.

.,.
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TABLE Xl!. SPECIFICATION CROSS INDEX (Cont.)

AISI-SAE
Specification Numbers

Designation
Federal Military AMS ASTM

SHEET AND STRIP - WROUGHT CARBON ST EEL

1010 QO-S-636(C.md. .2) 5044
QQ-S-698 (HRCQ)

QQ-S-698 (HR Strip)
A415

QQ-S-698 (CRCQ)
A425

QQ-S-698 (Drawing Quality)
A109

A365, A316, A320
QQ. S-699 (Classes 1, 2 & 3)

QQ-S-699 (Classes 1, 2 & 3)
. A245 (Grade A, B k C

1050 QQ-S-700 (1050)
A303

1074
5085

QQ-S-700 (1074)

1095
5120

QQ-S-700 (1095) Mil-S-7947
1095 QQ-S-777 (1095)

5121, 5122

Mil-S-7947 5121, 5122

PLATE - WR OUGHT CARBON STEEL

QQ-S-741

QQ-S-741

QQ-S-741
A36
A36

QQ-S-691 (class A & B) A201 (Grade A & B)

A515, A516

QQ-S-691 (Class C) AZ 12 (Grade B)

A515, A516

1009 QQ-S-635 A283

1020 QQ-S-635 A283

1035 QQ-S-635 A283

1040 QQ-S-635 A283

1045 QQ-S-635 A283

1050 QQ-S-635 A283

r.U,BING AND PIPE - WROUGHT CARBON ST EEL

Mil-T-20157

(Pipe)

A53 (Type S Grades A & B

1010 QQ-T-830 Mil-T-20162

1015

A513, A512, A519

QQ-T-830 A513, A512, A519
1020 QQ-T-830 A513, A512, A519
1022 QQ-T-830 A513, A512, A519
1025 QQ-T-830 Mil-T-5066

1026 QQ-T-830

A513, A512, A519

A513, A512, A519
1030 QQ-T-830
1035 QQ-T-830

A513, A512,. A519

5082 A513,
1040 QQ-T-830

A519

1045 QQ-T-830

A519

1050 QQ-T-830

A519

‘A519
1118
1137

QQ-T-830
QQ-T-830

Mil-T- 17188 A178
Mil-T-16286 A1292
Mil-T- 16343

(Pipe) A53
Mil-T- 16343

(Pipe) A135
Mil-T-16343

(Pipe) A139
Mil-T-16343

(Tube) 5075, 5077 A344 (Grades 1 & 6)

.
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TABLE X11. SPECIFICATION $ROSS INDEX’ (C& t.)
,.

AIS1. SAi2 Specification .Numbers

Designation
Federal Military AMS ASTM

STRUCTURA L SHAPES - WROUGHT CARBO N STEEL

QQ-S-741

QQ-S-741
QQ-SJ741

A36

A36

FORGINGS - WROUGHT CARBON STEEL
,. ,.

Mil. S-24093

“ (Class IV, V) A235
Mil-S-23194

$omp 2-Type

A235
Mil-S-890

Classes Ac,

B-S Special, . . .

B and C) A235
Mil-F-7190 A235

wIRE - WRO UGHT CARBON STEEL
,.

1020 QQ-W-461 5032

1090 QQ-W-470
A228

5112

BAR - WRO UGHT LOW ALLOY STEELS

3135 QQ-S-624

,.

3140
“633o

QQ-S-624
A304, A331, A322

3310 QQ-S-624 Mil-S-7393
A304, A331, A322

QQ-S-624 (Comp. 1)
“ A304, A331, A322

3316
6250

Mil-S-7393
. ,. A304, A331, A322

4037 QQ-S-624
(Comp< 11)

4130 QQ-S-624
6300 A304,” A331, A322

Mil-S-6758 6370
4140 QQ:S-624

A304, A331, A322
Mil-S-5626 ,- 6382

4150 QQ-S-624
A304, A331, A322

4320 QQ-S-624
A304, A331, A322

4340 QQ-S-624
6299 A304, A331, A322

Mil-S-5000
4615 QQ-S-624

‘6415 A304, A33 1, A322
Mil-S-866

4615 QQ-S-624 Mil-S-7493
4617 QQ-S-624

6290 A331, A322
Mil-S-7493

4620 QQ-S-624
6292

Mil-S-7493
4640 QQ-S-624

6294 A304, A331, A322

6150 QQ:S-624
6312 A331, A322

Mil-S-8503
8615 QQ-S-624

6448 A304, A331, A322
Mil-S-866

8620 QQ-S-624
6270 A331, A322

Mil-S~8690
8630 QQ-S-624

6274 A304, A331, A322

8640
Mil-S-6050

QQ-S-624
6280 A304, A331,, A322

8650 QQ-S-624
A304, A331, A322

8735 QQ-S-624
A30+ A322

Mil-S-6098 6320

(Cond. C)

8740 .QQ-S-624 Mil-S-6049 6322 A304, A331, A322

9310
Cond. C) .

QQ-S-624 Mil-S-7393 6260, 626? A304,’ A331, A322

(Comp. III)

945

950
Mil-S-7809

Mil-S-7809
9840

,.

QQ-S-624 ., b342 A304, A322
Mil-S-6709 6470
Mil-S-6709

(Ccmd. F)
52100

6472
Mil-S-7420 6440, 6447
Mil-S-18410

(CL. a)

Al82(GR. F-1 1)

Mil-S-184’10 A336(cL. F-22)

(CL. b)

SHEET AND STRIP - WROUGHT LOW ALLO Y STEEL

.4130 QQ-S-627

4135
Mil-S-18729 6350, 6351

QQ-S-627
A505

Mil-S-18733
41+0 QC2-S-627

6352 A505

4142 QQ-S-627
6395 A505

4145 QQ-S-627
A505

4150 QQ-S-627
A505

4340 QQ-S-627 ,6359
A505

5140 QQ-S-627
A505

A505

140

..
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TABLE X11. SPECIFICATION CROSS INDEX ‘(Cont.)
.-

(1!

>e

—

s
5150

6150
8615

8617
.8620
8630
8640

8645

8735

9262
945

950

‘LATE -

4130

4135
4140

4340

4620

6150

8620

8630
04.

Specification Numbers

[SI -SAE .
>signation Federal.

!
Military

!
AMS” ASTM

:HEET AND STRIP - WROUGHT LOW ALLOY STEEL (Ccmtinued) ““

QQ-S-627
A505

QQ-S-627 Mil-S-18731 6455 A505

QQ-S-627
A505

QQ-S-627
A505

QQ-S-627
A505

QQ-S-627 Mil-S-18728 6355 A505

QQ-S-627
A505
AW)4

QQ-S-627

QQ-S-627
QQ-S-627

WROUGHT LOW ALLOY STEEL

I QQ-S-626

QQ-S-626

QQ-S-626

QQ-S-626

QQ-S-626

QQ-S-626

Mil-S-7809
Mil-S-7809

Mil. S-18733

Mil-S-18729

Mil-S- 18728
Mil-S-7809

6357

6395

6359

6355

..-.-
A505

A505

6350, 6351

A514

A302(GR B)

7-.

950 Mil-S-7809

Mil-S.16216

Mil-S-871

(CL, 2)

UBING - W ROUGHT Low ALLOy STEEL

4130 QQ-T-00825 Mil-T-6736 6360, .6371 A513, A519

4135 QQ-T-00825 Mil-T-6735 6365, 6372 A519

4140 QQ-T-00825
6381, 6390 A519

6150 QQ-T-00825
A519

8630 QQ-T-00825 Mil-T-6734 6281

QQ-T-00825 Mil-T-6732 6530, 6550 A513, A519

8640 QQ. T-00825
A519

8720 QQ-T-00825

8740 QQ-T-00825 6323

8735
Mil-T:6733

9310

6282, 6535 A519

6260

I I
STRUCTURAL SHAPES - WROUGHT LOW ALLOY STEEL I I

945

950

Mil-S-12505

Mil-S-7809
Mil-S-7809

vnnc. ~xrr.c -l WL!IT1lC. UT 1.OW ALLOY STEELS I I. u..-....’- - . . . . . . . . . - —- -——

4130

4135

4140
4320

4340

8630

8735

8740

8750
-..?, I

Mil-S-23194
Mil-S-24093

Mil-F-7190

Mil-F-7190

Mil-F-7190
Mil-S-23194

Mil-F-7190
Mil-F-7190

Mil-F-7190

Mil-F-7190

Mil-F-7190

Mil-F-7190

6370

6382

6415

6280

6320
6322, 6325, 6327

6328

6342

A440

A237
A237

A237

A237

A237
A237

A237

A237

A237

A237
-.. .

YO* U

“1 I Mil-S-18410 I I
AI LU(GK. *-III

I I (CL. 2) I I
tiil-S-18410

(CL. b) A336(CL. F-22)

wIRE - WRO UGHT LOW ALLOY STEELS

QQ-w.412
A231

QQ-w-412 Mil-W-16632
A40 1

6150 Mil-W-22826 6450 A232 $$,:,

-’*: $.
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Appendix A

:. .

alloy steel: (The American Iron and Steel Institute Definition). By common custom, steel is con-

sidered to be alloy steel when the maximum range” given for the content of alloying elements ex-

ceeds one or more of the following limits: manganese, 1.65’percent; silicone, 0.60 ‘percent;

copper, 0.60 percent; or in which a definite range or a definite minimum quantity of any of the fol-

lowing elements is specified or required within the limits of the recognized field .of constructional

alloy steels; aluminum, boron, chromium up to 3.99 percent, cobalt, columbium, molybdenum,

nickel, titanium, tungsten, vanadium, zirconium, or airy other alloying element added to obtain a

‘Idesired alloying effect. Small quantities of certain elements are present in alloy steels which are

not specified or required. These elements are. considered as incidental and may be present to the

following maximum amounts; copper, 0.35 percent; nickel, 0.25 percent; chromium, 0.20 percent;

molybdenum, 0.06 percent.

alpha iron: The body-centered cubic form of pure iron, stable below 1670~.

annealing: A heat treat process; heating a metal to and holding it at a particular temperature and

‘then cooling it at a suitable rate to achieve a desired result, such ,as, reducing hardness, grain

refinement, developirig a particular microstructure, stress relieving, etc.

au stempering: A heat treat process which consists of quenching a ferrous alloy from a temperature

above its transformation range in a medium having a sufficiently high rate of heat abstraction to

prevent the formation of high temperature transfor-mation products. The alloy is held at a tempera-

ture below that of pearlite formation and above that of martensite formation until transformation is

complete.
,.,

oustenite: The solid solution of one or more elements in gamma-iron (face-centered cubic). The

sohxte is assumed to be carbon, unless otherwise designated, e.g., nickel austenite.

austenit izing: The process of forming austenite” in a ferrous alloy by heating it to a temperature

withiir the transformation range (partial austenitizing), or to a temperature above the critical range

(complete austenitizing).

bainite: A transformation product of austenite.

. .

Bainite is formed by isothermal trtisformation of

austenite at temperatures lower than that for the fine pearlite and above the MS temperature. Bainite

is an aggregate of ferrite and cementite, when formed at temperatures in the upper portion of the

transformation range it has a feathery appearance (upper bainite), While that formed at lower tem-

peratures has an acicular or ,needlelike structure (lower bainite).

basic-oxygen process: A process of steelmaking in which molten pig iron and scrap are refiried in

a converter by blowing high purity oxygen onto the surface of the charge.

Bessemer process: A process of steelmaking in which air is blown through

pig iron contained in a bessemer converter.

the charge of molten

143

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



M1l-liDBK-723A
30;NOVEUBER1970

billet: A semifinished hot rolled, forged, or extruded product, generally with a round or.square

cross-section. For ferrous materials the minimum diameter or thickness for a billet is I 1/2

inches, and the cross-sectional area’ may range from’ 2 1/4 to 36 square inches.

blest furnace: A shaft furnace in which solid fuel is burned with an air.blast to smelt ore in a con-

tinuous operation. The molten metal and molten slag are collectedat the bottom of the furnace and

are drawn off periodically.

bloom: A semifinished hot rolled product, usually with a square or rectangular cross section. If

rectangular the width is no greater than twice the thickness. The cross-sectional area of a bloom

usually exceeds 36 square’ inches.

carbon steel: (The American Iron and Steel Institute Definition). Carbon steel is classed as such

when no minimum content is specified or guaranteed for:aluminu’m, chromium, columbium, molyb-

denum, nickel, titanium, tungsten, vanadium, or zirconium; when the minimum for copper does not

exceed 0.40 percent; or when the maximum content specified or guaranteed for any” of the following

elements does not exceed the percentages noted; manganese, 1.65; silicon, 0.60; copper, 0.60.
. . :,

cementite: Iron ,carbide a hard brittle compound of iron and carbon, Fe3 CL.

cold w orking: Plast ic deformation of a metal at a temperature below its recrystallization tempera-

ture.

critical cooling rate The slowest rate at which steel can be cooled from above the upper critical

temperature to prevent the transformation of austenite at. any temperature above .tlie Ms. “

critical point: In an equilibrium diagram, the specific combination of composition, temperature, and

pressure at which the phases of a heterogeneous system are in equilibrium.

ctitical range: In ferro’us alloys, the temperature ranges within which austenite forms on heating

and transforms on cooling. The heating and cooling ranges may overlap but they never coincide.
,.

critical temperature: Synonymous with critical point when pressure is constaht.

crystal: A solid in which the atoms, ions”; or molecules are arranged in a defipite pattern which is

repetitive in three directions. ,,

dec-arburization: The Ioss of carbon from the surface “of a ferrous alloy as the. result of heating in a

medium that reacts with the carbon at the surface of the material. :.’

delta iron: The body-centered ctibic crystalline form of pure iron, stable in the temperature range of

2535°F to the melting temperature, 2795°F. . . .

delta SOIid solut ion: The solid solution of carbon in delta iron. ,.

deoxidize~ A substance that can be added to molten metal to react with free or combined oxygen to

facilitate its removal. ,,
,’

elast ic deformation: The change in dimensions accompanying stress in tlie elastic region, the” origi-

nal dimerisions aie restore dupon release of stress. ‘
,’

elastic limit: The greatest stress that a material can withstand without ‘any permanent strain remain-

ing upon complete release of the stress.
,.

..
elastic modulus: See modulus of elasticity.

element:, A substance that cannot be decomposed by ordinary, chemical reactions.

endothermic: A reaction attended by the absorption of heat. “‘
.
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equilibrium: A dynamic condition of balance between atomic movements where the resultant change

is zero and the condition appears to be static rather than dynamic.

equilibrium diagram: A graph of the composition, temperature, and pressure limits of the phase

fields in an alloy system under equilibrium conditions. In metal systems pressure & usually con-

sidered to be constant.

eutect i c: An intimate mechanical mixture of two or more phases having a definite composition and

a definite melting point.

eutecti c reaction: An isothermal reaction in which a liquid solution is converted into two or more

intimately mixed solids on cooling. The number of solids formed is the same as the number of

components in the system.

eutectoi d: A mechanical mixture of two or more phases having a definite composition and a definite

temperature of transformation within the solid state.

eutectoid reaction: An isothermal reversible reaction in which a solid solution is converted into

two or more intimately mixed solids on cooling. The number of solids formed is the same as the

number of components in the solution.

exotherrnic: A reaction attended by the liberation of heat.’

fatigue: The phenomenon which results in the fracture of materials under repeated cyclic stresses

having a maximum value lower than the tensile yield strength of the material. .

fat igue I i mit : The maximum or limit stress value below which a material can presumably endure an

infinite number of stress cycles.

fatigue strength: The maximum stress that can be sustained by a material for a specified number of

cycles without failure. Completely reversed loading is implied unless otherwise qualified.

ferrite: The solid solution of carbon in alpha iron, body-centered cubic structure.

ferroa[ loy: An alloy of iron that contains a. sufficient amount of some other element(s) to be useful

as an agent for introducing the other element(s) into molten metal.

gamma iron: The face-centered cubic form of pure iron, stable from 1670”F to 2535°F.

gangue: The worthless portion of ore.

grain: An individual crystal in a polycrystalline metal or alloy.

hardenabi I ity: The property .of a ferrous alloy which determines the depth and distribution of hard-

ness that may be induced by quenching.

heat treatment: The operation or series of operations of heating and cooling a metal or alloy in the

solid state to develop specific desired properties or characteristics.

Hooke’s Law , Stress is proportional to strain. This law is valid only up to the elastic iitnit.

hot shortness: Brittleness in metal when hot.

hypereutectoid steel: Steel containing more than the eutectoid amount of carbon.

hypoeutectoid steel: Steel containing less than the eutectoid amount of carbon.

ingoti A special kind of casting (in steelmaking) intended for rolling or forging to wrought form.

iron carbide: A binary compound of iron and carbon, Fe3 C, see also cementire.

I

iron- carbon diagram: The equilibrium diagram for the iron-carbon binary system.
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isothermal transformations: A phase change

the transformation range.

killed steel: Steel that has been deoxidized

which is made to occur at a constant temperature within
..

with a strong deoxidizer such as aluminum so that little

or no reaction occurs between carbon and oxygen during solidification.

.Iow-alloy steel: Alloy steels with a total alloy content of five percent or less.

martempering; A heat treat process that consists of quenching a ferrous alIoy from an .austenitizing

temperature to a temperature slightly above or within the martensite transformation range, holding the

the material in the quench medium until the temperature throughout the mass is, essentially uniform,

“after which the material. is removed from the. quench medium and cooled slowly in air.

marten site: A transformation product of austenite that forms below the Ms temperature. Is a meta-

stable ‘phase; as formed, alpha-martensite is a supersaturated interstitial solid solution of iron car-

bide in ferrite having a body-centered tetragonal crystal structure, characterized by an acicular or

needlelike micro structural appearance. Aging or tempering alpha-martensite converts the tetragonal

crystal structure to the body-centered cubic structure, in which form it is called beta-mar tensite.

modulus of elast ic ity: Within the proportional limit, the ratio of stress to corresponding strain. A

measure of the rigidity of a metal; in tension or compression, Young’s moduIus; in torsion or shear,

the modulus of rigidity, or modulus of. torsion, or the modulus. of shear.
,’ -

normal i zing: A heat treat process for ferrous materials that consists of cooling the material in air

from a temperature sIightIy above the transformation range to room temperature.

open-hearth process: A steelmaking process in which pig iron and scrap =-e refined in a reverbatory

furnace having a shallow hearth and low roof. The charge is heated. by a long sweeping flame that

passes over it.

ore: A natural mineral that may be mined and treated to extract any of its components.

pearl ite: The Iamellar aggregate of ferrite. and iron-carbide that results from the transformation of

austenite at the lower critical point on cooling.

permanent set: Plastic deformation that remains after the release of the stress that produced the

deformation.

plastic deformation: Deformation that will or does remain permanent after the load that caused it

is removed.
.,

Poi sson’s rtrtio: The ratio of the transverse strain to the corresponding axial strain in a body sub-

jected to uniaxial stress; usually applied to elastic conditions.

proportional limiti Tbe maximum stress at which strain remains directly proportional to” stress.

quench hardening: Hardening a ferrous a~loy by austenitizing and then cooling rapidly enough so

that all or some of the austenite transforms to martensite. Austenitizing temperatures for the

hypoeutectoid steels are usually above the A3, for the hypereutectoid steels austenitizing tempera-

tures are usually between the AI and the Acre.

red shortness: See hot shortness.
o

rimmed stee!: A low carbon steel containing sufficient iron oxide to promote a continuous evolu-

tiori of carbon monoxide during solidification of the ingot.

.

.

semiki Iled steel: Steel that is incompletely deoxidized so that sufficient oxygen remains’ to react

with carbon to form carbon monoxide to offset solidification shrinkage., ~
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shear modulus: See. modulus of elast ic ity.

slab: A semifinished hot rolled product”of rectangular cross section with a width greater than twice

the thickness.

stress relieving: A heat treatment which consists of heating a metal to a suitable temperature and

holding it at the temperature long enough to reduce residual stresses and then cooling it slowly to

minimize the possibility of developing new residual stresses.

tempering: Reheating a quench-hardened or normalized ferrous alloy to a temperature below the

transformation range and then cooling at any suitable rate.

transformation temperature: The temperature at which a phase change occurs. Often used to de-

note the limiting temperature of a transformation range. Standard identification symbols for iron

and steel are as follows:

Accm

Acl

A
C3

A
C4

Arcm

Arl

Ar3

Ar4

Ael, Ae3 ,

Ae4 or

A Al,
cm,

A3 , A4

Ms

Mf

For hypereutectoid steel, the temperature at which the

solution of cementite in austenite is completed on heating.

The temperature at which austenite begins to form on heating.

The temperature at which the transformation of ferrite to aus-

tenite is completed on heating.

The temperature at wliich ,austenite transforms to delta fer-

ite on heating.

For hypereutectoid steels, the temperature at which cementite

begins to precipitate from austenite on cooling.

The temperature at which the transformation of austenite to

ferrite, or to ferrite plus cementite is completed on cooling.

The temperature at which austenite begins to transform to

ferrite on cooling.

The temperature at which delta ferrite transforms to austen-

ite on cooling.

Transformation temperatures under equilibrium conditions.

(Martensite Start) The temperature at which austenite starts

to transform to martensite.

(Martensite Finish) The temperature at which the formation

of martensite is completed.

w elding: (American Welding Society Definition) “A locqlized coalescence of metal wherein coa-

lescence. is produced by heating to suitable temperatures, with or without the application of pres-

sure, and with or without the use of filler metal. The filler metal either has a melting point approxi-

mately the same as the base metals or has a melting point below that of the bas”e metals but above

800”F.

147

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MI1-HDBK-723A ~
30 NOVEMBER1970

minutely and uniformly

,Young’s modulus: See

w rought iron: (ASTM definition) A ferrous material, aggregated from asolidifying’ mass of ’pasty’

particles of hi~hlyrefined metallic. iron, with which,without subsequent fusion, is incorporated a

distributed amount of slag.

modulus of elasticity.

.:

.,

,.

,. ,.

,,,

,,,

,,.

,.

,.

“..

,-. ,.

,

,“
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Appendix C

Index

A

Acetylene gas, 304

4; Acid Bessemer process, 96

Acid processes, 14

Acid refractory, 14

Acid slag, 14

AISI designations, 12

Alloying elements, 11, 12, 13, 34

Alloy S, 21

Alloy steel, 2, 11, 12, 42, 58, 65

Alpha iron, 23.

Alpha marten site, 33, 34

Aluminum, 13

American Iron and Steel Institute, 135

AMS Specifications, 135, 137

Annealing, 44, 60

Anode, 128

A-Ratio, 123, 124

ASTM Standards, 135, 137

Ast,on)process, 9, 10

Atomic ,number, 19

Atoms, 19

Austempering, 52
-

Austenite, 23, 25, 26, 27, 28, 29, 33, 34, 52

Austenitize, 47

Austenitjzed, 34, 35
s Average stress, 123

B

Banite, 33, 52

Lower, 33, 34

Upper, 33

Bar shapes, 44

Basic electric arc process, 16

Basic open hearth process, 13, 14

Basic oxygen converter, 16

Basic oxygen process, 13, 15

Basic process, 14

Basic refractory, 14

Basic slag, 14, 17

Bessemer process, 13, 14, 15

Beta martensite, 33

Big-end up molds, 17

Billet, 39, 41

Binary diagrams, 25

Blacksmith, 55

Blacksmithing, 55

Blast furnace, 7, 9, 39 ‘

Bloom, 9, 10, 39, 41

B1OWholes, 39

Bolts, 93

Boron, 13

Bosh, 7, 9

Brazed joints, 91

Brazing, 58, 86, 87

A1loys, 86, 87

Carbon steel, 86, 87

Fluxes, 87

Furnace, 86

Induction, 86

Low alloy steel, 86, 87”

Torch, 86

Brinell ‘hardness, 106

...

Brittle fracture, 107, 109, 110, 118

c“

Calcium carbide, 117

Calcium carbonate, 9
.

Calcium oxide, 15

Calcium sulfide, 17

Capped steel, 18

Carbon, 7, 12, 13, 17, 23

Carbon dioxide, 7, 9, 15 ,..-

Carbon striding, 54

Carbon monoxide, 7, 9, 15, 16, 18
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Carbon steel, 2, 11, 12, 13, 42, 57, 60,

64, 66, 69, 71, 76, 77, 82, 84, 91, 92, 93

Carburizing, 53

Gas, 53

Liquid, 53

Pack, 53

Case, 52

Casehardening, 52

Cathode, 128

Cementite, 23, 26, 27, 28, 29, 33

Charpy impact test, 118, 119,—
Chauffage~ 28

Chromium, 13

Cleavage fracture, 119

Coke, 7, 9

Cold drawing, 39, 42

Cold finished bars, 42

Cold finishing, 43

Cold forming, 55

Cold heading, 56

Cold rolled products,

Cold rolling, 39, .41

Cold working, 39

Combustion. chamber,

Compatibility, 130

41:,

14

Composition cells, 129

Compounds, 18, 19, 21, 23

Compression properties, 104

Compressive stress, 95

Concentration cells, 129

Consumable electrodes, 66

Continuous cooling, 34

Controlled atmosphere, 51

Converter, 15, 16

Cooling rate, 28, 36

Copper, 13

Core, 52

Corrosion, 10, 127

Corrosion”protection, 130

Cracking, 84

Cracks, 86, 89
.,

Crater cracks, 85

Critical cooling rate, 36

Crit ical pointsj 25, 28

Crit ical range, 28, 47
,.~

Critical temperature, 13, 25, 28

Crystal, 19, 25

Crystalline, 19

Ciy5tal nuclei, 20

.,

. .

Crystal structure, 19, 20, 23

Body centered cubic; 20, 23

Close packed hexagonal, 20

Face centered cubic, 20, 23

@P??ing, 56 -
Cy~iding, 54,. ,’

,. ‘.D

Defense Standardization Manual M200B, ‘1

Defense Standardization Program, 1

Deflection, 96
,.

Delta-ferrite , 23

Delta-iron, 23

Delta-Solid solut ion, 23,

Density, 132 .“

Deoxidization, 18 ~

Deoxidize, 14 ,..

Deoxidized, 18

Deoxidizer,,12, 13, 69

Deoxidizing agent, 12 ,

Deoxidizing practice, 17

Department of ’Defense, 1

Departrpent of Defense Index of Sp,ecifi-

cations and Standards, 135’ .,

Die welding, 71 ““ -.

Diffusion, 28, 33

Diffusion rate, 28

Direct arc furnace, 16

DOD Directive 4120.3, 1 ,,. ,

Drop forging, 57.

Drop weight test,, 108

E. ,

Elasticity, 95

Elastic limit stress, 98

Electric ‘arc furpace, 16

‘Electric arc process, 13, 14 -‘.

Electrodes (welding),, 64;. 65, 69, 70, 76 ~~,

Consumable, 66

Tungsten, 66

Electrons, 19

Electroslag welding, 75,.76

Electrostatic force, 19 ,

Elements, 18, 19, 21

Elongation, 101 i 102 .

Endurance limit; .124 .

Equilibrium, 23, 25, 28

Equilibrium diagram, 23, 27, 28

Eutectic, 23, 25. . . .. . . ,J.:~’
.-...,..,..i., : ,;T .~,- .,,

;,,
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Eutectic point, 23

Eutectic reaction, 23

Eutectoid reaction, 23, 26

Explosive forming, 57

External defects, 89

F

Fatigue, 123, 124, 125, 126, 127

Fatigue life, 123, 124, 126, 127

Fatigue tests, 123

Federal Specifications, 135, 137, 138

Federal Standard No. 48, 42

Federal Standard No. 66, 37, 135

Federal Standards, 135, 137

Federal Test Method Standard No. 151,

36, 102, 137, 138

Ferrite, 23, 25, 26+ 27, 28, 29, 33

Ferromanganese, 15

Ferrous metallurgy, 18

“Flash welding, 72, 73, 74

Flat rolled products, 41

Flaw shape parameter, 117

Fluorspar, 17

Fluxes, 69, 70

Forge welding, 71

Forging, 55

Forming, 55

Fracture mechanics, 107, 109, 112, 116

Fracture toughness 113, 116, 117

Free machining carbon steel, 12

Freezing point, 20

Friction welding, 77

Full anneal, 45

Furnace lining, 14

2 Fusion welding, 58

Galvanic cell, 128*
Galvanic corrosion,

G

128

Galvanic series, Table X, 129

Galvanized sheet, 44

Galvanized strip, 44

Gamma iron, 23, 26 ~

Gangue, 9

Gas metal arc process, 66, 69

Gas tungsten arc process, 66, 69

Grain boundaries, 20, 29

Grain growth, 76

Grain refining, 60

Grains, 20

MI1-HDBK-723A
30 NOVEMBER1970

Grain size, 34

Griffith’s theory, 110

H’

Hammer forging, 55

Hammer welding, 71 ., ,

Hand forging, 5s

Hand-puddling, 10

Hardenability, 13, 36

Hardenability bands, 36, 37 . .

Hardening, 47, 60

Hardness, 47’

Hardness-strength conversion, 107

Hardness tests, 105, 107

Brinell, 106

Indentation; 105

Knoop, 106

Microhardness, 106

Rockwell, 106

Tukon, 106

Vickers, 106

Hearth, 7, 9, 14

Heat treating, 48 ,.

Heat treatment, 28, 44, 45, 51

Hematite, 7

Hooke’s Law, 9&, 99

Hopper, 7

H-steel, 36, 37

Hot cracking, 85

Hot drawing, S6

Hot extrusion, 56

Hot forming, ss

Hot pressing, 56

Hot rolled bar, 42

Hot rolled products, 41

Hot rolling,” 41

Hot shortness, 12

Hot spinning, S6

Hot top, 17

Hot top mold, 18

Hot working, 39

Hydrated ferric oxide, 7

Hypereutectoid steel, 25, 28

Hypoeutectoid steel, 25, 27

I

Impact test machines, 119

Incomplete penetration, 89

Indentation hardness, 105

Index of Aerospace Materials Specifications, 135
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Index to ASTM Standards, 135

Indirect arc furnace, 16

Induction hardening,,55

‘ Induction welding, 74”

Ingot, 17, 39

Ingot mold, 17

Inspection, 89

Internal defects, 89 ~

Interstitial solid solution, 21 ,

Inverse square root law, 112

Ions, 19

Ionic compound, 19

Iron, 7, 9, 10; 12,.13,23

Iron carbide, 23, 25 I .

Iron-carbon alloy, 11, 12

Iron-carbon system, 23, 25

Iron ore, 7, 9, 14

Iron oxide, 7, 9, 15, 17, 18

Iron silicate slag, 9

Iron sulfide, 12, 15

Isotherm, 25

Isothermal anneal, 46

Isothermal transformation, 33; 34.

Isothermal transformation curve, 29

Lock seam, 92

Long terne sheet, 44

Low-alloy steel, 2,

82, 84, 86, 91

High strength, 13

Machinability, 57

Machining, 57 -.

11, 13, 65j66j69; 71, 77,

M

,.

Machining Data Handbook, 57 ,.

. Magnetite, .7 . ,

Manganese, 12

Manganese, oxide, 15 ,-.

,Manganese sulfide, 12, 15,’57’,

Martemper, 52 :-

Martensite, 29, 33, 36

Martensitic structure, 34, 36

Material cost, 132 “

Material selection, 132, 133 .. ~~

Material specifications, 135, ,137,

Mean stress, 123

Mechanical fasteners, 92

Mechanical fastening, 58 ,.

Melting point, 9 ,.,!

Isothermal transformation diagram, 28, 29, 34” Metal, 19, 20, 21 ~

Metal atoms, 20Isothermal transformation study, 29

I
J

Joining, 58

Jominy end-quench test, 36

K

Killed steel, 18

L

Lamellar structure, 28 ,,

Lattice, 19

Line, 19

Point, 19

Space, 19

Lever; 25

Lever principle, 26, 27 ‘” .“

Lime, 9, 15, 16

Lime boil, 15

Limestone, 7, 9, 14, 15

Limonite, 7

Liquid phase, 20

Liquid solution, 21, 23, 25

Load-deflection curve, 97

Load-$ train curve, ’97

Metallic” alloys, 21

Metallic bond,.21

Metallic properties, 21 ‘.,
Mil-Hdbk-5,, 2, 98

Mil-Hdbk-723, 1

Military Materials Specifications, 135, 137,

138

Military Standards, 135, 137

Mixtures, 18, 21

Modulus of elasticity, 96, 97

Modulus of rupture., 105

.,,,, Molecule, 19

Molybdenum, 13

N ‘-

i .. Negative ions, 19

Neutron, 19

Nickel, 13

Nil-ductility transition temperature, 109

Nitriding, 54 : .

Normalize, 47

Normal stress,, 95 :,
Nucleation, 29 “,

Nucleus, 19, 29

Nuts, 93

154

.

Downloaded from http://www.everyspec.com on 2009-08-06T4:39:09.



MIL-HDBK-723A
30 NOVEMBIR1970zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0

Orbital shell, 19

Ore, 7

“Ore boil, 14 ~

Open-hearth furnace, 14

0xidation,7, 13, 15, 16, 17

Oxidizing slag, 17

0xYgen,7, 14, 15, 16, 18, 58

Oxygen lance, 16

P
●

Pearlite, 25, 26, 27, 28, 29, 33, 34

Peritectic reaction, 25

b
Phase, 21 .

- Physical properties, 130

Pig casting machine, 9

Pig iron, 9, 10, 13 j 14, 15, 16

Pigs, 9

Pipe, 17

Plain carbon steel, 34

Plane strain, 110, 112, 116

Plane stress, 110, 112, 116

Plastic strain. 99.-
Plate, 42

Poisson’s Ratio, 98

Polymorphic forms, 23

Polymorphic transformation, 20, 23

Polymorphism, 20

Pop-in, 113

Positive ions, 19

Postheat, 72, 77

Preheat, 69, 72; 76,

Press brake, 56

Press forging, 56
.+.-. Press work, 56

Process anneal, 47

77, 82, 85

Proeutectoid cementite, 28

$ Proeutectoid ferrite, 26, 27

Proportional limit, 98, 99

Protons, 19

Q

Quality assurance, 135, 137, 138

Quench, 36, 47, 48,

R

Recrystallization, 39, 47

Reducing slag, 17

Reduction of area, 101, 102

Red shortness, 12

Refining, 13, 14, 16

Refroidissement, 28.

Regenerative chamber, 14

Regenerative system, 14

Residual stress, 83, 84

Resistatike w“elding, 58

Restraint, 83

Rimmed steel, 18

Riveting, 93

Rolling, 39, 43

Roll forming, 57

Roll welding, 47, 71

‘s

SAE designation, 12, 135

Scrap, 15

Scrap iron, 9

Scrap steel, 13, i4

Screws,93
Selection criteria, 95

Semiskilledsteel, 18

Shearfracture, 119,

Shear modulus, 105,.
Shear properties, 105

Shear strai& 96

Shear stress, 95, 105

Shot peening, 60

Silica, 17

Silicon, 12

Skip, 7

Slab, 39, 41

Slag, 9, 10, 13, 14, 15, 16, 75

Smelting, 9

Smith forging, 55

“S-N curve, 124, 126

“Soderberg diagram, 124, 125, 126 ‘

Solder joints, 91

Soldering, 58, 88

Flux, 88 ..’

Furnace, 88

Induction, 88
.,

Iron, 88

Oven, 88

Torch, 88

Solders, 88
,., .

Solution,’ 19, 23

Liquid, 21, 23, 25
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Solid, 21

I interstitial, 21

substitutional, 21

true, 21 /“

Spheroidization, 46

Spherodize anneal, 46

Spherodized structure,

Stack, 7, 9

Standardization, 1

46

Standardization handbook, 1

‘,..-

Star cracks, 85

Steel .

A11oY, 2, 11, 12, 42, 58,.65 ‘.

Capped; 41

Carbon,2, 11, 12, 13, 42, 57, 60, 64, 66,

69, 71, 76, 77, 81, 84

Free maching,.12, 58,..
Killed, 18

Low-alloy, 2, 11, 13, 65, 66, 69, .71, 77,

82, 84, 86, 91

Plain carbon, 12

Rephosphorized, 58

Resulfurized, 58 . .
Rimmed, 41 .,,

Semiskilled, 18

Structural, 71, 76, 77, 82 ‘

Steelmaking, 13, 14, 39 ,, : ,.., .,.

Stove, 9 .,,

Strain, 96, 97, 99” .,

Strain hardening, 99, 100 .
Strain hardening exponent, 99 ,.

Stress, 95, 96, 97, 99

Stress concentration, 85, 127 “

Stress concentration factor, 120, 125 . .

Stress corrosion, 130

.Stress ratio; 123, 124

Stress relief, 60, 64, 66, 83, 84 ~

Stress-strain curve, 97 ,

Structural -sec,tions, 44 “

Structural shapes, 44’ ..

Structural steel; 71, 76, 77, 82

Sulfur, 12, 17

Surface hardening, 52 ,: :

,’ T“

Temper,34, 47, 51, 82 ,’

Tensile properties, 102 ,,

Tensile stress, 95 ,.-

Tension test, 101
,,.

,,

...-

,,

Terne plate, 44

Thermal conductivity, 130

Thermal expansion, 131

Time-Temperature-Transformation diagram,, 28

Tin plate, 44

Torsion test,” 105

Total cost, 132

Transformation, 27, 28,29, 33, 34,.41, 46

Transformation products, 29

Transformation rates, 29

True solution, 21 ~ ,9,

T-T-T curve, 2fj ~ -
*

Tubular products, 44 ‘.’ .,
,,

Tuyeres, 7, 9, 15
~

u.’..’:

Ultimate strength, 10.1, 102”

Ultimate stress, 105 ~

Underbead cracking, 85

Unit cell, 19, 20 ,,
Upset forging, 56 .,

... v:”

Valence, 19 “

Valence, electrons, 19’ .,

Valency group, 19 ‘

Vapor state, 20 .:
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1. This Military Handbook is approved for use by all Departments and

Agencies of the Department af Defense.

2. This publication was approved on 21 October 1985 for printing and

inclusion in the military standardization handbook series.

3. T~i: d~~~efit pr~vi,je~ b~~i~ and fund~~e~t~] i~f~~ati~” ~~

nondestructive testing, inspection and evaluation useful durin~ all phases of

the DoD hardware’s life cycle.

4. Every effort has been made to reflect the latest information on

nondestructive examination. It is the intent to review this handbook

periodically to insure its completeness and currency. Fleneficialcmments

(recommendations, additions, deletions) and nny pertinent data which may be of

use in inp?ovin~ this document should he nddressed t~: Director, U.S. AririY

Materials Technology Laboratory, ATTN : SLCPIT-MSR-ES, Waterto!m, MA 02172-0001
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FOREWORD

This handbook provideg to all Department of Defense (DoD) personnel

information, facts, and principles on the science of nondestructive testing,

inspection, and evaluation. By proper use of this science, the safety, the

reliabili ty, and the efficiency of the procurement and use of all DoD material

and hardware will be increased. This handbook information should be ugeful

during all phases of the L?uDhardware’ s life cycle including production,

maintenance, and repair of the hardware.

Thie handbook, by combining the existing nondestructive testing handhoks

and releted materials from all DoD agencies into one document, should help to

establish unity in the nondestructive testing area within and between all the

‘itienki~iof the“DoD. Th6 6i@fiiXition and- lo”ose-leafformat will”make it easy

to correct, update, and tailor to fit individual, needs within the DoD.

Since the handbook’.geffectiveness depends upon continuous, feedback from

its users, individuals are encouraged to contribute comments and suggestions

by filling in and mailing Form DD 1426 provided at the end of this document.

1 (;
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1.0 scoPi

1.1 *. Although this handbook is provided as a guide to all those

employed in nondestructive testing (NDT), it will be of specific interest to

administrators, designers, production engineers, quality assurance personnel,

and nondestructive test engineers and technicians. lt has been formulated to

cover both broad and specific applications of NDT, so as to satisfy

individuality, as well as conformity, of interests and knowledge smong the

divisions of responsibility in NDT. Not everyone will be interested in all of

the specially identified sections. However, to obtain optimum benefits, it is

recommended that users of this document review it in ita entirety, while

paying particular’at tention “to those sectiori:,often identified by a heading

or subnote, which may be of specific concern to them.

The handbook, which currently inco~poratez Seneral principles and procedures

(as well as safety items) of eddy current, liquid penetrant, magnetic

particle, radiographic and ultrasonic testing, will be updated, to include

chapters on other NDT methods as they become appropriate.

It must be emphasised that this handbook is not a training manual. Nor can it

replace other written directives, procedures or specifications. However, it

can serve aa a reaciy reference to the important principles and facts relating

to the employment of nondestructive testing, inspection and evaluation. It

can be used to refresh one’s me”ory of a particular NDT principle or

(

relationship, to double check or establish a particular fact, or to review the

main ideas, concepts or completeness of a particular approach.

...

I I
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1.2 USERS CUIDE

1.2.1 NANDBOOi O&NIZATIOti ‘“

This handbook, which is intended to make chaages, additions and tailoring

easy, use$ chapters as independent organizational elements. Each chapter is

reasonably complete and self-contained with respect to each specific topic

presented and is divided into numbered eections and subsections for ease of

~~ reference and use.

Pages ere numbered consecutively within each section:”sections are numbered

consecutively within each chapter; and chaptera are numbered consecutively

within the handbook. The publication or revision date of each page is loceted

at the bottom inner edge of the page.

Tables, monographs. drawings, and other illustrative material are nO~allY

presented within the text. They are identified by the number of the section

in which they first are referenced, followed by a sequence riumberin

parentheses: e.g. , the first Table in section 5.2 is designated as Table 5.2

(1), the second Table in the same section is designated Table 5.2(2), etc.

The general Table of Contents listing all chapters in the handbook is found on

page iv. A.Table of Contents listing all sections in a chapter is located at

the beginning of each chapter.

1.2.2 REFERENCES

(

There are two t.yp.?~of references used in this handbook; (1) cross-references

to paragraphs in the handbook, and (2) references to other publications which

are the sources of specific ❑ateriel. Cross-references are uged within this

handbook wherever poesible to avoid duplication of information.

1.2.3 INDEx

A detailed index of subject matter, keyed to section numbers, is provided at

the end of each chapter.

1.2.4 FORFIAT FOR DEFINITIONS

Terms which apply to a specialized area and are not.defined in standard

publication are usually explatned in this handbook. If a term is used only

once or infrequently, it is explained in the text whe~ it Occurs - If it is

used frequently throughout a chapter, it will appear.in the glossary at the

end of the chapter. Common terns, or those whose definitiona appear in

standard glossaries or dictionaries, ore not normally included in this

handbook.
.

1.2.5 RANDBOOK REVISIONS

“Every effort haa been made to reflect the latest imfonnation on eddy current,

liquid penetra6t, magnetic particle, radiographic, and ultrasonic testing. It

i
ia the intent to review this handbook periodically to engure ita completeness

and currency. Each revision will include a revised List of Current Pages

which will show the latest issue of each page of the handbook.

1.2-1
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1.3
... .. ....’. ,,’ ‘.

)
Although extensive definitions are included in each chapter, several basic

terms -- Nondestructive Testing (NDT), Nondestructive Inspection (NDI), .snd

Nondestructive Evaluation (NDE) -- are worthy of special discussion.

Any tes,ting,inspection, or evaluation that does not cause harm to or impair

the usefullnesa of an object satisfies the ❑eaning of the word

“nondestructive.” In common usage, testing often refers just to test ❑ethods
and test equipment with only a general reference to materials and/or parts.

Inspection relates to specific written requirements, procedures, personnel,

standards, and controls for the testing of a particular material or a specific

part. Evaluation is concerned with the decision~making process, the

‘d~fetiination of the meaning of the ras”lt’g, or the final acceptance or

rejection of the material or part und may be qualitative or quantitative.

When only qualitative or ralative values are required, the “se of reference

standards is minimized. For quantitative evaluations, however, ertensiive “se

of reference standards and controls is often involved.

Although these distinctions between NDT, ND1, and NDE can be (and often are)

made, the terms are also often interchanged. In order to evaluate, the

results of an inspection must be available. In order to have the results of

an inspection, a test must “be conducted. And no test or inspection is really

complece without an evaluation. As a result of these interdependancies, no

(

strict differentiations batween these terms are made in this handbook.

I

/
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>,
1.4 GENERAL PRINCIPLES AND GUIDELINES

1 The following section presents principles and guidelines for the general

employment of NDT, as well as for specific NOT disciplines. In some cases,

the material is repetitive, since several disciplines are involved in similar

activities. It is important, however, to understand differences, as well as,
similarities, between the disciplines, and to recognize how cooperation

between these disparate disciplines is vital to the overall success of NDT.

Guides for applying specific NDT methods are contained in the chaptera for

those.specific methods. The principles and guides covered in this section are

all summarized in tables at the end of each subsection, and can ba used as

handy raference guideline.

1.4.1 C!ZHERAL FRINCIF’LEX AXD GIJIDELIiJI?SFO17USING ND’T

Before specifing the use of NDT in any program, “several things .should be

considered. First, detenaine exactly why, or if, NIX’is z-squired. There are

many reasona why NDT may be desired or necessary: to increase the production

rate (by assuring a higher success rate), to increase reliability, “to improve

or maintain safety, to meet legal requirements, to differentiate or identify

~

improved processing methods, or to detect changes in the product before they

become a problem.

(“ There is a danger that specifying NDT has become routine practice rather than

the result of a real need: i.e., it was done this way last time: it is always

done this way; they did it, we have to do it; everyone else is doin& it; or

let’s do it just to be safe. Sometimes NIYTis specified just for

administrative reasons: the contract requires it.

Often, although the use of NDT is specified to satisfy a legitimate

requirement, it may actually be inappropriate. For example, the ultimate

purpose of a test may be to ensure that a part has it? re,quireddesigned

stren~th. NDT tests are often ueed to accomplish this determination, even

though they do not directly measure the strength of a ?art: its strength can

only be inferred by the absence of certain detectable flaws. A simple proof

tast, which does not require any assumptions, standarda, correlations, or

other inferred relationships, would have been much more appropriate. The

principle here being that an affort 9hould alwaya be made to dete.mine the

critical properties directly. Inferring the rasults by secondary means should

only be considered when specific circumstances warrant. Since al,moatall ND’T

❑ethods are indirect or “secondary”” types of’measurements, they are often best

replaced by more direct methods. Direct methods are not relevant to

nondestructive test methods deployed in end items where destructive tests are

not feasible, i.e. thermal damage to aircraft structure.

Whatever the reasons given for specifying ND1’, it ia important that everyone

involved in NDT recognizes and evaluates those reaaons realistically so that

those rssponsiblezfor implementation are able to provide logical and affective

responses.” Certainly, all progriuns should consider specifying the use of NDT;

however, its automatic use should be evoided. NDT should always have an

identifiable purpose that justifies its expense. The reasons for the

requirement of NDT will often affect all other decisiong.

1.4-1
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Once the reasons fo:,the.requirement of NDT haye been established, iL is al-

~ays wise to determine if the requirement csn be eliainatea or reducsd through

the use of better materials, or better processing controls, or a better design.
NOnde~tr~~tive testing has no intrinsic value. Specimens do not last longer

simply because they have been ultrasonically inspected. Specimens are not

made stronger simply because they have been X-rayed. (If they were, we would

inspect and X-ray every part ten times over.) The removing of the

justification for any NDT is therefore desirable. The requirement for NGT,

however, camot always be removed. Therefore, although alternatives should

ideally be considered first, NDT will often be specified.

It is the designer who has the largest responsibility in this area. (See

section 1.4.3 for information on the subject aS it relates tO the designer. )

Once it becomes clear that NDT is appropriate or otherwise required, the

designer must consider other impnrtant aspects of tbe situetinn, including

whether the design can be inspected and whether it can be improved to ❑ake the

inspection more reliable or efficient.

Since NDT can be (and is) used for a multitude of rsasons, it is important

that all needs be correlated. The production engineer may want to inspect the

raw material as soon as possible, even before it arrives on site. NDT engi-

neers, if given a choice, would prefer to inspect material after it has been

machined to a simple shape with smooch surfaces. Reliability and safety engi-

neers would prefer that the IJDT test be performed after all major operations

have been completed. Many times, all of these tests are not affordable.

Therefore, it is important to decide exactly when and where in the manufactur-

ing process NDT should and will be specified.

For every place NDT is specified in the manufacturing process, one of the most

important factors to be stipulated is the critical flaw limitations that must

be detectable. Almost all materials, and all items made of materials, have

imperfections of one size or annther. These imperfections can be defined as

fl.sws. However, the very small imperfections or flaws do not always impair

the usefulness of an item. When this is the situation, it would be

inefficient to inspect for these non-critical flaws. Therefore, the

specifying of this critical size where the usefulness becomes potentially

impaired is important. Those imperfections or flaws that are critical, or

larger than that acceptable, are called defects. It is impossible to

determine the flaw limitations required for an inspection without knowing the

purposes of the inspection, as well as the complete design requirements of the

finished parts.

The dete”&ination of this limitation in flaw size is not always ‘easy. One

vety common limitation specified in the use of ND’1’is “’noflaws are allowed.”’

Certainly such an achievement would be desirable. However, no test or inspec-

tion with that kind of limitation can be expected to succeed. Often, when

this impossibility is eventually understood, the naxt requirement specified is

“find the smallegt flaws poggible. ”’ Again, although tbe desirability of this

type of requirement is apparent, testing to this degree is generally not

affordable.
/
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... ,. Ultimately, the decision on the proper limitation for allowable flaw size must

be made by the d“esigner working in cooperation with production, stress, and

msterial engineers. They must determine the types of flaws expected and the

maximum allowable flaw limits required to,achieve or maintain design goala.

1, Only after this groundwork has been completed, can the proper decisions ”for

the requirements for NDT be made. Depending upon the NDT capabilities that

exist, trade-off studies may be necessary to ensure that the critical flaws,

“. at their specified limits, can be effectively and reliably detected. Although

trade-off studies and decisions should be accomplished at the design level,

they often are not because of insufficient infnnmation. When “not made at the

design level, choices becnme more limited, often resulting in either a

reduction of the original design goals or the acceptance of unreliable

~
prnducts.

Once tileseflaws and flaw limitations have been determined, then NDT engineers

must respond by finding answers to ❑nre queetions -- What NDT method must be

used? What equipment, persotiel, and contrnls are necessary? .Many times, one

method alone may not be adequste.

No ,test or inspection is complete” withnut the proper and adequate evaluation

I
of the data. If a permanent test record is required, the documentation must

be considered in the NDT test itself. Since snme methods of NDT.do not

provide results in terms of a permanent record, specifying permanent records

“’or documented proof of the passing nf a test drieslimit the choices available.

(
This limitation nf test methnds should be considered befnre such requests are

made.

Principles and guidelines for specific disciplines are given in the paragraphs

that fnllow. The assignment nf principles and guidelines to specific

disciplines clarifies who is responsible fnr implementing the concepts nf NDT

and hnw each discipline must suppnrt the other if success is to be achieved.

1.4-3
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Table 1.4(1). General principles and guidelines ”for NDT.

1. Determine exactly why NDT is required.

2. If unreasonable, to remove the HDT requirement or minimize it.

3. If the need for NDT cannot be denied, design for inspection.

4. Determine the proper plsce(s) in the life cycle for performing NDT.

5. Establish critical flaw limitations in quantitive items. These

limitations cannot be: “’Noflaws allowed” or “Find the smallest

possible flaws.” They should be in terms such as ‘“Nocracks shall

exceed a length of 4 mm in any direction or “’anypores or combination

of contiguous pores that equal or exceed the volume of a 3 mm sphere

shall be rejected”’.

6. Determine the appropriate method(s), equipment, personnel, standards,

and controls. Remember, most NDT methods do not reveal flaws

directly und interprc+.ation is ~ften possible only through the use of

proper standards. NDT methods usually only find indications or

differences. These indications .re significant only to the degree

that they can be interpreted correctly. Also remember that complete

answers (positive answers) cann>t always be obtained by a single

inspection method. Two or more meth~ds may be required for a

complete analysis.

7. Establish the means for complete, pr~per, or adequate evaluations

(to include reports end documentation).

1.4.2 PRINCIPLES ANP GUIDELINES FOR ADMINISTRATORS

The s,]ceess for any NPT pr~ernm will alwnys rest l]ponman~eers. It is the

m:ln.accrwhl muxt decidr? the overz?11 Rsals, the proper divisim of the

availahl? funds, and the coordination that must be maintained. It is the

mnna~er krhodetermi~es the decree to which the total life cycle of a component

is considered -- including the producti~n of raw stock to the final salvaee of

worn-out parts. The mans.gcrmust sften accept the responsibility if proper

funds hnve not been set aside for adequate NDT, if degigners did not properly

coordinate with production and NDT engineers to design a system that could be

efficiently inspected antibuilt, and if completed parts cannot be properly

inspected in the field. Beceuse the nanacer plays such an important role,

special administrative directives have been published by”DoD. The guidelines

and principles given in DAP 11-25, should receive seri.ms attention.

Mana<ers must recognize and mnintain consistent control over the integrity of

the total inspection system by separating quality inspecti~n command from the

production gr~up, while simultaneously encouraging communication and

caordinatian between the twa areas. The manager must determine the relative

degree of this sep~ration, effectively balancing the pressure of meeting

production rates with the necessity for successful inspection bY using

independent manaEers.

(
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Keeping communications active betweer, functional groups is important,

especially during the design phase. Communication, which can be either formal

or informal, often takes the form of written release statements required on

all design drawings by Quality Assurance (QA) and NDT engineers. Since the

effectiveness”of communications dependa on the time, money snd personnel

available to ❑ake analyses, it is up to the manager tn determine the degree of

effort to devote to specific communications actions.

Communication during the production phase is especially required if there are

incomplete design decisions, since QA and NDT engineers cannot do their jobs

effectively until designers have established specific flaw limitation

requirements and allowable trade-offs. Although it is true that msny testing

decisions cannot be made during the design phase, until the flaw limitations

are established, the designer must remain on the project and in communicatnn

with QA personnel.

The manager must emplny sound management practices to encourage quality

resultg by fostering high morale and positive motivation among his

subordinates. Most importantly he ❑ust be provided with the means tn

establish accountability and given the”pnwer and the authority to take

definitive action when .necessary.

Table 1.4(2). Guidelines for administration of NDT (managers).

1. Maintain integrity (clear separation of responsibilities) between:

o Rate of production (Production Engineering).

o Quality of production (Inspection, QA, etc.).

2. Ensure adequate communications (before, during, and after) between:

o Designer.

o 9A.
.

0 Production Engineer.

o NDT Engineer.

o Materials Engineer.

“3. Provide adequate personnel, facilities and avenues for implementation.

4. Employ sound management practices.

/
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1.4.3 PRINCIPLES AND CUIDELINSS FOR DESICNFH?S

To achieve a successful design, a designer has to deal with several

constraints, such as size, weight, weight distribution, dimensional tolerances

and fits, ❑aterial computabilities, production capabilities, cost limitations,

strength, fatigue life, appearance, surface finish, etc. Although e designer

should be careful about adopting unnecessary constraints, he should be aware

of the inspectability of his design and whether it will require NDT or whether

choices exist that could render NDT nonessential. A designer who has a

background in NDT can ❑ore readily reach this determination (taking into

account cost-effectiveness, safety, and legal obligations associated with

safety and reliability) and can ❑ake decisions, when required, that favor a

successful NDT program.

One of the most important obligations of the designer, when NDT is determined

to be 3~C~S33Y;, :s to cotablish the requirefients for the inspection, with the

help of stress, material, and test engineers. If these limits are not

reasonable relative to the liDTmethods available, then trade-offs must be

considered.

One area that is seldom considered by desiGners is the use of internal

standards. For exnmple, almost all ultrasonic inspections require a special

setup b’ithcomparisons to reference standards. Ideally, there must be a like

correspondence between significant factors within the comparison. Reference

standards should perfectly match the test article in the type of material, the

hardness, the thickness, the surface finish, etc. Test setups should produce

equal indications for equivalent flaws. With very little extra cost,

cor,ysnefitacan be devel~psd thht hhvti Lideiruwn internal sianaartisdesigned

into them as an alternative. When ar.andardsare designed into the component,

all the correlations required for surface finish, for type of material,

hflrdness,etc. , are all automatically achieved and the inspection is greatly

improved in terms or time and reliability. The arrangement of itaving the

designer create the NDT standard saves time and provides the desiRner with

important NDT knowledge.

Almoac all NDT testa, including radiof;raphic,eddj current, and ultrasonics,

can be improved by similar considerations. Designers should exercise a direct

effort to improve the inspectability of the parts they design, not just in the

development and construction phase, but also in terms of inspection required

during the service and repair phases of the component’s life. Only a designer

can accomplish this desirable total life cYcle apprOach.

1.4-6
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Table 1.4(3). Guidelines for designers.

1. Determine if NDT is really required.
)

2. Determine if the need for NDT can be rsmoved by:

Improving the design.

Using an over-design approach.

Usiug redundancy.

Using better materials.

Selecting better production methods.

Establishing better production controls.
.

Accepting more risks.

Substituting proof tests.

3. If NDT requirements cannot be removed:’

Does the design allow NI)T?

( Will trade-offs be necessary, or can trade-offs be found, to

make possible

Will internal

:IuTE: Sometimes NDT will

be done, use it to

be feasible, etc.

andior improve the NDT inspection?

standards be necessary and/or practical?

be.required by contract. The refore, if NDT must

.vour advantflCe. The “se of cheaper material nay

1.4.4 PRINCIPLES AND CUIDEL1NE5 FOE PRODUCTION ENCINEERS

Production engineers alko work under constraints. Thej must produce

acceptable products within an assigned time schedule and fixed budget. Their

success depends upon the employment of both basic and technical knowledge, of

which optimal use of NDT is an important part.

Production engineers must constantly assess the smount of NDT required and

determine exactly where it is to be accomplished. Forexanple; expensive

machine time cannot be spent cuttin& raw material into a finished product only

to find, at the-last cut, an internal flaw that requires rejection of the

psrt. Such flaws should be found before such operations are initiated.

/
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Production engineers normally desire to perform NDT at the earliest possible

point in time, usually at receipt of raw stock. The NDT engineers, however,

usually want to do NDT when the parts have the simplest shape with the most

uniformly prepared surfaceg. Reliability engineers often want to do the ND?

after all uossible disturbing operations are completed. Usually, there is not-.
sufficient time or money to do ell these inspections. The final decisions

often rest with the project engineer who must meet overall budget and time

~
constraints.

Production engineers should also be aware that production methods and

controls, ❑aw times, establish the need for NDT. Although selectinn of

production methods and controls that prevent flaws from occuring would, of

course, be ideal, trade-offs between the costs of using a more expensive but

less flaw-inducing method, versug the cost of testing and possible rejection,

must be a consideration for every choice being umdk.

One of the most productive uses of NDT is the direct emplnpent of inspection

during the actual manufacturing prncegs. For example, a ❑ethod that

completely changes the approach to the ❑anufacturing process and weatly

increaseg the reliability of the finished product is the use of ultrasonically

controlled cutting machines which determine material thickness as each cut is

made. Automatic tiDTcontrols such as these provide great opportunities for

increased productivity and reliability.

Table 1.4(4). Principle and guidelines for production engineers,

1. Determine the earliest point in time when NDT ig desired.

2. Ensure that the rate of inspection is adequate or initiated early

enough to maintain adequate stock levels.

3. Know the &terial, the reputation of the sources of the material, and

the characteristics of the production operations as affected by the

material.

4. Select production operations and controls that minimize material

problems.

5. Coordinate the NDT tasks with requirements from QA and Design.

6. Use the science of NDT as a direct production control methnd where

developed and appropriate

1.4-8
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1.4.5 PRINCIPLES AND GUIDELINES FOR QUALITY ASSURANCE PERSONNEL

, The information given herein should be taken only as

Quality Assurance (QA) personnel. Specific detailed

by each.of the separate branches of the DoD. All QA

their respective manuals for specific instructions.

Eeneral guidelines for

instructions a“reprovided

personnel should refer to

Quality Assurance (9A) responsibilities extend over the full ND’Ispectrum.

The total magnitude of administrative and technical responsibilities depends

upon the size of the operation involved. However, whether only one individual

or many individuals are involved in the QA task, the following areas must be

considered as part of the QA responsibilities:

1.

2.

3.

4.

5.

(
b.

Train, test, and classify inspection personnel and maintain their

records.

Know the availability, effectiveness, and costs of NDT facilities and

operations.

Maintain teat records and reports.

Establish and maintain communications with design, production, and

program managers.

Maintain a’“corrective action” system.

Maintain an advanced technolo~ical improvement program.

Administration of the QA task includes -control over personnel, NDT facilities

and data records. Personnel rosters, showing IJDT related education, traininc,

tests, test scores, qualifications, classifications, and appropriate medical

records should b maintained on all individuals responsible for NDT (including

those ostside of QA who are involved in NDT). Comments on their abilities ani

limitations should also be included. These records should be continually

checked and updated. In addition, QA administration should,provide a formal

training, testing, $cor@g, and classificati”on,program ”utilizing assigned

instructors and persomel to administer these areas. Retesting and

reclassification of personnel should be done periodically on a continuous

basis with maximum time periods specified for retesting each time a

classification is assigned.

QA should maintain a current inventory of all ND1’equipment with ready

references to the “accuracy, resolution, reliability, maintenance schedule,

average downtime, and inspection rate of each item. In addition, racords

should be kept on all other factors that might impact on time, money, and

pereonnel. Cost of labor, maintenance, electricity, and other power eources

must all ba monitored and kept current. All of this information ia vital for

making the decisions that must be made by QA.

One of tbe msjor.hdm.iniatrative dutieg performed by 9A includes maintaining

inspection recordi and reports. As a result, the following questions should

be considered by QA:

1.4-9
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kept’?

2. I{OK10nG should they be kept?

3. How shall they be maint~ined?

4. How should they be purged or corrected?

5. Who shall have access?

Many of these records must be maintained fo~ the life of the progran or the.

parts involved.

Communication is another large area of administration for QA. Communication

with upper management, pro,iecten,.?ineers, desicners, production and material

enCineers, facilities, and laboratory standards personnel should be

established findmaintained by OA.

In the technical area, QA ~hould proi.irleprcdesi~n support to help the

dcxiGners develop parts that are inspcctable to the degree necessary to assure

the,required reliability. QA sliould;IISO!W able to check the completeness of

i.tw.desiCriers‘ approach to lilIT.

‘Qu.qlit.y:ms”rance mu:;t support the :W:tUP, or initiation, of proriuction runs.

This support requires an understanding of exactly what is required, why it is

rvquired. and all appropriate trade-offs thnt mW be Present. Decisions on

exact methods to be used must be made. whether those methods are NDT or

others, and the standards or verifications required must be established. It

Lhen becomes necessary for CIA to monitor the existing production runs to

,jll~urethat all ~riginal ~ssumptiarls are still valid, that all procedures are

being followed, and thnt proper records, reports, and interpretations are

boin~ developed.

!t is essential that (3Am,ainLain o,.yscem~,for detecting potential or actual

problems and expeditiously solvin~ those problems. These “corrective action””

s:;stems may consist of several items, includin~ formal report procedures,

review boards, and rejection tags for defective parts.

In addition, for any QA department to be successful over a’10ng periOd Of

time, it must recognize that changes must be made as technology is impmved.

QA should have a formal interest and obligation to stay up-to-date with the

state-of-the-art of NDT, thus allowing personnel to become knowledgeable and

experienced, so they can periodically improve NDT capabilities as new

developments occur. Although funding for this area of effort is not always

available, it is essential to effective preplanning activities that personnel

have access to current technology.

It does not hsve to be assumed that QA accomplishes all the details of everY

assigned task in all these areas, either adminiatratively or technically. But

it is QA’s responsibility to see that, oversll, these details are accounted

for or that reports to the contrary are made. Much of QA”s success will

depend upon the quality of com..unications established with all the involved

areas and the formulation of decisions based upon their cOmbined .inPu=.
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Table 1.4(5). Guidelines for oualitv assurance personnel.

A. Administrative Areas:

1. Administer Personnel Training and Classification (including resters,

NDT education, training, tests, test scores, qualification. ratings,

work classifications, medical historieg, NDT work experiences, ‘and

evaluations by supervisors).

2. Maintain Current Inventories of NDT Facilities to include specified

accuracy, resolution, reliability, maintenance schedule, average down-

times, inspection rates, availability of operators, operator costs,

depreciation rates, maintenance costs, availability of power,

operating costs, etcl

3. Maintain Inspection Data’Records - What records, hnw maint~ined, h>w

long, how purged and/or corrected, who has accesa.

4. Establish Communication (Policies, Planning, Scheduling,

Coordination, Proposals, etc. ) with and between administrators,

p:ojact engineers, designers, production, material, and facilities.

B. Technical h~eno

1. Support Design Drawing Reviews - Assist in checking and approving

completeness of designers approach, ‘“tradeoffs, and decisions.

2. SUFpOr[ t!l=?rOgrSn - !lctc=inc exactly vh,a: is required, why it is

required, and what methods are to be used. Establish procedures for

chosen method, standards, reports, and data controls.

3. IJetectand Solve Problems (Corrective Action) - Establish corrective

action review boards, and rejection tags.

4. EncourxKe Hesearcb aptiIkvclo?nent (R & D) - Sca.ving up with the

state-Of-the-.arL.

1.4.6 PRINCIPLES AND CUII)ELINES’FOR NDT ENGINEERS

Some ND? engineers nay be directly involved with receiving and inspection,

quality assurance, or production activities, while other NDT en&ineers are

ase.ociaLea with research and development efforts. Different qualifications

are often required in each of these areas. Basically, however, it is the NDT

engineer who must understand the principles of each type of nondestructive

test and the specific limitations of those tests. He must be able to recognize

which inspection procedures are proper or adequate for the desired results and

he must understand the results and their interpretation.

I /

(
I
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ln order for the NM’ engineer to perform his duties to the fullest, he must (
have certain specific information. He must know the materials involved and

how the part was fabricated. He ❑ust know what defects and/or properties are

to be detected andlor measured. He must be able to identify the kinds of

false indicating that may be encountered so that they may”be properly

considered. It is the NDT engineer who must often communicate and explain the

differences and difficulties when what is requested differs from what can

actually be obtained.

Because the NEW engineer knows the equipment and personnel available, he can

provide a significant amount of data necessary for scheduling nondestructive

tests. Sometimes an NDT engineer receives complete instructions from QA where

test plans, procedures, and standards have all been ptiedetexmined. It is a

requirement thet the NDT engineer double check these procedures and standards,

and essentially, reverify their effectiveness.

The NDT engineer will normally have NDT technicians under his direction, and

the treining and instruction of these technicians will be one of his prima~

concerns. He must understand each technician’s ability to handle complicated

tasks and the limits or the “’confusion” level with which an individual

technician can adequately cope. These factors will greatly influence the

assignment of tasks and the degree of independence that can be given to each

technician.

All of the preceding factors will affect the type Of inspection rOutine that

an NDT engineer will institute. The NLYTengineer should also be cognizant of

the sorting routines and scanning methods that have proven to be the most

reiia”Diefor his personnel to roiiuu it,any particular sit.u~tior,. k%ea a

vsriety of flaws are to be detected, the approach, sorting routines, order of

the search, number of repeats in the search operation, direction of scanning,

scanning rate, and type of data comparisons (digital or analog) that must be

observed will affect the reliability of the results. Often, a search for one

kind of flsw at a time, on one type of part, will serve to remove some of the

complexities which exist for multiple parts and fIaws, as Well as to establish

rsliabillty.

One parameter beyond the control of the NDT engineer is the rate at which the

presence of flaws is indicated. When parts are relatively “clean” and free of

indications, or alternately, when there are a great many indications, the

percentage of flaw indications missed usually increases,for ❑ost inspectors.

NDT engineers should be aware of tha frequency of occurence of the flaws to be

detected and adjust the inspection routine as necessary to maintain the

required reliability.
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Table 1.d(6). Guidelines for l:DTengineers.

●1. ““

●2.

●3.

4.

5.

6.

7.

8.

KflOU

Know

Know

Know

exactly what is wanted and why.

the part and/or material to be inspected.

the defect and/or property to be detected andfor measured.

limitations of equipment and pergonnel.

Establish time requirements and schedule.

Double check exact procedures and standards raquired.

Provide the technician with adequate material, facilities, and

working conditions.

Ensure that an honest and complete report is made (that both

assumptions and lirnitationa are known to those.receiving the

l-sport). Provide information and training to technicians, and

guidance and suggestions to QA, designers, and msnagers. This is

done both formally and informally. These lines of communications

should be established and well used.

Information that should be provided to the NDT engineer by QA or

( “*
project engineer.

1..4.7 PRINCIPLES AND’CUIDELII:ES FOR NDT TEcHNICIANS

Technicians are the final key r,IJsuccessful !(DT. The personal efforts of

knowledgeable and experienced technicians can often save a pro&ram ntherwise

doomed to failure. Likewise, a seemingly successful program CRO fail if

proper rssponies to indications a“renot maintained by the technicians.

Even though a technician’s task -- to note all exceptions tO that which is

nnrm.al-- app6ars fairly simple, it “can often become complicated. In fiDT,

meaningful observations may consist of only slight changes or fleeting signals

that can easily go undetected -- particularly if they randomly occur between

extensive amounts of unimportant data. Sometimes, the.problem can develop

frotntoo much information. If a technician is being presented with a

multitude of nonrelevant or false indications that must be continuously

rejected, valid indications can sometimes be automatically rejected as well,

through force of habit. A good technician will be aware of these problems and

their impact on NDT and will consciously guard against them.

The danger of fatigue and hypnotic effects on the technician must also be

consciously fought sgainst, ~d the technician should not hesitate to ask for
a break or change in routine that might prevent these kinds of difficulties

from developing. Present efforts to automate all inspections exist msiply

because of these hiunsnweaknesses.

i
However, since automatic inspection systems are incapable of noticing all the

various types of exceptions that a technician can, technicians will still be

needed snd valued for their technical knowledge and attentiveness to detail.
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Ceneral guides for technicians include: 1) Not hesitating to ask questions or
(

double- checki~ procedures releting to”the “NDT work: 2) Recording all NDT

tasks and results; 3) Always checking all dial settings each time an

instrument is used for a new setup; 4) Knowing the capabilities and

limitations of the equipment is essential.

Table 1.4(7). Guidelines for NDT technicians.

1. Be aware of the dangers of fatigue and hypnotic effects (Know how to

fight these effects. Do not hesitate to ask for a break when any

sign of these effects are present).

2. Always note all exceptions to that which is normal - they may be

important.

3. If you are not sure if you should ask

should.

4. Always record everything done in NUT.

about something, YOU probabls

5. Always check all dial settings each time an instrument is used for a

new setup.

6. Know your equipment and your own limitations.

/
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. 1.5 CHOOSING TEST METHODS

Choosing a proper NDT method requires a knowledge of the types of flaws that

must be found, their maximum acceptable limits in size and distribution, and

their possible locations and orientations. Also the presence of all other

possible variables that may affect the inspection must be known. This might

include the orientation and accessibility of the part, the part’geometry and

size, internal variables in densities, ‘etc. ‘l’his knowledge must then be

coupled with knowledge of the basic principles and limitations of all NDT

❑ethods, their availability, and costs. One must also be fsmiliar with the

requirements and availability of atandarda to employ thase nethoda and the

typs of records required. (See Table 1.5[1) at end of this section. )

The appropriate method may conaiat of iaveral separate inspections. One

inspection by itself may indicate the presence of a possible flaw and other

inspections may be required to confirm or verify the original indication.

When the choosing of NDT methods is done routinely, then it is important that

a list of average basic costs of each available ❑ethod is formulated. An

example would be as follows:

LIST OF PRELIMINARY SET UP ACTUAL TEST COSTS

AVAILABLE REQUIREMENTS LABOR ADDITIONAL

KETHODS LABOR STANDARDS NH/Part COSTS AVAILABILITY

!. ,,

Liquid

Penetrant Minor Minor 0.8 Minor Good

Rag ?articie Minor i.iinor i.i Iiinor in heavy use

Eddy Current Possibly Ye9 -
...-.

“-~.2 ““ “-None Good -

extensive

Ultrasonic Possibly Nollrlally 2.0 Paper Not working

(C-scan) exten3ive extensive until next

month

X rays Minor Routine 2.0 Film”“and Good

development

With such a chart, one can start with the cheapest method available and then

progress through tha list to the first available method that will meet

acceptable detaction limits. Thase lists must be individualized for each

oparation, taking into consideration how modern the available equipnent and

facilities are and the level of personnel staffing. Although these lists can

provide some broad guidance, they should not be used as a definitive

standard. Costs for each tast vary and the ma.xim~ or minirn~. of.On? test

mathod may, in some cases, overlap the costs for another test method.

Tha choice of a proper NDT nethod requires an understanding of the bssic

principles, and advantages and disadvantage of all available NDT test

methods. Detailed knowledge of their comparative effectiveneag, availability,

and costs are all critical in ❑aking the corract decisions. Tables 1.5(2)

through 1.5(6) (it the end of this section) list some of the general

advantages and disadvantages of a number of general NDT methods. All NDT

users should maintain similar lists, basad upon axperiance with their

particular equipment.

i.5-l
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There are times when the choice of ❑ethods is very clear. When small

delaruinations between layers deep within a flat composite panel must be

detected, an ultrasonic test of some type will almost always be chosen. If

surface cracks on an iron part were to be detected, liquid penetrant, magnetic

particle, ultrasonic, eddy current and X-my tests could all be individually

considered. If porosity were to be found, a quick ultrasonic C-scan might be

used to locate potential areas, followed by X rays concentrated in those areas

identified by the C-scan, to confirm if porosity is really involved and, if

so, to what extent.

Since the difference between success or failure depends on knowing the details

of the specimen and/or material being inspected, many NM’ coumes properly

begin with a study of raw material manufacturing processes to indicate the

orijzinand causes of flaws in castings, ingots, and forgings. The reshaping

and redistribution of the flaws in subsequent manufacturing processe3 must be

understood.

Although a study of these flaws and processes will nat be given in this

handbook, the importance of this area should not be minimized. All NDT

personnel should be familiar with: porosity, nonmetallic inclusions. pipe.

macrosegregation, cold shots, cold shuts, hot tears, shrinkage cracks,

blowholes, migruns. forging laps, stress cracks, grinding cracks, fatigue

cracks, galling, and gcale. They should know whera they occur or can be

expected to exist, and what i,mpact they may have in each of the test methods.

The comprehension that flaws are to be expected does not always exist with

those who are inexperienced . Yet it is the first step in chooging a proper

NDT method. Knowing what the fiaws might be and where to look for them is the

next step. Therefore, a study of materials, as well as the relevant produc-

tion and manufacturing processes, is vital to the choice and administration of

an NDT program.

Lastly, the most cri tical (and of ten the most unavailable) dats for determin-

ing an appropriate method involves what the acceptable limits on the size of

the defect are. Those limits determine whether the method would he feasible

and how expensive an effort would be required. Figure 1.5(1) expresses the

importance of this size tolerance. References to sections 1.4.3 (Designers),

1.4.’4(QA) and 1.4.1 (General Principles) all discuss the importance of

defining this limit.

1.5-2
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Table 1.5(1). Choosing proper NDT ❑ethods.

1. Determine the material to be inspected and the type of flaws or

difficulties common to that material.

2. Detemine the material manufacturing processes and the type of flaws

or inconsistencies associated with those processes.

3. Know the part to be inspected and determine “itsdesign requirements

ao that critical flaw limits can be established.

4. Know the baaic principles and limitations of all NDT methods.

5. Know costs and availability of NOT personnel and facilities.

6. Determine what starldards are required and their availability.

7. Determine what records and controls are rsquired.

Table 1.5(2). Advantages and disadvantages of liquid penetrant.

Advantages:

1. Usually very cheap (often is the cheapeat methOd).

2. ija~aily quick, even for iarge pnrt.s.

3. Can be portable

4. Reasonably easy

Disadvantages:

1. Can only detect

2. No automatic or

(taken to test site).

to interpret.

defec~s opened to the surface.

permanent records.

3. Often requires a pre-cleaning step.

4. Use of fluorescence required for maximum sensitivity.

5. Not good for rough or porous surfacea.

I (

6. Penetrants chemically attack some rubbers and plaatics, and

should have a low’sulfur and/or chlorine content when used with

certain stainlesa steel, nickel, or titanium materiala.

/

1.5-3
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(
Table 1.5(3). Advantages and disadvantages of magnetic particle.

Advantages:

1. Surface or near surface flaws can be detected.

2. Reasonably cheap and quick.

Disadvantages:

1. Magnetic type materials only.

2. No permanent records.

3. Uust often demagnetize parts following test.

4. Surfaces can be marred vhere contact probes are used.

Table 1.5(4). Advantages and disadvantages of eddy current.

Advantages:

1. Surface or near surface flaw can be detected.

2. Very sensitive to ❑any variables such as :

geometry (thickness, stand-off).

surface roughness.

frequency.

electrical conductivity.

magnetic properties.

cracks.

3. Direct 60/no-go type answers can be obtained quickly.

4. Portable.

5. No physical contact required (can be accomplished in a vacuum) .

6. Not too expensive.

7. Easily adaptable to production line situations (electrical

signals for electrical controls) .

Disadvantages:

1. Must involve one or more layers and/or surfaces that are

electrically conductive or ❑agnetic in nature.

2.. Requires skill when many variables are involved.

3. Adequate reparation of variables cannot always be Achieved,

/
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Table 1.5(5). Advantages and disadvantages of ultrasonics.

Advantages:

1. Internal inspection method (the deepest penetrating method).

2. Can be adapted for thick or thin panels.

3. Extremely sensitive to many speciinanvariables:

porosity.

delamination.

micro cracks.

geome try

density changes.

4. Many

grain or fiber size.

orientations.

test control variables:

transducer frequency.

transducer size.

transducer t,ype.

transducer focal lcn~th.

type of test (immersed, contact, or jet).

llisadvantaCes:

1. Non-linear responses (variable relationship between flaw size

and indication size).

2. Sometimes too sensi tive (impossible CO separate out desired

parameter).

3. Often limited by geometry and surface roughness.

4. Often must have special standards (especially when details are

as small or smaller than the width of the inspection beam) .

/

I
(.
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Table 1.5(6). Advantages and disadvantages of X-rays (radiography).

Advantages:

1. Good internal inspection ❑ethod.

2. Excellent geometric representations.

3. Good sensitivity, .2%is reasonable.

4. SmaIl detsils are visible (the limit is often the size of the

grains on the film being used).

Disadvantages :

1. The image is a shadow only (The shadow varies only as the amount

or density of the material varies. Therefore, it can “see”

missiag material, but if a delamination exists perpendicular to

the X-ray beam with ❑aterial pulled apart but not ❑issing, an X

ray will not detect it).

2. Sometimes expensive in time, lflbor,and facilities.

3. Personnel safety requirements.

4. Sensitive to orientation of cracks. (

/

cOST CURVE VARIESWITH
EACH METHOD ANO EACH
MATERIAL AND PART
OESIGN,ETC

I 1, IMPOSSIBLE —---- .—

I
t-l----sO’s’BLE
I I 1 I I b
!0 +1/4IN. ? 1/2IN.

SIZETOLERANCE
/

Figure 1.5(1). Cost curve.
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1.6 GLOSSARY

I Classifications (for NDT persomel) . Personnel classifications can be ❑ade by

nondestructive test methods, by specific equipment, or by specific product

lines in which qualifications have been obtained,

Corrective Action. Action taken ‘(or plans for actions to be taken) for

solving problems that occur during production.

Correlation. Establishing relationships between facts or events.

Critical” Flaw Size. The minimum extent of a flaw (e.g.. miiim~. depth.

length, etc.) that prevents achievement of the designed goala for a particular

I
part.

1 Defect. Any condition of a part that prevents achievement of a designed goal

is a defect. A flaw that is of critical size or larger is a defect.

I Delamination. A delamination is a partial or complets separation between two

layers of a material which should be bonded together.

~
Discipline. A specialty of professinn or training.

Documentation. Writteri or recorded proof, usually includes a ‘picture” or

(
other data recording msde in a controlled test. Documentation should include

names, date, equipment, and all other vital information necessa~ to confirm

LIW stcitusof & part .crthe results of a teat.

Fatigue Life. The expected number of load cycles that a part can withstand

and still perfoxm adequately.

Flaw. Any imperfection in a part can be considered to be a flaw. By this

~nition, all parts have flaws. Many flaws are too small to be of concern.

Some flaws may be large enough to cause a part to fail. When flaws are large

enough to cauae failure, they can be called “defects.”

Flaw Size Limitation (eee critical flaw size).

Indications. Any signal or markings obtained in a test is an indication.

Indications mu-st be interpreted. There can be falae indications (not due to

I the material variable of concern) and valid indications.. There can be

acceptable indications and rejectable indications.

Integritv. Integrity ia a meaaure of the completeness of a part, or the

property of being solid or continuous, with no break in tha uniformity of the

part.

Life-Cycle. The complete history or activi ties associated with a part, from

its manufacturi~, to ita ultimate utility as a waste product.

I (“ Nondestructive Evaluation. (See Section 1.3).

I

..’
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CLOSSAftY (COI!TINUED)

ilondestructive.Insuection. (See Section 1.3).

Nondestructive Testing. (See Section 1.3).

Permanent Record. Any automatically produced “’picture”’or recording of data

(e.g., X-ray negatives, C-Scans) abtained from a test which i.spermanent and

can be used at any time to confimn the results of a test. It forms part of

the Documentation that might be specified for particular inspections.

Qualifications (for NDT personnel). The minimum education, knowledge and

experience required of an individual to use a particular NDT method. ASNT

qualifications include three levels: I, II and III. All inspection super-

VIS.:TSshould be lCVC1 11 or higher.

Cluality Assurance (QA). Qualit.v Assurance can be the organization, the con-

trol, or the actions taken to ensure th~t parts will meet all design goals.

particular group 1s often ~ssigned responsibility to ensure that Parts are

(

a

A

c~rrcctlx built, inspected and tested to confirm their quality and reliability.

llel]:ib]l]Ly. Confidence in the achievement of speciflc coals, often expressed

in statistical terms.

Reference Standards. Any part or image that is used to judge the status or

acceptability of another part or image can be called a reference standard.

Standards. The bsse upon which or by whirh other variables are judged or

measured.

Tailorinc. The act af changinc someth]nc from one state or condit>on to

another state or condition to better fit or apply to particular circumstances.

Trade-off. Mutually exclusive events or condi tion% often require a choice

between them. A trade-off is exchanging one state or condition for another,

with subsequent Rains rindlosses.

1.6-2
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The following

1.7 BIBLIOGRAPHY

ists of Specif cations, Standards, Handbooks and other

dditional sources of information to aid in an.vI publications are provided as
I particular NDT problems that may arise.

1“ 1.7.1 GOVERNMENT DOCUMENTS

I TECHNICAL ORDERS

Air Force TO 00-25-224

Air F“rce TO 3311-1-1

Navy NAVAIR 01-lA-16

A 1711y TM 43-0103

I

Welding High Pressure & Cryogenic Systems

(Section 4 - Nondestructive Inspection by

Ultrasonic and Eddy Current Methods)

Hondestructi.x. Testir& !lethods

(Chapter 1 - General, Chapter 2 - Magnetic

Partical Method, Chapter 3 - Eddy Current

Method , Chapter 4, Ultrasonic Inspection

Method, Chapter 5, Radiographic Inspection

t4ethod, Chapter 6, Floureacent and Dye

Penetrant Method).

1
KILITARY STANIJARDS AND SPECIFICATIONS

1 MIL-STD-?71

I
I MIL-STIJ-79EI

}11L-I-6870

MIL-STD-41O

MIL-STfI-721

Nondestructive Testing Requirements for Metals (Radiography,

Magnetic Forticie, Liquid ?enetrant, Leak Testing. Ultrasonics) .

Nondestructive Testing, Welding Quality Control, Material

Control & Identification & Hi-Shock Test Requirements for PipinC

System Components for Naval Shipboard Use (Radiography, Magnetic

Particle, Penetrant) .

Inspection Requiremen~s, Nondestructive for Aircraft Materials &

Parts (Magnetic Particle, Penetrant, Radiographic, Ultrasonic,

Eddy Current).

Qualification of Personnel.

Definition of Terms for Reliability, Maintainability, Human

Factors, and Safety .

I

I
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MILITARY QUALITY ASSURANCE PAMPHLETS
(

Af’lCP702-3 Reliability Handbook (Army Material Command)

DAP 11-25 Life Cycle Management Model for Anuy Systems (Department of the

Army)

NASA PUBLICATIONS

NASA SP-3079, Nondestructive Evaluation Technique Guide, A. Vary (U. S.

Covernmant Printing Office, Washington, DC) 1973

NASA 5P-5113, Nondestructive Testing - A survey, (U. S. Government Printing

Office, Washington, DC) 1973

NBS-PUBLICATIONS

NBS Nandbook 14, General safety standard far installations usinc non-material

x-ray and sealed gamma ray sources, enereiez up to 10 Me V (U. S. Government.

PrintinflOffice, Washington, D.C. )

NE!SHandhoo!?50, X-ra:;protection de~ifln(Ij.3. Government Prlntlng Office,

Washington, D.C.)

NBS Handbook 57, Photographic dosimetry of X and <aromarays (U. S. Government

?rinti’figOrfice, iasnington D.c. j

N= Handbook 66, Safety design snd use of intiustrialbeta ray aaurces (U. S.

Government Printing Office, WtishinCton, D.C.)

NBS Handbook 114, Ceneral safety nt,lnri?rds f9r installation u3icg llJ1l-mediCni

x-ray and sealed gamma ray sources, ener<ies up to 10 Me V (U. S. Government

Printing Office, Washington, O.C.) 1975

1.7.2 OTHER PUBLICATIONS

ASNE Boiler and Pressure Vessel Code (Section 1, Section 111, Section IV,

Section V, Section VIII, Section IX, Division 2, and Section IV)

ASNT-TC.l A Recommended Practice Iandestructive Testing Personnel

Qualification and Certification (Supplement A, Radiographic

Testing; Supplement B, Ma&netic Particle: Supplement C,

Ultrasonic Testing; Supplement D, Liquid Penetrant; snd

Supplement Z, Eddy Current)

AWS-A2.4 Nondestructive Testing SymtIcIls

,’
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

23.

21.
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Annual Book of ASTfiStandards, Part 03.03, “Metallography; Nondestructive

Testing”’ (American Society for Testing and Materials, Philadelphia) 19@0.

Classroom Training! Handbook, CT-6-5. ‘“Nondestructive.Testin&. Eddv

Current, ” (Generai Dynamics” Convairl San Disgo) 1979 (Secon~’Edition) .

ClassrOOm Training Handbook, CT-6-2, “’Nondestructive Testing, Liquid

Penetrant, “ (General Dynamics Convair, San Diego) 1979 (Fourth Edition).

Classroom Training Handbook, CT-6-3, “Nondestmctive Testing, Magnetic

Particle,” (General Dynamics Convair, San Diego) 1977 (Second Edition).

Classroom Training Handbook, CT-6-6, “Nondestmctive Testing,

Radiographic,” (General Dypamicg Copvair, San D>ego) 1967.

Class&mn Training Hand”book, CT-6-4, “Nondestructive Testing, Ultrasonic,”’

(General Dynamics Convair, San Diego) 1981 (Second Edition) .

Classroom Training Handbook, CT-6-6, “Nondestructive Testing,

Radiographic ,“ (General Dynamics Convair, San Diego) 1967.

Nondestructive Testing ‘Handbook, t?.C. 14cMaster, Ed., (Ronald Press, N.Y.)

1959.

Nondestructive Testin&, Warren J. !lcGonnsgle, (McCraw-Hill, N.Y.) 1961.

Metals Handbook, Vol 11, (American Society for Metals, Metsls Park, OH. )

lY’(6(8th Edition).

Suggested “Course Outline for Training NDT Personnel, V. L. Stokes (ASNT,

Columbus. ) 1976.

NTIAC Handbook, R.E.Engelhardt, Ed., (Southwest Research Institute, San

Antonio. ) 1979.

Ultrasonic Testing, J. Szilard, Ed. , (John Wiley & Sons, N-Y.) 1982.

Radiation Detection and Measurement, G. F. Knoll, (John Wiley & Sons,

N.Y.) 1979.

Ultrasonic Testing of Materials, J. and H. Krautkramer, (Springer-Verlag,

Berlin) 1977.

Advanced Ultrasonic Testing Systems, H. S. Silvus Jr., (Southwest Research

Institute, San Antonio) 1976.

Basic Physics in Diagnostic U1 trasound, J. L. Rose and B. B. Goldberg,

(John Wiieya Sons, N.y.) 1979.

Principles of,Magnetic Particle

Chicago. ) 1967.

Introduction of Electromagnetic

(Krieger, N.Y.) 1979.

Tegting, C. E. Betz, (Magnaflux Corp. ,

Nondestructive Test Methods, H. L. Libby,
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23.

2A.

25.

26.

27.

.?6.

29.

30.

31.

32.

:3.

’34.

1.7.

N!L-lll)RK-”1’2&’I

Principles of Penetra”ts, C. E. Bet: (MaKn~flux Corp. ,

hcaustic Emiss] or! Techn>qaez and A?Dlicatians, J. C. Spa””er, (lntex

Corp. , IL.) 1974

Introduction ta Nondestructive Testl”g, G. P. Hayward, (America” Society

for Quality Control, WI. )

Techniques of Nondestructive Testinc, C. A. Hogarth and J. Betz,

(Butterworths, London) 1960.

Quality Control Handbook, J. M. Juran, Ed., (McCraw-Hill, N.Y.) 1962,

Ultrasonic Technology, E. Goldman (Reinhold, N.Y.) 1962.

ultrasonics, B. Carlln, \}lcCraw-Hill, N.Y.), 1960.

STP 624, Nondestructive TestinC Standards - A Review, H. lkrger, Ed.,

(ASTM, Philadelphia) 1977.

Radlograph,v in Nodern Industry, (F;astmanKodak, Co., Rochester) 1980

(Fourth Edition).

Practical Appll rations of Neutron F:atiloflraphyand GagL~, H. Berger, Ed.

(ASTM, Philadelphia) 1976.

Physical Ultrasonic, R. T. Beyer and S. V. Letcher, (Academic Press, 11.Y.)

1969.

Research Technlaues in Nonaestmctlve Te~ting, R. S. :har~e, Eli.. 4

Volumes (Academic Press, N.Y.) 1989.

NASA SF-5113, Nondestructive Test]nc - A Survey, (U.S. CctvernmentPrint~n,y

Office, Washin~ton D.C.) 1973.

2 h’HER5TO OBTAIN SPECIFICATI(Jr!:;AND STANDARDS

All U.S. Department of Commerce, National Bureau of Standards Handbeaks are

available from the Superintendent of Doc”me”ts, Government Printing Office,

Washington, D.C. 20402.

All other government. agency spec]f]catl~ns or standards are under the central

of the Department of Defense.

A1l requests for copies af specifications, standards, and qualified products

lists should state the title a“d identifying “~ber e“d should be ~“bnitted to

Commanding Officer, Naval Supply Depot, 5801 Tabor Ave., Philadelphia, PA

19120, Attn. - Code CDS, except:
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a. Copies of specifications, standards and qualified products lists raquired

by contrac Cors in connection #ith specific procurement functions should be

obtained from the procuring agency awardin~ the contract or as directed by

the contracting officer.

b. Federal Specifications and Standards and Military Book Form Standards ‘will

not generally be furnished by the Naval Supply Depot to commercial

concerns unless required in conjunction ii th a bid or contract, or for

sufficient other justification. Copies of federal documents may be

purchased from the Business Service Center, General Service

Administration, Washington, D.C. 20405. Most book-form Military

Standards may be purchased from the Superintendent of Documents, U.S.

Government Printing Office, Washington, D.C. 20402.

c. Only current, “in effect” issues of standatiization documents will be

available from tk,eNaval Supply !!cpot. Copies of canceled or superseded

documents required for contractual purposes will have to be obtained from

the contracting office of the concerned service.

a. Information regarding obtaining DoE “standards relative to the Division of

Reactor Development and Technology may be obtained from Oak Ridge National

Laboratory, P.O. Box X, Oak Ridge, TN 37830.

All specifications or standards as issued by the organization.? listed below

(“
are available di rectl.yfrom the organization at the address given.

.AE!S

AIA

AIS1

Al. AsSOC.

ANS

ANSI

American Bureau or Siiippillg

45 Broad Street .

New,York, NY 10004

Aerospace Industries Association of America

1725 De Sales’ St. , NW

Washington, DC 20036

American Iron,and Steel Institute

1000 16th St.,,NW

Washington, D.C. 20036

The Aluminum Association

420 Lexington Avenue

New York, NY 10017

American Nuclear Society

555 N. Kensin@on Avenue

La Gra~e Park, IL 60525

American National Standards Institute, Inc.

I

1430 Broadway

, New York, NY 10018
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AH

ASME

ASNT

ASTM

AVS

AWS

ICRU

MSFC

NCRP

SAE

American Petroleum lrwtitute

50 iiest 50th Street

New Iork, NY 10019

American Society of Mechanical Engineers

345 East 47th Street

Ueu York, NY 10017

American Society for Nondestructive Testing, Inc.

4153 Arlingate Plaza

Caller 28518

Columbus, OH 43228

American Society for Testing and Materials

1916 Race Street

Philadelphia, PA 19103

American Vacuum Society

335 East 45th Street

New York, NY 10017

American Welding Society

2501 N.W. 7th Street

Miami, FL 33125

International Commission on Radiation Units

7910 Woodmont Avenue, Suite 1016

Washing coft,1).C. 2COL4

National Aeronautics and Space Administration

George C. Flarsh811 Space Flight Center

Huntsville; AL 35812

National Commission on Radiation Protection

NCRP Publications

P.O. BOX 4867

Washington, D.C. 20008

Society of Automotive Engineers, Inc.

400 Commonwealth Drive

Warrendale, PA 15096

f
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6.0 SAFETY NOTICE

Ultrasonic testing involve.eelectrical equipment. Standafi laboratory safety

procedures for the handling of electrical aquipmefitshould be employed in

ultrasonic te9ting. In many facilities, where automated scanning devicca

exid, caution must ba exercised with respect to moving ❑achinery, rotatins

gears and/or drive belts. Additional eafety comments are presented in Section

6.8.

6.o-1
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6.1 INTRODUCTION

Ultrasonic teeting employs high-frequencymechanical wave9 to detect varioue
material variables. These variables can be surface or internal variables, and

their locations and/or geometries can be reasonably delineated.

Ultrasonic testing is unique in eeveral areas. Ultraeonice and radiography

provide deep, internel inapection capabilities. Nomnally ultrasonics providefi

the deepest penetration. (The penetration of X-ray, in steel ia mea9ured in

inches, ultrasonic beema can penetrate twenty feet or more.) Ultrasonic doe9

not require an intmaion of a fnreign eubstanca into a ma’terial,9uch as high
anargy photons of an X-ray beam, but it cnnsi.stsof simple movements of the
internal atoms already there. Tharafore, ultrasonics cen be considered to be

the safest of all the inspection methods and is especially adaptable for
medical usa. Ultrasonic te9ting has very few reatrictionaon the kinds of
materiale it can inspect. The materials do not have to be magnetic (as they

must be for magnetic yrtic~a tae*in&), they dO nOt have *n be electrically

conductive (as for eddy current testing),and they dO nOt have tO exhibit an

adheaive affinity for a liquid (aa raquired for liquid penetrant testing).

They do not even have to be a solid. Any “volumetricallyelastic material can

be inepected by this method.

Ultrasonic testing can involve a wide variety of variables. Material

variables relating to flswe, voids, inclusions, bnnding, thicknasaaa, and

densitie9 can almoat always ba effectively inspected by ultrasonics.

Therefore, ultrasonics la one of the basic nondestructive tast methods.

This chapter provides the fundamental principles‘and guides associated with

ultraannic testing. It includes tha thenry of operation, the type of

equipment, the advantage and disadvantages of the method, varioun

application and atandarda, and guidee for specific di9cipline9, The

information contained in Chapter 1 should be included with this chapter for

general guidelines to the employment of all ND1’method9 and for a more

cnmplete understanding of ultrasonic tasting as it compares with other basic

methods.

6.1-1
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6.2 BASIC PRIHCIPLP9

I
Ultrasonic teatiag raqulree the generation of high-frequencymechanical waves

uhiah are ueually dhwoted as beeme to interact with various property

variables of a materiel or specimen. The intaractiona of thaae mechanical

wavee reeult in the ittenuetion of the original waves amd/or in returned

reflectione. The detection of these wavee after interectione or reflection

after these interectione produoee infometion relatable to the variables. A

study of the baaic principle of ultrasonic teeting must therefore include the
meana of generating high-frequencymechanical wavee, tha characteristics of

thaae uavaa, how they Can be directed, how they interact with material

vmtables, how they are ultimately datactad, tha information they contain, and

how the information ie diapleyed.

I 6.2.1 HFXXLU71CALUAVE9

I All meteriala that hold a aetural ehepe (or a cometent deneity) do eo because

their atoms (or m,oleculaa)are bald in mutual belanca betwaen attractive and

rapulaive forces. Thesa foreaa am “short range” forces end only extend

between atome thet are reaeombly cloee together. In this state of balance,

my relative displaoament of an atom will cauae theea forcaa to change in such

a wey thet the displaced atnm will tend to ratum to Ita originel position.
At the eeme time, the displacement of eny atom will cause a change in the

force balanca aaan by all tha naarby stoma. Although thie chenge in the force

bclance is eeen al.meetAnetentaneouslyby the eurreunding atome, due to their

inertia a finite period of time is required for the aurmunding atomc to fully

respond to this unbalance. Eventually, howaver, the atoms experianca their

oun displeoament due to the displacamantof the origincl etom. In this way, a

disturbance et ona point cen progreea to anothar pnint and cen avantually

prograaa thmnghout the meterial.

There are several kinde of dieturbenaea that cen ba genaratad. For those

diaturbancaa that are small and are iu whet ie oalled the elastic rcnge, the

diaturbencea are wave-like in netura. Theaa wavea have a velocity that is

datenninad by the charactaristica of tha material (tha msgnituda of the

interatomic force gradiente emd the inertia of their atoms, etc.). Beeidea

thie velocity, frequancy and wavelength cen be asaociated with.theaa wavee.

AIeu aeeociated with theee waves ie amplitude, either ae a relative

displacement maaaurament (the diEtenoe the atome are moved from thair balance

pointe), ur ae a preeeure (relating to the unbelanoad forces being ganarated

batveen the displaced atoms), or aa an energy f~ctiOn (the ener6Y aaaOcia+ed

with the atom’s potential energy due to their dieplauemente or the kinatic

energy due to their motions, each of theee having equal maximum magnitudes).

It ie these elaatic diaturbancoa that are ueed in ultrasonic teatiw.
Equetionm 1 through 8 chow

frequency, and wavelength,

preesureB, and energies.

come of tha baeic

saidbetwean time,

reletionehips between velocity,

position, dieplacamente,

6.2-1
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where

and

where

and

where

v=

v-

f-

A.

rl

velocity of a vave (cm/8ec),

frequency of the wave (Hertz, or cyclee/eec),

wavelength (cm).

A(t) =

A(t) =

A. =

e!-

KI .

A(X) =

A(X) -

(1) I

(2)

amplitude of displacement at time, t,

maximum amplitude, a cometant,

radians per unit time (in tenue of the frequency, it

equals: 2ti),

phase constant that allows for differences in times
between the nearaet time of r.eroamplitude and the origin of

the time ecale.

Aein~+K2
0

(3)

amplitude of displacement at poeition, X,

x= dietance along the line of wave travel from a fixed origin,

K9 - nhaee constant that allow9 for diffarances in positione

Dezwean rne nearam~ PUUA.*UZJ “. z-r” QIUJJA+““u- a.,-...”

origin of the position scale.

Equationa 2 and 3 can be combined to give:

A(X,t) -Aoain~-ut+K3

where

A(X,t) - amplitude.for qi given position, X, and given time, t.

K3 - phase Oonetant, combined fuaotion of KI and K2 above.

(4)

‘Thedif?erance in signs between the X and t funotions in Equation 4 depends on

the direction of the wavee. The sign shovn is for the case where the wave is

moving in tha poeitive X direction.

6.2-2
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In Equations 2, 3, and 4, .X’orthe f in ~can at any

equivalent variables obtained from Equation 1. Also

time be expressed in

A, the displacementm..

am.p~itudein EquatioM 2, 3 end 4, can be replaced with pressure, P, to give:

P(t) - P. sin (tit+ K1)

P(x) - P. sin
2rx +.K
T 2

P(X,t) - P. sin
2nxut+K

a. 3

where P. is the maximum preeeure, a conetant,

praaaurea aa a function of time, t, po9ition.

time, respectively.

(5)

(6)

(7)

and P(t), P(X), and P(X,t) are
X, or combined position and

It should alway~ be clear that there is a difference between the motion of the

atoms that make up the weves and the velocity of the waves. Each atom

essentially returns to it9 place of nrigin. It is only the energy transferred

between atome that “moves”’through the material and determines the wave

velocity.

The energy of the waven, normally expressed as intensity, 1, or energy per

unit time per unit eree, can be related to either the maximum displacement

amplitude, Ao, or the maximum pressure, Po:

where I is the effective intensity

per unit area and Pis the density

(8)

of a beam expressed as energy per unit tine

of the material, meae per unit volume.

The function,pV, the deneity times the wave velocity, will be a common

function appearing throughout this section and is called the characteristic

impedance Gr the acouatic impedance of the material.

In the elaatic range, four main kinds of disturbances or waves can exist:

1) compression, or longitudinal, wave8, 2) ehear, or transverse, waves,
3) Burface, or Rayleigh, waves, and 4) plate, or Lamb, wave9. (Other

disturbances, e.g., shock waves, bar wavee, Love waves, and torsional waves

will not be diacuased.)

a“. Compression or Longitudinal Uavee. When the relative motions and/or

displacements between the stoma are in the snme direction (upon the same line)

ae the wave propagation, the wave is called a compreeeion, or longitudinal,

wave. The compression wave is the fastest of all the elastic propagations

that can be transmitted in a material. All f01TM3Of UM3teFialScan 8uppo?b

thie kind, or ❑ode, of wave. and it ie the kind of wave that is normally

generated by transducers. Figure 6.2(1) illustrates e compression wave.

6.2-3
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OIRE~lON OF WAVE PROPAOAT-6

Figure 6.2(l). Compression or longitudinalusve motione.

The velocity of a longitudinal wave, VL ia:

[
dK+ ;P

v. -
Y(l -u)

$l(l+a) (1-2U) - PL

where

Y-

P-

#-

AJ-

E-

Young.”s modulus, force per unit area;

density, muio per unit volume:

Poiaeon’ n ratio, dimeneionlese.;

rehearmodulus, force per umit mea;

Bulk ❑odulus, force per unit area.

.

.

.

.

.

.

.
●

✎

✎

✎

✎

. .

(9)

‘i%isvelocity equation ass-a that the maceri~l is Unif - ~flLS i~-epic ●nd

that dimensi&s ‘are large enough that surf-e ●ffects ●e •~11. ~0

longitudinal wave velocici=$ for different -teriala ●re sho~ in Table 6.2( 1).
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b. Shear, or Tranmverae, Wavee. When the relative motions and/or

displacements between the atorna ere in directions perpendicular to the wave

propagation, the wave is called a ~hear) or transve~ec wave. OnlY solids can -

normally support this kind, or mode, of wave. For any one material, ehear

waves travel at a dower velocity (approximatelyhalf) then the longitudinal

wavee, with, for equal fraquenciea, shorter wavelength. The nature Of this

motion i9 illustrated in Figure 6.2(2).

VA--I

I

1’

?7 ?f T?=
F/

EaUILIBfllUM lW
ii

POSITION DIOPUCEMENTS

OIRECTION OF PROPAGATION

Figure 6.2(2). Shefw or traneveree wave motione.

The velocity of a shear wave, VS, ie:

rJ

u Y 1

‘s- 6- F-
(10)

(See Equation g for definitions of variables.) Again, this eqUatiOn aSBUMeS

that the material is uniform and Ieotzwpic and haa large anough dimanaiona

that surface effects are small. See Table 6.2(1) for the ehear wave

velocities of various materials.

c. Surface or Rayleigh Wavaa. Surface or R.ylei.ghwaves are a combimtian of

sheer and compression wavee where the atom motion ie elliptical. The larger

amplitudes or the ellipse is perpendicular to the surface of the Wrt. The

wave motion ia confined to the surface (or fraa boundary) of a solid of

extensive thickneqe. For any ona material. surface wavee propagate with a
velocity slightly less then for true shear wavea (approximately O. 9VS).

Their energy falls off sharply with distance into the matefial eo that the

majority of the energy i9 confined to within one wavelength of the surface.

When a material ia in air, these wavea usually travel with less attenuation

than longitudinal or shear waves in the meem material, but if the material im

in a liquid, or other non-negligible medium, the eurface wavea will quickly

disappear. Thase wavaa will reflect at aharp edges, and so are effective for

locating eurface cracks, but thay will propegata areund smooth rounded edgee

and can be used to inepect parts that have complex contoure if the contour

radii are large compared to the wavelengths. Table 6.2(1) lists the surface’

wave velocities for different materiale.

I
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d. plste. or Lamb, Waves. When ● material ie very thin. only I few

vavelengtha in thicknesn, an infinitenumber of various waven can be

established that ●zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAre a combinationof both Surftce and bulk motions. 17vEse

complex interactions are called plate, or Lamb, wavee. Lsmb w aves can consiet

of one ●et of w aves thmt ie ●ymnetrical about the center Iine of the plate or

●nether set thet ia asymmetrical. Esch of these sete has an infinite number

of different order e or modes, eech w ith different w avelength and velecit ies.

The freq,ency of the wave ●nd the plete thickness ●ffect their velocities

●long with the other nomoal material variables. In general, the w ave

velocit ies can range from cero co almost the longitudinal propagation rate,

but any one mode w i 1 I nOSVIallY @PrOach the trSn@veree vel Oc itY (Or mOre

correct ly, the surface wave veloeity) as the frequency or the relat ive

thiekneaa of the plate increames. (In the mathematical descript ions of thene

w aves in certain ocher texts, the terms “phaee” velocit ie~ and “group”

velocitie8 are ❑aoetimes u-cd. The “group” velocit ies sre the velocit ies at

w hich the ●nergy io actually transferred ●nd ●hould normally be used as the

velocity of the w aves. )

6.2.2 CF.NERATIONOF WAVES

Today, alnmst all high frequency ulcraeonic beams ●re generated by transducers

that transfom electrical ●nergy into mechanical wave energy by the pieEo-
electric ●ffect. Material@ ouch as quertz, lithim eulface, snd polarized

ceramics will nlight ly change their dimensions when en electric charge ie

Applied across opposing facen of the materia l. The reverne al no occurn. Vhen

these ms.teriala are forced to change their dimeneiono, the change in dimensiams

produces a charge of electricity. l%is ●ffect .sIlwe the same transducer to

be used ●s ● t ransmitter to convert electrical ●ignala into a mechanical w ave,

and then to act IIS a receiver to detect the return mechanical w ave signals mnd

reconvert them back into electrical aignsla.

Oifferent typeo of piezoelectric ❑aterials have different propartiea, and the,

materia ls vary in their abilit iea to ●ct am t ranamittern or as receivere. The

materials differ in their chemical, ●lectrical and thermal sta”bilitiea,●nd im

their w ear-resistance and expected life-time in use. Table 6.2(2) lists some

piezoelectric materiale and their main characteristics.

Table 6.2(Z). Piezoelectric material characteristic.

MATERIALS CI IARACTERISTICS

QUARIZ HAS EXCELLENT CHEMICAL. ELECTRICAL. ANO TI’IEflMAL
STASILITV. IT IS INSOLUBLE IN MOSC LIOUIOS AND IS vERY HARD

QuARTZ.
AND WEAR+RESISTANT. OUARTZ ALSO HAS ODOD UNIFORMITY AND
RESISTS AGING, IT IS THE LE- CFFICIENT GENERATOR OF ACOU.WC
eMEROY OF THE COMMDNLY USED NATERIAIS ANO REOLNRES HIGH
VOLTAGE lo DRIVE IT Ar Law FREQUENCIES.

CERAMIC. WLARIZED CEFIAMICT+IANSDUC4$ISAas THE ~aaT EFFlCIENT OENER-

(E.G. BARIUM TITANATE. ATORS OF ULTRASONIC ENERGY: THEV OPEflATE WE LL ON LOW vOLTAGE.

LEAO METANIOBATE, OR ARE USASLE UP TO Aaoul soot rNEY ARE UMITEO ev RELATIVELY

LEAD ZNICONATE TITANATE. w MECHANICAL STRENGTH. ANO HAVE A TENOENCY 70 AGE.

LITHIUM SULf ATE 7RANS0UcER5 ARE TME MOsT EFFIClENT REC51V fw
OF ULTRASONIC ENsFiGV AND ARE INTERMEDIATE AS A OENERATmE

LITHIUN SUIJATE. OF ULTRASONIC ENSFIGV. TNEV 00 NOT AGE. UTNIUM SULFATE IS
VSRVFRAGILE. SOLU8LE IN WATER. ANO LIMITEO TO USE AT
TEMPERATURE BELOW 74c

6.2-7
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Transducers ccme in d,ifferent sizee and configuration~. Nonoally, R Small

transducer produceo higher frequencies and sharper geometric rssolutione, but

they nozmally produce very little energy. A large transducer,producesmore

energy with emcller U1trasonlc beam angles (leee beam spread), and therefore

providee deeper panetrationa. Transducer can be designed to produce beams at

various anglas that can be used to obtain shear waves. Transducers can ba

designed to produca baams wider than they are .daep(for a “paint brush” like

inspection). or they can be made to focu9 the ultrasonic beam towards a focal

point or line.

One of tha meet important variables of a transducer is its frequency

apactrum. The trenaducar, depending upon its use, maY naed to have a very

broad band (highly damped for critical depth resolutions), or a very narrow

band (e ringing transducer that can produce a large amount of energy). The

fr6qm?ncy must often be matched !J1ththe material, tha expected attenuation

1C9SS9, the expected type a=d eize of flaws, snd the geometry of the part.
Tharefore, the choice of a transducer is often critical in the succeso of any

particular test- Vendor deta should be obtainad on the transducer to

determine these variables and a selection of transducers should alwaya be

available to optimize each teat tO the specific conditions or requirements of

the teat.

6.2.3 BEAN PROPAGATION LINITS

In ultrasonics, the inspection is almost always done with en ultrasonic beam.

Beam physics ara important in the generation and propagation of a beam. Since

an ultrasonic beam is not anything concrete in itself, but is really a group

action of a large number of stoma (or molecules), there are real Iimite in
what a “beam” of uitraaonic energy can do.

First of all, a beam of ultrsaonic energy does not and oannot have @harp

boundaries. A distribution of energy normally exists across the width of a

beam with the maximum energy near the center of the beam and with the energy

decrea~ing as the “edges” are approached. Distribution of the ultrasonic beam

energy can only be in ways that can be maintained by group actione of the

atoms that make up the medium. Whan ultrasonic energy is produced by a

transducer, the face of the tran~ducer, in its motion, ie not producing tbe

exact same eneriw distribution that is necaasar.yto sustain a steady baam.*

It takes a finite remountof time, or di9tanca, before the energy in a beam can

become “adjueted” to an in-pha9e ataady condition. The area wherain this

out-of-phaee is occurring ie known ECIthe near-field zone or area. Within the

near-field zone, the ultrasonic beam ia very unstable and inconaiBtant from

point to point and normally inspection in thiB zone should be dlSCOUragad.

The dimension of the naar field can be approximated by Equation 11 using the

diameter, D, of the face of the transducer and the ultrasonic wavelength, :

Neer-field dimension~ D2

q
(11)

●“That is, the face of the traneducar doee not vibrate back and forth like the

head of a piston. Rather, the face of a transducer vibrateB with stationary

nnde pointG; adjacent segments vibrate 180 degrees out of phaee to ona

another. Tiniscompiex movement Cauaes reinforcementand cancellation in the

near field”.

6.2-8
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Aa can k Been from this e uation, the near-field dimenuion can be reduced by

tincreasing the wavelength or lowerin6 the frequency). Or hY decreasing the

diameter of the transducer.

Even after beam stability is achieved, the natural result of the group actione

of atoms produces a slow divergence of the beam. Equation 12 gives an

nPPrOxiMEte e8tin&tion of the beam spread:

(12)

Thi9 angla, , represents half the apax angle of a cone within which the totsl

energy of the primau beam is traveling. Figure9 6.2(3) and (4) illustrate

thaaa relationships. ‘l’heangle at which the energy of the bmm has decreaeed

to one-half of the maximum energy that exiets at the centar of the beam (the

half-power angle) ie:

(13)

If the transducer’s face is small compared to the ultrasonic wavelength, side

lobee will be produced as beem stability is obtainad. (These side Iobea can

be greatly affected by the mounting of the transducercrygtal and the freedom
of motion that exists at the edges of tha crystal.)

Becnuae waves are group acti.onaof stoma, an ultrasonic beam cannot be focused

to a sharp point. When a point focus of an ultrasonic beam is attempted, the

beam approached a point, but near the focue point it forms a “chimnay” (a

fixed-width path) from which it again spreads out beyond the focal point.

‘Thiechimney effect often provides a reasonable path length over which

inapaction resolution are fairly constant, but normally at no point can the

expectad geometric reaolution8 be much better than one wavelength.

In ultrasonic, a pulse of energy rather than a continuous wave is often
desired. Again, because an ultrasonic w ave pulse is dependent upon tha group

actiona of stoma, thare is a finite limit to the length of the pulee (the

extent of space it MUSt eccupy in the direction of ita propagation). This

limitation again approaches approximately one wavelength. In addition to this

geometric limit, a wave pulse becomes Ii.mitadin Itg frequency representation
as its pulse length decreasea. This kind of relationship exists for all forms

of wavea and ia not due to the limitations caueed by group actione of atoms.

In general, if we let X equal the “length” of a wave pulse, and AA the range

of wavalangths thst hava appreciable amplitude representationswithin this

pulse, then:

(Ax) (AA)& (14)

w here )0 repreeente the center, maximum, or primary wavelength.

6.2-9
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o=

A=

I I

NEAR FIELD FAR FIELD

(FRESNEL ZONE) (FRAUNHUFER ZONEI

DIAMETER OF CRYSTAL

WAVELENGTHOFULTRASONIC WAVE

BEAM S?REAO ANGLES. b’. IN STEEL FOR OIFFERENT FREQUENCIES

ANO OIFFEFIENT SiZE TRANSDUCERS

Figure 6.2(3). Near-field dimensiooa end beam-spread angles.

When A X becomes small, AA becomes large, and tha wave pulse then becomes

9ubjected to diapereiona and differential attenuations becauaa of the wide

range of frequen~i~s that are effectively prasent.

The importance of the length of the WaVe pulse cannot be overlooked. Vhen

inspecting a material in which depth information is important, the length of
the wave pulse produces a “’deadzone” which limite the depth resolutions that

can be obtained. This dead zone (often referred to as “ringing”) limits how

close the transducer can inspect from it9 own face, and limits.the inspection

distance from ell other interfaces that proda~e measurable return signals.

6.2-10

Downloaded from http://www.everyspec.com on 2009-08-06T4:51:43.



141L-HD13K-728/6

(
/‘%

\
PRIMARY 9EAM

\
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LOOES \

f = l.O MHZ —---g;::::%lT <: :::;; ,,TEEL,

-A- 0.581 CM ISTEE L]

D - 1121NCH D - 1/2!Ncli

NOTE

IN THIS FIGUEIE, THE .<OIST4NCE.. FROM A TRANSDUCER CENTER PoINT TO A POINT oN A PfloFtLE
REPRESENTS INTENSITY AND NOT DIsTANCES TO.POINTS IN THE ULTRfiONIC FIELD. THIs TYpE oF
1NTENSIT% PROFILE EXISTS IN THE FAR FIELo oNLY, AND REPmEsEw s THE PRoFILE ‘E~REo ‘T

A FIXED DISTANCE IN THIS FIELD. THE PROFILE GIVES ONLY RELATIvE INTENSITIES, THE ACTUAL
INTENSITIES WOULO vARY WITH BOTH THE ANGLE AND THE olsTANcE AT w HlcH IT Is MEAsuREo.
A ORAWING OF CONTOUR INTENSITIES. AS THEY w OULD EXIST ON A DISTANCE PLOT. WOULD BE
SIMIIAR TO THIs FIGURE IN PMcES. SUT THEY DEFINITELY ARE NoT THE sAME.

Figure 6.2(4). Far-field intensity profile.

The dead zone is not the same as the near-field zone, although both affect the

inspectability close to the transducer. an an .4-scan(see paragraph 6.2.5),

the dead zone would be indicated by the width of the pulsee shoxn on the scan.

6.2.4 INTERACTIONS OF ULTRASONIC WAVES WITH MATERIAL VARIABLES

Ultrasonic wave interacting with meterialg include tranmni~siong,

reflections, refraction, diffraction, mode conversion, scattering and

absorption. There alao exiets standing waveo and constructive and destructive

interferences,ueunlly aeeociated with reflectionand diffrection9.

Reflections, refracting, and mode conversions can occur at an interfece

between two different materials. These interaction depend upon the

clifference in the acoustic impedances of the two materials (impedance

❑iematch) and on the angle of incidence of the ultrasonic beam.

Figure 6.2(5) shows a transducer sending a longitudinalwave into water. The

water transmite the besm to the test piece, a block of steel. When the

longitudinal (L) wave i9 incident to the surface of the test specimen in the

normal (perpendicular)direction, 00 incidence,the beam is transmitted into

the second medium as a longitudinal beam. No refraction and no mode

convergiono take place. Not all of the energy, however, entere into the

stael. Some of the energy (most of it, in this particular case) is reflected.

6.2-11
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TRANSDUCER 1-

L.WAVE 1S1 MEDIUM

SOUN09EAM \ IWATERI

I I ~. tcmPA3 I

TEST PIECE
Ixw o,,. 1.49 NSMSEC

I

i

{/00” ~.

I

MEONJM
ISTEEI.I

1%

- 7.8 G/chl~

v~ -6.85 Uhvtec

L A A

Fi& ure 6.2(5). Normal incident besm.

The maximum pressure amplitude of the reflected wave, pr. for 0°

incidence, in:

(
P2 V* - q VI

Pr - P.
02 V2 + P1 VI )

I where

P. - tixiurum incident pressure amplitude

PI = demaity of the first medium (incident

P2 _ density of the second medium

VI - Wave velocity of the first medium

V2 = Uave velocity of the second medium

side)

of the reflected wave

(15)

For steel, as 6hown in Figure 6.2(5), the amplitude

w ould be approximately 0.94 PD. Note that the reflected wave is large when

there is ● large difference in the acoustic impedance aad that the reflected

wave would disappeer (have zero pressure amplitude) if the two materials had

identical ●couecic impedances. (If the tw o materiale were identical, it “o~ld

be the 6aeIsas if there were no interface, end therefore no reflections could

be expected. ) Also note that the sisn of the preesure of the ref leeted wcve

is oppoeite to the incident preeeure sisn when the ●cow tic impedance of the

first medium is greater thao that of the second. The change in .oign meano

that a poeicive pressure pulse would be reflected as ● rarefaction (a negative

6.2-12
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pressure pulse. The energy or
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pressure pulse would reflect ae e positive

intensity that is reflected, Ir, is:

P )
Zvz-?lvlz

I = 10
r

?2”2+?’”1

where Lo represents the intensity

The preesure and intensity of the

(

2f’2 ‘2
Pt = P.

2“2+?1”1 )

( 4Q2 ‘2’?1 ‘1

lt
=1

0 (& V2 ‘fl V1)2)

These equations show that as long as

tranemit a uresaure and it is alwaYs

(16)

of the incident beam.

transmittedwave, Pt and It, are:

(17)

(18)

a second medium exists, it will always

in the same uhase or sign as the incident
wave. Thes~ equatione are the nat~ral reaulte of”conaervati;n of energy (using

the pressure relationshlpaof Equation 8 end setting 10 = Ir + It), the

preaaure being continuous across an interface, and that erwallpressures from

two or more waves add linearly (eetting P. + Pr = Pt). These relation-

ahipe, when solved ❑imultaneously,produce Equatione 15 through 18.

Equations 15 through 18 all assume semi-infinitemediums on each aide of the

boundary. When actual geometries are small, with edgee or back surfaces near

the point of incidence, these equetione often break down. In some literature,
a “specific acouatic impedence” term ia used to account for these clifferences.

One of the important interaction effecting theee relationehipeis standing

waves or interfarencee that can be daveloped when thickneeeesapproach the
dimensions of a small number of wavelengths and/or is lees than one-half of

the pulse length. Thicknesses that are exact multiples of half-wavelengths

till experience an increase in transmissionenergies end a minimum in

reflection energies. Thicknesaee that are odd quarter-wavel.angthswill

experience a decrease in tranemiaeion energies and an increase in the

reflected energise. The reflected energy can often be made to approach zero,

but the tranmd tted energy wilI always be finite. Attenuation losses, if

present, will reduce theee interference effecte.

In ultrasonic testing, you Cannot inspect a part unleea beam energy is able to

penetrate the part and then return to a receiver. It cannot do this without
passing through several interfaces. Each time an interface is crossed,

potentiallya large percentage of the energy can be lost.

I

I
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Using Equation 18 for water md steel, only 122 of the energy w ill ●ater the

●ceel. If ●ll of thie energy inside the meteriel could be reflected back

(which of course ie noc lt ie ly). thie eneruy met still return b~ek thr:~;

the ●teel~ater interfece, and the ●eme loss factor will ercur ●gcim.
1.6Z (12X of 121) of the energy cm return to the transducer, ●ven if there

were no other lossem. Table 6.2(3) liete come of the energy reflections

expected ● t the interfaces of verious meter imla.

Table 6.2(3). P~* centafie of energy ref leetad.

I I
IECGUO M60w M

STEEL

NICKEL

m~eu

aum

LEAD

uEI+3SRV

GLASS

OUARR

~LV$7YRENE

BAKEUTE

WA7FR

o O3OJ1OIO31?7 77705=

o Oalll$vslom 75mm

o 027talers757tn7 m

n o 10?J167S 4.9 es 07

0:/: :’::~:

/0 Od 40 32 w 07

SAME VALUES 14EREAS
FOR GPF’051TE POSITIONS ACROSS 044170871

TWC OIACONAL
011217

0 la z

o 0s

o

NOTE

FOR ENERGY. THE OROER OF THE MEnlUMS ARE NOT IMPoRTANT.
7NE SAMI? ENERGY SSREfUWXEO WilM PROPAGATION QOtNO IN

WATER TGWAROS aEEL OR IN SfE@L TOWANGS WATER.

The final energy received COD often be a thousandth of the init ie .1 energy.

Know ledge of these energy looses, ●nd hw to control them, ●re therefore

impnrtenc. In order to get energy into a part , ● couplant muc.t normally be

used. ‘Ihie is a greaae or other liquid or pes te-like material.

6.2-lb
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W%en uee of ● couplant ia required

❑inimum Ions of energy oecura when

~eoretically, a maxi-m impedanCe

‘c “v=

between a transducer ●rida becim-,
en impedance match is schieved.

match is obtained when!

(19)

where

Zc . impedance of the couplant

‘1
_ impedance of first medium (transducer)

22 - impedance of second medium (specimen)

As the incident ●ngle in changed frem the init ia l zero degrees incident to #

valua like s degrees, ae show n in Figuca 6.2(6), refraction ●nd mode

convarmion occur. The original longitudinal beam is transmitted, in the

second medium, ● varying percentages of both Iomsitudinal (I .) ●md ehetr ($)

w ave beam. & ahow m, the refracted angle for the L-w ave be- ie four t ime

the incident ●ngle, and the Sw ave beam ●ngle ia a little more than tw ice the
incident angle. If the incident angle ia increaeed further, the refraction

angles of the Lwave and the S-wave increaee. Ihe energy in ●ach

varies am the mngle in chansed.

--J,p- 6“~o&lQ#l
Tw PIECC

‘5c!isPr

Figure 6.2(6). Five-degree incident beam.

The laws of reflection angles and refraction angles are ●ll based

law, that the ratios of the velocities to the sine.cof the angles

beam ●lmo

on Snell’s

are equal.
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In equetion form:

9inej, 9in 0- sine,
I-. .-

‘i v=
‘t

(20)

w here

C)i “

vi =

Or “
v.

r

Ot “

‘t =

incident angle

velocity of incident wave

reflected beam angle

velocity of reflected wave

transmltted beam angle

velocity of transmittedwave

Since the reflected M@M ia alwaya in the same medium aa the incident beam,

then their velocities are equal (unlees a mode conversion has occurred). If

their velocities are equal, then the angle of reflection will be equal to the

angle of incident. The trensmitted wave, however, ia in a clifferent medium,

and thus the velocities will nOrmall.Ybe differan* (whether mods conversions

occur or not) and thus a change in angles will be expected. if mode

conversions nccur and mora than one type of wave exists, thay wil~ each have a
different velocity, and thus n different nngle of refraction. Since the shear

wave velocity is leaa than the longitudinal wave velocity, it will elvaye have
the amalle8t angle of refraction. Ae the incident angle ie further incraaaed,

both refratted angles will increase. The firet beem to reach e refraction

aagla of 90 degrees will be the L-wave.

In Figure 6.2(7) the transducer haa been rotated (in thig case, 15 dagrees)

until the”refracted angle of the L-wave has increaaed to 90 degrees. At this

point, the L-weve no longer exists in the materiel. The incident angle at

which this occurs is called the first critical aogle, the angle where the

L-wave first “disappear” and only S-wavee remein in the material. (The

actual amplituda of the S-wave, at this point, maY be very small, but it is

there.) Further rotation of the transducer increasas the angle of the

refracted shear wave beam. Ehen the S-wave beam re.schea~ degrees , the

incident angle is positioned at the second critical angle. In tha entire

region between the fir9t and second critical angle, only S-w3ve beems are

produced within the materi81.

Teblee 6.z(4) and (5) provide Critical anglee for different DKIterial

interfaces.

Figura 6.2(8) shows the transducer rotated enough (27 degreee in th.iecase),

ao that the S-wave refraction angle haa reached 90 degraee. At this point, no
u~tr,g~onicbeems of any mode now appear in the material. At the eurface, the

beam has undergone mode conversion to a surface wave. Becau6e the 9urface

6,2-16
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I

I

1
Figure 6.2(7) . First critical angle

Table 6.2(L) . ~ iuuneraion testin .

PIRSTL!EDIUMISH# (V-0.149cu/L8ECl

I
1ST

I
2ND

TEST MATERIAL
CRITICAL ANGLE CRITICAL ANGLE

BE13VLLIUU 7“ 10”

ALUMINUM. 11sT 14“ ?9”

6TEEL 1s“ 27”

S7AIN LEES302 96. se”

TUNGSTEN 17“ 31”

URANIUM le” 61”

vELOCITY ICMIISEC). I

)NGITIDUNAI

I .2s0

0.e25

0.ss5

0.ee6

0,518

0.33s

SHEAR

0s71

0310

oJr3

0312

02s7

O.lm

is in w ater, the surface w avea are quickly damped Out. In contact te9t ing,

1“ where the test specimen is in air and eurface waves are produced on the te6C

piece w hen the second critical ●ngle is reached, they can travel ❑uch longer

di6tancea before they ●re damped out.

In ultrasonic test ing, the incident beam, because of beam spread, is a

“collect ion” of anglee or direct ions (see seccion 6.2.2 and Figures 6.2(3) and

(4)). Therefore, w hen a bum i. “at” ● crit ical angle, ●ctually half of the

energy of the beem is ●t msglee greater than thfa critical ●ngle ●nd the other

I 6.2-17
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Table 6.2(5). Critical ●ngles, contact teetin~.

mm WaoluwIsWw mt lV - am w llJeEc7

VELOtlTY ftM/~Cl.
lrr 2N0

TEST blAT@RIAL
mmmLMaLe UI lmCAL ANOLE ~Ng\~lNAL ~~

BERYLLIUM $2” 18“ 1.2B0 oa71

ALWINW. 17e7 a“ m“ Onae OJ1O

STEEL 27” M“ O.eas O=

rrAINLEcs.202 # W“ O.* 0s12

NPCOST6N 31* ee’ 0.618 o.m7

URANIUM 52’ 0X78 .O.lm

‘“’012d--’r

II
\ f.

I / 1 “1

I

Figure 6.2(8) . Second eritittl ●nRle.

hslf at ●@ea less than this critical angle. Efheua beam i. “at” ●ny
particular angle of incidence, refracthne ●re ●ctually otcurrimg over

potentially ● lnrge renge of anglee. Therefore, it i. poecfble to have in ●

part a .greac number of wavee, wava diract ione and madam, many mre than tit

might be theoretically erpaetkd. Within the part , if there ●re ● ny

complicatioccn ●t ●ll to the part , or somdimes evam w hen it io ● simple p=rt .

the ctuicber of internal reflect ions, W& Conversions, and refraction quickly

mtltiply at ●very interface unt il there are eora beam than can readily be
t racked. Part of the “art” or “science” of ultrasonic testiog ie to SIWAYC

w atch for unexpected beema ●nd chair reflections and to ●lwayt double check

chat only the “proper” beamE or reflect ions ● re being recorded.
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Attenuation of ultrasonic energiee arise from seve’ralfactore. First, uormal

beam spread results in a loss due to geometric effects and lnvolveE the acme

l/r2 factor used in X-rays or any other typ of radiating enargy (”r“ is the

distance from a point source.) The origin for r should be the face”of a

small, straight beam transducer when test points are beyond the near field or

the focal point for a focus transducer. Additional attenuations can result

from diffractions, reflectionsand refraotion8. All of these can be called

scatter when they occur randomly or from ❑ultiple small distributive variables

contained within the material.

I Diffx%action ie a change in the direction of a wave in one material medium an

the wave pasaes clo9e to the edge of another medium, Diffraction is often

I involved around the edges nf parts or the edges of internal flaws.

Energy losses can be due to absorption processes that result in heating

effect9. These loseea within the materiel can be due to friction or physical

imperfectionsin the errangenente of the stoma in oryetale or grains, or other

I
non-linearities in the kinetic energy-potentialenergy exchangea that occur

when waves propagate. These losses are a funct ion of frequency.

When energy losses occur uniformly throughout a material, the overall
I

attenuation for a parallel beam folIowB the power law:
I

I(x) = loe
-Kx

(21)

where

I
1(x) = the inteneity at position x

I - inteneity et the poeition x = O

KO = attenuation c0n9tant

r. = penetration distance ,

The attenuation con8tant is greatly affected by frequency or wavelength

compared to the size of the variables causing the scatter. Nomally, the
lower the frequency (the longer the wavelength), the lower the attenuation

conetant “K”, the greater the penetration. (Attenuation constente can be

given for wave preeaure Zosees and/or for a base 10 relationship. Care muet

be exercised here because they will differ by a factor of 0.5 and/or 0.86EI

fmm the above defined constant.)

When a wavelength i.amuch larger than the size of the object causing the

scattering, it “flow s” around the object and eaaentially continues on its wey

with no major loeae~ or changeo. ‘l’hisis good if it ie not the variable to be

inspected. This relationship,however, does point out the importance of

testing with high frequencies. The size nf defects that can be eeen will be

greatIy 8ffected by the frequency being used. Tha higher the frequency, the

emaller will be the size of flaws thet can be resolved. If the wavelength is

emaller than the object causing the scattering, it will interact with that

6.2-19
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objett and be reflected and transmitted by the principles previously

presented. Therefore, most ultresofic testing rquires a balance between using

the highest frequency poeeible to find the smallest possible flawe, yet
.

keeping the frequency low enough that adequate penetrations can be obtained.
Since higher frequencies create more noise, improved flaw detection

signal-to-noise ratios are obtained from lower frequencies. Every inspection

problem potentially has a unique choice where this relationship is maximized.

6.2.5 INFORMATION DISPLAYS

Most ultrasonic information is presented on an oacilloacope, where time ie

represented on the hOri%ontal axis (or sweep direction) and the amplitude of

the ultrasonic energy either being sent or received by the transducer ie

recorded in tbe vertical direction. The start of the time sweep on tha

horizontal ia “triggered”’by each tranamitted pulse. The tranamitted pulsa is

therefora the first eignal or Pip ueually eeen on the ncreen. The repetition

rate of the transmitted pulaea, and thus the signal on the screen, ie fast

enough that it appeare continuous to the eye. Between each transmitted pulse,

echoes are received back by the transducer. ‘Theseechoes, depending on the

distance from which they are returned, are each received at different times.

In exactly the came order, each echo appeara on the screen at different pointe
along the 9weep line. Each return pulse can normally be ehown as “rf,” where

their full wave action, the Plus and minus pressures in each cycle, are
indicated: or tha rf ai&nal can be rectified to previde a dc pulee. The

electrical empli.ficationcircuits normally have a saturation limit so that

aign~le that would be amplified beyond a certmin point on the screen all

aPPear at the came maximum lWel.

Th8 sweep circui. t sc tually con tajns a delay cirCUit ( somettiee called ,gweep

delay) and a sweep rate control (sometimes called eweep length) which ellows

any portion of the total sweep to be amplified and displayed on the full
acreen. This display shown on the screen, where amplitude veraue time is

showing the echoes being received at different depths in the pnrt, is called

an A-9can. An A-scan ie essentially exemining the specimen along the beam

line, penetrating throueh the .cpecimenthrough only one point on the surface

above which the transducer ifllocated. To in9pect an entire part by the

A-scan method would require moving the transducer over every point of the

surface, and observing the A-9can obtained et each point.

A S-scan is a display that shows a cross-eection of e part. It is “obteined”

from the A-scans produced at all the points along one line across the surface

of the specimen, and thus provides in one picture a summation of what might

otherwiee be an unmanageable amount of information.

A B-scan display, tharefore, show9 the eection view of a material that wae

“cut” (or penetrated) by cn ultrasonic beem aa the traneduoer made a one line
pas9 across the material. On a cathode ray tube, tbe image is formed by a

series of parallel linee, each line representing data from a single A-ecan.

1“
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The diatence between each Mne represents the distance the transducer was

moved between each A-scan. Each line is formed by a epot moving across the

screen whose brightness at each point is a functicm of the signal amplitude at

that corresponding point on the A-scan.

To inspect an entire pert by B-scans would require the forming of a B-scan for

all the cross-section lines that exist across any one dimensional direction of

the part. This, too, could etill be a large numbar of scans andior

information to be analyzed.

A C-scan is a plan-view of the entire part. In one view, all the information,

or a portion of the information, from all the A-scene can be combined and

ehown in this view. By use of an electronic gate, the infommtion collected

frcm the A-BCfmB can be limited to a specific raue of depthe. If only a

narrow portion of each A-scan is used, then a cross-section parallel to the

inspection plane can eaaentially be formed. If the electronic gate is

expanded to include the full depth of tha inspected part, then cny A-scan that

showed an echo within ‘thedepth of the part would produce a mark on the

C-scan. In this wey, a C-acen can be a great eummation of infomnation. When

a C-ecan is ueed to collect information over the full depth of a pert, a mark

on the C-ecan will appear no matter where the eignal appeare w,ithinthe width

of the gate. Therefore,“depthinformation on a C-ecan is always uncertain by

the depth or width of the gate used. There ere times, therefore, when both

A-ecan8 and C-ocans are used together when more information ia required than

what is provided by the C-scan.

6.2-21

Downloaded from http://www.everyspec.com on 2009-08-06T4:51:43.



141L-HDBK-728/6

THIS PACE IUTBHTIO!fALLXLEFT’BLANK

6.2-22

Downloaded from http://www.everyspec.com on 2009-08-06T4:51:43.



MIL-HDBK-728/6

6.3 EQUIPMENT AND MATERIALS

Ultrasonic equipment range from small portable units to large pemn.snent

facilities - some are manually operated, some have been automated in several
features to include automatic scanning of apecimene and recordiwg of the

information. Basic A-scan, B-scan, or C-scan type of recording methods can be

ueed. Special types of ultrasonic equipment oan be obtained to measure

thicknesses, 9peed of U1trasonicwaves, or changes in impedance. The degree

of automation, the meana of data analy9es, and type9 of data displ~s ara
constantly improving largely because of recent advances in microprocessors.

Along with the basic equipment, there are transducers,eutomatic acami~ and

manipulator syateme, tanks, couplant materials, and calibration and standard

blocks necessary to support ultrasonic testing activi.ties.

In inuueraionteeti”ng,clean, deaerated tap water, with an added wetting agent,

can be used for a couplant. A fungicide and corrosion inhibitor are typically

included in the immersion bath for protection. The uatar temperatureis

sometimes maintained at a fixed value by automatic controls. Wetting agents

are added to the water to ensure that the eurface ia thoroughly wet, thereby

eliminating air bubble9.

In contact testing, the choice of couplant depende primarily on the test
condition; i.e., the condttion of the test surface (rough or amootb), the

temperature of the test surface, and the position of the teat.surface

(horizontal, slanted, or vertical).

One part glycerine with two parts water, and a wetting agent, is often used on

relatively smooth, horizontal surfaces. For slightly rough surfacea, light

oils (such as SAE 20 motor oil), with a wetting agent added, are used. Rough

eurfaces, hot surfaces, and vertical eurfaces require the uae of a heavier
oil, or grease, as a couplant. In all cases, the couplant selectad must be

capable of forming as thin a film as possible consistent with the geometric

variables that are present.

I It must be understood that, other than for epecial portable type equipment

like thickne9e gages, most ultrasonic testing systems require extenaiva
I electronic and mechanical support. The electronic effort is at Ieast ae

technical as that required to aet up and uge an oscilloscope, and the
mechanical support often includes automatic moving machinary with poeition and

velocity limit controle.
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6.4 BASIC PROCEDURES AND TECHNIQUES

Ultrasonic testing, like other NDT testing, provides indications that are of

no value unlese interpretationscan be made. Interpretationsare often

dependent upon calibrations or standardizationsthat must be performed, either

before, durizg, or after each test. Some of the meane of obtaining these

calibrations or etanderdizationsare presented in the “Standarde” section,

section 6.5.

Becauee ultrasonic testing can involve a large number of variables, and some

of these variables are external variablee euch ae temperature that have a

direct affect on the velocity and the wavelezgtha of the wevee being used, the

importance of the calibration cannot be overemphasized. Once adjustments have

been made that establish the proper responses of the equipment and adequate

indication of known discontinuitiesof the range of sizes, depths, end

orientations required for the test have been established, testing can be

initiated. Once calibration and standardizationhave been accomplished, nO

further adjustments should be allowed unless raetandardizationof the

equipment is accomplished.

Techniques of ultrasonic te8ting are accomplished with one of two baaic

methode: contact or immersion te8ting.

6.4.1 IMMERSION TESTING

In immersion testing, a waterproof transducer ig ueed at some distance from

the test specimen and the ultrasonic beam is transmittedinto the material

through a water path or column. The water distance appears on the display as

a fairly wide apace between the initial pulse and the front-surface reflection

because of the reduced velocity of ultrasound in water. Because of this

“distance” between the transducer and the specimen, near-field and dead zone

type effects are ueually minimal for immersion type testi~, AlBo, with the

transducer eepereted from the specimen and the coupling being automatic, the

transducer is reasonably free to move, and therefore most automatic scanning

methods are aeaociated with the i.mmer8iontestiug method.

Any one of three techniquesmay be used in the immersion method: the immereion

technique,where both the transducer end the teat specimen are immer9ed in

water; the bubbler or squirter technique,where the ultrasonic beam is

transmitted through a column of flowing water; and the wheel tran~ducer

technique,where the transduceris mounted in the axle of a liquid-filled tire

that rolls on the test surface. Figure 6.4(1) ahowa an example of the bubbler

and the wheel-transducer techniques. An adaptation of the wheel transducer

techniqueia a unit with the transducer ❑ounted in the top of a water-filled

tube. A flexible.membrane on tha lower and of the tube couplee the unit to

the teet surface. In all three of these technique, a furthar refinement.is

the usa of focused transducers that concentrate the ultrasonic beam (much like

light beama are concentrated when passed through a magnifying glass).

6.4-1
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TEST EPECIMEN WATER. F4LLE0 TIRE

— ‘xLEmA’’oNA”’\ /I

BuEBLEn TECHNIOUE
SUPPLY

WHEEL TRANSDUCER TEcHNIOUE

Figure 6.4(1) . Bubbler and w heel transducer tschnique$.

In many automatic scanning operation, focused beams are ueed to detect

near-surface discontinuit ies or to define minute discontinuit ies w ith the

concentrated beam. Straight-beam transducer units can accomplish both

straight- and angle-beam Cescing through ❑anipulation and control of the beam

direc Cion.

The w ater-path distance is usuallY adjusted so that the t ime required to send

the beam pulse through tbe w ater is greater than the t ime requited for the

pulse to travel through the test specimen. Vhen done properly, the necond

front-surface reflection will not appear on the oscilloscope ecreen between

the first front- and first back-surface reflections. In water, mound velocity

is about one-quarter that of aluminum or steel; ChereforT, one inch of w ater

path w ill appear on the oscilloscope screen an equal to four inchec of m-tal

path in steel. AS a rule of thumb, posit ion the transd~cer so that the w ater

distance is equal co one-quarter the thicknesn of the Part , PIUS One quarter

inch. The correcc water-path distance is particularly i~ortan C when the test

erea shown on the escilloacope screen is gated for #utomat ic signal Iitigand

recording operations. The water-path distance is carefully set to clear the

test area of unw anted signals that cause confusion and poanible

misinterpretat ion. Figure 6.4(2) #hew n the rel~t ionship betw een the actual

w ater-path and the display.

The bubbler in.usual lY used with an automated syetem for high-epeed ecanning

of plate, sheet, strip, cylindrical forme, and other regularlyshaped parts.

The ultrasonic beam is projected into the material through a column of flowing

water, and is directed in a nocmal direction (perpendicular) to the test

surface to produce longitudinal waves or adjuated et ●n angle to the surface

to produce shear w aves.

Figure 6.4(3) illuotraten a stationa~. and a moving=heel transducer. The

posit ion and an81e of the transducer mounting on the wheel axle mey be

constructed co project straight -beama, as shown in Figure 6.&(3), or to

project angled benms as show n in Figure 6.4(4).

6.4-2
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+ + LENGTM OF WATI?P!PATM

7 1

v- -q7lH’i FRONTSURFACE

9ACK SURFACE
BACK FACE OF
TEST SPECIMEN

\

I i& “m

1111111
—4 —

TRANSLEUCEFI

\
INITIAL PULSE ols~TINUITY WATER-PATH DISTANCE

Figure 6.4(2). uater-yath distance adjustment.

WATER. FILLED TIRE

/ , llEANSOUCER

Figure 6.4(3). Stationary

WATER41LLE0 TIRE
\

&
and moving w heel transducers.

6.4.1 CONTACT TSSTINC

In contact cestinx. the transducer is ulsced in direct contact w ith the test-.
specimen w ith a thin liquid film uned as ● couplant. On some contact units,

plast ic w edge#, w ear plates, or flexible ❑embranee are ❑ounCed over the face

of the crystal. Transducer unite are considered ae being in contact w henever

the hesm is transmitted through a couplant other than w ater. The display from

a c,mtact unit US.U.11 ly show s the initial pulse and the frnnt-surface

refl.?ct ioo as suw -riamoserl or very close together. Both near-fie ld and dead

zone effects arc” present in Cnnta; t cvpe te=ts.

Contact test ing is dividrd into three techniques, w hich are dececmined by the

ultrasonic uave mode desi red: the straight-beam technique for transmitt ing

longitudinal w aves in the teet specimen, the tvngle+eam techn~que for

generating shear w aves, and the surfacew ave technique for producing Ray I@igh

or Lemb w aves.

6.6-3
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lb -------------
I

L ,

souw o n6AM 08RECTED IN FORWARD

LSIRECTION

1 I

I@ I
I I I

SOUND 8EAM OIRECTEO TO TNE SIOE90”

&
SOUNO PROPAGATE INTO MATERIAL

AT 45” ANGLE

SOUND OEAM ANG LEO TO THE S1OE ANGLE OF PROPAGATION MAY BE VARIEO OY

ANO FORWARO AOJUSTING POSITION OF WHEEL MOUNTING YOKE

Figure 6.b(4). Wheel transducer angular capabilit ima.

The straight-beam technique is accomplished by project ing a beam

perpendicularlyto the test murface of the test specimen to obtain pulne-echo

refLections {see Section 6.4.3) froci the back surface or from discontinuit ies

w hich lie betw ee”o the tw o 6urfaces. This technique is ●lso used in the

through-t ranstmi88ion technique (ace Section 6.4.3) using tw o trennducera w here

the internal d iscont inu it ies incerrupc the beam causing ● reduction in the

received signal.

The angle-beam technique is used co transmit souad w aves into the test material

at a predetermined angle to the teat surface. According to the angle eelected,

the w ave modes produced in the test mcterial may bc ❑ixed longitudinal and

shear, shear only, or surface modem. Usually, the .sheer-w avee ● re used in

an& le-besm test ing. Figure 6.4(S) show an aogle-beam unit scanning plate mnd

pipe msteria l. To reduce the confusion from dead-zone and near-zone effecta

●ncountered w ith straight -beem transducers, parts w ith ● thickness less than

5/8 inch are tested w ith angle-beam units. ln this technique, the beam enters

the test materiel at an angle and proceeds by successive zigzag deflect ions

from the specimen boundaries unt il iC is interNpted by a discontinuity or

boundary w here the beam reverses direct ion end is reflected back to the

transducer.. Allovancea ere made w hen placiag the angle-beam unit to eccount

for the lecaened effectiv.s length of penetrat ion becauoe of the zigzag path

taken by the beam. Angle-beam techniques are ueed for test ins w mlda, pipe or

tubing, Bheet and plate material, ●nd for specimesre of irregular shape w here

strsighc-beam units are unable to contact ● ll of tbe curfsce. Angle-bemm

transducer are identified by case markimge that show ‘beam direct ion by en

●rrow snd that indicate the angle of refract ion in aceel for shee”rwaves.
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TRAN50UCER
TRANSWCER

*
PLATS

Figure 6.4(5). Shear-wave technique.

The eurface-w ave technique requires apeciel angle-beam transducers that

projecc the beam into the test epeciaen at ● grazing angle whera almost all of

the beam ia reflected. For test ●pecimans w here near-surface dimcontinuit ien

●re encountered, errrface-wave transducer ●re used to generate Rayleigh

nurface w avea in the teat materia l. The aurfaee-w ave technique is show n in

Figure 6.6(6).

TRANSDUCER

SURFACE WAVE

Figure 6.4(6). surface-w ave techniaue.

6.&.3 PULSE-ECHO AND TNROIXW TRANSllISSION

In both the iimneraionand in the contact teat methods, there are pulse-echo

techniquaa and through transmisa ion techniques.

Pulse-echo techniques may use ●ither single, or double, straight-beam

transducers. Figure 6.4(7) show s a contact, ningle unit , straight-beam

transducer in use. With the mingle unit the tr.sne.ducer ●cts aB both

6.6-5
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Figure 6.& (7). Single-transducer pulse-echo technique.

and receiver, project ing ● pulsed beam of longitudinal w aves intotransmitter ..-.
the mpeciman aced receiving echoes reflected from che hck surface ●nd frm ●ny

discontinuity lying in the beam path w ith reflecting eurft.cesperpendicular tm

che beam. The double transducer unit im useful w hen the tent specimen flavs

or back surface sre irregular or are not paralle l w ith the front surfsce. One

transducer Cranamits and the other receiveo, as shw ct in Figure 6.4(8). In

chia case, the receiver unit is receiving back-surface ●nd diaconcinuitv

echoes, even though both transducer may not be direct ly over these reflect orci.

-—. ..—

TRANSM1lTING UNIT RaCEtVING UNIT

B’

.

?\”/

I \/’/ SOUNO REFLECTED TO

/<
RECEIVING UNIT

y ‘\ /’

,/
>1

Figure 6.4(B). Double-transducer pulse -etho technique.

Tvo transducers 8re usual ly used in the through- crgnsmission technique - one

on each side of the teat specimen, ● s tchw m in Figure 6. b(9). One unit ●cta

as a transmitter and the other as a receiver. ‘The transmitter unit projects a

beam into the material, the beam travel IIthrough the ❑aterial to the oppoa ite

surface, ●nd the energy in picked up @t the oppmsite nurface hy the receiving

unit . ASTY diseontinuit ies in the path of the beam cnuae a reduction in the

amount of energv reaching the rece(ving unit . For beat results in this

6.4-6
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TRANSMITTING UNl~
/

RECEIVING UNIT

m11/111[/[,/]llll]lll]lJIllllllllllllll!llllllllllllllllllllli

~~
01SC0NT4NUITY REDUCES AMOUNT

OF ENERGY TO RECEIVINO UNfT

Figure 6.4(9). Through-transmissiontechnique, two tranaducera.

technique, the transmitter unit selected is the best aveilable generator of

acouetic energy, and the receiver unit eelected ie the best available receiver
of ultrasonic energy. For exampIe, a berium titanate transmitter unit ie used

with a lithium eulfate receiver unit.

A variation of the through-trenemiesionme’thod,normelly ueed for thin

materials, comeiata of a single transducer, end after the wave pulse hae gone

through the material, it in raf lected by a reflector and retuned back to the

original t ranaducer. In this method, en electronic gate can be ueed to record

the ❑ignalm that come from the reflector. l’hieessentially gives the same

information that would have been received from a second transducer if it had

been located at thet point. This method reduces the number of tran.educers

required, snd essentially is using only a one-sided type inspection.

Basically, the pulee-echo tachnique cen provide depth information and the

through-trenemieeionprovides no depth information. In a through ecen, the

entira depth of the epecimen ia being examined. If a material is difficult to

penetrate, the two transducer thraugh-tranemiasiontechnique can provide the

maximum penetration.

6.4.4 GENERAL TECHNIQUE CONSIDERATIONS

Ultreaonic test preparations begin with an examination of the test specimen to

detarmi.nethe appropriate technique;then, components are selacted from avail-

able equipment to perform the teat. Many veriablea affect the choice of tech-

nique. For example, the test specimen mey be too large to fit in the immersion

tank. In the cane of large, fixed atructuraa, the testing unit ie moved to

the test site. This msy raquire portable testing equipment. Other factors

are the number of parta to”be teated, the nature of the teat material, test

eurface reughness,❑ethods of joint (walded, bonded, riveted, atc.), and the
shape of the specimen. If the testing progrsm covers a large number of

identical parts and a permanent test record is desirable, em immereion tech-

nique with automatic scanning and recording may be suitable. One-of-a-kind

or odd-lot jobs may be tested with portable contact testing unite. Each caae

will require some 9tudy as to the most practical, efficient technique.

6.4-7
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When setting up any test, an operating frequency

chosen. and a reference standard is established.

is selected, a transducer is

‘Thetest specimen ia

carefully studied to dotenzine its most common or probable diacontinuities.

For example; in forgings, laminar discontinueties are found parallel to the

forging flow lines; disconti.nuities in plate are usually parallel to the plate

eurface and elongated in the rolling direction; the common defect in pipe is a

longitudinal crack. etc. If possible, a sample specimen is sectioned and

subjected to metallurgical analysis.

a. Fre.quen~yse~e~tion. Frequency is one of the ❑zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAost i.nfl.uen t ia l perametera

that govern the success of ultrasonic inspection. There are ~ n~ber Of

criterie which determine the ultrasound frequency that delivers the beet

sensitivity to detel

The material genera

u9ually requires 2.

t flaws. !l’hesecriterja include:

Material

Signal-to-noise ratio

Minimum size of a flaw

lV determines the best ultrasound freauencv. Steel

5-or 5.0 MHz. Aluminum general]y giv~s be;t re9ults with

S.ofiHz. The way to find out which is the beat frequency for the explication

is by trial and error. A sample part with a natural or eimulated defect is

obtained and scanned with U1trasonic ‘transducer of various frequencies. The

gain setting for a defect nignal of common screen height provides a Rood

indicaLion of the moat effective frequency. That is, the frequency that

requires the lowest gain setting ie a preferred frequency. However, the

Signal-tn-noise ratio must also be ev.alwited. Ratios of the largest signal

received from a minimum sized defect as compared to the largeet noiee eignale

should be et least 10 to 1 (20 db).

Spectrum analysia can aecertain which is the best frequency. Spectrum

analysis is done by cotzpmring the frequency spectram from a natural flaw to
the frequency spectrum prior to enteri~ the material being inspected. ‘i’he

later spectrum can be obtained from an echo from a polished flat aurfece
immersed in water. Spectrums which transmit much of defect information in or

near the mean value of the rmted transducer frequency era what io being

sought . Care muo t be taken to compare broadband frequency with broadband and

narrow band frequency with narrow band. Narrow band frequency transducers

generate a more powerful pulse than broadband transducers. This ie expected

as broadband tranaducera are heavily damped tn vibrate only about one and a

half cycles. Higher ultrasound frequencies are neeeded for exceedingly small

minimum ~ized defects such MS are encountered in thin wall ‘tubinginspection
for nuclear reactors. Very high strength mertenaitic steel has a fine grain

structure thet can accommodate higher U1trasound fmquenciea with little noise.

I
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b. Transducer Size Selection. Juet as seneitivj.tyto the preeence of flaws

is the reaaon for selecting transducer frequency, so too it is the basis for

eelecting ❑ize. The firBt question to be enewered is “Do you need a focused

transducer’”’?If the depth (thickne.ee)of material is a centimeter or two,

then a focused transducer should be considered. However, if deep or thick

material is to be ultrasonically scanned, and the minimum flaw size is not

miniecule, then a flat lene transducer is often the best bet.

Focueed Tranaducere. Noi9e is the varieble that determine.?the best size

and configuration for a focused transducer. Small transducers with a wide

beam spread and large transducerswith much refraction from the large lens

cause lote of noise. It is surprising how oftan the moderately sized

transducers of about one centimeter acroee the lene face turn in the beat
performance (of least noise).

Flat Lenaed Treneducera, Generally, 9mall sized tranaducer9 work best

with small sized (or thicknese) parte. Larger sized tranaducerawork well for

interrogation of large, deep parta. However, sensitivity falls off with

increasingly largar sized transducers when the pulser ia taxed to vibrate the

crystal. So the power capacity.of the pulaer limits the size of the”

transducer.

Again, trial and error with evaluation of performance date reveal the best

size of transducer for n particular application.

o. Reference Standards. Commercial ultrasonic reference standarde are

described in detail in section 6.5. These etandarda ere adequate for many

teat aituationa, provided the acouatic properties are matched or nearly matched

between the test specimen and the test block. In most caees, responsee from

diacontinuities in the test specimen are likely to differ from the indications

recaivad from the test block hole. For thie reaaon, a sample test specimen ie

9ectioned, subjacted to metallurgical analysis, and studied to detemnine the

nature of the material and ite dieoontinuities. In some casee artificial

diacontinuitieain the form of holes or notches are introduced into the sample

to serve ae a basic far comparison with diecontinuities found in other

specimens. Prom these studies, an acceptance Ievel ie determined that

establishes the number and magnitude (or size) of diacontintitiea allowed in

the teet specimen. In all caaa9, the true nature of the test material is

determined by careful etudy of the sample gpecircen,and a sensible testing

program i9 e9tabliahed by an intelligent application of basic theory.

I
I
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6.4.5 INDICATIONS FROM VARIOUS TECHNIQUES AND THEIR INTERPRETATIONS

Ultrasonic test indications from subsurface discontinuitiea within the test

specimen are ueually related, or compared, to indication from flat-bottomed

holee of verying depthe or diemeters in standard test blocke. Theee compari-

sons are a fair meane of evaluating the size, shape, position, orientation,

and impedance of diacontinuities. Test conditions, and the diecontinuities

themselves, are eometimes the cauee of ultrasonic phenomena which are
difficult to interpret. Thie type of difficulty can only be resoIved by

relating the ultr.a@onicindication to the probable type of discontinuity with

reference to the test condition. impedance of the material, eurface

r%hneaa, surface cOntOur, attenuation, and CI181eOf incidence are all to be
considered when evaluating the eize and locetion of an unknown discontinuity
by the amplitude of the indication received. The simpleet method is to

compare the indication of the discontinuity with indications from a test block

~

similar to the teet specimen in alloy, shape, and back-surfece reflections.

The experienced operator also learns to discriminate between the indications

of actual defects and falee or nonrelevant indications.

I
a. Typical Immersion Test Indications

Immersion test indications, ae displayed on an A-scan in a pulse-echo mode,

1. are interpreted by analysis of three factors: the amplitude of the reflection

from a discontinuity, the lees of back-surface reflection, and the dietance of

dieoonti.nuityfrom the surfaces of the artiole. Individual discontinuitiea

that are emall, compared ~th the transducer crystal di~eter, am ueual~

I evaluated by comparing the amplitude of the teet-specimen echoee with the
teet-block echoes. Since the eurface of the test specimen and the eurface of

a discontinuity within it are not as smooth ae the surface of the te9t bleck

and the flat-bottomed hole in the teat block, the e~timated size of the

discontinuity ie generally a bit em.allerthan the actuel eize. Diacon-

tinuities that are larger than the cryetal diameter, are evaluated by noting

the distance the cryetal is moved over the teat specimen while an indication

is etill maintained. In this case, the emplitude hae no quantitative meaningl

the length over which the cmplitude ie maintained does indicate the extent of

the discontinuity in one plane. A loss, or absence, of back-surface

reflection 19 evidence that the trermmitted sound haa been absorbed,

refracted, or reflected so that the energy has not returned to the cryetal.

Evaluaking this lose does not nlweys determine the siEe of the discontinuity

as concisely aa the comparison method used on emall diacontinuitiea.

When relatively large diacontinuitiee are encountered, the discontinuity may

eliminate the back-surface reflection since the beam ie not transmitted

through the discontinuity.

!

1. Small Discontinuity Indications. A significant number of the diacon-

tinuitiee encountered in ultrasonic testinu of wrought aluminum are

~“ relatively small. Foreign materiale or po~oaity in-the ce9t ingot are

rolled, forged, or extruded into refer-thin discontinuities during fabri-
cation. The forcee used i.nfabrication tend to orient tha flat plane of

1 :he discontinuity pamllel to the surface of the part. Such a
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discontinuity and ita ultrasonic ind”icat ien ●re -hew n in Figure 6.4( 10). The

relat ionship of the discontinuity indicat ion ●nd it- smplitude is determined
by comparison with a range of teat block flat-bottanedhole reflect ions, ● u

shown in Figure 6.4(11).

FRONT SURFACE BACK SllRFACE

\

@

DIsCONTINU~Ty

Figure 6. b(lO).

G

TRANSDUCE

FRONT FACE

WRFACE

Force-oriented discontinuity indication.

2. LarEe Di~continuity Indication. Oiecontinuitiea that are large, when

compared w ith the crystal size, usually produce a display, as show n in

Figure 6.4( 12). Since the discontinuity reflects nearly all of the

ultrasonic energy, the partial or total loss of back-surface reflection is

typical. The dimensions of the discontinuity ❑ay be determined by

measuring the distance that the transducer is moved w hile @till receiving

an indication. If the discontinuity is not flat, but is three-dimensional,

the extent of the third dimensian may be determined by turning the art ic le

over ●nd manning from the back side. If the possibility of tw o

diaconcinuit ien lying close together in auapected, the ●rticle may be

tested from all four sides.

3. Less of Back-SurfaceReflection. Evaluating the lees of back-surface

reflection is most important when it occurs in the absence of ~ignificant

individual discontinuities. In thin case, ●mens the cauees of reduction,

or 108s, of back-surface reflect ion are large grain eize, porosity, and a

dispersion of very fine precipitate particles. Figure 6.6( 13) show s the

indicat ions received from a sound test specimen and the indicat ions

displayed from a porous specimen. Note that the back-surface reflections

obtained from the porous specimen are reduced considerably.

4. Nonrelevanc lndicationo. Uhen conaiderin.g indication that may be

nonrelevant, it in a good rule to be suspicious of all indicat ion= that

are unusually coneiatent in amplitude and appearance while the transducer

ia paseiog over the test specimen. Reflections from fillete and concave

murfacee may result in re~poneea appearing betw een the front” ad back

●urfacea. These are sometimes miecaken for reflections from

discontirruiciea. Reflection from a contoured surface may be shielded off

by interrupting the beam w ith a foreign object such am a piece of sheet

mat .sl, as show n in Figure 6.4(14). Sroad-baeed pip6,

sharp spike or pip, are likely to be re.lectiona from

ae contrasted to a

a concoured uurface.
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Figure 6.6(11). &aplitude range of 1/64 to 8/6fI flat-bottomed holen.
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Figure h.~(12). Large discontinuity indicat ion.

Figure 6.4(13). Reduced back reflect ion from porositv.
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FRONT SURFACE 9ACK SURFACE
METAL SPWN 15 INSERTEO AT POIN? A TO

ELIMINATE NONRELEVANT lNO{CATtON

a--row : ,, ,,

Figure 6.4(16).

II’A I
A J

fEonrelevant indicat ion from contoured surface.

Near the edges of rectangular shapes, edge reflecci0n5 4re B~et imeS

observed w ith no loss of back-surface reflect ion. This type of indicat ion

usually occurs w hen the transducer is w ithin 112-inch Of the ed8e Of the

pare.

Art ic les w ith smooth, shiny surfaces will sometimes give rise co fa lse

indicat ions. For example, w ith a thick eluminum plate machined to a

smooth finish, spurious indicat ion w hich appeared to be reflect ions from

a discontinuity located at about one-third of the art ic le depth w ere

received. As the transducer vas moved over the surface of the plete, the

indicat ion remained relat ively uniform in shape and magnitude. Apparent Iv

this type of indicat ion results from surface w avee generated on the

extremely smooth surface, and possibly reflected from a nearby edge. nev

are eliminated by coating the aorface w ith w ax crayon or a very thin film

of petroleum jelly.

5. Angled-Plane Discont inuity Indicat ions. Diecont in”it ies oriented w ith

their principal plane at ●n nnnle to the front surface are e.ometicnes

difficult to detect and evaluate. Usually, it is best co scan init ia llv

at a comparat ively high gain sett ing to detect angled-plane

disconcinuities. Later the transducer is manipulated around the area of

the discontinuity to evaluate its magnitude. in this case, the

manipulat ion is intended co cauee the beam to strike the discontinuity at

right angles to its principal plane. With large dieconcinuit ies that have

a relat ively flat , smooth surface but lie at an angle co the surface, the

indicat ion moves along the base line of the display as che transducer is

moved because of the chenge in distance of beam travel. Bursts in large

forgings fit this category; they tend to lie at an angle Of 65 degrees to

the surface.

6.4.14
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6. Grain Size Indications. Unusually large grain eize in the test specimen

may produce “hash,” or noise. indication, as shown in Figure 6.4(15). In

the eeme illuetretion, note the clear indication received from the came

type of material Mith fine grain. In Snme sases, abnormally large

grain-ei!zereaulta in a total loaa of back-surface reflection. Thesa

conditions are usually brought about by prolonged or improper forging

temperdures, or high
improper annealing of

tempereture during
the teat specimen.

‘RON’s”RFAY~ /BAcKs”R’AcE

hot working and subsequent

FRONT sURFACE
\ ~> “’HASH”

[FROM PHOTO.

I I
MICROGRAPHSI

K

FACE

-ORAIN

Figure 6.4(15). Grain 9iza locatione.

b. VP ical Contact Test Indication

Contact test indication, in many instances, are similar or identical to those

diecussed in the previoue peragraphe on immereion teet indications. Little

additional discussion will be givan when contact indication are similar to

immersion indication. Interference from tha initial pulse at the front

eurface of the teat specimen and variation in efficiency of coupling, produce

nonrelevant effects that are aomatimea difficult to recognize in contact
testing. Aa in immersion testing, eignal emplituda, loss of back reflection,

and dietance of the discontinuity from the eurfacea of the article are all
ma~or factors ueed in evaluation of the display.

6.4-15
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1. ‘1 ’YPical Discontinuity Indications. Typical indications encountered

in ultrasonic testing include those from discontinuities such as

nonmetallic incIuei.ons.eeams, forgi~ bursts, cracks, and flaking

I found in fnrginm, 89 ~hown

1 NO aACK REFLECTION

I

I
g

10

,;,TIALp”L,~ ‘Bme-s”mw, REFLECTION

~ fiT’Nis3
NONMETALLIC eEAM OR

INcLUSION LARGE CRACK

In Figure 6,4(16).

nn

IDE IDE

ma
SMALL CRACK FLAKING

Figure 6,4(16). TYPical contact test diacontiatity indications.

Delaminatiana iu rolled sheet and plate are shown by a reduction in the

distance between back-surface reflection multiples, aa shown in Figure

6.4(17). View A illustrates the display received from a normal plate and view

B shows tha back-surface roflections received when the transducer is moved

over the delamination.

In angle-beam testing of welds, a satisfactory weld area is shown with the

weld fusion zones clearly indicated as shown in view A of Figure 6.4(18).

View B ehoim the same reflections for the fusion zones, but in this case, a

discontinuity is located in the center of the weld. The weld seam commonly

haa diaconti~uiti.eswch as porosity and slag that produce indication aa -

shown in Figure 6.4(19).

Surface aracks are sometime9 detected when teeting with a shear wave produced

by en angle-beam transducer. Figura 6.4(20) chows a surface-wave indication

from a crack in the surface of the test specimen.
I
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VIEW A VIEW B

NO LAMINATION LAMINATION

Figure 6.4(17). Effect of delamination on back-surface reflection multiples.

WE LO NEAR EOGE

@ B:’”’”

A B

Figure 6.4(18). Weld indicat ions ueing angle-beem contact techniques.

POROSITY
SEAM I s UG

Figure 6.A(19), Porosity end slag indications in weld sesm.
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INITIAL PULSE

Figure 6.4(20). Surface crack indication using angle-beam techniaue.

With pitoh-and-catch teatins, using two transducers, the imitial, or

transmitted, pulee doea not interfere with reception, aa it does when uaiq
the single transducer. Figure 6.4(21) abous the indication received from a

relatively thin, teet specimen using two transducers. Paired angle-beam

transducer are used to improve near-eurface rnaolution. The transit time nf

the aoundbeam when paasing through the Lucite wedge on which th’atranaducere

are mounted gives an additional advantage in that the initial pulse is moved

to the left in the same May the water-path reparation occurs in immersion

teOtiog.

A serious problem with pitch-and-catch testing is changes in coupling
efficiency. Unless a back echo ia monitored, thera is no way to know that

ooupling efficiency iB changing or that the coupling is loet. This ia why

pitch end catch testing ia not popular.

Pigura 6.4(22) ehnws an indication from e discontinuity which lies only 0.02

inch below the aurfaoe of the material. Often, the best way to datect the

preaenoe of flawa just below the front surface ia to first bounce off the back

surfaoe and then monitor.

TfiANSM1 WING
TRANSDUCER RECEIVING

5

TRANSDUCER TRANSM1~EDW 15E

NuITY

~’\
\ \ //;’ ECHOES FROM

i, %,
SURFACE S
PARALLEL TO

/ ENTRANT SURFACE
ACK-SURFACE

RETURN TO EFLECTION

Transducer

Figure 6.4(21). l’wo-transducerindications.
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DISCONTINUITY 0.02 IN, BELOW SUFIFACE

@

BACK-SURFACE REFLECTION

TRANSMITTEO PULSE

FRONT SURFACE’

Figure 6.4(22). Indication of near-surfacediscontinuity.

2. Dead-Zone Indications. A dead r,oneexists directly beneeth the front

surface from which no reflectionsara diapleyed because of

obstruction by the initial pulse. In most contact testing, the

initial pulse obscures the front-surface indications as 9hown in

Figure 6.4(23). Near-surface discontinuitiessmey be difficult to

detect vith straiuht-beem transducers, because of the initial-pulse

interference. Sh~rteming the initial”pulee may be effective w;en

near-surface diacontinuitieeare obscured by the ringing “tail” of

the initial pulse. Figure 6.4(24) shows a comparison of 10SSSnarrow

band and short pulsaa broadband applied to the test epecimen where

the discontinuity la near the surface. In immersion testing, the

initial pulse is Beparated from the front-surface pip by the water

path. Only by inserting a standoff. such as a ulastic bIock. can

separation of these re9ponses

material in the dead zone can
bouncing off back surface.

be achieved in co~tact testing: The

ba ultrasonicallyinterrogated after

‘“’”AL~ e.-
PULSE /

A h
SURFACE

FRONT-SURFACE
LOCATION

\
TEST

SPECIMEN

Figure 6.4(23). Dead-zone interference.
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LONG PULSE

SHORT PULSE

DISCONTINUIW TEST sPECIMEN

I

El
/?.;:~gyJF::;lL

E3
OISCONTINUITY

Figure 6.4(24). LOU and short pulse ef’fectson display.

3. Nonrclevant Indications. Coarae-graineduwterial causea reflections

or “haBh” acrom+ tha width of the display .SSsho~ in Figure 6.4(25))

when the teat i9 attempted at a high frequency. To eliminate or

reduce the effect of these unwanted reflections, lowar the frequency

or change the direction Of the beam by using an angle-becm tran9duc.er.

Figure”6.4[25). Coarae grain indication.

When testing cylindrical specimens (especiallywhen the face of the transducer

is not curved to fit the test surface), additional pips following the

back-surface echo will appear ae shown in Figure 6.4(26).

In testing long epocimens, mode conversion occurB from the eoundbeam striking

the sides of the test specimen and returning as reflected shear wavee as shown

in Figure 6.4(27). Changing to a larger diameter transducer will lessen thi9

problem.

Surface waves generated during straight-beam testing aleo cause unwanted

nonrelevant indication~ when they reflect from the edge of the test specimen

as shown in Figure 6.4(28). This type of nonrelevant indication is easily

Identified since movement of the transducer w ill cause the indication from the
surface wave to move acroea the display with the movement of the transducer.

Vhen teeting with two angle-beam transducer, it is poseible to have a .emall

surface-wave component of the soundbeam transmitted to the receiving unit as

shown in Figure 6.4(29). This type of unwanted reflection is easily

recognized by varying the distance between the transducers and watching the
indication; when the distance is increaeed, the apparent di9continuity
indication moves away from the initial pulse.
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Figure 6.4(26). Nonrelevant indicat ion from cylindrical opecimen.
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N
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Fi8ure 6.4(27). Nonrelevant indicat ion from long bar npecimen.

INITIALPU15E

\/

SURFACEWAVE

c!+!!iImaAcK”’F.?
Figure 6.4(28). Nonreleva”t surface-w ave ●dge reflection.
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INITIAL PuLSE

/

Figure 6.4(29). NonrelevanC curface-vave indicat ion w ith tw o tranoduce?s.

When using angle-beam transducers, a certain amount of unw anted reflactiono
are received from the w edge. These indications appear {asnediately follmwing

the init ia l puise as nhoccn in F{gure 6.4(3(3). The reflect ions from w ith{n the

w edge are easily identified because they are et ill preeenc on the display w hen

the transducer is lifted off the Cect specimen.

With continued use, the cE_ystal in the transducer may come loose or fracture.

When this happens, the indication ie characterized by IIprOlOnsed ri~ine

w hich adds 8 “tail” to the initial pulse as show n in Pi8ure 6.4(31). An the

prolonged ringing effect reaulta in a reduced capability of the system CIY

detect discontinuitics, the transducer is discarded or repaired.

Figure 6.4(30) . Nonrelevant indication from pl.setic wedge.

DB
A B

Figure 6.4(311. Nonrelevant indicat ion from l.ooaetransducer crvmtal.

I
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NEWEST PROCEDURES AND TECHNIQUES

For many years, eeveral new methods of ultrasonic testing have been

developed. Detailed discussions of these new methode will not he presented,

but brief descriptions will be given.

6.4.6.1 Acoustic Emiasion9

Acoustic emissions ie en ultrasonic teat method. However, no active search

beam or other external ultrasonic energy eource is used. Acoustic emissions

u9e transducers that detect ultrasasic pulses that are produced within the

❑aterial. Normlly, these pulses aro produced becauee of induced .etreeses

within the material, and.are ceuaed by localized displacement that result
from these etresees. Therefore, acoustic emissions must nOFMallY be ueed in

conjunction with some other tact where changes in temperaturesor loads are

producing stresses cad strd.na within the material. By triangulation,the

location of the sourceo of these pulBee can usually be determined; and by

analyzing *heir relative mngnitudee or other characteri9tic9, the nature of

the eource can sometime be characterized. Some basic requirement of

acoustic emissions are: first, the nature of the material mu9t be such that

ultrasonic pulses are produced, Thie eeeme to be common for moat materials,

especially where internal defects are preeent, which are especially prone to
the generation of mechanical slippages and dislocations. Secondr the material

must adequately transmit the ultrasonic energy from the source to the
tranaducerm. Third, external noiee from teat apparatus or other sources must

be separable from the aournea within the material. Laet of all, come

correlation or other meaning muet be developed with the characteristic of the

eignala unless location or time correlatioma ace the only pamuetera of
interest.

Since some of these requirements are not always met, acoustic emiesions is not

always 9ucces9ful. There are ❑any situation, however, where acoustic emission

testina is the most useful nr the only pomible method. Today, the testing of
am booms made of composite materials and niclear praaaura vessels are

extensively done with acouetic emieaione,

One of the greatest prnblems with acoustic emissions”ie the detection system.

Preeent day acouetic emission transducersdo not in general record the true

fidelity of the internal ultrasonic pulses, but ❑erely rin8 at their own

natural frequency. Tinerefore, 8cientific correlations between the deteated

signal and ‘thesource are limited,

6.4.6.2 Reaonence or Acouato-Ultra90nica

Many ultrasonic testing devices inject ultrasonic energy into a part and

measure the changes produced in the standing wevea or raflection~ established

within or between the material and the transducer. In some casem, these

chenge.einclude both
not normally “image”

phase and amplitude parameter. These test methode do

a dafact or other variable, but usually raflect the total

6.4-23
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response of the t.eetregion. Beceuse the reeponae is a general renponee, it

is capable sf easy interpretation, but for the same reason, it cannot always

provide the detaile that may be desirad. In acousto-ultrasonica,changes in

the injected ultrasonic signal, as it travels from one transducer to ermther,

are ueed ae a correlation parameter. Again, no “imaging” of defects is

produced by these test methsds, but they can often generalize the material in

such a way that very effective test measurements are established.

6.4.6,3 Scanning L&ser Acoustic Micro.wopa (SLAM)

This method uses high frequency (30 to 500 MHz) ultrasonic waves that are

tranemitted through e specimen to an image plane. ‘Theimage plane can be the

mrface of the specimen or any light reflective surface acoustically comected
to the epecimen, The ultrasonic wavee extend over the antire image area and

form a pattern on the image plane that is a function of the acouetic variablea
within the imaged area. This pattern is detected by a scanning laser beam and
displayed in real time an a CRT screen. Because of the high frequencies, very

small veriables can be detected, es small es 5fJm, at the 500 MHz rfinee.

However, the penetration depth la also limited by the high frequency, and thus

this method la fairly limited to emell apecimene.

6.4.6.4 Ultrasonic Holography

Ultrasonic holography 19 another real time inspection system which u9as a

laser benm to detect an ultrasonic hologram formed on a liquid eurfece. The
ultrasonic hola~ram is formed by the interference of two ultrasonic beams, one

af which hms hoen trfinfwnittedthrough the specimen. Adaptations of this

method presently include methods that 611Dw electrical signal references and

noninunersiontechnique.

(WP ID# 65YSA/DISK 0z82A. YOR AMMRC USE oNLY)
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6.5 STANDAHDS

In ultrasonic testing, discontinuity indicationsare normally compared ta

indications received from teeting a reference etandard. The reference

standard may be any one of many reference blacks, or Beta of blocke, epecified

for a given teet or it may be an actual part to be tested containing a known
natural or eimulated flaw. Standards made frcm.such parts are hard to beet in

prediction. When standarda ccn be used to check the accuracy of the

ultrasonic inspection, just feed the standard into the teat equipment.

Observe that it is rejetted, and remove the standard frOm the prOductiOn

line. Extreme caution must be exercised to remave the part or parte from the

production line. In comparison, ultrasonic standard reference blocks are more

useful in a laboratory. Reference blocks are flexible but slow in uee.

Ultrasonic standard reference blocks, often called test blocks, are ueed in

ultrasonic teeting to standardize the ultrasonic equipment and to evaluate the
discontinuity indication received from the teat part. Standardizing does two

things: it verifie9 that the instrument/transducercombination ie performing

as required; it establiehee a sensitivity, or gain setting et which all

discontinuities of the size specified, or larger, will be detected,

Evaluation of discantinuities within the test specimen ie accomplished by

comparing their indications with the indication received from ah artificial
discontinuity of known size, and at the ssme depth, in a standard raference

block of the same material.

Stendard test blocks are made from carefully selected ultrasonically inspected

stock that meets predetemnined etanderd af ultrasonic attenuation, grain aiEe,

and beet treat. Discontinuities are represented by carefully drilled

flat-bottomedholes. Test blocks are mado and tested with pain9takine care ao

that the only discontinuity present ia the one that was added intentionally.

The three moat familiar 9etB of reference blocke are the Alcoe-Series A, are~

amplitude blocke; the Alcoa-Series B, or Hitt, distance/emplitudeblocks; and

the ASTM baeic set of blocks that combine area/amplitude and di9tance/amplitude

blocks in one set.

6.5.1 ANEA/AMPLITUDE BLOCKS SET

The Alcoa Series A aet consists of eight blocks, each 3-3/4-inches lms and

l-15/16-inches equare. A 3/4-inch deep, flat-bottomed hole (FBH) i9 drilled

in the bottom center of each block. The hole diameters are l/64-inch in the

No. 1 block through 8/64-inch in the No. B block, as shown in Fi8ure 6.5(1).

A9 implied, the block numbers refer to the FBH diameter; e.g., a Na. 3 block

has a 3/64-inch diameter FI?H.

Area/amplitude blocks provide a means of checking the linearity of the test

system; that 1s, they confirm that the amplitude (height) of the indication on

the oecillc8cope screen increase9 in proportion to the increase in size of the

diecontlnuity. Similar area/amplitude reference blocks are made from 2-inch

diameter round stack.

6.5-1
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I 6.5,2 DIsTANCE/AMPLITUDEBLOCKS SET

The set of Alcoa Series B, or Hi,tt,blocks conaist~ of nineteen, 2-inch

die-meter,cylindrical blocks, all with 3/4-inoh deep FBH of the same diameter

drilled in the center et one end. These bloc$B are of different lengths to

provide metal distances of l/16-inch to 5-3/4 inchee frnm the test surfece to

the FSH. Sets with 3/64-, 5/64-, or 8/64-inch diameter holee are avAilabIe.

The metal distances in each set are l/16-inch, l/8-inch through l-inch in

eighth-inch increments, and 1-1/4 inch”through 5-3/4 inch in half-inch

increments, as shown in Figure 6.5(2).

Distance/emplitudeblocks serve as a reference by which the size of

diecontinoiti.e9at varyins depthe within the test material maY be evaluated.

They elso serve as a reference for 9etting or standardizing the senaititity,

or gain, of the test eyetem eo that the system will display readable

indications on the oscilloscope screan for all di9continuities of a given size

and over, but will not flood the screen with indication of smaller
discontinuities that are of no interest. On inetrvmenta BO equippad, theee

blocke are used to set the sensitivity time control (STC) or dietance

amplitude correction (DAC) so that a diecnntinuity of a given ei~e vill

produce en indication of the came amplitude on the oscilloscope ecreen

regerdleas of ite dietance fram the frent Burface.

6.5-2
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Figure 6.5(l). Area/smplitude reference blocks.

+2+

Figure 6.5(2). Distance/amplituderefel:encebla— ,ck—

1 1

D
OIMENSIONA

1/16 13/4
1/8 21{4
114 2314
3ie 31/4
1/3 33/4
5/8 41/4
3/4 43/4
7/s 5114
1 53/4
1114

DIMENSIONB

I.-&.l
:@ (Hitt).
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6.5.3 BASIC BLOCKS SET

The ASTM baaic set shown on Figure 6.5(3) consists of ten. 2-inch diameter

blocks that have 3/4-inch deep, FBH drilled in the center at one end. One

block has a 3/64-inch diameter FBH end a metal distance of 3 inches frem the

test 9urface to the FBH. The next seven blocks each have a 5/64-inch FBH but

metal distances ere 1/8, 1/4, 1/2. 3/4. 1-1/2, 3, and 6 inche9 from the test

surface to the FBH. The two remaining blooks each have an 8/64-inch diameter

FBH end metal dietances of 3 inches and 6 inches. In thie basic s@t, the

three No. 3, 5, and B blocks with the 3-inch metal distance, provide the
ardamplitude relationship, and the seven blncks with the 5/64-inch diemeter
FBH (No. 5) a“d varying metal distances, provide the distance/amplltude

relationship.

It is important that the test block material be the same, or eimilar to, that

I

of the teat specimen. Alloy content, heat treatment, degree of hot or cold

working from forging, rolling, etc., all affect the acoustical Properties Of

the ma’.%rial. If test blocks of identical material are not available, they

muet be similar in ultrasonic attenuation, velocity, and impedence.

6.5.4 SPECIAL BLOCKS

The International In.sti. tute of Welding (IIU) reference block and the miniature
angle beem field calibration block, ahown in Figure 6.5(4) are examples of

other raference.standards in common uee.

For irregularly ehapad articles, it is often”necessary to make one of the test

articleg into e reference 8tendard by adding artificial discontinuities in the

form of flat-bottomed holea, sa”wcuts, notchee, eta. In come caaes, these

artificial discontinuitiea can be placed go that they will be removed by
eubsequant machining of tha article. In other caees, a special individual

standardizing technique is developed by carefully 8tudying an article

ultrasonically, and then verifying tha detection of discontinuities in the

article, by destructiveinvestigation. The renulte of the study then become

the basis for tha testing standard.

6.5-4
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Figure 6.5(3). AS’L?I reference blocks, basic set.
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Figure 6.5(4). Special reference blocks.
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PROCEDURN

A typical calibration procedure is outlined in the paragraphs that follow.

The procedures assume conditions and equipment se follows:

a, Test Instrument. Any of aoverel commerciallyavailable pulse-echo

ultrasonic teeting inetruments.

b, Test Frequency, The test frequency shall be 15 MHz.

c. Transducer. A quartz immersion transducerof 3/8-inch diameter with an

operational frequency of 15 MHz.

d. Power Source. Line voltage with regulation ensured by a voltage

regulating transformer.

e. Immersion Tank. Any conteiner that holds couplant and ie large enough to

allow accurate positioning of the transducer and the reference block is

eetiafactory.

f. Couplant. Clean daaerated weter is ueed 89 a couplant. The“acme water,

at the seinetemperature, is ueed when comparing the reaponaes from differing
reference blocko,

8. Bridge and Manipulator, The bridge i~ strong enough to support the

manipuletoi-and rigid enough to allow smooth, accurate positioning of the

transducer. The manipulator adequately aupporte the transducer and provides

fine angular adjustment in two vertical planes normal to each other,

h. Reference Blocks, An area/amplitude ❑at and a dietanoe/amplitude eet of

reference blocks are required. (A basic set which combines both area and

distance responeee may be used; for example, the ASTU baeic set consisting of

ten reference blocks. For area/amplitude relationahipeuae blocks contaimi.ng

a 3-inch metal distance and 7/64-, 5/64-, and 8/64-inch diameter holes. For

distance/amplitude relationships uae blocks of varying length which contain

5/64-inch diameter holes.)

i. Fundamental RefeMnce Standard. When calibrating area/amplitude responsee

of the teat set, an alternate to the reference blonke deeoribed in the

preceding step ia a eet of 15 steel balls, free of corrosion and surface merke
and of ball-bearing quality, rerigingin size from 1/8- to l-inch diameter in

l/16-inch increments. A suitable device, s~uchea a tee pin, is neceeaary to

hold eech ball.

6.5-6
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Area/AmplitudeCheck

The linear renue of the instrument ie detemnined bv obtainina the U1trasonic

~
reeponaes from each of the area/amplituda-type reference blocks (the steel

balls may be used as an alternate for the referenoe blocks) a9 fOlkJUB.

I
a . Place a No. 5 area/emplitude reference block (a block containing a

5/64-inch diameter hole) in the immersion tank with the drilled hole down.

Position the transducer over the upper eurface of the block, slightly

off-center, at a water dietence of 3 inches within a + or - tolerance of

l/32-inch, between the face nf the crmtal and the eurface of the block. ‘i’his

accurate distance ie obtained by using a gage between the block end the

trenaducer

b. Adjust the transducer w’iththe manipulator to obtain a maximum pip height

from the front-eurface reflection of the block. This indication provee that

the soundbeam is perpendicular to the top .wrface of the block. A maximum

number of back-surface reflection pips eerves the same purpoee.

c. Move the transducer laterally until the maximum response is racetved from

the FINf.

d. Adjust the instrument gain control until the hole pip height is 31 percent

of the maximum obtainable on the cathode ray tube cicreen. Do not repeat this

step for the remaining blocks in the set.

e. Replace that reference blocikwith each of the other blocks in the set.

Repeat etepe b and c for each block end record the indications. Maintain a

water distance of 3 inohes for each block exoept for the No. 7 and No, 8

blocks, which require a water distance of 6 inches.

f. Plot a curwe of the r.cnrded indications es ehown in Figure 6.5(5). In

the example shown, the point where the aurve of reaponaes deviates from a

etraight line defines the llm.itof linearity in the instrument. Amplitudes

plotted below the limit of linear reeponae (in this example) are in the linear

1

range of the instrument and no correction is requirad. Amplitudes of

indications above the limiting peint are in the non-linear range and are

increased to the ideal linearity curve. This is done by projecting a vertical

line upward from the aotual height of indication untiI the ideal curve is

intercepted. The point of interception defines the correctedheight (CH) of

indication in percent nf maximum amplitude that the instrument oan dieplay.

The difference between the corrected haight (CH) and the actual height (AH) ia

the correction factor (CF). For each indication that appears in the

non-linear ramge a di.fferent correction factor (CF) is plotted because the

deviation ie nnt constant. When the actual

the corracted indication height ie computed

directly to the actual indication height as

indication height is displayed,

by adding the correction factor

follows:

I AH+ CF-CH

6.5-7
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Figure 6.5(5). NV ical areafaeplitude response curve.

8. The linaar ramge of the inatrwmantMAY ●lso & determined by recording the

ultzeeenic reeponeem from the beek-eurface of each of M steel balls ramgimg

in oiee from 1/8- to I.&inch in diaamtar in l/16-inch increments. me

iumcrtimt ~thod io used follow i~ previous stepe a through f, except that in

etep d, the inetrwccnt gain control h adjua ted until the pip height is 50Z of

the mexhcm obcaineble on the oscilloscope screen w ith the transducer

positionedover the l/2-inch dieumcar ●ceel bell. For each bal 1, the w ater

dist.smce is maintained conetacit●t 3 ~ 1/32 iach ad the tremducer i.

poaitiomed for mexi- response from e.acb ball. Ihe recorded indications ●re

plotted mm ● curve ss show n in Figure 6.5(6).

Distance/A7nplitude Check

The diecance/amplitude Characteristic of the instru~nt are determined by

obtaining the ultrasonic reaponsea from each of the reference blocks in ● set

of blocks of varying metal distance with a 5/64-inch diameter hole in each

block. The reeultant indications ●re recorded on ● curve ●s outlined in the

folloving procedure.
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Figure 6.5(6). Steel ball area/amplitude response curve.

a. Select a reference block containing a 5/64-inch FBH hole with a metal

distance of 3.000 inches from the top surface to the hole bottom and place it

in the immersion tank. Position the transducer over the upper surface of ,the

block, slightly off-center, at a ~eter distance of 3 inch’= between the face
of the transducer and the aurfece of the block. Adjust this di9t.snce

accurately, within a + or - tolerance of 1/32 inch, by usiw a gage between

the block and the transducer.

b. Adjust the transducer with the manipulator to obtain a maximum pip height

from the front-eurface reflection of the block. This indication proves thet

the aoundbeam is perpendicular to the top 9urface of the block. A maximum

number of beck-surface reflections 9erves the same purpose.

c. Move the transducer laterally until the mezimum re9ponse is received from

the FBH. Adjust the instrument gain control unt il the pip height ie 25% of

the mcximum obtainable.on the cathode ray tube screen.
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d. Replace that reference block with each of the other blocks in the set.

Repeet eteps b and c for each block and recofi the indications. Maintain

water diatence of 3 inches for each bloCk.

e. plot a curve of the recorded indication as sho~ ~ Fitiu~ 6.5(7). In

the example shown, the naar field (freanel) zone extends from tha l/2-inch

metal distance indication to the 2-inch metal distance indication. Aa the

metal distance inoreases beyond 2 inches, the indications attenuate, or

decreaae, in height.

; 30 — -
I I

s
< 20 — .
1-
2

~ 10 — ‘-

t :-,&il- 1. I I I I
1 I-l@2 Z-l/x 3 3-1/2 4 4-1/2 5 6-1/2 6 &I~ 7

METAL DISTANCE, INCHE5

INSTRUMENT CORRECTED FOR NON-LINEARITY)

Figure 6.5(7). TYPical distence/amplitudereaponae curwe.

Transducer Chsck

To improve accuracy during teat equipment calibration, the charactetiatico of

the transducer, as modified or didorted by the test instrument, are
determined by recording a dietance/cmplitudecurve from a l/2-inch diameter

steel ball immersad in water. A beam pattarm, or plot, can aleo be obtained

from”tha aama steel ball at a fixed wate~distance of 3 inches. It is well to

remember that the ourve and beam plot recordad in this procedure are not valid

if tha transducer ia subsequently used with aW test inatmment other than the

one used in this procedure. A complate analyeia of transducer characteristic

canmot be accomplished with the commercial ultrasonic teeting equipment uaad

in this procedure. TO eneure maximum accuracy, the traxmducer may be

calibrated with special equipment. In the procedure that follows, the

apparatus used for checkin8 the transducer ie the came as that prescribed in
the previous paragraphs for calibrating the instrument with reference blocks.
The manipulator i9 Bet to allow a range in water distance of O to at laaet 6

inches from the face of the transducer to the ball surface.

6.5-1o
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a. Adjust the instrument gain control until the pip height is 50% of the

maximum obtainable on the oscilloscope screen with the transducer positioned

at a water distance of 3 ~ 1/32 inch from the face of the transducer to the

top surfece of the ball. Exercise care in producing a true maximum indication

by Iocating the transducer beam center on the center of the ball. Record this

point of standardization.

b. After standatiizing the instrument, set the water distance at 1/4 inch.

Again, exercise care in using the manipulator to locate the transducer beam

center on tha center of the bell. Record the maximum indication. Do not

readjust the instrument gain control in this or succeeding steps of the

procedure.

c. Vary the water distance in l/8-inch increment through B raoge of l/4 to 6

inches. Record the maximum indication for each increment of water diBtanCe,

using care each time the transducer is moved back that the beam center remain9

centered on the ball.

d. As show n in Figure 6.5(8), plot the recorded indications (corrected for

any non-linearity) on a graph to demonstrate the axial distance/amplitude

responee of the transducer and particular test instrument ueed in the test.

e. Determine the transducer beam pattern by relocating the manipulator to

obtain a 3 J l/32-inch water distance from the l/2-inch diameter steel ball to

the face of the transducer. While scanning laterally, 3/8-inch total travel,

the height of the indication from the ball ie obeerved while the transducer

passes over the ball. Three distinct lobeg or maximume are obgerved. Tha

awatry Of the bem ia checked by mnki~ four SC-; displacing each ecan by
rotating the transducer in ite mounting 45 degrees. The magnitude of the side

lobes should not vary more than 10% about the entire perimetar of the

ultrasonic beam. An acceptable transducer will produce a symmetrical bean

profile which has aide lobes with magnitudes no less than 20%, nor more than

30%, of the magnitude of the center lobe. The becm pattern or plot of an

acceptable transducer is shown in Figure 6.5(9).
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WATEFI DISTAMCd. INCWS

Fisu?e 6.5(8). Transducer axial dietanee/a mplitude chsraeterist ice..
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Figure 6.5(9) . Transducer beam pattern.
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6.6 APPLICATIONS

Ultrasonic examination is used in a wide range of application. The principal

one is the detection of internal flaws in meet engineeringmetals and alloya.

Bonds produced by welding, brazing, eolderin6 and edheeive b0ndin6 can be

ultrasonicallyinspected.

The flaws to be detected include voide, cracks, inclusions, pipe, laminations,

burete end flekes. They may be inherent in the naw material, may reeult from

fabrication and heat treatment, or may occur in service from fetigue,

corroeion or other caueae.

U~tr~eOfiC~ Cm ,3~90 be uged to measure thickness of metal sections.

Structural material from e few thousandths of an inch to several feet in

thiclmees can be meaeured to accuracies better than 1%.

Speciel ultraeonia techniques and equipment have been used on such diverse

problems an the’rate of growth of fatigue cracks, detection of bore hole

eccentricity,❑easurement of elaetic moduli, study of prees fits,

determination of nadularity in caat iron, and mete.llurgicalresearch on

phenomeoa such ae stmcture, hardening, and inclusion count in variou~ metals.

Ultraeonlc examinetion can be uBed to detect both lerga and small

discontinuitieslocated either at the surface or deep within the part. The

part can be made of a ferrous or nonferrous metal or of a nonmetal. Testing

can be done by manual scanning or can be fully automated, with either visual

interpretationor permanent recording of results. Ultrasonic examination can
k performed on either flat or curved surfacee, and can be performed when only

one eurface of a part ia accaseible, even when the area to be inspected is

remote from the accessible surface.

The only limitations in ite applications for materials are usually foam9,

where high poroeity axieta, or for materials where high damping exists

(certain corks, rubbers, etc. ). Geometric limitations exist in terms of part

deai&na, orientations, surface finishes, etc.
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6.7 SPECIFIC GUIDELINES

ultrasonic testing, as all NIIT methods, requires wiee applications with full

knowledge of the limitations involved. The following guidelines can be of

value only ae they can be intelligently applied to each individual problem.

6,7.1 GUIDELINE FOR DESIGNERS

Designers should kn~w the follawing: choosing the proper .ep.xcificationefor

NDT ie important, but most epecificationesuch ae MIL-I-6870 and MIL-STD-2154

are general and do not provide the details required to actually perform an

inspection, Some designere believe that with the choice of a specification,

everything else i9 autamatic. Clone communication muet be established with

QA and materiale and testing engineer9 to eneure that the details and

decisions required after a general specification is cho.cen will acczmplieh the

original intent of the design. In ultraeonice, the cogt of calibrating and

standardizingnormally increasee aa the limit in the size of flaws ta be

det~cted ‘decreaeeo. If the minimum defect size approached the inspection beam

ai~e, and especially if it approaches wavelength -size,extensive ciirrelationn

may be required before the ultrasonic teeting can be effectl.ve. Therefore,

whan tight specifications are required, the de8ifIDengineer must became aware

of these coete and give guidance to poaaible trede-offe. Ideally, changes in

deeign that reduce inspection conta should be aiadaearly. This cannot accur

unlees the designer has personally taken the interest necessary to understand

theee choices.

Tha daeigner should read eection 6.4.4 on reference atandarde and section

6.4.5 on interpretation of indication whare it ia pointad out that atandard9

and celibrationa are valid only to the degree that the atandarda match the

alloy, shape, and acouatic property of the specimen. When designere are able

to place one or more artificial reflector in their design to represent
critical flaw aizee, then the NDT inspection has a standard that is exactly

the same alloy, shape, and acoustic property, sinca it ia the part itself that

ia baing used. This approach saves much calibration time and increaaes the

reliability ~f the inepectian. Designers, if they consider these ~saihilities

early in tha design phase, can aften accomplish this at far less cost than

that required to inspect without them.

6.7’.2 GUIDELINE FOR PRODUCTION ENCINESRS

Ultrasonic Inspection 19 expansively used by production engineers, to inspect

raw materials before they are processed, to inspect parta during their

fabrication,and to actually control come af their machine aparationa.

Coordination of the inspection of the parts during their fahricaticma are

usually made with QA. In come larga operations, all materiala are originally

brought and inepocted at a standard quality level, Th~n portions of that
material may later be needed where a higher quality level may be required.

Reinspection is then performed to “upgrade” the material for this new use.

This effort of inspecting quality “into” a part is rarely .succaaafuland

should be brought to a designer’s attention when this occurs.
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6.7.3 GUIDELINES FOR QA PERSONNEL

Ultrasonic, especially uhere C-scans are produced with a direct “black and

white” readout, can often be asmmed to be real. That is, images eeen on the

scan (indications) are often asaumed to be the images of the flaws or of

variables in the material. The imagea formed by ultrasonics, especially for

small dimensional shapes, are very non-linear and thue indication images

cannot be used as flaw images except through proper calibration and the

interpretations that it can provide.

ilanytimes, QA must work with both NOT rasearch engineers and NDT prediction

engineere. They need to und8r9tand that basic difference can exist between

theee discipline. The preduction engineers are paid to run efficient

inspection, and this requires maximum inspection rates that juet barely allow

detection of tha smellest unacceptable flavg. This approach and.orientation

rarely provide maximum inspection information. At the came tiqe, one in a

research anvironmant, trained to m’aximizethe inspection information, should

not routinely be used by QA to determine acceptable production retes. A need

often exists for input from both, and a clear understanding of their

difference in background ehould be recognized and appreciated.

6.7.4 GUIDELINES FOR NDT ENGINEERS

In ultrasonics, the NDT Engineer has a duty to explein and instruct those

interested in the results, of the Limitation and interpretations of the

results. Where a pulse-echo method is employed, as an example, the equipment

sends out a wave pulse and listana for an echo. When an echo is received, the
machine does not know why an echo ia received, The machine cannot know what

caused the echo to be returned. Only the operator, with his knowledge of the

situation, his knowledge of the part being inspected, and his 8bility to weigh

various possibilities, is in a position to make an immediate interpretation..

Bacause of multiple reflections, 9tanding wavee, interference patterns,

nesr-field effect9, and a multitude of non-Linear interactions that can occur

in ultrasonic, proper interpretations are critical. The NDT Engineer has the

greatest responsibility in seeing that these interprete.tion9 are correct and

are properly used.

6.7.5 GUIDELIN&S FOR NDT TECHNICIANS

Technicians must 9tey alert to chamgas in their equipment. In ultraaonics,

tha equipment is complicated, both electronicallyand mechanically. The final

results are bseed upon a neriee of interdependent operations, and therefore
the results ara almost always baing affacted in soma @mall dagree first in one

direction and then anothar. Transducer can age. What w as a good transducer

yasterday may not be a good one today. Noting small differences is often

important. In ultrasonics, whera immersion test methods are conductad, the

prea.smce of air bubbles w ill be one of the biggest problems. There ie ❑uch

air in water ( that ie why fish can live in wster) and the amount of air in the

water depends upon it9 temperature. Air bubblee can sppear even though care

i9 ueed to originally place a part in water without any air “bubblesattached.

6.7-2
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Air bubbles can actually grow, collecting air from the weter itself. This

especially occurs if fresh water has just come from a cold, high pressure

source, or the part ie wanner than the water, or the average temperature of
tha water ie increasing. Theee problems alao depend upon the interracial

energy relat?onahip between the water and the material and whether there are

“nucleation” aitea upon which the bubbles can grew. Therefore, come parts may

never have these problems, and othere will always have these problama. They

are common enough, though, that they should alwaya be watched for and care

exercised that they do not produce false indication. Properly designed

standerde will reveal many of the ultrasonic test problems that can occur
during production Inspection.
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6.8 SAYETY

Standard laboratory safety procedure for the handling of electrical equipment

are applicable to almost all ultrasonic eyeteme. The traneducera ere often in

circuite that uae 300 to 1000 volte. Proper grounding and inauletion ehould

always be employed. Uhere automatic seaming devicee are employed, great cara

must be exercised to protect personnel from ❑oving belts or drive8 and of

being cau8ht between moving psrta. There should aleo be eafety switches end

poeition limit switches to ensure that movi.mgmachinery does not go beyond
certain safe limits. In large operations or the inspection of lerge parts,

safety in the handling of the inspected parts cannot be overlooked. Many

times large hOiBtS or cranea are involved, and methods of piecing and

adjusting heavy parts must be checked and approved. Large amounts of water,

and verioue additives, are sometimes involved in ultrasonic testing. The

unexpected releaee of these liquids, due to a rupture of the water tank (by

accident or otherwise), might be a eafaty aonmtderation. A fungicide ehall be

added to an immersion bath to protect the health of the operator.
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6.9 GLOSSARY

ANPLITUDE The vertical pulse height of a received ultrasonic signal, usually

base to peak, when indicated by an A-scnn presentation.

ANGLE SEAM A wave train introduced into a test object so that the ultrasonic

beam axis centerline io at an angle, other than O degrees, to the normal to

the entry plane of the test object.

ANGLE OF INCIDENCE The .snglethat the axia of an ultrasonic beam mekes with

the normal to a surface at the point of “incidence.

ANGLE OF REFLEC’TION The angle th~t the axis of a reflected UItrasonic be=m
makes with the normal to a reflecting surface at the point of incidence.

ANGLE OF REFRACTION The angle between the axis of a refracted beam and the

line normal to the boundary between two media with different speed of sound.

AREA-AMPLITUDERNSPONSE CURVE A curve 9howing the changee in the anplitude of

ultrasonic response to reflectors of different areas located at equal

distances from the search unit in an ultrasonic-conducti~ medium.

A-SCAN A method of data presentation utilizing a horizontal base line that
Indicates distance, or time, and a vertical deflection from the base line

which indicatea ultrasonic amplitude.

ATi’EhWATION The 108s of ultrasonic energy within a medium due

end absorption.

ATTSNUA’TIONCOEFFICIENT Factor that describes the decrease in

amplitude with distance in a given medium. Normally expreeeed

unit length.

to scattering

ultrasound

in decibels per

ATTENUATOR A device for altering the amplitude of an ultrasonic signal in

known increments, usually decibels.

SACK REFLECTION Indication of the ultruemnic echo from the far boundary of

the material undar teat.

RASELINE The dietance/tine axis In an A-scan display.

BEAN AXIS The acoustic centerline of an ultrasonic eeerch unit’8 beem pattern

aa deecribed by the locus of points of ❑aximum sound preseure in the far

field, antiit9 extension into the near field.

1
REAM SPRSAD A diVer&nCe of the ultrasonic wave train aa it travelo through a

medium.

I ROTTOM ECHO See IlackReflection.

6.9-1
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B-SCM PRESENTATION A method of data presentation in which the travel time of

an ultrasonic pulse is represented as a displacement along one axis, and proba

movement (generally rectilinear) is represented as a displacement along the

other axis, In the dieplay, reflected pulses are shown in contract to the

bnc!cground.

BUBBLER A device u~ing a liquid etream to couple an ultrasonic beam to the

teat piece.

cOMFIWSSICJNALWAVE See Longitudinal Wave.

CONTACT TESTING A method of testing in which the trenaducer contact9 the teflt

surface, usuelly through a thin leyer of.complaint.

CORNER EFFECT ‘Thereflection of a eound beam in a direction parallel to an

incident berm directed normal to the intersection of two perpendicular

planea.

COUPLANT A euhstance used between the search unit and test surface t. permit

or improve transmission of ultrasonic energy.

CRITICAL ANCLE The incident angle of the sound beam beyond which a specific

refracted or reflected mode of vibration no longer exists.

CRYSTAL See Element, Piezoelectric.

C-SCAN A method of data presentation yielding a plan view of the test object
and the diacontinuitiaa therein,

DAMPING Limiting the duration of vibration in an ultrasonic 9earch unit by

either electrical or mechanical maans.

DEAD ZONE Corresponds to the distance in the material from the surface of the

test object to the neareat inepectable depth. It ia determined by the

characteristics of the material, ultrasonic teat instrument and 8earch unit.

DECIBEL (dIi) Twenty times the logarithmic expreaaion of the ratio of two

cmplltudea. dB = 20 log~o (cmplitude ratio).

DEFECT A discontinuity or group of disconinuities which produce indications

that do not meet a 9pocified acceptance criteria.

DELAYED SWEEP A horisonbal weep whose ❑tart is delayed in order to prevent

the appearance of unwanted e.srlyresponse informstion on the screen.

DGS-DISTANCE GAIN SIZE Distacca amplitude curvee permitting prediction of

reflector size compared to the responee from a back eurface reflection.

DISCONTINUITY A detectable interruption in”the material which may or may not

have undesirable comotations.
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DISTANCE AMPLITUDE CORRECTION (DAC) (Swept Cein, Time corrected gain, time

varieble gain, etc.) Electronic charge of amplification to provide equal

amplitude frOm equal reflectors at different digtan~e~.
DISTANCE-AMPLITUDECURVE A curve relating ultrasonic echo amplitudes from

equel reflectors at different distencee in the material.

DIVSRCENCE See.Beam Spread.

DUAL SEARCH UNIT (THIN PROBE) A search unit containing two elements, ona a

transmitter, the other a receiver.

DYNAMIC RANGE Tha ratio of maximum to minimum reflective areas that can be

&ietinguishad on the display at a constant gain setting.

ECHO Indication of reflected energy.

ELEMENT, PIEZOELECTRIC Portion of a single crystal or Pelycryetalline

sintered caremic having piezoelectric propertied, ueed for the generation
and/or detection of ultrasonic ener&y.

EQUIVALENT FLAT BOTTOM HOLE The flat bottomed hole reflector.in a similar

material nnd geometry with a diameter that produces the eanm ultrasonic echo

~plitude as the reflector under evaluation.

FALSE INDICATION In nondestructive inspection,en indication that meY be

interpreted erroneously .caa discontinuity or defect: a non-ralevant

indication, e.g., art ifacts.

FAR FIELD Tha zone of tha ultrasonic beam of a non-fncused search unit that

extenda beyond approximately D2/4a (where D is the diameter of the

tranaducar and 3 ie the wavelength). In this zone the amplitude of the

ultrasonic waves decrease steadily with distance.

FLAW An irregularity in the material which la generally undesirable, but may

or may not be smvare anou6h to immediatelyrender the part unfit for intended

use.

FOCUSED BEAM Converging anergy of the sound beam at a apecified dietance.

FREQUENCY.(ACOUSTIC) The number of oscillations per ~econd experienced by a

particle or paint in a medium cauaad by the paasage of an acouatic wave

through it.

FRBQUSNCY (CENTER) See Frequency (Dominant).

PREQUENCX (DOMINANT) That frequency at which the overall reeponse of an

ultrasonic pulse-echo flaw detection system ia a meximum. NOTE: the ‘ayatem’

includeo the puleer, the transducer as a tranernittingelement, the pulse

propagation path, the trmsducer as a receiving element, and electronic

instrumentationaaeociated with receiving, amplifying and displaying a

receivad signal.
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FRZOURNCY (MA141NATIoN) The nominal.frequency at

perf0nned.

which the examination is

FREOUENCY (FUNDAMENTAL RESONANCE) The lowest acouetic frequency which will

cauee a condition of resonance to be established in a given material of given

thickness. NOTE: This frequency will be such that the wavelength in the

given m.ete~ielis equ=l to twice the given thickne.m,

FREQUENCY (PULSE REPETITION) The number of times per second en

electroacou9tic transducer io excited to produce a pu18e of acouatic energy.

PREShWL FIELD (FRESNEL ZONE) See Near Field.

GATE A selected trensit time range from which signa18 may be monitored or

extracted for fl.xrtherproceeding.

GATE THRESHOLD

exceede the eet

i9 activated.

CHOST ECHO See

CRASS See Haeh

An adjustable level such that while any echo within the gate

level, an on/off signal (e.g., to a light or a recording pen)

Wrap Around.

GRAZINC INCIDSNCE Immersion inspection with the beam directed at .sglancing

angle to the test surface.

HASH Numerous small indications along the baseline of the display indicEiive

of background noise sometimes c.aueedby many small ir~.omogeneitiesin the

material.

HOLOGRAPHY (ACOUSTIC) An inspection eystem using the phaee interference

between ultrasonic waves from an object and a reference eignal to obtain an

iraageof reflectors in the object under test.

IN14ERSIONTISTING An examination method where tha transducer and the msterial

are submerged at least 10CS11Y in a fluid, usuelly water.

INPEDANCE (ACOUSTIC) The product of density and sound velocity. The property

which detenainea acoue tic tranamieaion/reflection characteristica at a

boundery between two media.

INCICATICIN In nondestructive evaluation, evidence of a discontinuity that

requiree Int.srpretationto tietemr.ineita significance.

INITIAL PULSE (MAIN BANG) Re9ponse of the ultrasonic ay9tem display to the

tranami tted pulse.

INTERFACE ‘l’heboundav between two materials,

IRRELEVANT INDICATION An indication resultiri from ao=ething other than a

discontinuity of interest.
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LAMB HAVE A type of wave that propagates within the thickness of a plate, and

that can only be generated at particular valuea of angle of incidence,

frequency, and plate thickness. The valocity of the wave is dependent on the
mode of propagation and the product of plate thickness and frequency.

LINNUITY (AMPLITUDE) The characteristic of an ultrasonic testing system
indicating its ability to display amplitudes proportional to amplitudes of

U1traaonic wave9 coming back frotaa reflector.

LINEARITY (DISTANCE) The characteristicof an ultrasonic testing 9ystem

indicating its ability to display signa19 at spacings proportional to the

sound patn distance between corresponding reflectors.

LONGITUDINALHAVE These waves in which the particle motion of the material is
in the same direction ae the wave propagation.

LOSS OF BACK REELECTION Absence of or a significant reduction of an ultrasonic

indication from the back surface of the article being inspected.

K4TERIAL RNVELOPE The portion of material at the surface of a test piece

which will later be removed to produce the finished part.

MODE The manner in which acoustic energy ie propagated through a material as

characterized by the particle motion of the ultrasonic wave.

MODE CONV~SION The proce.asby which a wave of a given mode of propagation

ganeratea waves of other ❑odes of propagation by reflection or refraction.

MULTIPLE BACK REFLECTIONS Succaseive echOes frOm the far ~undsw Of the

naterial being examined.

NNAilFIELD The zone directly in front of an ultrasonic trnnaducer extending

to a distance of approximately #/4A (where D is tha diameter of the

transducer andA is the wavelength). In this zone components of the

ultrasonic wave from different portions of the transducer interfere to produce

pressure maxima and minima.

NOISE Unwanted disturb8.nce9from equipment or the material under test

superposed upon the received ultrasonic signal.

NORNAL INCIDENCE Condition in which the transducer beam is perpendicular to

the test surface.

PAINTBRUSH TRANSDUCER A reetanglar transducer ueually couatructed with a

number of piezoelectric elements which has a wide beam to sweep out large
areaa.

PENETRATION The maximum depth in a material from which useful ultrasonic back

reflections could be obtainad.

PIEZOELECTRIC EFFECT The characteristicof certain materials to generate

electrical charges when eubjected to mechanical vibration,

generate fiechaaicalvibration9 when subjected to electrical

6.9-5
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PLATE YAW See Lamb Wave.

PROBE See Traneduoer or search unit.

PULSE A short wave train.

PULSE ECHO METHOD An ultrasonic inspection method in which the presenoe and

position of a reflector are indicated by the reflected pulse anplitude and

time.

PULSE LENGTH A measure of the duration of a wave train, expressed in time or

number of cycles.

PULSE RATE See Frequency

RF [RADIO FREQUENCY) DISPLAY A dieplay showing unrectified ultrasonic sienals.

RNGE The ultrasonic path length that la displayed.

RAYLEIGH HAVE An ultrasonic surface wave in which the particle motion is

elliptical and the effective penetration ia approximately a wave length. The

waves follow the curvature of the part end reflection.voccur only at sudden
changee in the surface.

REFERENCE BLOCK A specimen with geometry and material designed to produce

ultrasonic reflection of known characteristics for purposes of comparison.

REFLECTION See Echo.

REFLECTOR An interface at which a ultrasonic beam ehcountera

acoustic impedanca, and reflecta at least part of the energy.
I

RSFWCTION The chnnge in directfon of the ultrasonic beam as

a change in

it paeees

obliquely from one medium tn smother, with a different anund wave-velncity.

REJECT (SUPPRESSION) A electronic control which minim.imesor eli.m.inatealaw

amplitude signals (or noise) but may cauee display non-linearity.

RESOLUTION The ability of ultrasonic equipment to give simultaneous, eeperate

indication from diacontinuitiee having nearly the eeme range end/or letaral

position with respect to the beam axle.

RESONANCE METHOD A technique in which continuous ultrasonic wevee are varied

in frequency to discriminate some property of the part, such as thickness

etiffnesa, or bnnd intagrity. “ - -

SATURATION Condition cbserved on the display zeaulting from a signal of suck

a msgnitude th~t an increaee in the signal produces no obfmrveble increase in

the display amplitude.

SCANNING Relative movement of the

interrogate a volume of material.
transducerand the teet piaca in order to
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SCATTERING The perturbation of a ultrasonic beam

propagation path.

by emall reflectors in tbe

SCANNING INDEX The distance the transduceris moved perpendicular to the

traveree direction after one transfereeof the part.

SE PROBE See Dual Search Unit.

SEARCH UNIT OR TRANSDUCER An electro-acoustic device used to transmit and/or

receive ultrasonic energy in order to interrogatea opecimen. The device

frequently consiste of piezoelectric element(s), backing material, case,

connector and a front protective covering or lene or wedge.

SZRSITIVI’1’YA measure of the ability of’an ultrasonic system to detect small

discontinuitle9.

SNNAR WAVB Nave motion in which the particle motion is perpendicular to the

direction of ultr.seonicpropagation.

SHEAR HAVZ TRANSIJJCSR(Y CUT QUARTZ SEARCH UNIT) A transducer used for

generating and detecting normal incidence shear wavee.

SIGNAL-TO-NOISEPATIO The ratio of the amplitude of an ultraaonlc Indication

to the amplitude of the background noise.

SKIP DISTANCE In angle beam testing, the distance along the teet eurfece from

the eound entry point to the point at which the sound returns to the same

surface, heving been reflected from the far surface of the test Object.

STRAICHT BEAN See Normal Incidence.

SURFACE WAVS See Rayleigh Ueve.

SUBPT GAIN See DAC.

‘iwROiiCH TRANSMISSION METHOD A meihO~

detected by monitoring the ultrasonic

in which reflectors in an object are

energy incident on a receiving

transducer after the energy hag propagated through the object fr?m a

trencunittingtreneduoer.

TRANSDUCER OR SEARCH UNIT An electro-acousticdevice ueed to transmit and/or

receive ultrasonic energy in order to interrogate a .epeciraen.The device

frequently coneiste of piesoelectric element(s), backing ❑aterial, caoe,
connector and a frent protective coverin& or lens or wedgh.

TRANSFER MSCHANIS14 A procedure to account for differences in ultrasonic

raaponse due to differences in surface texture, curvature, attenuation, etc.,

between a reference block and the test object.

TRANSVERSE WAVN See Shear Wave.

ULTRASONIC Pertaining to mechanical vibration having a frequency greater

than approximately 20,000 Hz.

1 6.9-7
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ULTRASONIC SPECTROSCOPY Analysis of the frequency content of an ultr.s~onic

wave.

VEE PATH The angle-beam pe.thin material startinu at the transducer

examination surface, through the material to the back surface, continuing to

the examination gurface in front of the eearch unit, and reflection back along

the same path to the transducer if a discontinuity IS encountered. Tiiepath

is uaual~; shaped like the lettar “V”.

VERTICAL LIMIT The maximum readable level of vertical indications determined

either by an electrical or a physical limit of an A-scan presentation.

vIDEO PRESENTATION Display nf the rectified and usually filtered rf

uliraaonic eignnl.

WATER P.4TH(WATER TRAVEL) The distence from the transducer to the test

9urface in immer9i0n or water column testing.

WAVE FRONT A continuous surface drawn through the most forward points in a

wave disturbance which have the same phase.

h’AvE11.TERFERENCE A eeriee of pressure minime and maxima raaulting from the

supeipoaitnn of wave9.

6.g-e
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