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The objective of this project was to build a fatigue testing machine. At present, metals have been
extensively used as parts in equipments and machines in industries. These parts are subjected to cyclic load, leading
to a failure so-called fatigue. The fatigue failure usually causes machine failure, about 80%. The researchers
develaped the fatigue machine for determining fatigue life of metals. This is necessary for material selection and
increasing efficiency of machines as well as reducing failure machine problems. Due to unavailability, the fatigue
testing machine for metals was constructed for uses in the Industrial Engineering Department. Initially, an original
testing machine was studied. Designing and constructing the machines were conducted respectively. As a result, the
machine was successfully constructed as designed. The machine is able to be employed, using various locading
weights from 1 to 15 kilograms and count the number of cycles from 0 to 99,999,999. Steel, brass and aluminum

specimens with diameter of 8 millimeters, and length of 146 millimeters were tested. It was shown that the testing
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results agree with the theoretical trend.
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1.5.2 mpanaaUNUUYa et (Single - end rotating cantilever testing machine}
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2.6.4 TIAGON (Environment)
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T = 3V (2.12)
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2.7.3 AUlas (Coupling)
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2.74 ﬂi\’uqnﬂu (Bearing)
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a B £
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a) Ball b) Cylinder
¢) Taper d) Tonne
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4.5 MBENINIIATUINY

g=10 /s’ ;B = useTuaalan (m/sz)
o
d=8 mm ; 4 = idhwhuguinavesuaumagsuduan (mm)
» [
a=93 mm ca = ssmMNsEmhnhiviuTunAreutuLLS

45.1 Tnansida

vnaunsi (2.7 M,= Fa ; M, = Tuwudd (Nmm)  (4.0)
= (100N ) (93mm)
= 9300 N.mm

452 Tugdamndia
2INAUMT w,= m.d& : W, = Tugdnninda (mm’) 4.2)
32
= (3.14)8mm)’
32

=50.265 mm’'= 50.27 mm

453 amudveamay

NNOUMT O = M, D 0y, = ANUfUARIEY (Wmm)  (4.3)

wb
= (9300 N.mm)
{50.27mm")

= 277.67 (N.mm’)

454 MvasiRR MUY @m3unInaeg 50 %)

”

YIS o, = 0380,

4.4)

e o = 207 MPa

u
o = 038(207MPa)
= 78.66 MPa

s

< o o M A o o . . .
o, = fadriamumununTedadiiannud (Fatigue limit)



dwivezglidiounaumiinn flnnudnussiagadia 275 Nmm’ (81gl591u 5 x 10° Iging) eedim

0, (Ulimate tensile strength) INAY 30,000 psi (207 MPa)
vinnsfnnamdasiianumun (diniunsaeeg 50 %) Tunstivesmadndmiuingesgiiiion

HEUMITo7 NTATTUAUUTIAY 207 N/mm® 92 5iMIASIAANT TINUNTY 1M1 78.66 MPa
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Pégina 2/3 ) T .
09/2002 ) - : MR

WP 140

P Sl AT A

\\D/Er
et
T~
~_ T
=

1 bastidor bdsico, 2 caja de distribucién, 3 motor impulsor, 4 transmisor del régimen de revolu-
ciones induclivo, 5 vara de ensayo, 6 cojinete antdriccion corredizo con interruptor de paro de la
méquina integrado, 7 dispositivo de carga con balanza de resorié y volante manual, 8 cubierta
protectora

Diagrama de 1a resistencia alternativa segtin Wihler

ag

Diagrama de la resistencia ahemativa segtin Wohler para dos materiales diferentes
N : ndmero de ciclos de carga, o ; carga a la tensién de la muestra

A medida que aumenta el nimero de ciclos de carga ss aproxima el esfuerzo admisible de un mate-

vial en proporci6n asimiética con la resistencia a Ia fatiga por oscilaciones o,

MAQUINA PARA ENSAYO DE FATIGA POR FLEXION ROTATIVA
| Especificacion ]

Especificacion

[1] Equipo de mesa para comprobacitn de resistencia a 1a fatiga
{2) 3 cuerpos de ensayo cilindricos de acero Ck35

{3] Formas especiales de muestras para demostracion del
efecto de entalladura e influencia de las superficies

[4] Registro del diagrama de 1a resistencia altemativa segin
Wahier

[5] Régimen de revolutiones del motor 2800 rpm, potencia
0,37kW

[6] Motor eléctrico monofdsico, 230V , S0Hz

[7] Carga con balanza de resorte 0...300N

[B} Reguiacitn mediante husillo roscade con volante manual
(9] Carga mediante cojinete antifriccién suelto corredizo
{10)Desconmutacién automdtica £aso de rotura de la myestra
mediante interruptor de paro integrado en el rodamienty
[11)Contador efectrinico de los ciclos de carga y cuentarrevolu-
clonescon indicador digital de 8 digitos

[12]Transmisor del régimen de revoluciones inductivo, sin
contacto

[13]LxAnxAl 820x420x560mm

Dalos técpicos - S

Régimen de revoluciones del motor: 2800 rpm
Potencia motor: 0,37kW

Fuerza de carga; 0...300N

Contador electrénico de ciclos de carga, digital,
de 8 puestos,

conmutable a indicador del régimen de revolu-
ciones

Vara de ensayo: acero para bonificacion Ck 35

Dimensiones y pesos - o

LxAnxAl: 920 x 420 x 560 mm
Peso: aprox. 41 kg

Conexiones - ‘ T :

230V, -50Hz

Volumen de suminisito B

1 flexionadora rotativa completa,
3 varas de ensayo, 1 instrucciones de ensayo

N° de articulo

020.14000 WP 140 Maquina para Ensayo de
Fatiga por Flexién Rotativa

G.UN.T. Geratebau GmbH, Fahrenberg 14, D-22885 Barsbitiel, Tio +40 {40)670854-0, Fax +49 (40)670854-42, E-mail sales@gunt.de, Web htip:/iwww gunt.de

Nos reservamos el derecho de efectuar modificaciones técnicas sin previo aviso
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&Hm Designation: E 466 - 96 (Reapproved 2002)*!
vy

e ——

Standard Practice for

Conducting Force Controlled Constant Amplitude Axial
Fatigue Tests of Metallic Materials*

This standard is issucd under the fixed designation E 466; the oumber immediatety following the designation indicates the year of
original adoption or, in the case of revision, the year of last revigion. A number in parentheses indicates the year of last reapproval. A
superscript cpsilon () indicaies an editerial change since the last revision or reapproval.

€' Nore—Section 3.1.1 was editorizlly updated in Junc 2002,

1. Scope

1.1 This practice covers the procedure for the performance
of axial force controlled fatigue tests to obtain the fatigue
strength of metallic matenals in the fatigue regime where the
strains are predominately clastic, both upon initial loading and
throughout the test. This practice is limited to the fatigue
testing of axial unnotched and notched specimens subjected to
a constant amplitude, periodic forcing function in air at room
temperature. This practice is not intended for application in
axial fatigue tests of components or parts.

Note 1—The following documents, although not directly referenced in
the wext, are considered important enough to be listed in this practice:

E 73% Practico for Statistical Analysis of Linear or Linearized Stress-
Life (S-N) and Strain-Life (e-N) Fatigue Dat

STP 566 Handbook of Fatigue Testing?

STP 588 Manual on Statistical Planning and Analysis for Fatigue

STP 731 Tables for Estimating Median Fatigue Limits*

2. Referenced Documents

2.1 ASTM Standards:

E 3 Practice for Preparation of Metallographic Specimens®

E 467 Practice for Verification of Constant Amplitude Dy-
namic Forces in an Axial Fatigue Testing System®

E 468 Practice for Presentation of Constant Amplitude Fa-
tigue Test Results for Metallic Materials®

E 606 Practice for Strain-Controlled Fatigue Testing®

E 739 Practice for Statistical Analysis of Linear or Linear-
ized Stress-Life (S-N) and Strain-Life (e-N) Fatigue Data’

E 1012 Practice for Verification of Specimen Alignment
Under Tensile Loading®

! This practice is under the jurisdiction of ASTM Commitice E08 on Fatigue and
Fracture and is the direct respoasibility of Subcommittee E08.05 on Cyclic
Deformation and Fatigue Crack Formation,

Curent edition spproved May 10, 2002, Published June 2002. Originally
published as E 466 — 72 T. Last previous edition E 466 - 95.

* Handbook of Fasigue Testing, ASTM STP 566, ASTM, 1974,

TLimle, R E., Mool on Siatistical Planning and Analysis, ASTM STP 588,
ASTM, 1975.

‘Little, R E., Tables for Estimating Median Fatigue Limiis, ASTM STP 731,
ASTM, 1981.

% Armual Book of ASTM Swandards, Vol 03.01,

E 1823 Terminology Relating to Fatigue and Fracture Test-
ing’®
3. Terminology
3.1 Definitions:
3.1.1 The terms used in this practice shall be as defined in
Terminology E 1823.

4, Significance and Use

4.1 The axial force fatigue test is used to determine the
effect of variations in material, geometry, surface condition,
stress, and so forth, on the fatigue resistance of metallic
materials subjected to direct stress for relatively large mumbers
of cycles. The results may also be used as a guide for the
selection of metallic materials for service under conditions of
repeated direct stress.

4.2 In order to verify that such basic fatigue data generated
using this practice is comparablie, reproducible, and comrelated
among laboratories, it may be advantageous to conduct a
round-robin-type test program from a statistician’s point of
view. To do so would require the control or balance of what are
often deemed nuisance variables; for example, hardness, clean-
liness, grain size, composition, directionality, surface residual
stress, surface finish, and so forth, Thus, when embarking on a
program of this nature it is essential to define and maintain
consistency a priori, as many variables as reasonably possible,
with as much ecconomy as prudent. All material variables,
testing information, and procedures used should be reporied so
that correlation and reproducibility of results may be atterpted
in a fashion that is considered reasonably good current test
practice. '

4.3 The results of the axial force fatigue test are suitable for
application to design only when the specimen test conditions
realistically simulate service conditions or some methodology
of accounting for service conditions 8 available and elearly
defined.

5. Specimen Design

5.1 The type of specimen used will depend on the objective
of the test program, the type of ¢quipment, the equipment

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohacken, PA 19428-2859, United Slates,
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capacity, and thc form in which the material is available.
However, the design should meet certain general criteria
outlined below:

5.1.1 The design of the specimen should be such that failure

occurs in the test section (reduced area as shown in Fig. 1 and
Fig. 2). The acceptable ratio of the areas (test section to grip
section) to ensure a test section failure is dependent on the
specimen gripping method. Threaded end specimens may
prove difficult to align and failure often mitiates at these stress
concentrations when testing in the life regime of interest in this
practice. A caveat is given regarding the gage section with
sharp edges (that is, square or rectangular cross section) since
these are inherent weaknesses because the slip of the grains at
sharp edges is not confined by neighboring grains on two sides.
Because of this, a circular cross section may be preferred if
material form lends itself to this configuration. The size of the
gripped end relative to the gage section, and the blend radius
from gage section into the grip section, may cause premature
failure particularly if fretting occurs in the grip section or if the
radius is too small. Readers ar¢ referred to Ref (1) should this
occur.
5.12 For the purpose of czalculating the force to be applied
to obtain the required stress, the dimensions from which the
area is calculated should be measured to the nearest 0.001 in.
(0.03 mm) for dimensions equal to or greater than 0.200 in.
(5.08 mm) and .Etﬁlthe nearest 0.0005 in. (0.013 mm) for
dimensions 1€ than 0.200 in. (5.08 mm). Surfaces intended to
be parallel and straight should be in A manner consistent with
8.2

Notre 2—Measurements of dimensions presume smooth surface fin-
ishes for the specimens. In the case of surfaces that are ot smooth, due
0 the fact that some surface treatment or condition is being studied, the
dimensions should be measured as sbove and the average, maximum, and
minimum valoes reported.

5.2 Specimen Dimensions:

5.2.1 Circular Cross Sections—Specimens with circular
cross sections may be either of two types:

5.2.1.1 Specimens with tangentially blended fillets between
the test section and the ends (Fig. 1). The diameter of the test
section should preferably be between 0.200 in. (5.08 mm) and
1.000 in. (25.4 mm). To ensure test section failure, the grip
cross-sectional area should be at least 1.5 times but, preferably
for most materials and specimens, at least four times the test
section area. The blending fillet radius should be at least eight
times the test section diameter to minimize the theoretical
stress concentration factor, X, of the specimen. The test section
length should be approximatcly two to three times the test
section diameter, For tests run in compression, the fength of the

test section should be approximately two times the test section
diameter to minimize buckling.

5.2.1.2 Specimens with a continuous radius between ends
(Fig. 3). The radius of curvature should be no less than eight
times the minimum diameter of the test section to minimize K,
. The reduced section length should be greater than three times
the minimum test section diamecter. Otherwise, the same
dimensional relationships should apply, as in the case of the
specimens described in 5.2.1.1.

5.2.2 Rectangular Cross Sections—Specimens with rectan-
gular cross sections may be made from sheet or plate material
and may have a reduced test cross section along one dimen-
sion, generally the width, or they may be made from material
requiring dimensional reductions in both width and thiekness.
In view of this, no maximum ratio of area {grip to test section)
should apply. The value of 1.5 given in 5.2.1.1 may be
considered as a guideline. Otherwise, the sections may be
either of two types:

5.2.2.1 Specimens with tangentially blended fillets between
the uniform test section and the ends (Fig. 4). The radius of the
blending fillets should be at least eight times the specimen test
section width to minimize X, of the specimen. The ratio of
specimen test section width to thickness should be between two
and six, and the reduced area should preferably he between
0.030 in2 (19.4 mm?) and 1.000 in.? (645 mm?), except in
extreme cascs where the necessity of sampling a product with
an unchanged surface makes the above restrictions impractical.
The test section length should be approximately two to three
times the test section width of the specimen. For specimens
that are less than 0.100 in. (2.54 mm) thick, special precautions
are necessary particularly in reversed loading, R =~1. For
example, specimen alignment is of utmost importance and the
procedure outlined in Practice E 606 would be advantageous.
Also, Refs (2-5), although they pertain fo strain-controlled
testing, may prave of intérest since they deal with sheet
specimens approximately 0.05 in. (1.25 mm) thick.

5.2.2.2 Specimens with continuous radius between ends
(Fig. 2). The same restrictions should apply in the case of this
type of specimen as for the specimen described in 5.2.1.2. The
arca restrictions should be the same as for the specimen
described in 5.2.2.1.

5.2.3 Notched Specimens—Ii view of the specialized hature
of the test programs ivolving notched specimens, no restric-
tions are placed on the design of the notched specimen, other
than that it must be consistent with the objectives of the
program. Also, specific notched geometry, notch tip radius,
information on the associated K| for the notch, and the method
and source of its determination should be reported.
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FIG. 4 Spacimens with Tangentiaily Blending Flllets Between the Uniform Test Section and the Ends

6. Specimen Preparation

6.1 The condition of the test specimen and the method of
specimen preparation are of the utmost importance. Improper
methods of preparation can greatly bias the test results. In view
of this fact, the method of preparation should be agreed upon
prior to the beginning of the test program by both the originator
and the user of the fatigue data to be generated. Since specimen
preparation can strongly influence the resulting fatigue data,
the application or end use of that data, or both, should be
considered when selecting the method of preparation. Appen-
dix X1 presents an example of 2 machining procedure that has
been employed on some metals in an attempt to minimize the
variability of machining and heat treatment upon fatigue life.

6.2 Once a technique has been established and approved for
a specific material and test specimen configuration, change
should not be made because of potential bias that may be
introduced by the changed technique. Regardless of the ma-
chining, grinding, or polishing method used, the final metal
remaval should be in a direction approximately parallel to the
long axis of the specimen. This entire procedure should be
clearly explained in the reporting since it is known to influence
fatigue behavior in the long life regime,

6.3 The effects to be mast avoided are fillet undercutting
and residual stresses introduced by specimen machining prac-
tices. One exception may be where these parameters are under
study. Fillet undercutting can be readily determined by inspec-

tion. Assurance that surface residual stresses are minimized can
be achieved by careful control of the machining procedures. It
is advisable to determine these surface residual siresses with
X-ray diffraction peak shift or similar techniques and the value
of the surface residual stress reported along with the direction
of determination (that is, longitudinal, transverse, radial, and so
forth).

6.4 Storage—Specimens that are subject o corrosion in
room temperature air should be accordingly protected, prefer-
ably in an inert medium. The storage medium should generally
be remaved before testing using appropriate solvents, if nec-
essary, without adverse effects upon the life of the specimens.

6.5 Inspection==Vigual inspections with unaided eyes or
with low power magnification up to 20X should be conducted
on all specimens. Obvious abnormalities, such as cracks,
machining marks, gouges, undercuts, and so forth, are not
acceptable. Specimens should be cleaned prior to testing with
solvent(s) noninjurous and nondetremental to the mechanical
properties of the material in order to remove any surface oil
films, fingerprints, and so forth. Dimensional apalysis and
inspection should be conducted in a manner that will not
visibly mark, scratch, gouge, score, or alter the surface of the
specimen.

7. Equipment Characteristics
7.1 Generally, the tests will be performed on one of the
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following types of fatigue testing machines:

7.1.1 Mechanical (eccentric crank, power screws, rotating
masses),

7.1.2 Electromechanical or magnetically driven, or

7.1.3 Hydraulic or electrohydraulic.

7.2 The action of the machine should be analyzed to ensure
that the desired form and magnitude of loading is maintained
for the duration of the test.

7:3 “PHe test machines should have a force-monitoring
system, such as a transducer mounted in' series with the
specimen, or mounted on the specimen itself, unless the use of
such a system is impractical due to space or other limitations.
The test forces should be monitored continuously in the early
stage of the test and periodically, thereafter, to ensure that the
desired force cycle is maintained. The varying stress ampli-
tude, as determined by a suitable dynamic verification (see
Practice E 467), should be maintained at all times within 2 %
of the desired test value.

7.4 Test Frequency—The range of frequencies for which
fatiguc results may be influenced by rate effects varies from
material to material. In the typical regime of 107 to 10" Hz
over which most results are generated, fatiguc strength is
generally unaffected for most metallic engineering materials. It
18 beyond the scope of Practice E 466 to extrapolate beyond
this range or to extend this assumption to other materials
systems that may be viscoelastic or viscoplastic at ambient test
temperatures and within the frequency regime mentioned. As a
cautiotiary note, sheuld loealized yielding aceur, significant
specimen heating may result and affect fatigue strength.

8. Procedure

8.1 Mounting the Specimen—By far the most important
consideration for specimen grips is that they can be brought
into good alignment consistently from specimen 0 specimen
(sec 8.2). For most conventional grips, good alignment must
come about from very careful attention to design detail. Every
effort should be made to prevent the occurrence of misalign-
ment, cither due to twist (rotation of the grips), or fo a
displacement in their axes of symmetry

8.2 Alignment Verification—To minimize bending stresses
(strains), specimen fixtures should be aligned such that the
major axis of the specimen closely coincides with the load axis
throughout each cycle. It is important that the accuracy of
alignment be kept consistent from specimen to speclmen
Alignment should be checked by means of a trial test specimen
with longitudinal strain gages placed at four equidistant loca-
tions around the minimum diameter, The trial test specimen
should be turned about its axis, installed, and checked for each
of four orientations within the fixtures. The bending stresses

(strains) so determined should be limited to less than 5 % of the
greater of the range, maximum or minimum stresses (strains),
imposed during any test program. For specitnens having a
uniform gage length, it is advisable to place a similar set of
gages at two or three axial positions within the gage section.
One set of strain gages should be placed at the center of the
gage length to detect misalignment that causes relative rotation
of the specimen ends about axes perpendicular to the specimen
axis. The lower the bending stresses (strains), the mmore
repeatable the test results will be from specimen to specimen.
This is especially important for materials with low ductility
(that is, bending stresses (strains) should not exceed 5 % of the
minimum stress (strain) amplitude).

Note 3—This section refers to Type A Tests, in Practice E 1012,

9, Test Termination

9.1 Continu¢ the tests until the specimen failure eriteria is
attained or until a predetermined number of cycles has been
applied to the specimen. Failure may be defined as complete
scparation, as a visible crack at a specified magnification, as a
crack of certain dimensions, or by some other criterion. In
reporting the results, state the criterion selected for defining
failure and be consistent within a given data set.

10. Report

10.1 Report the following information;

10.1.1 This fatigue test specimens, procedures, and results
should be reported in accordance with Pragtice E 468.

10.1.2 The use of this practice is limited to metallic speci-
mens tested in a suitable environment, generelly atmospheric
air at room temperature. Since however, the environment can
greatly influence the test results, the environmental conditions,
that is, temperature, relative humidity, as well as the medium,
should always be periodically recorded during the test and

10.1.3 Genenally, the fatigue tests may be carried out using
a periodic forcing function, usually sinusoidal. However,
regardless of the nature of the forcing function, it should be
reported (sine, ramp, saw tooth, etc.).

10.1.4 When noticeable yielding occurs in the fatigue tests
of unnotched specimens (for example, non-zero mean stress
fatigue test) the permanent deformation of the unbroken but
tested specimens (for example, percent change in cross-section
area of test section) should be reported.

10.1.5 A brief description of the fracture characteristics;
results of post-test metallography or scanning election micros-
copy, or both; identification of fatigue mechanism; and the
relative degree of transgranular and intergranular cracking
would be highly beneficial.
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APPENDIX

(Nonmandatory 1oformation)

X1. EXAMPLE OF MACRHINING PROCEDURE

X1} While the following procedure was developed for
machining high-strength materials with minjmal attendant
surface damage and alteration, it can be successfully applied to
materials of lower strength. As a conservative general measure,
this procedure is recommended unless: (/) the experimental
objective is to evaluate another given surface condition or, (2)
it is known that the material under evaluation is relatively
insensitive to surface condition.

X1.2 Procedure;

X1.2.1 In the final stages of machining, remove material in
small amounts until 0.125 mm (0.005 in.) of excess material
remains.

X1.2.2 Remove the next 0.1 mm (0.004 in.) of gage
diameter by cylindrical grinding at a rate of no more than 0.003
mm (0.0002 in_)/pass.

X1.2.3 Remove the final 0.025 mm (0.001 in.} by polishing
(Note X1.1) longitudinally to impart a maximum of 0.2-pm
(8-pin.} surface roughness.

Note X1.1—Extremc caution should be exerciscd in polishing to
ensure that material is being properly removed rather than merely smeared
10 produce a smooth surface. This is a particular danger in sofl materials
wherein material can be smeared over too! marks, therehy creating a
potentially undesirable influence on crack initiation during testing.

X1.2.4 After polishing {see Note X1.1) all remaining grind-
ing and polishing marks should be longitudinal. No circumfer-
ential machining should be evident when viewed at approxi-
mately 20X magnification under a light microscope.

X1.2.5 Degrease the finished specimen.

X1.2.6 If beat treatment is necessary, conduct it before final
machining.

X1.2.7 If surface observations are to be made, the test
specimen may be electropolished in accordance with Methods
E3.

X1.2.8 Imprint specimen numbers on both ends of the test
section in regions of low stress, away from grip contact
surfaces.
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3.2 criterion of failure—complete separation, or the pres-

INTERWATIONAL

Standard Practice for
. Presentation of Constant Amplitude Fatigue Test Results for

Metallic Materials’
This standard is 1ssucd under the fixed designation E 468; the number immediately following the designation indicates the year of
origwnal adoption or, in the case of revision, the year of last revision A number in parentheses mndicates the year of last reapproval. A
superscript epsilon (¢) indicates an editorial change since the last reviston or reapproval

1. Scope

1.} This practice covers the desirable and minimum infor-
mation to be communicated between the originator and the user
of data derived from constant-force amplitude axial, bending,
or torsion fatigue tests of metallic materials tested in air and at
room temperature.

Nove i—Practice E 466, although not directly referenced in the text, is
considered important enough to be listed 1n this standard.

2. Referenced Documents

2.1 ASTM Standards: ?

E 6 Terminology Relating to Methods of Mechanical Test-
ing

E 8 Test Methods for Tension Testing of Metallic Materials

E 206 Definitions of Terms Rclating to Fatigue Testing and
the Statistical Analysis of Fatigue Data®

E 466 Practice for Conducting Force Controlled Constant
Amplitude Axial Fatigue Tests of Metallic Matenials

E 467 Practice for Verification of Constant Amplitude
Dynamic Forces in an Axial Fatigue Testing System

2.2 Special Technical Publications:

STP91 A Guide for Fatigue Testing and the Statistical
Analysis of Fatigue Data*

STP 588 Manual on Statistical Planning and Analysis®

3. Terminology Definitions and Nomenclature

3.1 The terms and abbreviations used in this practice are
defined in Terminology E6 and in Definitions E 206. In
addition, the following nomenclature is used:

* This practice 15 under the jurisdiction of ASTM Commuittee EO8 on Fatgue and
Fracture and 1s the direct responsibility of Subcommuttce E08.05 on Cyvche
Deformation and Fatigue Crack Formation.

Cumrent edition approved May 1, 2004. Published June 2004. Originally
approved in 1972 Last previous edition approved 1n 1998 as E 468 — 90 (199%)

* For referenced ASTM standards, visit the ASTM website, www.astin org, or
contact ASTM Customer Service at serviceiasim org For dnmual Buok of ASTAL
Sunrdarch volume information, refer to the standard’s Document Summary page on
the ASTM website

* Withdrawn

A Gudde fur Futiyue Testing and the Stansiieal Analysis of Futigue Date ASTM
STP I 4, ASTM Internanional, 1963, Out of prmt, av arlable from Unn eraity Micro-
fitms, Inc, 300 N Zeeb Rd, Ann Arbor, MI 48106

* Manual on Statistical Planamg and Analvois, ASTM STP 588, ASTM Intema-
tional, 1975

ence of a crack of specified length visible at a specified
magnification. Other criteria may be used but should be clearly

defined.
3.3 run-our—no failure at a specified number of load cycies.

4. Significance and Use

4.1 Fatigue test results may be significantly influenced by
the properties and history of the parent material, the operations
performed during the preparation of the fatigue specimens, and
the testing machine and test procedures used during the
generation of the data. The presentation of fatigue test results
should include citation of basic information on the material,
specimens, and testing to increase the utility of the results and
to reduce to a minimum the possibility of misinterpretation or
improper application of those results.

5, Listing of Basic Information About Fatigue Test

Specimen

5.1 Specification and Properties of Material:

5.1.1 Material Prior to Fatigue Test Specimen
Preparation—The minimum information to be presented
should include the designation or specification (for example, A
441, SAE 1070, and so forth) or proprietary grade; form of
product (for example, plate, bar, casting, and so forth); heat
number; melting practice; last mechanical working and last
heat treatment that produced the material in the “as-received”
condition (for example, cold-worked and aged, annealed and
rolled, and so forth); chemical composition; and surface
condition (for example, rolled and descaled, ground, and so
forth).

5.1.1.1 It is desirable but not required (unless by mutual
consent of the originator and user of the data) to list the raw
material production sequence, billet preparation, results of
cleanliness analysis, or a combination thereof, when appli-
cable.

5.1.2 Material in the Fatigue Test Specimen:

5.1.2.1 Mechanical Properties—The minimum data on the
mechanical properties of the material in a condition identical 1o
that of the fatipue test specimen should include the tensile
strength, yield point or yield strength at a specified onset;
elongation in a specified gage length; reduction of area when
applicable; and the designation of the test used 10 procure the

Copynght © ASTM (nternational, 100 Barr MHartor Dnve, PO Box C700, West Conshohocken, PA 19328-2959, Umled States
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mechanical properties {for example, Test Methods E 8, Tension
Testing of Metallic Materials, and so forth). If notched fatigue
tests were conducted, the notched tensile strength also should
be listed.

5.1.2.2 Merallography—It is desirable but not required
{unlcss by mutual consent of the originator and uscr of the
data) to list the grain size {when applicable}. phases, and
dispersions characteristic of the fatigue test specimen in the
“ready-to-test™ condition.

5.1.2.3 It is desirable but not required (unless by mutual
consent of the originator and user of the data) to show the
locations, in the parent material, from which the specimens
were taken.

3.2 Mininurm Information 0 Be Presented on Design of
Fatigue Test Specimen in the "Ready-To-Test” Conditions:,

5.2.1 Shape, Size, and Dimensions—A drawing showing
shape, size, and dimensions of the fatigue test specimen should
be presented including details on test section, grip section,
fillets, radii, swaged portions, holes, and orientation of the
fatigue test specimen with respect to the direction of maximum
working of the material. When reporting the test results of
notched fatigue specimens, the geometry of the notch, its
dimensions and stress concentration factor, the method of
derivation of the stress concentration factor, and whether the
stress concentration factor is based on the gross or net area of
the test section should be presented.

5.3 Listing of Infarmation on Specimen Preparation:

5.3.1 The minimum information to be presented should list.
in chronological order, the operations performed on the fatigue
test specimen, including the type of process used to form the
specimen (for example, milling, turning, grinding, etc.), ther-
mal treatment (for example, stress relieving, aging, etc.), and
surface treatment (for example, shot-peening, nitriding, coat-
ing, etc.}. If the final specimen surface treatment is polishing,
the polishing sequence and direction should be listed. If
deterioration of the specimen surface is observed during
storage, after preparation but prior to testing, the procedures
that were used to eliminate the defects and changes, if any, in
shape, dimensions, or mechanical properties should be listed.

5.3.1.1 It is desirable but not required (unless by mutual
consent of the originator and user of the data) to include details
of the operations performed (for example, feed, speed, depth of
cut and coolants, thermal cycles, etc.), and the surface residual
stresses of the specimen, if measured.

5.3.2 Condition of Specimens Prior to Fatigue Testing—It is
desirabie but not required to list the environment in which the
specimens were stored, type of protection applied to the
specimens, and method used to remove that protection. It is
desirable but not required to list the average and range of
surface roughness, surface hardness, out-of-flatness, out-of-
straightness or warpage, or a combination thereof, of all fatigue
specimens.

6. Listing of Information on Test Procedures

6.1 Design of the Fartigtie Test Program::

6.1.1 If statistical techniques were used to design the fatigue
test program, the design plan and list of statistical techniques
(for example, randomization of test sequence, blocking, etc.)
used to accommodate expected or observed heterogeneities

should be presented. Statistical techniques are described in
STP 91 and STP 588.

6.2 Fatigue Testing Machine:

6.2.1 Minimum information to be presented should include
the type of testing machine, the functional characteristic (for
example, electrohydraulic, crank and lcver, rotating mass, etc.),
frequency of force application, and forcing function (for
example, sine, square, etc.). If tests were performed on more
than one machine, the number of testing machines used should
be listed.

6.2.2 Minimum information should include the method of
dynamic force verification and force monitoring procedures.

Nom: 2—For guidance on axial load machines, refer to Practice E 467.

6.3 Fatigue Test:

6.3.1 Minimum information to be presented should include
the type of test (axial, rotary bending, plane bending, or
torsion), the derivation (or method of computation) of the test
section dynamic stresses, and, when applicable, the experimen-
tal stress analysis techniques (for example, electric resistance
strain gages, photoelastic coating, etc.) used. The failure
criterion and number of cycles to run-out used in the test
program should be presented.

6.3.1.1 1t is desirable but not required (unless by mutual
consent of the originator and user of the data) to include the
procedure for mounting the specimen in the testing machine,
grip details, and precautions taken to ensure that stresses
induced by vibration, friction, eccentricity, etc., were negli-
gible.

6.4 Ambient Conditions During rthe Fatigue Test—
Minimum information t be presented should include the
average value and ranges of both temperature and relative
humidity that were observed in the laboratory during the test
progrant.

6.5 Results of Posi-Test Examination—Minimum informa-
tion to be presented for each fatigue test specimen should
include the reason for test termination, either achievement of
the failure criterion or run-out, and, if applicable, a description
of the failure surface appearancs and location of the crack
origin,

7. Presentation of Fatigue Test Results

7.1 Tabular Presemtation—It is desirable but not required
(unless by mutual consent of the originator and user of the
data) that the fatigue test results be reported in tabular form.
When used, the tabular presentation should include specimen
identification, test sequence (that is, chronological order of
testing), dynamic stresses (any two of the following: maxi-
mum, minimum, mean, amplitude or range. and stress ratio),
fatigue life or cycles to end of test, cause of test termination,
and results of post-test examination (see 6.5), when applicable,
for each fatigue test specimen. If test frequency varies from
specimen to specimen, it should also be included in the tabular
preseatation. If more than one machine was used, the tabular
presentation should also include machine identification for
each specimen.

7.2 Graphical Presentation:

7.2.1 §-N Diagram—The most common graphicai presen-
tation of fatigue test data is the S-N (stress life) diagram, Fig.
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1. The dependent variable, fatigue life N in cycles, is plotted on
the abscissa, a logarithmic scale. The independent variable,
maximum stress S,,,,., Stress range §,, or stress amplitude S, in
psi, ksi, MN/m® or MPa, is plotted on the ordinate, an
arithmetic or logarithmic scale. A line is fitted by regression
analysis or similar mathematical techniques to the fatigue data.
The fatigue test results may be expressed adequatety by two
straight lines, one of which is a horizontal line representing the
fatigue limit (or fatigue strength at run-out), a hyperbola,
asymptotic to the fatigue limit {or fatigue strength at run-out),
a sigmoid, asymptotic to both the tensile strength and the
fatigue limit (or fatigue strength at run-out), or by a more
general curvilinear relation. If the data are fitted by regression
analysis, the equation of the stress-life relation and concomi-
tant statistical measures of dispersion (for example, standard
error of estimate) should be presented.

Nom: 3~-The above described procedure develops the S~V diagram for
50 % survival when the logarithms of the lives are described by a normal
distribution, However, similar procedures may be used to develop S-N
diagrams for probabilities of survival other than 50 %.

7.2.1.1 Graphical presentation of the $-N diagram should
include all of the test results as well as the faired or fitted curve.
Minimum information to be presented on the S-N diagram
should include the designation, specification or proprietary
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grade of the material, tensile strength, surface condition of
specimen, stress concentration factor of notch when applicablie,
type of fatigue test, and citation of dynamic stress parameter
held constant during generation of the S-N curve data {for
example, in Fig. 1, stress ratio), test frequency, environment,
and test temperature. .

7.2.2 Constant Life Diagrams—S-N diagrams present fa-
tigue life as a function of stress. On the other hand, constant
life diagrams present the maximum and minimum stresses
(Fig. 2) or the stress amplitude and mean stress (Fig. 3) for a
given fatigue life. A third type of constant life diagram
superimposes the stress amplitude-mean stress diagram of Fig.
3 on the maximum stress-minimu:m stress diagram of Fig. 2 by
plotting stress amplitude on the ray R =—1 and mean stress on
theray R = + 1.

7.2.2.1 When a constant life diagram is presented, it should
be accompanied by the S-¥ diagrams from which it was
constructed. Minimum information to be presented on a
constant-life diagram should include the designation, specifi-
cation, or proprietary grade of the material, tensile strength,
surface condition of specimen, stress concentration factor of
notch when applicable, type of fatigue test, and fatigue life
(cycles) for each constant life shown, test frequency, environ-
ment, and test temperature.

1 1 LB l L 1 [ T T 1Tl [ T 1] J LI I S B
Axial force fatique tests, ASTH A36 steel,
ground surfaces, frequency = 26,7 Hz,
R=0, S =63.00 ksi. Tests performed
in air’at room temperature.
N J a0
O arp
» B ® Denotes stasircase test -
@ Did not fail
N
Fi o o =
'Y “x
o
‘"E 45 = d "
&; '
w O 00 OO0 b
al - JJO ™
- —_
wy wy
= - -
£ Log(N)=1].512 o.|3sz3(smu) g
z 3
4 - - b
standard error of estimate=0.09925.. o9 o0 [ o
correlation coefficients-0.9646 sf=39 RS 7
o0 o>
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as b9l { L1+ v 1 R R N A
4 5 ) 7
2x10 10 10 10
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FIG. 1 S-N Diagram
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8. Example of Fatigue Data Presentation

MEAN STRESS, Sm’ kst

FIG. 3 Constant-Life Diagram

8.1 Data for axial force fatigue tests of A36 structural -
carbon steel are presented in a suggested form in the Appendix.
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APPENDIX

(Nonmandatory information)

XI1. SUGGESTED FORM FOR PRESENTATION OF FATIGUE TEST RESULTS OF METALLIC MATERIALS

MATERIAL

Grade Designation; A36 Structural Carbon Steel

Heat Number: 490T1481 Form of Product: %4 in. (9.5 mm}
thick plate

Melting Practice: Air-melted, semi-killed Surface Condi-
tion: As-rolled

Last Mechanical and Thermal Treatment: Hot-rolled and
air-cooled

Chemical Composition: 0.22 % C, 0.52 % Mn, 0.008 % P,
0.013% S, 0.029% Cu

Tensile Strength: 63 000 psi {434 MPa) Yield Point: 37 800
psi (261 MPa)

Elongation: 40.1 % in 2-in. (51-mm) gage length.

Reduction of Area: 64.8 %

Remarks: ASTM micrograin size number, 8.5 (surface and
center of plate). Mechanical test performed in accordance with
Test Methods E 8, Tension Testing of Metallic Materials, on
round tension test specimens, Fig. 8, Test Methods E 8.
FATIGUE SPECIMEN

Shape, Size, and Dimensions: see Fig. X1.1.

Stress Concentration Factor: unnotched

Preparation:

Forming: Edges milled, thickness reduced by Blanchard
grinding

Thermal Treatment: None Surface Treatment: None
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FIG. X1.1 Axial Force Fatigue Test Specimen
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TABLE X1.1 Fatigue Test Data

Dynamic Stresses

Faugue Life,
Test Sequence Speciman Mark Maximum, kst Mirimum, kst Kilocycles Remarks*
{MPa) (MPa)
1 67 37.8 {267) ze10 14378 faled
2 58 36 2 {249) zero 10 0000 did not fail
3 40 37 8 (261) - zero 8 5200 did not fait
2 24 362 (299) zer0 8 9340 did ot fad
23 22 37.8 (261} zero 8 0000 did not fail
24 8 504 (347} zero 635 failed
25 M 47 2 (325) zeno 1626 falled
26 18 50.4 {347) zero 44 8 failed
27 1 44.1 {304) zero 2284 faled
47 19 504 (347} zero 46 2 talled

“All fractures werg inthated at one corner of minimum transverse cross sechon (0.5 . (12 7 mm) wide) of specimen,

Remarks: surface roughness; average, 40 pin. (1.0 pm) rms,
range, 32 to 47 pin. (0.8 to 1.2 um); out of flainess: average,
0.008 in. (0.20 mm), range, 0 to 0.034 in. (0.86 mm).
FATIGUE TESTS

Fatigue Testing Machine: 5000 Ibf (22 000 N) Krouse
double-direct siress machine, crank-and-lever with hydraulic
load maintainer.

Type of Test: axial
Frequency: 26.7 Hz

Dynamic Force Verification: Dynamic forces were verified
according to the procedures set forth in Practice E 467, for
Verification of Constant Amplitude Dynamic Forces in an
Axial Fatigue Testing Machine.

Dynamic Force Monitoring Procedures: Four-arm electric
resistance strain gage bridge on lead train in series with
specimen, ac transducer conditioner-amplifier, and oscillo-
scope.

Failure Criterion: complete fracture Run-out: 7 million
cycles

Number of Specimens Tested: 47 Stress Ratio, R: 0

Number of Machines Used: | Test

Laboratory Temperature: average, 73°F (23°C); range, +2°F
{(=1°C)

Laboratory Relative Humidity: average, 40 %, range, =3 %

Remarks: specimens gripped by bolts, fixed against rotation
about both axes. Dynamic sitresses are computed by dividing
dynamic force by area measured at reduced section, Specimens
were stored in laboratory environment without protection prior
1o testing.

FATIGUE DATA

Fatigue Test Data: See Table X1.1.

Remarks: Specimen test sequence 1 to 23, “staircase” test to
estimate mean fatigue limit (mean fatigue strength at 7 million
cycles). Test sequence 24 to 47, 8 specimens at each of 3 stress
levels tested in sequence randomized with respect to stress
ievel. Regression analysis performed on these 24 specimens
resulting in

log (M) = 11.512 — 0.13523 (S,...) (X1.h

with standard error of estimate, 0.09925, and correlation
coeflicient, — 0.9646,
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Fatigue Properties of Supersteel for Automobiles

DU Lin-xiv',
LIU Xiang-hua!,

ZHANG Zhong-ping'*, ~ TIAN Yu-wei*,

WANG Guo-dong'

(1. State Key Laboratory of Rolling and Automation, Northesstern University, Shenyang 110004,

*“ Lisoning, Clioay

2. Hot Rolled Strip Plant, Panthihua Steel, Panthihus 617062, Sichusn, Chins;

. 3. Technology Center. Benxi Steel Group, Benxi 117000, Lisoting. China)

Abstract: The fatigue properties of 400 MPa grade supersteel, plain Jow carbon steel S5400 and microatloyed steel
Q340TM were investigated through tensile-compression fatigue experiment with R= —1. The resuls indicate thet
the fatigue limit of the 400 MPa supersted] is higher than that of SS400 steel and close to that of the 340TM steel.
According to the analysis of fatigue fracture, the fatigue striations of superateel SS400 is thinner than that of SS400
steel and 240TM steel, and grain refinement can inerease the fatigue fimit,

Key words; supersteel; grain refinement) fatigue praperty

Many researches!' ™% about the grsin refinement
and the development of supersteels have been carried
out, and some achievements have been made. In
China, the 400 MPa supersteel atrips with about 5
um grain size have been produceéd industrially and
the products have been applied to manufacture the
beams of automobiles, Having high strength, good
ductility and suitable yield/tersile atrength ratio,
the supersteel strips have good formability and are
suitable for stamping.

Although the fatigue properties are not required
for the automobile beam steels, it is necessary to
study the fatigue properties of the supersteel for au-
tomobile beams because the alternative load of the
beams and the fatigue properties of supersteels are
not reported yet. In present study, the tensile-com-
pression fatigue experiment with R= —1 were car-
ried out to study the fatigue properties of 400 MPa
supersteel, and the results were compared with plain

low carbon steel SS400 (with ferrite grain size about
10—15 um) and microalloyed steel Q340TM.

1 Experimental

The tested materials were three kinds of com-
mercial steel strips with § mm in thickness; 400
MPa supersteel, plain low carbon steel $S5400, and
microslloyed steel Q340TM., The compositions and
the mechanical properties of tested materials are giv-
en in Table 1 and Table 2, respectively.

The tensile-compression fatigue experiments
were carried out on the PL-10 vibration fatigue test
machine. The sine stress wave with R=—1 was ap-
plied in the experiment. The vibration frequency
weas 150 Hz. The size of the sample is shown in
Fig. 1.

The fatigue fracture appearances of the samples
were analyzed using JSM5600-LV scanning electron
microscope,

Table 1 Chemical composition of tested steels 1
c Si Mo P [ Ti Nb
Supersteel 0.099 1 o7 1.4 0.001 5 0.007 9
SS400 0.12 .35 1L.% <0.035 <0, 035
HOTM 0. 062 0.078 0.95 0. 001 53 0.005 5 0. 007 8.0398

Pomndation Mem, Item Sponsored by High Techuology Developmant Progrem of China (883) (2001 AA232020)

Stegraghy: DU Lin-xiu(1962-) » Male. Doctoc, Professar)

Emally linxie-duw@ 243, ety

Revieod Date; July 4, 200§
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Table 2 Mechanical property of testad steel
./ MPs an/MPa &/IN
Supersteel 420 530 30
SS5400 300 410 30
340T™ 390 510 31
i, r
4 mm
| LS

|5 o100 sm

b 180 mm
Fig. 1 Size of fatigue test sampile

2 Results and Discassion

2.1 S-N curve of tested steel

The stress-number of cycles to failure curves of
400 MPa supersteel, plain low carbon steel, and mi-
croalioyed steel Q340TM are shown in Fig. 2. From
Fig. 2, the fatigue limit strength of 400MPa super-
steel, plain low carbon steel SS400, and Q340TM is
240 MPa, 210 MPa, and 260 MPa, respective.ly.
The composition of 400 MPa supersteel is similar to
that of the SS400, a0 the increase of fatigue limit
strength is due to the ferrite grain refinement. Al-
though the yield strength and tensile strength of su-
persteel is higher than those of the Q340TM, the fa-
tigue limit stress of 400 MPa supersteel is lower than
that of Q340TM, The reason is needed to investi-
gate. However, the 400 MPa supersteel was still
considered to have good fatigue properties because
the g1 /o, ratio is 0. 45.

10 10! 10° 10* 10°

Fig. 2 Sixress-number of cycls (o Claliure curve of tested steed

(b) H0TM,
Fig.3 Macre-fracters of steel

(o) SS400, (c) 400 MPa supereteel

2.2 Fatigee fractare appearance

" Fig. 3 shows the macro-fracture of the samples,
which correspond to the stress of 270 MPa (super-
steel ), 280 MPa (Q340TM), and 250 MPa
(SS400), respectively. It can be seen that the fa-
tigue macro-fracture of all these three steels consists
of three areas: crack originating, crack developing, and
instantaneously breaking, and the crack originating areas
were all at the corner or on the surfsce of the sumples.
Among them, the erack originating and the crack de-
veloping areas of superstee]l and Q340TM are larger
than those of the plain low earbon steel.

The fatigue crack of 400 MPa supersteel origi-
nates from the surface in the middle of the thickness
of the sample, and the fatigue crack of plain low car-
bon steel SS400 originates from the corner of the
sample. The results of SEM analysis, shown in
Fig. 4 (a) and Fig. 4 (c), indicate that there are
some Al; O, inclusions in the crack originating sreas
in both supersteel and plain low carbon steel sam-
ples, The crack originating ares of Q340TM is in
middle of width of the sample, and there are some
AN inclusions in jt, as shown in Fig. 4 (b).

The appearance of fatigue crack developing are-
as of samples is shown in Fig. 5. From this figure, it
can be seen that there are some small parts besides
the fatigue striations, ‘and the size of small parts
generally matches the ferrite grain size. The analysis
also shows that the distance between the fatigue stri-
ations decreases as the stress decreases, The areas of
fatigue crack developing of supersteel and Q340TM
are similar and the areas of fatigue crack developing of
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plain low carbon steel SS400 is relatively smaller,
Fig. 6 shows the appearance of instantaneously
breaking areas of the samples, From this figure, it can
be seen that the instantancously breaking areas of
these three samples present dimple feature. The si-
zes of dimplea.of supersteel are pretty small and uni-
form, the sizes of dimple of Q340TM are also small

£ A

(a) Supersteel;

(a) Supersteel;

(b) Q340TM,;
Fig. 4 SEM photograpls of arack eriginating aveas

(b) Q340TM,
Fig. § SEM pholegrephs of cruck developing aress

but not uniform, and the sizes of dimples of SS400
are pretty large.

3 Conclusion

The fatigue limit stress of 400 MPa supersteel is

higher than that of low carbon steel SS400 but a litt- .4,

tle lower than that of Q340TM. The supersteel is still

(c) SS400

e
—d
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(c) SS400

(s) Supersteel,

considered to have good fatigue properties because
the g—) /o, ratio is 0. 45, The areas of fatigue crack
developing of supersteel and Q340TM are similar,
but the areas of fatigue crack developing of sieel
§5400 is smaller than that of the supersteel and
Q340TM's,

Reforences,
{1] Wuag-Yong Choo. 4th Year Progress of HIPERS 21 Project

(b) Q340TM,

(c) SS0
Fig. 6 SEM photographs of instentaneomly hreaking aress
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(Continued on Page 65)
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Effect of Processing Condition on Texture and Drawability of Interstitial-Free Ferritic Steel
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ples rolled at high temperature as shown in Fig. 3.

4 Conclusions

(1) The r-value increases with the decrease of re-
heating temperature and finish rolling temperature, and
the increase of reductions in ferritic region. -~

(2) A high rvalue can only be obtained in the
low temperature rolling ptocess with efficient lubri-
cation. By lubricated ferritic rolling and annealing,
the r~value is raised to 1. 75 and elongation rate is o-
ver 50/ at finish rolling temperature of 650 C,
which is suitable for DDQ grade products,

(3) For samples subjected to lubricated rolling
and annealing, the strong {111}/ ND recrystalliza-
tion texture is distributed homogeneously aslong the
thickness direction. and the intensity of {110} re-
crystallization texture is very low even in surface,

(4) For unlubricated samples, the {111} tex-
ture distributes inhomogeneously and is weak along
the thickness direction, while the {110} / ND re-
crystallization texture is strong, which deteriorates
the formability.
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Abstract

In the present study, mechanical properties and fatigue behavior of solid solution treated 6061 Al alloy fabricated by equal
channcl angular pressing (ECAP) process were cvaluated. Yicld stress and nltimatc tensile stress significantly increased afier ECAP.
A remarkably large anhancement in fatigue life, by a factor of about 10, compared to a T6 treated commercial 6061 Al alloy was
recognized to oocur in low and high cycle regimes afier a single pass. Further deformation by ECAP, however, virtually eliminated
this improvement especiatly in the high cycle regime. Fine-grained microstructure with low-grain boundary misorientation angles
was proposed to yield the best result in fatigue performance in 2 6061 Al alloy. The current result suggests that one may pay
attention to e single passed material rather than multi-passed material if improvement in fatigue life is a primary concera for

sxccessful enginecring applications. €© 2002 Elsevier Science B.V. All rights rescrved.
Keywords: Fatigee life; Grain boundary angle; Equal channel angular pressing

1. Introduction

Equal chanoel angular pressing (ECAP) is an inno-
vative method of introducing intensive plastic strain into
materials through repetitive pressing [1-4]. The ECAP
processed materials typically have very small grain sizes
less than lum and exhibit superior mechanical proper-
tics such as yield stress, ultimate tensile strength [5,6].
While there has been considerablc emphasis on these
mechanical propertics, there have been relatively few
numbers of studies on fatigue behavior [7-10]. Recently,
fatigue properties of an ECAP processed 5056 Al alloy
(4 pass and 8 pass) were studied under a fully reversed
constant stress amplitude condition [11,12) and it was
reported that ECAP technique did not reveal a distinct
advantage over standard processing in the high cycle
regime {11,12]. The purpose of the current study is to
investigatc a fatigue behavior of a 6061 Al alloy
processed by ECAP, which is one of the aluminum

* Corresponding author, Tel: +82-2.320-1468; fax: +82-2-325-
6116
E-mall address: kimwya wow.hongk.ac.kr (WJ. Kim),

alloys being massively used in acrospace and automobile
industries, and explore a possibility of improving fatiguc
life of the ECAP processed 6061 Al alloy in the high
cycle regime.

2. Experimental procedures

For thc sample preparation, a 6061 Al billct was
extruded to a diameter of 18 mm at 450 °C and cut to
the length of 100mm. The extruded bar was solid-
solutionized at 530 °C and then quenched into water.
This heat-treated material was held at 125 °C for 20
min and then pressed through the dic (channcl intersec-
tion angle of 90°) preheated to 125 °C. Repetitive
pressings of the same sample were performed up to 4
pass. All pressings were conducted by rotating each
sample about the longitudinal axis by 90° in the same
direction between consccutive passes (designated as
route B, [1]).

Tensile tests were carried out to characlerize the
strength and ductility of the ECAP processed 6061 Al
alloys. Tensile test was operated at a constant cross-
head speed with an initial strain rate of 5 x 104 s~".

092)-5093002/3 - see front matter © 2002 Elsevier Science B.V. ARl rights reserved.
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Fatiguc lifc experiments were carricd out on the
specimens (diameter =8 mm) with dimension ratios
based on the ASTM standard E 606-92 under the
complete unloading condition R =0 (i.c. positive mean
stress loading condition), where R is the ratio of the
minimum stress to maximum stress for a cycle stress.
This loading condition usually provides more severe
fatigue environment than the fully reversed loading
condition. In real application related to energy genera-
tion and transition, such as turbines, pressure vessels,
and pipelines, fatigue failure usually results from this
kind of loading condition [13].

Crack-propagation behavior was characterized using
single edge notched (SEN, W =18 mm, a,=5mm, r =2
mm) samples at the stress ratio R=0.1. The stress
intensity factor for the SEN sample was calculated using

the following equation:
P 0.3
k= () =
a a\?
x {1.12-0.231 (W) + 1o.ss(7l—,)

a\? a\*
21.72(W) +30.39(W) } 1)
where W, t and a are the width and thickness of
specimen and crack length, respectively. A travelling
microscope with a magnification of 100 was used for
measuring the crack length. The crack growth rate, da/
dN, where N is the fatigue number of cycle was
computed using the incremental polynomial method
(ASTM E647). For the fatigue lifc and crack propaga-
tion tests, a sinusoidal waveform load control mode was
employed with frequency of 10 Hz
Microstructures of the ECAP processed samples were
(TEM). Samples for TEM were cut from the y plane
that is paraliel to the side faces at the point of exit from
the dic and sclected arca clkectron diffraction (SAED)
patterns were taken from areas having a diameter of
~ 10 pm.

3. Results
3.1. Microstructure of the ECAP processed 6061 Al alloy

TEM micrographs of the billets after | and 4 pass are
gshown in Fig. 1(a) and (b), respectively. together with
SAED patterns. The grain size of the undeformed
material determined by optics was ag coarse as ~ 40-
80 pum. Afler 1 pass, clongated dislocation cells or
subgrains have formed parallel to the shear direction.
Further pressing (4 pass) has fragmented the clongated
substructure to equiaxed grains ( ~0.3~04 pm) (Fig.

Fig. 1. TEM micrographs of the 6061 Al alloys after ECAP proocts (a)
1 pass (b) 4 pas.

1(b)). The SAED pattern shown in Fig. 1(b) exhibits the
diffracted beams scattered more uniformly around rings
than that of the 1 pass material in Fig. 1(2). This
observation indicates that the number of subgrains and
the misorientation angle between subgrain boundaries
have increased with pass number by forming new
boundarics perpendicular to the shear direction and
depositing new dislocations into existing subgrain
boundaries.

3.2. Stress=strain curves

The stress—strain curves obtained from the tensile
tests on the 0, 1 and 4 pass 6061 Al alloy are presented in
Fig. 2. It is obvious that ECAP process resulted in a
significant increase in both yield stress and ultimate
tensile strength. The yield stress has increased about
112% only after 1 pass. Alcr 4 pass, the increment
reaches near 156%. This large increase in strength is due
to the considerable grain refinement made through
scvere deformation by ECAP. Tensile ductility, on the
other hand, has decreased by about half afier ECAP.
This reduction in ductility after ECAP process is
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Fig. 2. Stress—strain curves for the unECAPed and ECAPed 6061AL
alloy.



C.S. Chung ¢l al. | Materials Sctence and Engincering A337 (2002} 3944 41

commonly observed in many ECAP processed alloys
and considered to be due to the decrease in hardening
exponent with increase in accumulated strain.

3.3. Fatigue life
- Jotg,

Fatigue life of the alloys in the current investigation
was assessed through the stress amplitude (o,) versus
number of cycles (§—~N curve). Fig. 3 is the §—N cutves
for the 6061 Al alloy at 0, | and 4 pass. The fatiguc-life
data of a T6 treated commercial 6061 Al alloy tested
under the same loading condition (R =0) [14] are also
plotted for comparison, which turn out to be similar to
those of the 0 pass material. After a single pass, there
took place a significant increase in fatigue kfe, by a
factor of more than ten, in both low and high cycle
regimes. When further pressed (4 pass), however, such
fatigue improvement in the high cycle regime became
targely reduced. This feature of little improvement in the
bigh-cycle fatigue performance in the 4 pass material is
similar to that reported on the 4 pass 5056 Al alloy [11].

3.4. Crack propagation

Crack propagation behavior of the ECAP processed
6061 Al alloy was assessed through crack growth rate
versus AK, where X is the stress intensity factor. The
crack growth rate, da/dN, where a is the crack size, is
plotted for the 0, 1, and 4 pass materials as a function of
AK in double log scales (Fig. 4). The following can be
inferred from the plot. First, after a single pass, little
change in crack-growth-behavior is resulted, which is
true over the entire range of AK. It slightly, however,
decreased after 4 pass at small AKX values (<7 MPa
m'"?). Second, extrapolation of the data to smaller AK
values ( ~ 4-5 MPa m'?) indicates that there is a tread

T awai]

Stress Amplitude, o, (MPa)
g

» 10 « ' W w
Number of Cycles to failure, N

Fig. 3. 5~N curves for the unECAPed and ECAPcd 6061A1 alloy.
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Fig. 4. Fatigue crack growth rate as a function of AK.

that ECAPed materials exhibit a lower fatigue threshold
than the unECAPed material. A similar threshold trend
was also observed in the ECAP processed 5056 Al alloy
{11]. These observations is in line with the common
observation that the material with coarse grains shows a
higher fatigue threshold [15-17].

4, Discussion

It is known that grain refinement incrcases the
resistance of fatigue crack initiation by reducing the
number of dislocations in slip bands that can kead to a
decrease of damage depth of surface intrusions or
extrusions, or by increasing the yield stress that prevents
macroscopic plastic deformation at the beginning of
load controlled cycling [15-17}. Resistance to crack
growth, on the other hand, is known to decrease with
decrease in grain size since less tortuous crack path is
induced during fatigue crack growth [16], which causes
decrease in driving force for crack propagation. There-
fore, it is anticipated in general that fatigue life increases
by grain refinement when the effect of increased
resistance to crack nucleation is dominant over the
cffect of decreased resistance to crack propagation.

Vinogradov et al. [11), who comparcd the fatigue
properties of the 0 and 4 pass processed 5056 Al alloys,
attributed to the increased fatigue life of the 4 pass 5056
Al alloy in the low cycle regime, where high stresses were
applied, to the increased resistance to crack nucleation
by its increased yield strength. Observation of crack
growth rate that changed littlc at large AK values
(=8 MPa m'?) after 4 pass by ECAP supported this
view. Little improvement in fatigue lifc observed in the
high cycke regime where low stresses were applied, on the
other hand, was ascribed to elimination of an advantage
of the increased resistance against crack nucleation by
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the increased crack growth rates at small AK values
( <8 MPa m'?) afier ECAP [11]). When the fatigue-life
bchavior of the 1 pass 6061 Al alloy is similarly
evaluated based on its crack growth behavior, it is
natural to expect the fatigue-life enhancement in low as
well as high cycle regimes, This is because crack growth
rate of the 1 pass 6061 Al material is similar to that of
the 0 pass matcrial over the entire AKX range and thus the
effect of increased resistance to crack nucleation by
ECAP is sure to dominate the fatigue fife. Then, why is
the fatigue life of the 4 pass 6061 Al alloy significantly
shorter than that of the 1 pass alloy in the high cycle
regime regardless of its lower crack growth rate com-
pared to the 1 pass material at small AK values? This
result may indicate, though the reason for the difference
in crack growth behavior at small AKX values between
the 5056 and 6061 Al alloys at 4 pass is not clear at
present, that the crack growth rate does not significantly
affect the fatigne life behavior. This speculation agrees
with the well-know fact that crack propagation phase of
the high cycle fatigue life is relatively short compared to
the nucleation phase such that the nucleation phase
usually determines the fatigue life of a material [10]. We
will, therefore, consider two factors possibly lowering
resistance of crack nucleation in the 4 pass 6061 Al alloy
in the high cycle regime: (1) cyclic softening and (2)
grain-boundary misorientation angle.

If cycdlic softening, which is the process whereby a
matcerial loses strength during cyclic loading, occurs
more scverely in the 4 pass alloy than in the 1 pass alloy,
one may explain the decreased resistance to crack
aucication at 4 pass. To check this possibility, Vickers
hardness was measured on the 0, 1 and 4 pass materials
prior to and after cyclic to failure after polishing the
cross-section of samplcs. The result ig summarized in
Fig. 5. Significant H, scattering occurs after cyclic
loading, which can be attributed to the inhomogencity
of plastic deformation during cyclic loading {12). As
scen, the H, value, which is averaged over 20 measure-
ments, varies with fatigue cycle number. For the ¢ pass
material, cyclic hardening occurs in the whole cycle
range. For the 1 pass material, on the other hand, a
small degree of cyclic softening, indicating that partial
recovery occurs during cyclic loading, oécurs except at
the lowest fatigue cycle in the current investigation
where small hardening is observed. For the 4 pass
material, the averapge hardness is almost insensitive to
cycle number. It is interesting to note that the softening
and hardening bchavior shown by the current alloys
resemble their stress-strain relations obtained from
tensile testing (Fig. 2). This may be resulted since the
current cyclic ioading was conducted in a tensil stress
mode. It is now obvious from Fig. §, where the hardness
of the 4 pass 6061 Al alloy is still higher than the 1 pass
6061 Al alloy even in the high cycle regime, that the
shorter fatigue life of the 4 pass 6061 Al alloy compared
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Fig. 5. Vickers bardness of the wnECAPed and ECAPed 6061 Al
alloys after fatigoe tests.

to the 1 pass alloy in high cycle regime can not be
ascribed to the effect of cyclic softening.

Zbang and Wang [18] studied crack-nucleation pos-
sibility along high and low-angle grain boundaries in a
copper bicrystal with embedded grains and found that
fatigue cracking ptefcrcntlally took place along high-
angle boundaries. As it is difficult for persistent slip
bands to pass through the high angle grain boundaries,
intergranular cracking by piling-up of dislocations at
grain boundarics is more likely to occur at the higher-
angle grain boundarics than at the lower-angle grain
boundarics where dislocations can be transported into
the adjacent grain by the shear bands [18]. If one refers
to the observations by Zhang and Wang [18] and the
fact that higher angle grain boundary bas higher energy
such that it is more vulnerable to intergranular cracking,
it can be deduced that the difference in fatigue-life
bebavior between the | and 4 pass materials is a
consequence of difference in grain-boundary misorien-
tation angics. Note that the 4 pass material has higher
angle boundaries than the 1 pass material (see the SAED
patterns in Fig. 1(a) and (b)). Fig. 6 shows th¢ SEM
images of surfaces of 1 and 4 pass samples near the sites
where fracture took place after cyctic fature at o, = 105
MPa. Activity of persistent slip band can be observed in
both samples. The bands in the samples are on a plane
oriented approximately 45° from the loading axis that is
the plane of the maximum reselved shear stress. Similar
features of shear bands have been also observed in the
ECAP processed Cu and 5056 Al alloy [9,11). The
obscrvation on the surface of the ECAP processed 6061
Al alloys shows that multi micro-cracks that are parallel
to the fractured surface are present in thc 4 pass
material, while these are absent in the | pass material.
This observation indicates that micro-cracking more
readily takes place in the 4 pass material than in the |
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Fig. 6. Surfacc of the sampics of the BCAPod 6061 Al alioy near the place where fractare occurred after fatigue tests at o, = 105MPa (a) | pass (b) 4

pass. Atrows indicates the presence of micro-cracks.

pass material and thus resistance to crack nucleation is
possibly lower in the former material,

This effect of grain boundary angle on fatigue life,
however, scems ta be relatively insignificant in the low
cycle regime where the fatigue lives of the 1 and 4 pass
materials are revealed to be similar. In this regime, no
micro-cracks were observed even in the 4 pass material.
This observation implies that fatigee failure in the 1 and
4 pass matcrials prooeeds without forming micro-cracks.
In this case, neck formation was observed as in a typical
tensile test where failure occurs by micro-void coales-
cence.

5. Conclusions

Mechanical properties and fatigue behavior of solid-
solution treated G061 Al alloy fabricated by ECAP
prooess were assessed in tensile and cyclic experiments in
terms of yicld stress, ultimate tensilc strength, tensile
ductility, fatigue limit and crack propagation rate. It
was found that:

(1) Yield stress and ultimate tensile stress of the 6061
Al alloy considerably increased after ECAP process,
while tensile ductility decreased.

(2) A large enhancement in fatigue life by a factor of
about 10 compared to a T6 treated commercial 6061 Al
alloy was achieved after a single pass. This result is
remarkable since the improvement was obtained in both
low and high cycle regime. When the alloy was further
pressed (4 pass), however, this advantage disappeared
especially in the high cycle regime.

(3) The difference in fatigue life between the single
passed and multi-passed alloy was attributed to the
difference in grain boundary angle believed to affect the
resistance of micro-crack nucleation during cyclic load-
ing.

(4) The SEM observations on surfaces of the samples
after cyclic failures show that micro-cracks are present
in the 4 pass material, while they are not in the 1 pass

material. This can be a good evidence that the 4 pass
material is more susceptible to micro-cracking than the 1
pass material such that the resistance to crack nuclea-
tion of the former alloy is lower than that of the latter
alloy.

(5) The current finding suggests that a single passed
material is better than the multi-passed material in
fatigue performance. Though the strength of the 1
pass material is lower than that of the 4 pass material,
it should be noted that its strength is still much higher
than the undeformed material by a factor of more than
2. Therefore, when a balance between high strength and
fatigue performance is a primary interest, a single passed
material can be a good choice.

Acknowledgements

This work was supported by grant no. 2000-1-30100-
013-3 from the Basic Research Program of the Korea
Science & Engincering Foundation.

References

[1} RZ Valiev, R.K. Islamgaliev, 1.V. Alexandrov, Prog. Mater. Sci.
43 (2000) 103,

[2} S. Ferrasse, V.M. Scgsl, K.T.H. Hartwig, R.E. Goforth, J. Mater.
Res. 12 (1997) 1253.

B} RS. Mishra, R.Z. Valicy, SX. McFadden, A K. Mukherjce,
Mater, Scl, Eng. A252 (1998) 174.

[4] M. Furukawa, Y. Ma, Z. Horita, M. Nemoto, R.Z. Valiev, T.G.
Langdon, Mater. Sci. Eng. A241 (1998) 122,

(5] V.M. Segal, Mater. Sci. Eng. A197 (1995) 157.

6] M. Furukews, Z Horita, M. Nemoto, R Z. Valicv, T. Langdon,
Philos. Mag. A78 (1998) 203.

7] A. Vinogradov, Y. Kancko, K. Kitazawa, S. Hashimoto, V.
Stolyarov, R. Valicv, Scripta Mater. 36 {1997) 1345.

- Agnew, J R. Woesiman, Mater. Sci. Eng. A244 (1998) 145.

. Agnew, A.Y.U. Vinogradov, 8. Hashimoto, J.R. Weeriman,

[ S.R
) SR
J. Elec. Mater. 28 (1999) 1038.

s



“ C.8 Chung et al. | Materials Scienoe and Engincering A337 (2002) 39-44

[10] H. Mughrabi, H.W. Hoppel, Matcrials Rescarch Society Sympo-
sium Proceedings, vol. 634, Materials Rescarch Society, Warren-
dak, PA, 2001, p. B2.1,

{11] A. Vinogradov, S. Nagasaki, V. Patian, K. Kitagawa, N.
Kawazoe, NanoStructured Mater. 11 (1999) 925.

{12] V. Patlan, A. Vinogradov, K. Higashi, K. Kitazawa, Mater. Sci.
Eng. A300 (2001) 17],

[13] Z. Yang, Z. Wang, Metall. Mater, Trans. A24 (1993)
2083,

[14] T. Sakai, K. Shiozawa, Databook on Fatigue Strength of Metallic
Materials, Blsevier, Amsterdam, 1996, p. 1642,

[15] S. Surcsh, Fatigue of Matcrials, Cambridge University Press,
Cambridge, UK, 1998, p. 679.

[16] M.K_H. Rabinovich, M.V. Markushev, J. Mater. Sci. 31 (1996)
4997.

[17] M.K_H. Rabinovich,- M.V. Markushev, J. Mater. Sci. 30 (1995)
4692,

(18] ZF. Zhang, Z.G. Wang, Mater. 5ci. Eng. A284 (2000) 285.



WIS IUHANHUNQATIHN T TN

N

A(\
—
N

THAI INDUSTRIAL STANDARD

yan. 2181—2547

ISO 12108 : 2002

MINagaUA NN BN VENYSONVDIlatie

" FATIGUE CRACK GROWTH METHOD FOR METALLIC MATERIALS
[ISO TITLE : METALLIC MATERIALS — FATIGUE TESTING — FATIGUE
CRACK GROUWTH METHOD]

LY a w d
TIHNITHNIAIFIHAAANUNYATTHNIIU

NITNII Qﬂﬁ1ﬂﬂ5'53~l ICS 77.040.10 ISBN 974-9903-79-X



LY d
NI THAAANUNYATTIHNNITUY

ﬂﬁ‘l’lﬂﬁi’)‘ﬂﬂ’ﬂﬁJ’(?iJﬂﬂﬂ?Jgﬂ]ﬁﬂlﬂ1ﬂﬁ@ﬂ!!ﬂﬂﬂlﬂﬁjﬁﬂ8

Han. 21812547

NINMBNASFIUNANN UNYAT NN T

NISNTIRATIHNTIH OUUNITIINA 6 NTUNN 10400
Tnsdmni 02202 3300

Yizmalunsteenguny atudiznianaz aminia ) @i 122 neuii 934
JuN 3ngASN UM YNEANIIY 2548



snaspuEARSuTaaTmnII mmedaus s lngIsmsmngsasuanzadansil I miaduie s
mmagaulanslunsnumsanvdau muRuRuMNIAsRELEA aigammns T Mvuazy Inilandy
ISO 12108 : 2003 Metallic materials ~ Fatigue lesting — Fatigue crack grouwth method nlgluseau
wmilaufunnuszms (indentical) loold 1SO atiunndingy tundn

naspuRdRNaEaemMATITMwuaTuAB lFlun158 1A wasta inuduanuassmsyaseliinasgu
J -~ \d - W a“ - » J LI - el
Hazlawadlunmninslulamasuanmsaald mnieadr lusedaRadaumuidninnunasTIURE AN U
ANTINNTIN

ANENSSHMBNAsURAasaidamunsslaRNTaNNasILUS hudumsiduasguuailssnmamy
AT 15 UWRNSENEUNYRNASPIUREA NN EATIMNTIN W.A. 2511

(2)



YsAIANIENTIPAMUNTIN
Uil 3369 (n.n. 2548)
aanmuATN luNsE NI QRNASTIUNERA M RATIINTTY
N.4. 2511
Fa9 MMumNasTIUNERsuaRTIMNTT
mmadavanudaismemesasuanyoslan:

fzannImNATIN NG 15 wiinssTsugygfinespundaiungamunisy w.a. 2511
SFHUGTIMIATNTNGRIIMNTIHEANU S AMWUAINASIUHARANTIgREIVNTSN MInadaurTINGaL )3
J » o rJ 1 » :
MIBNEsasuUANIaNlans INAsHIURTN Han. 2181-2547 1T Milmemsaziduaransdsemai

o« o
Uszme o JUN 26 WOBNIAN W.A. 2548
ar &
AW (eI

FPUNTIIMINTNINEATINNTIH

(3)



yen. 21812547
1S0O 12108 : 2002

AT IUNAAIUNIATIHATIN

MInageUANNA NI EMIVENY ToLAnNVDSlane

unui
- e ”* : [ : [ - - .
mmg’mwamnm‘nqﬂmwnssuumuuﬂﬂuiﬂﬂ 133U ISO 12108 : 2003 Metallic materials—Fatigue testing—
Fatigue crack grouwth method anldlusz@uiniiauiummiszns (identical) lagld 1S0 atumwiaangy
Wunan
[}
YUY

naspundainsigamunssuil lhaBinemamegaudmiumsanaisanudnndannsatnasasuan

o » ’ 3 - » ' -
Wimnnuinmasanudramamuau AK, Tnsmuqguauinmasanudimaaimnaugds AK
sasamMIMaday msaTIRiniiuluaunasyiu 150 12737

- o - 18 v - - o o » . Y

nmsyundanusigammnssuil fldmiumsusaiisaniilanadawuulalalnstin (Isotropic) Wumdn

'J ¥ o 1} - z ot ol 3 & »

mulaRaulapnaduiisnguidaduuasusinssidmmmniusnurssesuanlasiimdamdnanuy

P
A R
} JE- )
PNATBNBY

ISO 4965 : 1979 Axial load fatigue testing machine — Dynamic force calibration - Strain gauge technique

HenuazA NI
- L4 ﬂ - « (4 - | 4 »
finuuazanumnerasmnlhunasyusiadurgasmnssuis WitiulUat 150 12108 : 2002 4a 3

Feyanvaluaziade

(Y

Ananwaluazdrdaneazduaiiduluma ISO 12108 : 2002 5o 4

4 oA
nivdNanNaaav

swaziden Wil 1ISO 12108 ; 2002 38 5

Funagen

swazdua niulumu ISO 12108 : 2002 92 6



Hon. 2181 -2547
1SO 12108 : 2002

swaztdsaiiUulumu 1SO 12108 ;

swasdaaliiliulumu 1SO 12108 :

naaztfuaiidulumy IS0 12108

swavdseiduluemu 1so 12108 :

NIIMNATDOY

2002 28 7

MIIANNNEITOLUAN

2002 7a 8

ASATHIN

: 2002 99 9

MINTNUNANATBYLY

2002 99 10



uen. 21812547
1SO 12108 : 2002

Metallic materials — Fatigue testing — Fatigue crack growth
method

1 Scope

This international Standard describes tests for determining the fatigue crack growth rate from the threshold stress-
intensity factor range, AKy, to the onset of unstable crack extension as the maximum stress intensity factor
approaches K ma, controlled instability, as determined in accordance with 1SO 12737 (81,

This International Standard is primarily intended for use in evaluating isotropic metailic materials under
predominantly linear-elastic stress conditions and with force applied only perpendicular to the crack plane (mode |
stress condition), and with a constant stress ratio, R.

2 Normative reference

The following normative document contains provisions which, through reference in this text, constitute provisions of
this Intemnational Standard. For dated references, subsequent amendments to, or revisions of, this publication do not
apply. However, parties to agreements based on this Intemational Standard are encouraged to investigate the
possibility of applying the most recent edition of the normative document indicated below. For undated references,
the latest edition of the normative document referred to applies. Members of ISO and IEC maintain registers of
currently valid International Standards.

1SO 4965:1979, Axial Joad fatigue testing machines — Dynamijc force calibration — Strain gauge technique

3 Terms and definitions
For the purpases of this International Standard, the following terms and definitions apply.

3.1
crack length

a
linear measure of a principal planar dimension of a crack from a reference plane to the crack tip, also called crack
size

3.2

cycle
N

smallest segment of a force-time or stress-time function which is repeated pericdically

NOTE The terms fatigue cycle, force cycle and stress cycle are used interchangeably. The letter N is used to represent the
number of elapsed force ¢ycles.

3.3

fatigue crack growth rate

da/dN

extension in crack length per force cycle
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34

maximum force

Frnax

force having the highest aigebraic value in the cycle; a tensile force being positive and a compressive force being
negative

3.5

minimum force

F min

force having the Jowest algebraic value in the cycle; a tensile force being positive and a compressive force being
negative

3.6

force range

AF

the algebraic difference between the maximum and minimum forces in a cycle

4

force ratio
R

algebraic ratio of the minimum force or stress to maximum force or stress in a cycle

R=F m'm/ F max
NOTE 1tis also called stress ratio.

38

stress intensity factor

K

magnitude of the ideal crack lip stress field for the opening made force application to a crack in @ homogeneous,
linear-elastically stressed body where opening mode of a crack corresponds to the force being applied to the body
perpendicular to the crack faces only (mode } stress condition)

39

maximum stress intensity factor

Knax

highest algebraic value of the stress intensity factor in a cycle, corresponding to Fi ..

3.10

minimum stress intensity factor

Kmin

lowest algebraic value of the stress intensity factor in a cycle, corresponding to Fry,

NOTE This definition remains the same, regardless of the minimum force being tensile or compressive. For a negative force ratio
(R < 0) there is an alternate, commonly used definition for the minimum stress intensity factor, Kn = 0. See 3.11.

3.1
stress intensity factor range
AK

algebraic difference between the maximum and minimum stress intensity factors in a cycle

AK = Kmax - Kmm

NOTE The force variables AK, it and K e are relaled as foliows: AK = (1 — R) Kua. For a negative force ratio (R < 0)
there is an alternate, commonly used definition for the stress intensity factor range, AK = K. See 3.10 and 10.6.
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3.12

fatigue crack growth threshold

AK,,

asymptotic value of A K for which da/d N approaches zero

NOTE For most materials the threshold is defined as the stress intensity factor range corresponding to 10~ mm/cycie. When
reporting A K, the corresponding lowest decade of da/dN dala used in its delermination shouid also be included.

313

normalized K-gradient

C=(1/K)dK/da

fractional rate of change of K with increased crack length, a

C = 1/K (dK/da) = 1/ K nax (0K max/38) = 1/ Kinin (4K ma/da) = 1/AK (dAK /da)

314
K -decreasing test
test in which the value of the normalized K-gradient, C, is negative

NOTE A K-decreasing test is conducted by reducing the stress intensity factor either by continuously shedding or by a series of
steps, as the crack grows.

315
K-increasing test
test in which the value of C is positive

NOTE For standard specimens, a constant force amplilude resuits in a K -increasing test where the value of (' is positive and
increasing.

3.16

stress intensity factor function

g{a/W) _ S
mathematical expression, based on experimental, numerical or analytical results, that relates the stress intensity
factor to force and crack length for a specific specimen configuration

4 Symbols and abbreviations

4.1 Symbols
See Table 1.
Table 1 — Symbols and their designations
Symbol li Designation 1 Unit
Loading
c Normalized K -gradient mm™"
E Tensile modulus of elasticity MPa
F Force kN
Frnax Maximum force kN
Fon Minimum force kN
AF Force range kN
K Stress intensity factor ; MPa-m"?
Knax Maximum stress intensity factor MPa-m"?
Koin Minimum stress intensity factor MPa-m™?
AK Srress intensity factor range MPa-m'?
AK, Initial stress intensity factor range MPa-m**
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Table 1 — Symbols and their designations {continued)

Symbol Designation Unit
AKwn Threshold stress intensity factor range MPa.m'?
N Number of cycles 1
R Force ratio or stress ratio 1
R, Ultimate tensile strength at the test temperature MPa .
ooz 0.2 % proof strength at the test temperature MPa
Geometry
a Crack length or size measured from the reference plane to the crack tip mm
Qeor Crack front curvature correction length mm
Qfat Fatigue crack length measured from the notch root mm
Qan Machined notch length mm
agp Precrack length mm
B Specimen thickness mm
D Hole diameter for CT, SENT or CCT specimen, loading tup diameter for bend mm
specimens
g(e/W) Stress intensity factor function 1
h Notch height mm
W Specimen width, distance from referenca plane fo edge of specimen mm
(W —a) minimum uncracked figament mm
Crack growth
da/dN Fatigue crack growth rate mm/cycle
Aa Change in crack length, crack extension mm

4.2 Abbreviations for specimen identification
CcT Compact tension

CCT Centre cracked tension

SENT  Single edge notch tension

SENB3 Three-point single edge notch bend

SENB4  Four-point single edge notch bend

SENB8 Eight-point single edge notch bend
5 Apparatus
5.1 Testing machine

5.1.1 General

The testing machine shall have smooth start-up and a backlash-free force train if passing through zero force. See
IS0 4965. Cycle to cycle variation of the peak force during precracking shall be less than = 5 % and shall be held to
within =+ 2 % of the desired peak force during the test. A F' shall also be maintained to within 3 2 % of the desired
range during test. A practical overview of test machines and instrumentation is available 3 [34]
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5.1.2 Testing machine alignment

It is important that adequate attention be given to alignment of the testing machine and during machining and
installation of the grips in the testing machine.

For tension-compression testing, the length of the force train should be as short and stiff as practical. Non-rotating
joints should be used to minimize off-axis motion.

Asymmetry of the crack front is an indication of misalignment; a strain gauged specimen similar to the test article
under investigation can be used in aligning the force train and to minimize nonsymmetrical stress distribution and/or
bending strain to less than 5 %.

5.1.3 Force measuring system

Accuracy of the force measuring system shall be verified periodically in the testing machine. The calibration for the
force transducer shall be traceable to a national organization of metrology. The force measuring system shall be
designed for tension and compression fatigue testing and possess great axial and lateral rigidity. The indicated force,
as recorded as the output from the computer in an automated system or from the final output recording device in a
noncomputer system, shall be within the pemissible variation from the actual force. The force transducer’s capacity
shall be sufficient to cover the range of force measured during a test. Errors greater than 1 % of the difference
between minimum and maximum measured test force are not acceptable.

The force measuring system shail be temperature compensated, not have zero drift greater than 0,002 % of full
scale, nor have a sensitivity variation greater than 0,002 % of full scale over a 1 °C change. During elevated and
cryogenic temperature tesling, suitable thermal shielding/compensation shall be provided to the force measuring
system so it is maintained within its compensation range.

5.2 Cycle-counter

An accurate digital device is required to count elapsed force cycles. A timer is to be used only as a verification check
on the accuracy of the counter. It is preferred that individual force cycles be counted. However, when the crack
velocity is below 10~° mm/cycle counting in increments of ten cycles is acceptable.

5.3 Grips and fixtures for CT specimens

Force is applied to a CT specimen through pinned joints. Choice of this specimen and gripping arrangement
necessitates tension-tension test conditions only. Figure 1 shows the clevis and mating pin assembly used at both
the top and bottom of a CT specimen to apply the force perpendicular to the machined starter notch and crack plane.
Suggested dimensions are expressed as a proportion of specimen width, W, or thickness, B, since these
dimensions can vary independently within the limits specified in dause 6. The pin holes have a generous clearance
over the pin diameter, 0,2% minimum, to minimize resistance to specimen and pin in-plane rotation which has been
shown to cause nonlinearity in the force versus displacement response 1), A surface finish range of 0,8 um to
1.6 pm is suggested for grip surfaces. With this grip and pin arrangement, materials with low proof strength may
sustain plastic deformation at the specimen pin hole; similarly, when testing high strength materials and/or when the
clevis displacement exceeds 1,058, a stiffer force pin, i.e. a diameter greater than 0,225W, may be required. As an
alternative approach to circumvent plastic deformation, a flat bottom clevis hole may be used along with a pin
diameter equalling 0,24W. Any heat treatable steel thermally processed to a 0,2 % proof strength of 1 000 MPa used
in fabricating the clevises will usually provide adequate strength and resistance to fretting, galling and fatigue.

In addition to the generous pin hole clearance, the mating surfaces shall be prepared to minimize friction which could
invalidate the provided K -calibration expression. The use of high viscosity lubricants and greases has been shown
to cause hysteresis in the force versus displacement response and is not recommended if compliance
measurements are required.
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Surface roughness values in micrometres
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1 Loading rod
2 Pin

NOTE For high strength materials or Jarge pin displacements the pin may be sliffened by increasing the diameter to 6,24 W
abong with using D-shaped flat bottom holes.

2 Loading rod thread.
b Through diameter.
¢ These surfaces are perpendicular and parallel as applicable to within 0,05W.

Figure 1 — Clevis and pin assembly for gripping a CT specimen
5.4 Grips and fixtures for CCT/SENT specimens

5.4.1 General

Force can be applied to CCT and SENT specimens through pinned joints and/or through frictional clamping grips.
Gripping for the CCT and SENT specimens depends on specimen width and whether the test condition is to be
tension-tension or tension-compression. The minimum CCT specimen gauge length varies with gripping
arrangement and shall provide a uniform stress distribution in the gauge length during the test. .

Equation (6) is applicable only for a single pinned end SENT specimen, as shown in Figure 2. The SENT pinned end
specimen (Figure 2) is appropriate for tension-tension test conditions only.

Equation (7) is applicable for a SENT specimen with clamped ends and is appropriate for both tension and
compression force conditions. For the clamped end SENT specimen, the grips must be sufficiently stiff to circumvent
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any rotation of the specimen ends or any lateral movement of the crack plane; the presence of either condition
introduces errors into the stress intensity factor calculation 291,

Surface roughness values in micrometres
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NOTE 1 The machined notch is centred to within £ 0,005/ .
NOTE 2 The surfaces are paraliel and perpendicular to within & 0,002W.
NOTE 3 The crack length is measured from the reference loading plane containing the starter V-notch.

NOTE 4 Specimen recommended for notch root tension at a force ratio & > 0 only.
3 D=W/a

b See Figure 12 for notch detail.

¢ Reference plane.

9 The recommended thickness.

Figure 2 — Standard single edge notch tension, SENT, specimen

5.4.2 Tension-tension testing of a CCT specimen

For tension-tension testing of a specimen with a width 2V, less than 75 mm, as shown in Figure 3, a clevis with
single force pin is acceptable for gripping provided the specimen gauge length, defined here as the distance between
the pin hole centrelines, be at least 6. Shims may be helpful in circumventing fretting fatigue at the specimen's pin
hole. Another step that can be taken to prevent crack initiation at the pin holes is the welding or adhesive bonding of
reinforcement plates or tabs to the gripping area, especially when testing very thin materials. Cutting the test section
down in width to form a “dog bone" shaped specimen design is another measure that can be adopted to circumvent
failure at the pin holes; here the gauge length is defined as the uniform width section and it shali be at least 3,4W in
length.

For tension-tension testing of a specimen with a width greater than 75 mm, distributing the force across the specimen
width with multiple pin holes is recommended. A serrated grip surface at the specimen-grip interface increases the
force that can be transferred. With this force application arrangement the gauge length between the innermost rows
of pin holes must be at least 31,
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Surface roughness values in micrometres
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NOTE 1 The machined notch is centred to within & 0,002W¥.

NOTE 2 The faces are parallel to & 0,05 mm/mm.

NOTE 3 The two faces are not out of plane more than 0,05 mm.

NOTE 4 The crack length is measured from the reference plane of the longitudinal centreline.
NOTE 5 The clevis and pin loading system is not suitable for a force ratio R, < 0.

NOTE 6 Special gripping systems may be used for a force ratio £ < 0 such as shown in Figure 4.
2 See Figure 12 for notch detail.

b D =2W/3.

¢ Reference plane.

Figure 3 — Standard pinned end centre cracked tension, CCT, specimen for 2W < 75mm

5.4.3 Tension-compression testing of a CCT specimen

A backlash-free gripping arrangement shall be used for tension-compression testing of the CCT specimen. Various
commercially available pneumatic and hydraulic wedge grips that provide adequate clamping force may be used. The
minimum gauge length for a damped CCT specimen is 24W.

For tension-compression testing of a CCT specimen, Figure 4 presents a design that affords a simple backlash free
grip that provides improved force transfer through multiple pins plus frictional force transfer via specimen clamp-up
with the serrated gripping surfaces. The compressive condition between the pins and the specimen's end surfaces,
induced by drawing the wedges together, affords large reverse force excursions while circumventing elongation of the
pin holes. The minimum gauge length for this specimen is 2,4W between the grip end surfaces and 3W between the
inner rows of pins, as stated above.

~10-



uoen. 2181 -2547
1SO 12108 : 2002

Dimensions in millimetres

B W
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Semated sideplate surface
Countersunk cap screw
Lock nut

NOTE 1 Made of hardened steel, e.g. > 40 HRC.

B |

NGCTE 2 Serrated side plates vary in thickness to accommodate approximately 2 mm to 3 mm, range in thickness B.
3 Body drilled.
Figure 4 — Example of backlash free grip for a CCT specimen

5.4.4 Alignment of CCT specimen grips -

The CCT specimen is sensitive to misalignment and nonsymmetrical force application, especially in tension-
compression testing where gimbaled connections are nol used, which can readily lead to violation of the through
thickness crack curvature and/or symmetry validity criteria. It is recommended that bending strain be checked
periodically with a panei specimen similar to the one being tested and instrumented with strain gauges, as shown in
Figure 5 2}, This technique can be used 1o minimize the bending strain. See 5.1.2.
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2w

The average axial strain, ¢,, for the flat panel calibration specimen is calculated using:

(€5 + €5 + €7 + €5)
€5 = p

where ¢s, €, €7 and e are the measured strains.

The equivalent strain at the centre of the four faces 1 to 4 is calculated using:
€1=¢a — [ea — (€5 + €3) /2) 2W/ (2W — 2d));
€3 = € — [ea — (€6 + €7) /2] W/ (2W — 2d)];
€2 = (€5 + ¢g) /2, €4 = (7 + €5) /2.

The local bending strains at the centre of each of the four faces are calculated using:
b = €1 — € 2 = €2 — €a;
by = €3 — €a; by = €4 — €a.

The maximum bending strain percentage in plane A can then be calculated as follows:

8% ={(by — b)) /2+ (b2 — bs) /2] 100/, < 5%
2 Plane A

Figure 5 — Strain gauge arrangement and bending strain calculation for an instrumented panel alignment
specimen

5.5 Grips and fixtures for the SENB specimens

5.5.1 Tension-compression grips for the SENB8 specimen

The eight-peint bend specimen is also suited for tension-compression testing. In gripping the eight-point bend
specimen, the top and bottom tups are rigidly tied together with a line-to-line fit to the specimen's surfaces.
Precautions shall be taken fo eliminate backlash and secondary moments,

—12-
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5.5.2 Tension-tension testing of SENB specimens

The general principles of the bend test fixture suilable for tension-tension testing of the SENB specimen are
illustrated in Figure 6. The fixture is designed to minimize frictional effects by allowing the support rollers to rotate
and move apart slightly as force is applied to the specimen, hence permitting rolling contact. Thus, the support roilers
are allowed limited motion along piane surfaces parallel to the notched side of the specimen, but are initially
positively positioned against stops that set the span length and are heid in place by low-tension springs (such as
rubber bands). Fixtures and rollers shall be made of high hardness (> 40 HRC) steel 123},

Dimensions in millimetres
Surface roughness values in micrometres

8D > W/d

| 2 — 8

x }L L -~
o @B_T__ & Ra MS_/_ __'_t::&

c T,

< W
o~ 158
Ra 0%)75/
A
"
W/Z <D< W
2 0 2,08
158
Key
1 Test specimen
2 Ram
3 Test fixture
4 Roller pin

NOTE Roller pins and specimen contact surface of load ram should be parallel to each other to £ 0,002W (TIRY)
? Bosses for springs or rubber bands.

® 0,6 x rolter pin diameter.

€ 1,1x roller pin diameter.

9 Total indicated reference vaiue.

Figure 6 — Fixture for tension-tension forcing of a SENB3 specimen

~13-
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5.6 Crack length measurement apparatus

5.6.1 General

Accurate measurement of crack iength during the test is very important. There are a number of visual and non-visual
apparati that can be used to determine the crack length. A brief description of a variety of crack tength measurement
methods is included in 26, The required crack length measurements are the average of the through-the thickness
crack lengths, as covered in 9.1.

5.6.2 Non-visual crack length measurement

There are a number of non-visual measurement techniques. Most fend themselves to automated data acquisition
and determine the average crack length, reflecting the crack front curvature if it exists. Crack-orening-displacement
compliance P8-B8] AC and DC electric potential difference (EPD) [*°H41], back face strain 38 142] and side face foil
crack gauges [431-145] are all acceptable techniques, provided the resolution requirements covered in 8.1 be met.

5.6.3 Visual crack length measurement

In the past, the most common visual crack length measurement technique used a micrometer thread travelling
microscope with low magnification (x20 to x50). This technique measures the surface crack length during the test
and may need to be comected to the actual through-thickness crack size upon test completion, as covered in 9.1.

6 Specimens

6.1 General

Proportional dimensions of six standard specimens: a compact tension (CT); a centre cracked tension (CCT) and
three, four and eight point single edge noich bend (SENB3), (SENB4) and (SENBS); and single edge notch tension
(SENT) are presented in Figures 7, 3, 8, 9, 10 and 2, respectively. A variety of specimen configurations is presented
to accommodate the component geometry available and test environment and/or force application conditions during
a test. Machining tolerances and surface finishes are also given in Figures 7 to 10. The CT, SENB3 and SENB4
specimens are recommended for tension-tension test conditions only.

—14-
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Surface roughness values in micrometres

1,25W +0,01W

7

w9 £0.005 w

o]

1
«0,05w !
=9 025W 10 l

ot

b

B

f

@__

0,275 +0,005W

0,6 20,005W

0,1W = a, = 0,15t
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NOTE 2 The surfaces are perpendicular and paralflel to within + 0,002W (TIR).

NOTE 3 The crack length is measured from the reference plane of the loading pin holes centrefine.

NOTE 4 Specimens recommended for notch root tension loading, with a force ratio R > O, only.

3 Reference plana.
b See Figure 12 for notch detail.

[

d

The recommended thickness: W/20 € B € W/2.
The suggested minimum dimensions are W = 25 mm and ap = 0,2W.

Figure 7 — Standard compact tension, CT, specimen for fatigue crack growth rate testing

— 15~
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Surface roughness values in micrometres
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NOTE 1 The machined notch is centred {o within &= 0,005W.
NOTE 2 The surfaces are parallel and perpendicular to within 1 0,002W.
NOTE 3 The crack length is measured from the reference loading plane containing the starter V-notch.

NOTE 4 Specimen recommendeq for notch root tension only.
2 See Figure 12 for notch detail.
b Reference plane.
¢ Recommended thickness: 0,2W < B € W.
1 D>W/s
Figure 8 — Standard three point single edge notch bend, SENB3, specimen
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Surface roughness values in micromeltres
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NOTE 1 The machined notch is centred to within 4 0,005W.
NOTE 2 The surfaces are parallel and perpendicular to 4 0,002W (TIR).
NOTE 3 The crack length is measured from the reference loading plane containing the V-notch.

NOTE 4 Specimen recommended for tension R > 0 only.
8 See Figure 12 for notch detail.
b Reference plane.
¢ Recommended thickness: 02W < B < W.
4 D> W/s.
Figure 9 — Standard four point singie edge notch bend, SENB4, specimen
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Surface roughness values in micrometres
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NOTE 1 The machined notch is centred to within &= 0,005W/.

NOTE 2 The surfaces are parallel and perpendicular to within & 0,002W (TIR).
NOTE 3 The crack length is measured from the reference loading pfane containing the V-notch.

NOTE 4 Specimen suitable for R < 0, provided backlash and secondary moment loading by grips be avoided.
2 See Figure 12 for notch detail.
b Reference plane.
¢ The recommended thickness is 02W < B < W.
¢ D>w/s.
Figure 10 — Standard eight point single edge notch bend, SENB8S, specimen

6.2 Crack plane orientation

The crack plane orientation, as related to the characteristic direction of the product, is identified in Figure 11. The
letter(s) preceding the hyphen represent the force direction normal to the crack plane; the letter(s) following the
hyphen represent the expected direction of crack extension. For wrought metals the letter X always denotes the
direction of principal processing deformation, Y denotes the direction of least deformation and the letter Z is the third
orthogonal direction. If the specimen orientation does not coincide with the product's characteristic direction then two
letters are used before and/or after the hyphen to identify the normal to the crack plane and/or expected direction of
crack extension.

The specimen shall have the same metallurgical structure as the material for which the crack growth rate is being
determined. No heat treatment shall take place once the fatigue crack has been initiated.

The starter notch for the standard specimens may be made via electrical discharge machining (EDM), milling,

broaching or saw cutting. To facilitate precracking, the notch root radius shalt be as small as practical, typically less
than 0,2 mm. For aluminium, saw cutting the final 0,5 mm starter notch depth with a jeweller's saw is acceptable.

18-
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c) Radial grain flow, axial working direction d) Axial grain flow, radial working direction
8 Grain flow.
Figure 11 — Fracture plane orientation identification as in 1S0 12737

6.3 Starter notch precracking details

The envelope and various acceptable machined notch configurations and precracking details for the specimens are
presented in Figure 12. For all specimens, the notch height, A, shall not exceed 1 mm for W < 25 mm, or W /16 for
W > 25 mm. The machined notch shall be as narrow as practical machining limitations permit in order to minimize
the precracking length requirement. It is required that the final precrack length, a,, in the CT specimen be at least
0,2W in length in order to avoid invalidating the K -calibration expression.

The machined notches in the SENB and CCT specimens are determined by practical machining limitations; the
K -calibration does not have a notch size limitation. However, a CCT specimen's minimum precrack length, 2a,, of at
least 0,4W is required when using the compliance method for crack length determination to assure accurate crack

length measurements.
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Dimensions in millimetres
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NOTE 1 Crack length is measured from reference plane.
NOTE 2 Notch height, h, should be minimized.

NOTE 3 A hole of radius r < 0,05W is allowed for ease of machining the notch in a CCT specimen.

® Reference plane,

® Root radius.
Specimen type Notch a:ength Maximum r;‘otch height Minimum pr:crack length
p
CT 0,1W < a, < 0,15W <tforW <25 G 2a,+h
CcCcT W/iefor W > 25 ap 2 an+ 1mm
Gy 2 an + 0,1B, and
a, 2 0,2W for CT only

Figure 12 — Notch detail and minimum fatigue precracking requirements

6.4 Stress intensity factor
6.4.1 General
The stress intensity factor for all standard specimen configurations is calculated using the following relationship:
F a 15 .
= ZTir1/2 7 ! 1
K Bw‘ﬂg(w)w (1)

The stress intensity factor function, g (a/W), for each standard specimen configuration is calculated using the
following expressions.

-20-
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6.4.2 Compact tension, CT, specimen

For a compact tension specimen, CT, the stress intensity factor function is given by

(2)

( a ) _ (24 a) (0,886 + 4,640 — 13,3207 + 14,72a° — 5,60%)
w/ (1- a)m

where o = a/W; the expression is valid for 0,2 < a/W < 1,0. See Figure 7.

6.4.3 Centre cracked tension, CCT, specimen

For the centre cracked tension specimen, CCT, the stress intensity factor function is given by [24}-[26).

a 0 1/2 5
g (W) = (Es_a) (0,707 1 — 0,007 26 + 0,007 08*) @

where 6 = wa/2W radians; the expression is valid for 0 < a = 2a/2W < 1,00. Here it is recommended that the
crack length, a, be the average of the four measurements from the centreline reference plane to the crack tips on
both the front and back surfaces. Ses Figure 3.

6.4.4 Single edge notch three point bend, SENB3, specimen

For the three point bend specimen, SENB3, with the distance between external supports equalling 4W, the stress
intensity factor function is given by (273:

) [0+ 2:;1(’: - ] (199~ et~ a) (215 =330+ 27¢7)] @

where a = a/W; the expression is valid for 0 < a < 1,0. See Figure 8.

6.4.5 Single edge notch four point bend, SENB4, specimen

For the four point bend specimen, SENB4, with the distance between external supports minus the distance between
internal supports equalling 2W, the stress intensity geometric function is given by [19];

. 4
a 1/2 | 0,923 + 0,199 (1 — sin #)
— ] =3(2tanéd 5
g ( ) ( ) [ cos 0 ®)
where & = wa/2W radians; the expression is valid for 0 < a/W < 1,0. See Figure 9.

For the four point .bend specimen, where the difference between the major and minor span does not eq-uai 2W ., the
value for g (1/W) is proportional to the ratio of the major span minus the minor span divided by 2W,

. (major span — minor span)
i.e.
2w

~21—



uoen. 2181 -2547
ISO 12108 : 2002

6.4.6 Single edge notch eight point bend, SENBS, specimen

For the eight point bend specimen, SENBS, with the distance between external supports minus the dislance between
internal supports equaling 2W, the stress intensity factor function is given by 1oj.

a 12 | 09234 0,199 (1 — sin §)*
— ) =3(2tan 8
g( ) (21an5) [ cos ¢

where 8 = wa/2W radians; the expression is valid for 0 < a/W < 1,0. See Figure 10.

For the eight point bend specimen, where the difference between the major and minor span does not equal 2W, the
vaiue for g (a/W) is proportional to the ratio of the major span minus the minor span divided by 2.

major span — minor span
e.

2w

6.4.7 Single edge notch tension, SENT, specimen

For the single edge notch pinned end tension specimen, SENT, the stress intensity factor function is given by 1'%:

ay _ 0,752 + 2,02a + 0,37 (1 — sin )°
g(W) —\/2tan0[ o8 0 (6)

where @ = ma/2W; the expression is valid for 0 < a/W < 1,0. See Figure 2.

For the single edge notch clamped end tension specimen, with the clear span between the grips equalling 4W, the
stress intensity factor function is given by 28}

g (%) = (1 - a)_3/2 [1.987 801/2 — 2972 6(13/2 + 6,950 305/2 — 14,447 Gay/z -

+ 10,054 82*2 + 3,404 72"/% — 8,714 3a'/2 + 3,741 7a‘5/’]

where o = a/W:; the expression is valid for 0 < a/W < 0,95. See Figure 2.

Stress intensit! factor functions, for clamped end SENT specimens with spans between the grips other than 4W, are
available 129-31],

6.5 Specimen size

6.5.1 General

For the test resuits to be valid it is required-that the specimen remain predominantly in a linear-elastic stress
condition throughout the test. The specimen width, W, and thickness, B, may be varied independently within the
limits covered in 6.6. The smallest specimen to meet these criteria, based on experimental results, varies with each
specimen configuration 132,

The minimum uncracked ligament that circumvents large scale yielding varies with specimen configuration and is a
function of the material’s 0,2 % proof strength.
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6.52 CT specimen minimum uncracked ligament

For the CT specimens the minimum uncracked ligament for producing valid data is given by:

-5 (12) (i)

6.5.3 CCT specimen minimum uncracked ligament

For the CCT specimen the minimum size of the uncracked ligament, based upon large scale net section yielding of
the material, is given by:

1 250F;
2{W —a) > ——max 9

( a) = BR 2 ( )
6.5.4 SENB specimen minimum uncracked ligament

For all of the bend SENB specimens the minimum size of the uncracked ligament is given by:

3 000X Fing, \ *°
— S | T Mer - 10

This criterion is based upon large scale net section yielding of the material and A = 4W, the distance between
external supports for a three point bend specimen; A = 2W for a four and eight point bend specimen or if a
nonstandard four or eight point bend specimen is used, A equals the distance between external supports minus the
distance between internai supports.

6.5.5 SENT specimen minimum uncracked ligament

The minimum size of the uncracked ligament for the SENT specimen depends on the gripping technique: for a tensile
stress, e.g. the ends embedded in hydraulic wedge grips, the minimum uncracked ligament is given by:

BRy,

This criterion is based upon large scale net section yielding of the material.

(W—-a)2 (11)

For a bending stress, e.g. clevis and pinned end grips, the minimum uncracked ligament is given by equation (8).
6.6 Specimen thickness

6.6.1 General

Specimen thickness, B, may be varied independent of specimen width, W, for the specimen configurations, within
the limits for buckling and through-thickness crack front curvature considerations. It is recommended that the
selected specimen thickness be similar to that of the product under study.

6.6.2 CT specimen
For a CT specimen it is recommended that the thickness, B, be within the range W/20 £ B < W/4. A thickness
up to W/2 is permitted. For a specimen this thick, a through-thickness crack front curvature correction length, e,

may often be required; also, difficuities may be encountered in meeting the through-thickness crack straightness
requirements covered in 9.1.
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6.6.3 CCT specimen

For the CCT specimen the recommended upper limit for thickness is W/8, although W/4 is permitted. The minimum
thickness for circumventing out-of-plane deflection or buckling in the CCT specimen is dependent on the test
material's elastic modulus, F, gauge length, gripping, grip alignment and force ratio, A.

6.6.4 SENB specimen

For the single edge notch bend specimen it is recommended that the thickness be within the range
02W B W.

6.6.5 SENT specimen

For the single edge notch tension specimen the maximum recommended thickness equals 0,5W.

6.7 Residual stresses

Residual stresses in a material that has not been stress relieved can influence the crack propagation rate
considerably 112)- 3], This influence can be minimized by choosing a symmetrical specimen configuration like the
standard CCT specimen and reducing the B /W ratio to minimize crack front curvature caused by variation in
residual stresses through the thickness 113,

7 Procedure

7.1 Fatigue precracking

The purpose of precracking is to provide a straight and sharp fatigue crack of sufficient length so that the
K<alibration expression is no longer influenced by the machined starter notch and that the subsequent fatigue crack
growth rate is not influenced by a changing crack front shape or precracking force history.

The precrack length, a,, shall equal or exceed 0,2W for the CT specimens only. The CCT specimen has no length
requirement except when using compliance crack length measurement which necessitates 2a, > 0,4W. For all
specimens the minimum fatigue precracking extension, ag, from the notch on each surface shall exceed the greater
of the notch height, h, 1 mm or 0,18, as shown in Figure 12.

Prior to precracking, the test specimen shall be in the fully machined condition and in the final heat-treated state that
the material will see in service. One practice is to initiate the fatigue crack at the lowest possible maximum stress
intensity factor, K sy, that is practical. if the test material’s critical stress intensity factor, which will cause fracture, is
approximately known then the initial K,y for precracking can range from 30 % to 60 % of that value. If crack initiation
does not oceur within a block 30 000 to 50 000 load cycles then K., can be increased by 10 % and the block of load
cycles repeated. The final K., for precracking shall not exceed the initial Ky for which test data are to be
generated.

Frequently, a stress intensity faclor, greater than the K., used in the test, needs to be used for crack initiation. In
this case, the maximum force shall be stepped down to meet the above criteria. When manually controlling
precracking, the recommended stress intensity factor drop for each step is less than 10 % of Knay. In addition, it is
recommended that between each stress intensity factor reduction that the crack extend by at least the value given in
equation (12) 18] -

Aoy => [5%9-]2 (12)

where Kmax (7 — 1) is the maximum terminal stress intensity factor of the previous step.
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When test data are to be generated for a high force ratio it may be more convenient to precrack at a lower Ko, and
force ratio than the initial test condiions.

The precracking apparatus shall apply the force symmetrical to the specimen’s notch and accurately maintain the
maximum force {o within 5 %. A centre cracked panel shall alsa be symmetrically stressed across the width, 2W,
Any frequency that accommodates maintaining the force accuracy specified in 5.1 is acceptable.

7.2 Crack length measurement

The requirements for measurement accuracy, frequency and validity are covered in clauses 8 and 9 for the various
specimen configurations and test procedures that follow. When surface measurements are used to determine the
crack length, it is recommended that both the front and back surface traces be measured. If the front to back crack
length measurements vary by more than 0,258 and, for a CCT specimen, if the side-to-side symmetry of the two
crack lengths vary in length by more than 0,025W then the precrack is not suitabie and test data would be invalid
under this test method. In addition, if the precrack departs from the plane of symmetry beyond the corridor, defined
by planes 0,05W on either side of the specimen's plane of syrnmetry containing the notch root(s), the data would be
invalid. See Figure 13.

0,05

0,05

3 Reference plane.
b Machined notch, an.
Figure 13 — Out of plane cracking validity corridor

7.3 Constant-force-amplitude, K-increasing, test procedure for da/dN > 107° mmicycle

This procedure is appropriate for generating fatigue crack growth rate data above 10~° mm/cycle. After stepping the
maximum precracking force down to be equal or less than that corresponding to the fowest K, in the range over
which fatigue crack growth rate data will be generated, itis preferred that the force range be held constant as is the
stress ratio and frequency. The maximum stress intensity factor will increase with crack extension and should be
allowed to increase to equal or exceed the greatest K,,, in the range over which data will be generated. Several
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suggestions, aimed at minimizing transient effects while using this K -increasing procedure, foliow. If test variables
are to be changed, K, shall be increased rather than decreased in order to preciude the retardation effects
attributable to the previous force history. Transient effects can also occur following a change in Ky, or the stress
ratio. An increase of 10 % or less in K, and/or K, will usually minimize the transient effect reflected in the fatigue
crack growth rate. Following a change in force conditions sufficient crack extension shall be allowed to occur in order
to re-establish a steady-state crack growth rate before the ensuing test dala are accepted as valid under this test
practice. The amount of crack extension required is dependent on many variables, e.g. percentage of force change,
the test material and heat treatment condition. When environmental effects are present the amount of crack
extension required to re-establish the steady-state growth rate may increase beyond that required in 2 benign
environment.

Test interruptions shall be kept to a minimum. If the test is interrupted, a change in growth rate may occur upon
resumption of cycling. The test data immediately following the interruption shall be considered invalid if there is a
significant demarcation in the crack velocity from the steady-stale growth rate immediately preceding the suspension
of cycling. The sphere of influence of the transient effect may increase with the steady state force applied to the
specimen during the suspension of dynamic force cycling.

7.4 K-decreasing procedure for da/dN < 107 mm/cycle

This K-decreasing procedure may result in different crack growth rates dependent on the test K -gradient, C. It is
the user's responsibility to verify that the crack growth rates are not sensitive to the test X -gradient, C'.

Testing starts at a K., or stress intensity factor range, A K, equal to or greater than that used for the final crack
extension while precracking. Following crack extension, the stress intensity factor range is stepped down, or
continuously shed, at a constant rate until test data have been recarded for the lowest stress intensity factor range or
fatigue crack growth rate of interest.

The K-decreasing test may be controlled by a stepped stress intensity factor following a selected crack extension at
a constant AF', as shown in Figure 14. Alternately, the stress intensity factor gradient per increment of crack
extension may be held constant, 1/da (dK/K') = constant, called continuous stress intensity factor shedding, by
using a computer automated test control procedure 16l the constant, C, is called the normalized X -gradient. A

common value is C = —0,1mm™", but research has shown that this value may be material- and specimen-
geometry dependent [47) 48],
1 dK 1\ dK
C=|—}l=)=(s])—2-01mm™’ 13
(da)(K) (K) de 7 (13)

This value usually provides a gradual enough force shed to preclude a transient in the crack growth rate. The above
relationship is equally applicable whether calculating Kpax, Kmin or AK, and can be rewritten for convenience in the
integrated form as:

AKu () = AKo (5 — 1) 4200 (14)
where
AKo(j)and AKy(F — 1) are the initial stress intensity factor range at step j and j — 1, respectively;

Aa(j—1)={a(g) —a(j —1)] isthe crack extension at the preceding canstant force range AF (j — 1).

The stress ratio, K, and the normalized ¥ -gradient, C, should be kept constant throughout the K -decreasing test.
It is recommended that K -decreasing be followed by K -increasing testing procedure, as covered in 7.3.

When using the stress intensity factor stepped drop procedure, the reduction of K., shall not exceed 10 % of the
previous maximum stress intensity faclor and a minimum crack extension Aa 2> 0,50 mm at each stress intensity
step is recommended.
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Load range, AF, or stress intensity factor range, AKX

dAK

\ a2

S~

Crack length, a

2 AK nominal.

b AK actual.
¢ Slope = nominal djéai{- at point A,
4 AF actual.

¢ AF nominal.

Figure 14 — Typical K -decreasing test by stepped force reduction method
When using continuous stress intensity shedding procedure the above requirement is inoperative. it is better to keep
the force range constant for a very small crack extension, Aa (7 — 1). Here, continuous stress intensity factor

shedding is defined by the drop in initial stress intensity factor range, AK; ( 7), with each step, 7, which may not
exceed 2 % of the preceding initial stress intensity factor range, corresponding to:

AKo(j ~ 1) — AKo (5)
AK, (7)

] < 0,02 (15)
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E.g., if the common vaiue C = — 0,1 mm ™! is used, along with the maximum 2 % drop in each initial stress intensity
range, then the exponent C = Aa{j — 1) and the crack extension for each constant force range equals
Aa(j~1)=02mm:

AKo(3)  _ _caap-1
AR G-T)  © (19)

1 1
2,7183%2 ~ 10202

0,980 = e(—'o.l)(o.Z) -

8 Crack length measurement

8.1 Resolution

The fatigue crack length measurements made as a function of elapsed force cycles may be made by techniques
outlined in 5.6, The required resolution for crack length measurements is == 0,1 mm or §,002W, whichever is greater,

When making visual crack length measurements it is recommended that the surface in the area of the crack piane be
polished and indirect lighting be used to enhance the visibility of the crack tip. it is highly recommended that crack
length measurements be made on both the front and back faces of the specimen, to assure that crack symmetry
reguirements specified in 8.5 are met. The average of the surface crack length measurements, two for a CT, SENT
and SENB specimens, and four for the CCT specimen, shall be used in calculating the crack growth rate and stress
intensity factor range. If crack length is not measured on both faces for every crack length measurement then the
interval between both front and back face measurements shall be reported. It is good practice to make regular
comparisons between visual and non-visual measurement methods.

8.2 Interruption

Suspension of force cycling while making crack length measurements, although permitted, is discouraged and shall
be avoided when possible. The duration and frequency of any interruptions should be kept to a8 minimum. Test
interruption for making visual crack length measurementls can be avoided by using strobe light illumination. See 7.3.

8.3 Static force

A static force may be maintained to enhance the resolution of the crack length measurements. A static force equal to
or less than the fatigue mean force is usually acceptable. in corrosive or elevated temperature environments the
mean force may introduce transient creep or blunting effects. In no case shall the applied static force exceed the
maximum fatigue force. See 7.3,

8.4 Measurement interval

Crack length measurement shail be made so that da/dN data are uniformly distributed over the range of AK of
interest. The following measurement intervais are recommended to provide a uniform data distribution:

— for the CT and SENB specimens,
Aa < 0,04W 10r 0,25 < a/W < 0,40
Aa < 0,02W for 0,40 < a/W < 0,60
Aa < 0,01W fora/W = 0,60
— and for the CCT specimen,
Aa £ 0,03W for2q/2W < 0,60
Aa < 0,02W for 2a/2W > 0,60.
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However, a minimum Aa of 0,25 mm is recommended. The above limits may need (o be reduced in order to obtain
multiple crack length measurements in the near threshold region. The minimum crack measurement interval in all
cases must exceed ten times the crack length measurement precision. Here, precision is defined as the standard
devialion from the mean value crack length determined for a set of repeat measurements.

8.5 Symmetry

As in 7.1, for any crack length measurement, the data are invalid if:
a) for a given crack front, the front and back crack length measurements differ by more than 0,258, and

b) for a CCT specimen the symmetry of the two crack fronts differ by more than 0,05W then the crack is not suitable
and the data are invalid by this test method.

when using a nonvisual method for crack length measurement the crack length should be visually checked for
symmetry at the test start and finish, and at least three additional, evenly spaced, intermediate measurements are
recommended.

8.6 Out-of-plane cracking

If the crack deviates from the theoretical crack plane by more than the 0,05W corridor, as covered in 7.2, the ensuing
data are invalid. See Figure 13. Large grained or single-crystal materials can commonly violate this requirement for
out-of-plane cracking.

8.7 Crack tip bifurcation

Crack front splitting or branching can be a source of variability in the measured fatigue crack growth rate data since
it is not compensated for in the stress intensity factor calculation. When crack tip branching or bifurcation is present
it shall be noted in the final report.

9 Calculations

9.1 Crack front curvature

After completion of the test the fracture faces shall be examined for through-thickness crack front curvature. Measure
the crack lengths at the two specimen faces and the three-quarter-thickness crack lengths, i.e. at 0,258, 0,508 and
0,758 from one of the faces; the average of the three-quarter-thickness measurements is called the average
through-thickness crack length. The difference between the average through-thickness crack length and the
comresponding crack length at the specimen faces during the test is the crack curvature correction length, ag,,. It is
desirable to make the crack curvature correction calculation at more than one location on the fracture face where the
fatigue crack front is clearly marked. If the crack curvature correction results in a more than 5 % difference in the
calculated stress-intensity factor at any location then this correction must be included when analysing the recorded
test data, and the effective crack length becomes:

G = Qp + Qat + Geor (17

When the magnitude of the crack curvature comrection varies with crack length, a linear interpolation is used to
determine the correction for the intermediate data.

9.2 Determining the fatigue crack growth rate .

9.21 General

The fatigue crack growth rate is determined from the test record data pairs of crack length and corresponding
elapsed force cycles. Two common methods used for calculating the crack growth rate, the secant method and
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incremental polynomial method, are suggested here. Other mathematical techniques for calculating the crack growth
rate are possible; the procedure used in calculating the growth rate shall be specified in the test report. The observed
scatter in the fatigue crack growth rate data is influenced by the method of data reduction.

9.2.2 Secant method

Calculating the crack growth rate via the secant method entails computing the slope of a straight line connecting two
adjacent data pairs of crack length and elapsed cycle count and represents an average velocity:

da (j)avg- _ (aj —aj—)
dN (N;j — N;_,) (18)

for the incremental crack extension, a; — a; -

The stress intensity factor range is calculated using the average crack length over the increment of crack extension:

(7)o, = B2 (19)

9.2.3 Incremental polynomial method

Calculating the crack growth rate by the incremental polynomial methed (K-increasing only) requires fitting a
polynomial to a segment of the data pairs: crack length, a;, as a function of elapsed cycles, IV;. The data segment
consists of an odd number of elements (3, 5 or 7), which are consecutive a; versus N; data pairs. The growth rate
equals the slope of the polynomial, da/dN . for the data segment's centremost element, e.g. for a data segment
consisting of seven data pairs, the slope would be calculated as the derivative at the fourth element. The stress
intensity factor range associated with the data segment is determined by using the fitted crack length of the
centremost element of the data segment. For a data segment consisting of 3, 5 or 7 elements the fitted crack length
corresponding to the second, third or fourth element, respectively, would be used in determining the stress intensity
factor range for the data segment.

9.3 Determination of the fatigue crack growth threshold

The crack growth threshold, AKy, generally refers to the asymptotic value of AK for which the commesponding
da/dN approaches zero. It is commonly defined as being the value of AK comresponding to a crack growth rate
equal to 108 mm/cycle 125} (481 The fatigue crack growth rate corresponding to the threshold stress intensity factor
range shall be reported. A common way to determine the threshold is to use a straight line fitted to a minimum of five,
approximately equally spaced, log(da/dN) versus log (AK) data pars between 10~ mm/cycle and
10~% mm/cycle; here, log (AK) is the dependent variable of the best fit straight line. Using this linear regression
technique, the value of A K is defined, by this test method, as the threshold stress intensity factor range, A Ky, at a
fatigue crack growth rate equal to 10~ mm/cycle.

In the case where data is generated within different fatigue crack growth rate ranges the above procedure may be
used with the lowest decade of the da/dN test data.

10 Test report

10.1 General

The test report shall include a reference to this International Standard, i.e. ISO 12108, and the test date(s), plus the
following information.
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10.2 Material

a) standard alloy designation

b) thermal/mechanical conditioning

c) product form

d) chemical composition

e) 0,2 % proof stress used to evaluate specimen size criteria

f) ultimate tensile strength

g) modulus of elasticity (required when compliance crack length measurements are used)

10.3 Test specimen

a) specimen configuration

b) crack plane orientation (see Figure 11)

c) specimen location

d) width, W

e) thickness, B

f) notch height, h

g) stress intensity factor expression as a function of crack length and force

h) Specimen drawing and the reference source

10.4 Precracking terminal values

a) elapsed cycles at final stress intensity range

b) final crack extension

c¢) final crack length, a,

d) final stress intensity factor range

e) final maximum stress intensity factor

f) maximum terminal stress intensity factor of the previous step
g) force ratio

h) cyclic waveform

10.5 Test conditions

a) testing machine force capacity

b) measurement cell force range

c) initial stress intensity factor range, A K;
d) force ratio

e) ) forcing frequency

f) cyclic waveform

g) test procedure used (K-increasing or K -decreasing)
h) test environment

i) testtemperature

j} laboratory relative humidity
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k)
N

measurement interval of ¢, Aa
crack curvature comrection, Gy

m) K -gradient if K-decreasing procedure is used

n)

method of crack length measurement

10.6 Test analysis

a)
b)

c)
d)

e)

analysis method for converting the crack length, a, and elapsed force cycles, IV, data to crack growth rate,
da/d N, i.e. the secant method, incremental polynomial method, etc.

remaining ligament size criteria used to assure predominant elastic loading in a non-standard test specimen
configuration

report A Ky, and the lowest decade of near threshold crack growth rate data used in ils determination
exceptions to this test method
anomalies that could affect test resulls, e.qg. test interruptions or changing the loading variables

10.7 Presentation of results

a)

b)

The resuits of the fatigue crack growth test shall be tabulated including: @, @, IV, AK and da/d N, as presented
in Figure 15. Figure 15 can be expanded, as necessary, lo include all measured crack lengths and forcing
conditions, See Figure 17.

The results shall also be presented in a log-log plot with log (A K) plotted on the abscissa and log (da/dN') on
the ordinate. For optimum data comparison it is recommended that the size of the log (A K') cycle be two to
three times larger than that of the log (da/dN ) cycle, as shown in Figure 16. For both the plot and the table, data
violating the validity criteria shall be clearly identified. An example of the presentation of fatigue crack growth data
is shown in Figures 17 and 18, When a negative force ratio (R < 0} is used, the method of calculating the stress
intensity factor range, AKX = (1 — R) Kpax or AK = K, shall be clearly identified on both the table and
optlional figure; also see 3.11 stress intensity factor range, AK.
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FATIGUE CRACK GROWTH TEST RESULTS [REFERENCE ISO/TC 164/SC 5/WG 6]

Date......ccoveirrirecirrersrressennenes Specimen L.D. Mark...........ccoeoreveeanen. Page 1 0f.......eiirrcrncnisneenae
MATERIAL ...t s Product fOMmM ..ottt sess oo ces e seaae
ThermalmechaniCal CONAIONING ........ccveiiirirccrreeissresersestassenssmsres ettt cr s s st s s ne e seemg s esaanenessbssnsnsenesssnseans
ChemiCal COMPOSILON........c...cortireeeriicrercertestescemre e aestesmurressasmsosaane s sesrsesa st s bias s e ss e neag e seasesseraness s s arasamerantsse serantasnsen

MECHANICAL PROPERTIES AT TEST TEMPERATURE

Ultimate tensile strength .........ccccoeevrrnennn. MPa 0,2 % Proof strength............cccvveemimeeecceeercerrrnen MPa
Modulus of efaslicity..............cccevericrinrncnnne. MPa

SPECIMEN _

Dimensions: Thickness, B................... mm  Width, ................... mm  Machined notch length, g, .......coe.r...n. mm
Crack plane orientation.............ccccoerneenn Notch, h........ccceeun..... mm  Specimen location ........ceeecvivenneiesianenn
Stress INteNSILY faCtOr FEfEIENICE ...ttt creet s senss e s sasas s s s st e e esss e sasssnsabass s saansmmrars sessas sassssasensstensosessannans
PRECRACK TERMINAL VALUES

Final crack extension, Ag ........cceeeeveneeneennne. mm Preceding K pay (—1) -coeeveureecrresemsesuenesessssrncanaas MPa-m1/2
Final crack length, ap, .....couenemnenncciinans mm FORCE ratio .....covveviniinniiiresnssessnceccsisinrnssiaesseressesassusesnss
FINAl Kmax () cceererermmrrermmeroseasrssionmenneces MPa-m1/2 FINGl 1080 CYCIES «.ccovvrcmveeeeerecenssaenecusenneresssemsesnssesssessesssenacns
FINAI AK () ceneeeeerricenearrcnerccememrssenseens MPa-m1/2 Cyclic WaVeIOIMY .......ceirreeecmeme e s eesraseeevessssaemsesmenan s
TEST CONDITIONS

Test machine capacity ...........ocveenriceceseennescnnes ENVIFONMEBAL ...t cee s ss s enssansnnsanes
Force transducer range...........cocveeevrvineseesenasnnnns TEmMPerature..........c.coveveriiisieecsssmnsnrssssnsssessasssscssssnennns °C
Measurement intertval of a, Ag ...ccveeeeeeneen. mm Relative humidity .........cccoereiciriccnireeeemerneese s e resessncanes %
Forte freQuency ..........ccomeereermmiceieiesssseees Hz FOICE ratio ..ot sne s sasn e e e
Test ProCedure..............oecrueemresemmraecrmcrnsessnsssscens K-Qradient ....cceuemrcereeseneeeeesseessnessseensenessesssssens mm-?
Crack COMECtion .......c.cveeecersireeersseresessencossnanss mm Cyclic wavelorm ... v sccsvaressrsesaresmesmmrasnens
INIIAE AK; reovreemeencronecarrcroncarmesstrescnsenens MPa.m1/2 INtial TOFCE FANGE ........corurenecussemesisesreemsemesncsstssasssasns kN
Crack measuremMent MEhOT ... irecee sttt tre e eeses st sensse st usesasems sssom e s s mmsamasse ey s sass srss s ssansssanmnmeesovasasen
TEST ANALYSIS

Threshold stress intensity factor FANGE, AKjp.......csswrscrrrreesaserssesansesssasssossaserssmsssasssssssssssssssessssasssanmmsassssns MPa-m1/2
Threshold crack Qrowth rale dECAUE ...ttt stec e reeccesaressssrecasssennsssossnssssmmssmmssssssnsasssssssasanases mmJ/cycle
ANGIYSIS MELHOG.........ccveieiererrrsissenaiseressersstesasesterre s sass st sbressssasssesasersntasresassssanssnessissbssssessser ivansbsssessrsreessnasssaseses
Remaining SiZe CRLEria Ref: ... creiceeactiesesmecsee sy aessssrassor e asenasstsse s assansssrnsasatesmemsnss sssresentnssacessneseonmessnnssnnns

EXCEPTIONS, ANOMALIES AND COMMENTS

Figure 15 — Test report
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MATERIAL: ... SPECIMEN I.D....ccooevevvvemrircenns DATE ... rvemeverreeeesrs e eeeee e
Measurement afa N a a{avg, glali¥) AKX da/dV
number (mm) Cycles (mm} {mm) (mm) {mm) (mm/cycle)

Figure 15 — Test report (continued)
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Figure 16 — Example axis for plotting log (da/d V) versus log (AK} test data
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FATIGUE CRACK GROWTH TEST RESULTS [REFERENCE ISO/TC 164/SC 5/WG 6)

Date.....cooverenirrnnan 1/9/90......... Specimen 1.D. Mark.......... N410........ Page 1 of............ 2
MATERIAL ....ooiiiiaes 16 MNDS........oceae Product form.......ceeceeenen.e. forging ......cccooevevinenccncennn.
Thermal/mechaniCal CONBIIONING ........o...cocirierreerierirr s rats st erb et erassaaeserae st v sasse e art et essenseasersressasenserensesesesnensen
ChemiCal COMPOSHION ...ccccveiierierieiiiicenite s err e esserasiasa e ernesssssbartesssrasassesassaessasesassass sesssnssanssssesnrsssessrsmnnnnrerassrsstasanasenn

MECHANICAL PROPERTIES AT TEST TEMPERATURE

Ultimate tensile strength ...................... 611 MPa 0,2 % Proof strength...........ccoocevivcicerennnevnceenes 423 MPa
Modulus of elasticity........c.cccevreevererceracreanans MPa

SPECIMEN

Dimensions: Thickness, B........cce... 25mm Width, #............... 50 mm  Machined notch length, a, ............. 10 mm
Crack plane orientation...........cccccecee... Y-Z Notch, h................ 1mm Specimen location ............... 1/4 thickness
Stress intensity factor reference............ ISOITC 184ISC BIWG 6 ....onvereerrrerserienseinacenssinesscsvaaseessessesssesonassenssmensansasees
PRECRACK TERMINAL VALUES

Final crack eXtension, Ag .........cweswmsrssecesas mm Preceding Ko, (-1). et essssesne e asnans MPa.m12
Final crack length, a; «.covviunrcrinnnnnnne. 12,50 mm Force ratio ................. 1 [OOSR
Final Ky (1) ceeoeveerncssinsnnssssannsenensons MPa.m1/2 FINal 108d CYCIES........c.oonreermrsecrresececmcerene s sssnsesssanasns
Final AK () ....... .MPam12 Cydic waveform.............. SINUSOIA .....vvevevreeresniciensesnae
TEST CONDITIONS

Test machine capacity Environment................ air rerriessseeesasentesuesaesesensare
Force transgucer Fange..........ceecvrversnresssassesnrons TEMPEIAIUIG-........eeeiieeeerrmeercererieeessmnsssstsrtessessssssseres 300 °C
Measurement intertval of a, Aa ............... 1,2 mm Relative humidity .........ccveeimiieern e srcesssnsas %
Force frequency ........eeviecneesnsmnimnsnennans 1Hz FOMCE FAtD ....eeeeeeeieeerecicneree e eersersmaeeseensssrssssessseravesseres 0,1
TeSt procedure......c..v.vreessennceceness K-increasing K-QPAdiNt ... ccecerveirirereeesseemcectens e enssmsssssenosseans mn!
Crack correction .Omm Cyclic waveform.............. SiNUSOIdal ......c.cerererercircrerceeens
Initial AK; ... 18,07 MPa.m12 Initial fOrce ranNge .........ccoeeeeereeresrensersesmmeeecnseas 19,620 kN
Crack measurement method ........ccoocnveneinnnncnncnnen. COMPHANGCE ..oceeiciricrnnaritieenseerrieeresseenesseosasnssssssassosemsrassessassares
TEST ANALYSIS

Threshold stress intensity TaCtOr FANGE, AKip........ovicsrismremsmcmmsnsssesissesssssssssesssssssssessserssmmssssesssesssssssssssons MPamV2
Threshold crack growth Fate dBCAME .......c.vim et cccerrcercite s stsasees serrsosssascsseranesssssssnnemnassesussraeserssens mm/cycle
Analysis method.............. secant.......... Nt ee et sttt e SRR ERD
Remaining size cfiterfa Ref:......ccccevereeeececreniireranaene ISO 12108

EXCEPTIONS, ANOMALIES AND COMMENTS

[1] Crack front curvature correction, gy, =0 mm

[2) Data violates remaining ligament size criteria

Figure 17 — Example of a test report
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MATERIAL:.16 MND 5.............. SPECIMEN I.D......N410 ......... DATE.......coovmvemerernan 119/90..........covvenne
Measurement Ot N a o(j)avg glalW) aK da/dN
number {mm) Cycles (mm) (mm) (mm) {mm) {mm/cycle)
1 4,20 205 000 14,20
2 5,60 237 080 15,60 14,90 5,59 19,62 4,36E-05 1
3 6,80 258 200 16,80 16,20 5,98 20,99 5,68E-05
4 8,80 280720 18,80 17.80 6,49 22,78 8,88E-05
5 10,10 293 050 20,10 19,45 6,98 24,50 1,05E-04
6 12,30 310 000 22,30 21,20 7,76 27,24 1,30E-04
7 14,00 321 800 24,00 23,15 8,65 30,36 1,44E-04
8 15,50 328 500 25,50 2475 9,51 33,38 2,24E-04
9 17.50 336 000 27,50 26,50 10,63 37,31 2,67E-04
10 18,35 338 800 28,35 27,93 11,68 41,00 3,04E-04
11 19,70 342 300 29,70 29,03 12,70 44,58 3.866E-04
12 20,50 343 800 30,50 30,10 13,76 48,30 5,33E-04
13 21,40 345 380 31,40 30,95 14,74 51,74 5,70E-04
14 22,65 346 720 32,65 32,03 16,19 56,83 9,33E-04 2]
15 23,80 347 730 33,80 33,23 18,07 63,43 1,14E-03 2}
16 24,70 348 230 34,77 34,29 20,04 70,35 1,94E-03 2

Figure 17 — Example of a test report (continued)
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Figure 183 — Example plot of fatigue crack growth test result
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Metallic materials — Fatigue testing — Statistical planning and
analysis of data

1 Scope

1.1 Objectives

This International Standard presents methods for the experimental planning of fatigue testing and the
statistical analysis of the resulting data. The purpose is to determine the fatigue properties of metallic
materials with both a high degree of confidence and a practical number of specimens.

1.2 Fatigue properties to be analysed

This Intemnational Standard provides a method for the analysis of fatigue life properties at a variety of stress
levels using a relationship that can linearly approximate the matenal's response in appropnate coordinates.

Specifically, it addresses:
a) the fatigue life for a given stress, and
b) the fatigue strength for a given fatigue life.

‘The term "stress” in this Intemational Standard can be replaced by “strain®, as the methods described are also
valid for the analysis of life properties as a function of strain. Fatigue strength in the case of strain-controlled
tests is considered in terms of strain, as it is ordinarily understood in terms of stress in stress-controlled tests.

1.3 Limit of application

This Intemational Standard is limited to the analysis of fatigue data for materials exhibiting homogeneous
behaviour due to a single mechanism of fatigue failure. This refers to the statistical properties of test results
that are closely related to material behaviour under the test conditions.

In fact, specimens of a given material tested under different conditions may reveal varations in failure
mechanisms. For ordinary cases, the statistical property of resulting data represents one failure mechanism
and may permit direct analysis. Conversely, situations are encountered where the statistical behaviour is not
homogeneous. it is necessary for all such cases to be modelled by two or more individual distributions.

An example of such behaviour s often observed when failure can initiate from either a surface or intemal site
at the same level of stress. Under these conditions, the data will have mixed statistical characteristics
corresponding to the different mechanisms of failure. These types of results are not considered in this
International Standard because a much higher complexity of analysis is required.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced

document (including any amendments) applies.

ISO 3534 (all parts), Statistics — Vocabulary and symbols
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in 1ISO 3534 and the following apply.

3.1 Terms related to statistics

311
confidence level
value 1 — a of the probability associated with an interval of statistical tolerance

31.2
degree of freedom
number calculated by subtracting from total number of items of lest data the number of parameters estimated

from the data

31.3
distribution function
function giving, for every value x, the probability that the random variable X is Jess than or equal to x

314
estimation
operation made for the purpose of assigning, from the values observed in a sample, numerical values to the

parameters of a distribution from which this sample has been taken

315
population
totality of individual materials or items under consideration

3.1.6
random variable
variable that may take any value of a specified set of values

31.7
sample
one or more items taken from a population and intended to provide information on the population

3.1.8

size

n

number of items in a popufation, lot, sample, etc.

31.9

standard deviation

[#3

positive square roat of the mean squared deviation from the arithmetic mean

3.2 Terms related to fatigue

3.21

fatigue life

N

number of stress cycles applied to a specimen, at an indicated stress level, before it attains a failure criterion
defined for the test

3.2.2
fatigue limit
fatigue strength at infinite life
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3.23
fatigue strength
value of stress level S, expressed in megapascals, at which a specimen would fail at a given fatigue life
324
specimen

portion or piece of material to be used for a single test determination and normmally prepared in a
predetermined shape and in predetermined dimensions

3.25

stress level

Ay

intensity of the stress under the conditicns of control in the test

EXAMPLES Amplitude, maximum, range.

328

stress step

d

difference between neighbouring stress levels, expressed in megapascals, when conducting the test by the

staircase method

4 Statistical distributions in fatigue properties

4.1 Concept of distributions in fatigue

The fatigue properties of metalfic engineering materials are determined by testing a set of specimens at
various stress levels to generate a fatigue life relationship as a function of stress. The results are usually
expressed as an S-N curve that fits the experimental data plotted in appropriate coordinates. These are
generally either log-log or semi-log plots, with the life values always plotted on the abscissa on a logarithmic
scale.

Fatigue test results usually display significant scatter even when the tests are carefully conducted to minimize
experimental error. A component of this variation is due to inequalities, related to chemical composition or
heat treatment, among the specimens, but another component is related to the fatigue process, an example
being the initiation and growth of small cracks under test environments.

The variation in fatigue data is expressed in two ways: the distribution of fatigue life at a given stress and the
distribution of strength at a given fatigue fife (see [1] to [5)).

4.2 Distribution of fatigue life

Fatigue life, ¥, at a given test stress, S, is considered as a random variable. 1t is expressed as the nomal
distribution of the logarithm of the fatigue life_ This relationship is:

P(x)= a,:/ﬂ [:exp[-%(’;:’*]zJ dx (1)

where x = log ¥ and u_and o, are, respectively, the mean and the standard deviation of x. )

Equation (1) gives the cumulative probability of failure for x. This is the proportion of the population failing at
lives less than or equal to x.

Equation (1) does not relate to the probability of failure for specimens at or near the fatigue limit. In this region,
some specimens may fail, while others may not. The shape of the distribution is often skewed, displaying even
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greater scatter on the longer-life side. It also may be truncated to represent the longest failure fife observed in
the data set

This International Standard does not address situations in which a certain number of specimens may fail, but
the remaining ones do not.

Other statistical distributions can also be used to express variations in fatigue life. The Weibull 4] distribution is
one of the statistical models often used to represent skewed distributions.

Figure 1 shows an example of data from a fatigue test conducted with a statistically based experimental plan
using a large number of specimens (see [5]). The shape of the fatigue life distributions is demonstrated for
explanatory purposes.

4.3 Distribution of fatigue strength

Fatigue strength at a given fatigue life, N, is considered as a random variable. it is expressed as the normal
distribution;

2
- 1 Y .....1 Y= Hy 2
P(y) o [ e 2[ ~ ] dy (2)

Y

where y = § (the fatigue strength at ¥}, and H, and o, are, respectively, the mean and the standard deviation
of y.

Equation (2) gives the cumulative probability of failure for y. It defines the proportion of the population
presenting fatigue strengths less than or equal to y.

Other statistical distributions can also be used to express variations in fatigue strength. When a linear
relationship is assumed between stress and fatigue life using log-log coordinates, the distribution of y = log §
is assumed to be normal as long as x = log ¥ is nomal.

Figure 2 is based on the same experimental data as Figure 1. The variation in the faligue property is
expressed here in terms of strength at typical fatigue lives (see [5]).

5 Statistical planning of fatigue tests

5.1 Sampling

It is necessary to define clearly the population of the material for which the statistical distributlon of fatigue
properties is to be estimated. Specimen selection from the population shall be performed in a random fashion.
It is also important that the specimens be selected so that they accurately represent the population they are
intended to describe.

If the population consists of several lots or batches of material, the test specimens shall be selected randomly
from each group in a number proportional to the size of each lot or batch. The total number of specimens
taken shall be equal to the required sample size, n.

if the population displays any serial nature, e.g. if the properties are related to the date of fabrication, the
population shall be divided into groups related to time. Random samples shall be selected from each group in
numbers proportional to the group size.

The specimens taken from a particular batch of material will reveal a variability specific to the batch. This
within-batch variation can sometimes be of the same order of importance as the between-batch vanation.
When the relative impontance of different kinds of variation is known from experience, sampling shall be
performed taking this into consideration.
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Figure 1 — Concept of variation in a fatigue property — Distribution of fatigue life at given stresses
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Hardness measurement is recommended for some materials, when possible, to divide the population of the
material into distinct groups for sampling. The groups should be of as equal size as possible. Specimens may
be extracted randomly in equal numbers from each group to compose a test sample of size n. This procedure
will generate samples uniformly representing the population, based upon hardness.

5.2 Number of specimens to be tested

The reliability of test results is primarily dependent on the number of specimens tested. It increases with the
number of tests, a.

For a random variable, x, taking values always less than or equal to Xpata probability, P, in a population,
define x; as a minimum observed value in a set of » specimens extracted from the population. The probability
that x4 > x(Pl)is less than or equal to a, i.e. (1~ P)=. Therefore, it can be expected that x(p) is greater than xy

with a probability of at least 1 — a, i.e. at least 1 — (1 — P)". This gives:
ina
= 3
" In(1-7) 3

In the case of fatigue life tests, Equation (3} indicates at a confidence leve! of 1 — a that the true fatigue life at
probability of failure P of the population can be expected to be greater than the minimum life observed from n
specimens.

The same concept can be applied to the case of S-¥ data items, because the deviations in individual log-life
data from the mean S-¥ cuive are considered to be randomly distributed. Further, the variance is assumed to
be constant for different stresses, as a model S-N curve is fitted by an ordinary least-squares method in many
cases.

Table 1 gives some typical figures for the number of specimens. The numbers in the column corresponding to
a confidence level of 95 % are used for reliability design purposes, those at the 50 % confidence level for
exploratory tests and the others for general engineering applications.

Table 1 — Number of specimens required so that the minimum vaiue of test data can be expected to
fall below the true value for the population at a given level of probabllity of fallure at various
confidence levels

Confidence level, 1 —a (%)
Probability of failure
50 90 95
P (%)
Number of specimens, n*
50 1 3 4
10 7 22 28
5 13 45 58
1 69 229 298
®  The values of » are rounded to the nearest whole number.

5.3 Allocation of specimens for testing

Specimens taken from the test materials shall be allocated to individual fatigue tests in principle in a random
way, in order to minimize unexpected statistical bias. The order of testing of the specimens shall also be
randomized in a series of fatigue tests.

When several test machines are used in parallel, specimens shall be tested on each machine in equal or
nearly equal numbers and in a random order. The equivalence of the machines in terms of their perfformance
shall be verified prior to testing.
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When the test programme includes several independent test series, e.9. tests at different stress levels or on
different materials for comparison purposes, each test series shall be carried out at equal or nearly equal rates
of progress, so that al testing can be completed at approximately the same time.

For a given number of specimens tested at several stresses, the number of repesated lests at each stress
affects the statistical confidence of the estimate of the variability of the resuits. Recommended ratios for the
number of stress levels to the total number of specimens can be found in [6].

6 Statistical estimation of fatigue life at a given stress

6.1 Testing to obtain fatigue life data

Conduct fatigue tests a given stress, S, on a set of carefully prepared specimens to determine the fatigue life
values for each. The number of specimens, n, required may be determined by reference to the typical values
given in Table 1. The number selected will be dependent upon the purpose of the test and the availability of
test material.

A set of seven specimens is recommended in this Intemnational Standard for exploratory tests. For reliability
purposes, however, at least 28 specimens are recommended.

6.2 Plotting data on probability paper
Prepare faligue life data, x = log ¥, for » specimens for probability plotting by ranking the data from minimum

to maximum values. Label each data item with an order number, J, as xy < x; < ... £ x,. The probability of
failure for the ith data item is approximated by:

i-03 @)

Plot the data pairs thus obtained, (x4, P,), (x5, P3), ... , {x,, P,,}, on normal probability paper. If a straight line fits
all the data points reasonably well, it can be concluded the data follow a log-log distribution.

If the data pairs do not give a straight line, it is recommended that other types of plot be attempted. Plotting on
Weibull 4] probability paper is helpful in such siuations.

When log-log probability paper is used, the fatigue lives, N, can be plotted direcily without converting them
into logarithms.

Figure 3 shows an example of log-log probability paper.
A worked example of the preparation of a data plot is given in Clause A.1.

The probability of failure for the ith data item can be approximated by other eguations. One of the frequently
used altematives that generates almost identical results when n is sufficiently large is:

P =
a1
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6.3 Estimating distribution parameters

Estimate parameters defining the statistical distribution of the fatigue life, Equation (1), from the linear curve
that best fits the experimental data.

Define the value xp) corresponding to a probability of failure P (%) that can be read from the curve. Estimate
the mean, x,, and the standard deviation, g,, from the two values x(1g) and x.g as follows:

- X(0) T X(s0)

x 2 (5

X -X
R ©

where the caret sign ™" is used to indicate that they are estimates,

The number of degrees of freedom for the standard deviation are considered to be n— 1, -where » is the
number of data items.

The coefficient of variation of the fatigue life, ny. can be estimated as follows:

B = JeTcp[(lrﬁO)z 62 - 1] Y]

where In10 is the natural logarithm of 10, the square of which is 5,302.

The mean and the slandard deviation thus estimated may differ from computed values calculated from the
following equations:

- iI=1
,J:
n
n
1’2(’:‘13)2
. i=1
F = ———————

n-1

This International Standard recommends use of the graphical method, since it can adjust the data to fit the
normal distribution represented on the probability plot.

6.4 Estimating the lower limit of the fatigue life

Estimate the lower limit of the fatigue life at a given probability of failure, assuming a normal distribution, at the
confidence level 1 — a from the equation;

X(P1-a) = Hx k(P 1-a)%x : (8)

The coefficient kp 4 _ , ) is the one-sided tolerance limit for a normal distribution, as given in Table B.1. Take
as the number of degrees of freedom, v, the number which was used in estimating the standard deviation.

~1l-
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7 Statistical estimation of fatigue strength at a given fatigue life

7.1 Testing to obtain fatigue strength data

Conduct fatigue tests to generate strength data for a set of specimens in a sequential way using the method
known as the staircase method (see [7]).

It is necessary to have rough estimates of the mean and the standard deviation of the fatigue strength for the
materials to be tested. Start the test at a first stress level preferably close to the estimated mean strength.
Also select a stress step, preferably close to the standard deviation, by which to vary the stress level during

the test.

If no information is available about the standard deviation, a step of about 5 % of the estimated mean fatigue
strength may be used as the stress step.

Test a first specimen, randomly chosen, at the first stress leve! fo find if it fails before the given number of
cycles. For the next specimen, also randomly chosen, increase the stress level by a step if the preceding
specimen did not fail, and decrease the stress by the same amount if it failed. Continue testing until all the
specimens have been tested in this way.

Exploratory research requires a minimum of 15 specimens to estimate the mean and the standard deviation of
the fatigue strength. Reliability data requires at least 30 specimens.

A worked example of the staircase method is given in A.2.1, together with worked examples of the apalyses
describedin 7.2 and 7.3.

7.2 Statistical analysis of test data

Rearrange the test data in order to count the frequencies of failure and non failure of the specimens fested at
.different stress fevels. Use stalistical analysis only for the events “failure™ and "non-failure®. Use the analysis
for the group with the least number of observations.

Denote the siress levels amranged in ascending order by Sy < 8y < ... £ 8, where ! is the number of stress
levels, denote the number of events by £, and denote the stress step by d. Estimate the parameters for the
stalistical distribution of the fatigue strength, Equation (2), from:

. A1

[.ly=So+d(E:t§) (9)

G, =1,62d(D + 0,029) (10)
where

12—
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In Equation (9), take the value of £ 1/2 as:
— 172 when the event analysed is failure;
+ 112 when the event analysed is non-faifure.

in [7], it is stated that Equation (10} is valid only when D > 0,3. This condition is generally satisfied when da,
is selected properly within the range 0,5 to 2.

7.3 Estimating the lower limit of the fatigue strength

Estimate the lower limit of the fatigue strength at a probability of failure P for the population at a confidence
level of 1 — a, if the assumption of a normal distribution of the fatigue strength is correct, from the equation:

J.’(.P.1—¢'t)“_'/“-')'_k(l’J—a.v)a.'y (1)

where the coefficient kp 4_, ,) is the one-sided tolerance limit for a normal distribution, as given in Table B.1.
Take as the number of degrees of freedom, v, the number which was used in estimating the standard
deviation.

7.4 Modified method when standard deviation is known

A modified staircase method, with fewer specimens, is possible if the standard deviation is known and only the
mean of the fatigue strength needs to be estimated (see [8]). )

Conduct tests as in the staircase method described in 7.1, by decreasing or increasing the stress level by a
fixed step depending whether the preceding event was a failure or non-failure, respectively. Choose the initial
stress level close to the roughly estimated mean and the stress step approximately equal to the known
standard deviation.

A minimum of six specimens is required for exploratory tests and at least 15 for reliability data.

If the test is conducted on n specimens at stress levels 8y, S, ... , §, in a sequential way, then the mean
fatigue strength is determined by averaging the test stresses, $, to S, 4, beyond the first, without regard to
whether each event was a failure or a non-failure:

n+1
s
- fnz
Hy= n (12)

The test at S, , 4 is not carried out, but the stress level itself is determined from the result of sth test

Estimate the lower limit of the fatigue strength for the population from Equation (11). Take as the number of
degrees of freedom that corresponding to the standard deviation used for the test or, if this number is
unknown, take it as n — 1.

In the modified staircase method, it is necessary to know the standard deviation of the fatigue strength. It may
be estimated from the S-N curve as described in Clause 8.

A-worked example is given in A.2.2.

—13-
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8 Statistical estimation of S-N curve

8.1 Fatigue testing to obtain S-V data

Conduct fatigue tests at various stress levels in order to determine the mean S-¥ curve giving a probability of
failure of 50 %. it is assumed that the variation in the logarithm of the fatigue life follows a normal distribution
with constant variance as a function of stress. )

The total number of specimens required may be determined by reference to the typical values given in Table 1,
taking into account the purpose of the test and the availability of test matenal,

Use a minimum of eight specimens for exploratory testing. It is recommended that two specimens be tested at
each of four equally spaced stress levels. For reliability design purposes, however, at least 30 specimens are
required. In this case, test six specimens at each of five equally spaced stress lavels.

For ordinary high-cycle fatigue tests, the stress levels are generally chosen so that the resultant fatigue lives
will have a spread of three decades of cycles, e.g. from 5 x 104 to 1 x 108 cycles.

Alternative methods can be found in [1] to [3] and in [5]. Continvous mathematical models are also used to fit
curves to fatigue data extending from finite to infinite fatigue life regions (see {3] and [9] to [11]).

8.2 Statistical analysis of S-N data
To analyse the S-N relationship, use a linear mathematical model of the form:
x=h—ay

where x = log N, and a and b are constants. For the variable y, either y = S or y = log § may be used, whichever
gives better plot linearity.

The most probable estimate of the mean S~V curve for the population is given by:

jy=b-ay (13)

T (e -3)-3)

dp=-—r (14)
Z(J’i "f)z
i=1
b=%+ay (15)
where

-
']
-

L]

I
X
.M=

>

)

y=

3=

n
>y
i=1

and n is the number of data items.

—14-
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Estimate the standard deviation of the logarithm of the fatigue life from the mean S-¥ curve for the population
from the equation:

2l -(-a)])

iy = 16
7 n-2 (16)
with n — 2 degrees of freedom.
Then estimate the standard deviation of the fatigue strength for the population from the equation:
. 0
&)= _f (17)

The standard deviation of the fatigue strength thus obtained may be used in fatigue tests conducted by the
modified staircase method described in 7.4.

8.3 Estimating the lower limit of the S-N curve

Estimate the lower fimit to the $-¥ curve corresponding to a probability of failure P for the population at a
confidence level 1 — o and for a number of degrees of freedom » using the equation:

-\ 2
- =, . 1 y-Jy
XPA-aw)=b-D—kp1_q4,)0x 1+"+"‘L"~l—' (18)

" 2"1()’1 = j)z

where the coefficient kp 4_, ,) is the one-sided tolerance limit for a normal distribution, as given in Table B.1.
Take as the number of degrees of freedom, v, the number which was used in estimating the standard
deviation.

The term inside the root sign in Equation (18) is a correction to the estimated standard deviation for the

population, this correction depending on the number of tests and the range covered by the tests. When the
number and range of the tests are large enough, the correction term is closa to 1 and may be neglected.

An worked example is given in Clause A 3.

8.4 Verifying the adequacy of the linear model

It is possible to verify statistically the adequacy of the linear model if more than one specimen is tested at
each of three or more stress levels.

When m, specimens are lested at a stress level 5, the data obtained for the jth specimen can be written as x,;
The hypothesis of linearity is rejected if:

,gm, [(6-a:)- ;,.]2(1 -2)
> 3y -5) (-1

i=1 j=1

' (19)

> F(1-a, vy, vz)

-15-
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where
- 1Y
x,-=-——ZI,
mi i=1

i
neSm,
=1

and / is the number of stress levels.

Table B.2 gives the values of Fiy_ , v, 1) comesponding to a confidence level, 1-a, of 95%. The two
numbers of degrees of freedom are defined as: vy = /- 2 for the numerator and », = n— 1 for the denominator
of Equation (19).

it is useful to look at the differences between observed values and estimated values, x; — &;, by plotting them
against &; (see [12]). The fit is regarded as satisfactory if the plot appears approximately uniform.

9 Testreport
9.1 Presentation of test results

9.1.1 General

The test report shall include the foliowing information as appropriate to the type of test:

8.1.2 Fatigue Jife at a given stress
a) The test stress level and the estimated mean fatigue life, plus the estimated standard deviation of the

logarithm of the fatigue life or the coefficient of variation of the fatigue life. The number of test specimens
shall be indicated. The method of esfirmating the parameters (graphical or by calculation) shall aiso be

reported.

b) A compilation of the experimental fatigue life data obtained for each specimen, with abservations such as
the mode of failure or non-failure, and indicating the test stress.

c) A plot of the experimental data on probability paper showing the curve which fits the data. No excessive
extrapolation of the curve is allowed beyond the range covered by the observations.

d) The estimated lower limit of the fatigue life at the selected probability of failure, when necessary. No
excessive extrapolation of the probability curve is allowed beyond the range covered by the observations.

9.1.3 Fatigue strength at a given fatigue life

a) The estimated mean fatigue strength and the estimated standard deviation, indicating the number of
specimens tested. Report the method used to estimate these parameters, such as the staircase method.

b) A list of lhe experimental data on the stress level and the number of cycles to which each specimen was
subjected, with observations on failure or non-failure, in the order of the test.

c) The estimated lower limit of the fatigue strength at the selected probability of failure, when necessary. No
excessive exirapolation of the probability curve is allowed beyond the range covered by the observations.

—-l6-—-
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9.4.4 S.-Ncurve

a) The estimated mean $-N curve, showing plots of the experimental data. No excessive extrapolation of the
curve is allowed beyond the range covered by the cbservations.

b) List of experimental data including the stress level and the number of cycles applied to each specimen
with observations such as faifure or non-faifure.

c)} The estimated lower limit of the SN curve at the seiécted probability of failure, when necessary. No
excessive extrapolation of the probability curve is allowed beyond the range covered by the observations.

9.2 Related information

9.2.1 Material tested

The report shall include information about the material tested, such as a standard designation or equivalent,
process of fabrication, chemical composition, heat treatment, microstructure, mechanical properties.

9.2.2 Specimens tested

The report shall include information about the specimens tested, such as a standard designation or equivalent,
dimensions, onentation of specimens with respect to the material from which they were taken, surface finish,

9.2.3 Conditions of fatigue test
The report shall include information about the conditions of the fatigue test, such as the type of stress (or

strain in the case of a strain-controlled test), stress ratio or other parameter characterizing the test series,
stress wave form, test frequency or equivalent, definition of failure, test environment. :

-17-
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Annex A
(informative)

Examples of applications

A.1 Example of statistical estimation of fatigue life

A set of seven data items is given in Table A.1 as an example. The data are arranged in order of magnitude,
so that the corresponding probability, P;, can be calculated by Equation (4). -

The values of x; = log N, are then plotted on normal probability paper and, by visual inspection, a linear curve
fitted, as shown in Figure A.1. The values of X(90) and x(4qy. Corresponding to a probability of failure of 90 %
and 10 %, respectively, are read from the curve:

X(90) = 5,06

x(10) = 4,75
The parameters for the distribution are calculated from Equations (5) and (6), as follows:

A, =4905

o, =0121
or

M (50) = 8,04 x10* cycles

iy =063

The lower limit of the fatigue life for a 10 % probability of failure, at a confidence level of 95 %, is estimated
from Equation (8), taking kg 4. 9,05, ) as 2,755 as given in Table B.1:

$(10) = 4:905 - (2,755 % 0,121)
= 4,572

Qor

- 4,572
N3g) =10

=3,73x10% cycles

~ 18-
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Table A.1 — Example of fatigue life data

Specimen number Fatigue life Log of fatigue Jife Probability
i N, x,=log N, P,
cycles %
1 6,05 x 10* 4,782 943
2 6,31 x 104 4,800 28
3 7,39 x 104 4,869 36,4
4 8,46 x 104 4,927 50,0
5 9,11 % 10* 4,960 63,6
6 9,37 x 10¢ 4,972 77,2
7 1,25 x 105 5,008 90,6
2 }
as
£ 90 >
K-
3 8of o
g 10
£ 60}
30
40}
30
20} Y,
4,75
10 0 JS,OG
1| | | 11 1,
46 47 48 49 50 51 52
LogN

Figure A.1 — Example of plot of fatigue life data on normal probability paper

A.2 Examples of statistical estimation of fatigue strength ;

A.2.1 Staircase method

When using the staircase method, specimens are tested sequentially under increasing stresses until a failure
occurs. An example of a set of data is given in Table A.2. From the beginning, the last non-failure in terms of
stress is the first valid data which is 500 MPa in Table A.2. In this test, there are seven failures and eight non-
failures. The failure event is therefore the one considered in the analysis.

-19-~
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Only three stress levels are considered in the analysis, as shown in Table A.3, with 55 = 500 MPa and stress
step d = 20 MPa. The number of the relevant event, /,, is given in the third column of the table. The values of 4,
B, C and D are as follows:

A=7

B=11

c=7

D= 0,571

The mean and the standard deviation of the fatigue strength are calculated from Equations (9) and (10), as
follows:

jr, =500 +20(7/7 - 1/2) = 510 MPa

&, =1,62x%20(0,571+ 0,029)=19,4 MPa
and

Bs = 19,4/510=0,038

NOTE By analogy with Equation (7), the coefficient of variation for the strength can be estimated from the equation:

fig = Jexp[(lmo)z &2 1]

Table A.2 — Example of staircase test data

Stress Sequence number of spaecimen
Sl
MPa
540 X X
520 X o X X 0
500 o) X (o) (o] X 8]
480 o* o] o
460 o*
X  for failure

O for non-failure

1 5 10 15

not counted

-20-
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Table A.3 — Analysis of the data in Table A.2
Stress Level Values

S J A if; 2,
MPa
540 2 2 4 8
520 1 3 3
500 0 2 0 0
Sum —_ 7 7 "

The lower limit of the fatigue strength for a probability of failure of 10 % is calculated from Equation (11) at a
confidence level of 95 %. The value of the appropriate coefficient, k¢ 1. gs; 6) taken from Table B.1, is 2,755.

F(10) =510~ (2.755x19,4)
=456 MPa

In this example, the stress step d is close enough to the estimated standard deviation and D is greater
than 0,3.

A.2.2 Modified staircase method

This example is based on the same fatigue test data as in A.2.1, but only for sequence numbers 1 to €. The
set of data used is given in Table A.4. The standard deviation of the fatigue strength is 19,4 MPa with a
number of degrees of freedom of 6, as calculated above. The test was conducied with a stress step of 20 MPa
which is close enough to the standard deviation.

The mean fatigue strength is calculated from the data, using Equation (12), as follows:

Aty =(520 + 500 + 480 + 500 + 520 + 540)/6
=510MPa

The lower limit of the fatigue strength for a probability of failure of 10 % is caiculated from Equation {11), at a
confidence level of 95 % and taking a value for ky 1. ,g5; ) Of 2,755 from Table B.1, as follows:

$(10) =510~ (2755x19,4)

= 456 MPa
Table A.4 — Example of modified staircase test data
Parameter Test sequence
i 1 2 3 4 5 6 7
S, MPa 500 520 500 480 500 520 540
Event O X X o o] . (0] a
*  Test not actually camied out (stress level calculated from previous value),

-2
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A.3 Statistical estimation of S-¥ curve

A set of test data obtained from eight specimens is given as an example in Table A.5. Statistical analysis is
performed here for y = § and x = log N, using a linear model and semi-logarithmic coordinates.

The mean values of y and x are easily obtained from the table as:

¥ = 405 MPa
¥ =5311

The following quantities are then calculated:

S (x-%)" =2.196
(-5 =0 000

>(x-%)(»-%)=~1381

The coefficients for the most probable estimate of the mean $-N curve are given by Equations (14) and (15),
as follows:

4=0,0153
b=11,527

The estimated standard deviations for the logarithm of the fatigue life and for the fatigue strength are then
calculated from Equations (16) and (17), respectively:

G5 =0,114

&y =7,5MPa

The lower limit of the S-N curve, commesponding to a probability of failure, P, of 10 %, is caiculated at a
confidence level of 95 % from Equation (18) and taking a value for kg 1. g,95, ) Of 2,755 from Table B.1, as
follows:

(v—405)°

X(10) = 11,527 - 0,015 3y - 0.314J1.166 7+ 5000

This curve is shown in Figure A.2.

—22-
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Specimen number Stress Fatigue life Log of fatigue life
i =S, N, x;=log N,
MPa cycles

1 450 341 x 104 4,533

2 450 523 x 104 4,719

3 420 9,66 x 104 4,985

4 420 1,50 x 105 5,176

5 390 2,73 x 10° 5,436

6 390 412 x 105 5,615

7 60 8,01 x 10° 5,904

8 360 1,32 x 108 6,121

)
480
b\o
a40}— <
ANO
P=10%
400 P,
L»)
360 | —Ohe—
- ;b
10* 103 105 107
Number of cycles, N.

Figure A.2 — Example of S-N data analysis

-23—
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Annex B
(informative)

Statistical tables

Table B.1 — Coefficient k, ; _, , for the one-sided tolerance limit for a normal distribution

for point P %
Number of Probability, P (%)
degrees of 10 5 1 0,1
freedom Confidence level, 1 - a (%)
Y 90 95 90 95 90 95 90 95
2 4,258 6,158 5,310 7.655 7,340 10,55 9,651 13,85
3 3,187 4,163 3,957 5,145 5437 7,042 7,128 9,215
4 2,742 3,407 3,400 4,202 4,666 5,741 6,112 7,501
5 2,494 3,006 3,091 3,707 4,242 5,062 5,556 6,612
6 2,333 2,755 2,894 3,399 3972 4,641 5301 6,061
7 2219 2,582 2,755 3,188 3,783 4,353 4,955 5,686
8 2,133 2,454 2,649 3,031 3,641 4,143 4,772 5414
9 2,065 2,355 2,568 2,911 3532 3,981 4,629 5,203
10 2,012 2275 2,503 2,815 3,444 3,852 4,515 5,036
11 1,966 2,210 2,448 2,736 3,370 3,747 4,420 4,900
12 1,928 2,155 2,403 2,670 3,310 3,659 4,341 4,787
13 1,805 2,108 2,363 2,614 3,257 3,585 4,274 4,600
14 1,866 2,068 2,329 2,566 3,212 3,520 4,215 4,607
15 1,842 2,032 2,299 2,523 3172 3,463 4,184 4,534
16 1,820 2,001 2272 2,486 3,136 3415 4,118 4,471
17 1,800 1,974 2,249 2,453 3,106 3,370 4,078 4,415
18 1,781 1,949 2,228 2423 3,078 3,331 4,041 4,364
19 1,765 1,926 2,208 2,39 3,052 3,295 4,009 4319
20 1,750 {771,905 2,190 2,371 3,028 3,262 3,979 4276
21 1,736 1,887 2,174 2,350 3,007 3,233 3,952 4,238
22 1,724 1,869 2,159 2,329 2,987 3,206 3927 4,204
23 1,712 1,853 2,145 2,309 2,969 3,181 3,904 4,171
24 1,702 1,838 2132 2,292 2,952 3,158 3,882 4,143
25 1,657 1,778 2,080 2220 2,884 3,064 3,794 4,022
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Table B.2 — Values of F(; _, ., ,2) at a confidence level, 1 - o, of 95 %

Number of degrees of freedom
vy ]
1 2 3 4 5 6

1 161 200 216 225 230 234
2 18,5 19,0 19,2 19,2 19.3 19.3
3 10,1 9,55 9,28 9,12 9,01 8,94
4 7.7 6,94 6,59 6,39 6.26 6,16
5 6,61 5,79 541 519 5,05 4,95
] 599 5,14 4,76 4,53 4,39 4,28
7 5,59 4,74 435 4,12 397 3.87
8 5,32 446 4,07 3,84 3.69 3,58
9 512 426 3,86 3,63 348 3,37
10 4,96 4,10 37N 348 333 3,22
1" 4,84 3,98 3,59 3,36 320 3,09
12 4,75 3.89 349 3.28 an 3,00
13 4,67 3,81 s 3,18 3,03 2,92
14 4,60 3,74 3.34 3,11 2,96 2,85
15 454 3,68 329 3,06 2,90 2,79
16 4,49 3,63 3,24 3,01 285 2,74
17 4,45 3,59 320 2,96 2,81 2,70
18 4,41 3,556 3,16 2,93 2,n 2,66
19 4,38 3.52 3,13 2,90 2,74 263
20 4,35 3,49 3,10 2,87 2,71 2,60
21 432 3,47 3,07 2,84 2,68 2,57
22 4,30 3,44 3,05 2,82 2,66 2,55
23 428 342 3,03 2,80 2,64 2,53
24 4,26 3,40 3,01 2,78 2,62 2,51
25 424 3,39 2,99 2,76 2,60 2,49
26 4,23 3,37 2,98 2,74 2,59 247
27 421 3.35 2,96 2,73 2,57 2,46
28 4,20 3,34 2,95 2,71 2,56 2,45
29 418 333 2,93 2,70 2,55 243
30 417 3,32 2,92 2,69 2,53 2,42
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Annex C
(informative)

Combined method for statistical estimation of a full -V curve

C.1 Scope

This annex presents a method of estimating statistically a full -V curve, including both finite and infinite
fatigue life ranges, using a practical number of specimens. It is assumed that the S-N curve consists of an
inclined straight line in the finite fatigue life range and a horizontal straight line in the infinite fatigue life regime.
This is often realistic for many engineering materials, when the data are represented using appropriate
coordinates, generally on semi-log or iog-log paper.

C.2 Fatigue testing to obtain a full S-N curve

The test requires at least 14 specimens, eight of these being used for estimating the S-¥ curve in the finite
fatigue [ife range (inclined line) and six for the fatigue strength at the infinite fatigue life regime (horizontal line).
Figure C.1 displays this concept graphically.

The number of specimens allocated to each line is delermined in a way that permits the fatigue strengths
predicted by each, at their point of intersection, to have equal statistical confidance. It is recommended that
the following relationship be satisfied (see [13]):

na 1+1 (01)

ny 20-1

where n; and n, are the number of tests for the inclined line and the horizontal line, respectively, and I is the
number of stress levels for testing along the inclined line.

A few extra specimens should be kept in reserve, as tests may not always take place as expected. Having
exira specimens available may help to resolve such unexpected problems.

C.3 Fatigue tests in the finite fatigue life range

The mean S-N curve in the finite fatigue life range (inclined part) is estimated using eight specimens tested by
the procedure described in 8.1.

The equation of the inclined part of the S-N curve is determined using Equations (13) to (15). The standard
deviation of the fatigue strength is calculated using Equations (16) and (17).

C.4 Fatigue tests in the infinite fatigue life range

The fatigue strength in the infinite fatigue life rangé (horizontal part) is estimated using six specimens tested
by the modified staircase method described in 7.4. The stress step for the test is selected so that it is close
enough to the standard deviation calculated in Clause C.3.

The mean fatigue strength in the horizontal part of the curve is calculated using Equation (12).

- 26—



Men. 2180 - 2547

1SO 12107 : 2003
K )
=
] 400}
o
=]
= b
£ s
o
w
2 300} sy aST
9N L -, oS85
U°Ss
Ss
200 2 : e -
10t 108 108 107
Number of cycles, N

o failure
o non-failure after 1 x 107 cycles

*  Eight specmens
b Six specimens by staircase method

Figure C.1 — Model of combined method for the S-¥ curve with 14 specimens

C.5 Estimating the full S-N curve

The full S-¥ curve, including both the finite and infinite fatigue life regions, is obtained by combining
Equations (13) and (11):

=b-ay wh i
x ’ ay eny>u, €2)
Y=Hy
C.6 Lower limit of the full S-N curve
The lower limit of the full S-N curve is obtained by combining Equations (18) and (11):
[ -z
. . . 1 Y=y -
x(P_LQ)=b—ay—k(P_,_a'v)a, 1+—;+-—x(—-)—: wheny>y(P'1_a)
Z (-Vr - y)
i=1
4 (C.3)

F(pr-a) = By~ Kprasiy

The number of degrees of freedom, v, is nq ~ 2 for both the finite and the infinite fatigue life regimes. This is
because the statistical uncertainty in the fatigue limit is dependent on that of the standard deviation which is
derived from the analysis of finite fatigue life data.

-27—-



won. 21802547
1SO 12107 : 2003

1]
2]
(3]
(4]
(5]

(6]

(8]

(9

{10

[11]

12)

{13}

Bibliography

BS 3518-5:1966, Methods of fatigue testing — Guide to the application of statistics
JSME S 002:1981, Standard Method of Statistical Fatigue Testing

NF A 03-405:1991, Metallic products — Faligue tests — Stalistical treatment of dala
WEIBULL, W., Fatigue Testing and the Analysis of Results, (1961), Pergamon Press

NISHIUIMA, S., Statistical Fatigue Propérties of Some Heal-Treated Steels for Machine Structural Use,
STP 744 (1981), pp. 75-88, ASTM

ASTM E 739-91, Standard FPractice for Statistical Analysis of Linear or Linearized Stress-Life (S-N) and
Strain-Life (e-N) Fatigue Dala

DixsoN, W.J., and MOOD, A.M., A Method for Obtaining and Analyzing Sensitivity Data, Journal of the
American Stalistical Association, Vol. 43 (1948), pp. 109-126

BROWNLEE, K.A., HODGES, J.L., Jr., and ROSENBLATT, Murmray, The Up-and-Down Method with Small
Samples, Journal of the American Statistical Association, Vol. 48 (1953), pp. 262-277

BASTENARE, F., POMEY, G., and RABBE, P., Etude sfafistique des durées de vie en fatigue et des
courbes de Wohler de cing nuances d'acier, Mémoires scientifiques de la revue de métallurgie, Vol. 68
(1971), pp. 645-664

BASTENAIRE, F., New Method for the Stalistical Evaluation of Constant Stress Amplitude Fatique Test
Resulls, STP 511 (1972), ASTM

SPINDEL, J.E., and HEIBACH, E., The method of maximum likelihood applied to the statistical analysis of
fatigue data, International Journal of Faligue, Vol. 1 (1979), pp. 81-88

NETER, J., WASSERMAN, W., and KUTNER, M.H., Appiied Linear Statistical Models, (1985), pp. 123-132,
Irwin, Homewood, )i, USA

NAKAZAWA, H., and KODAMA, S., Statistical Fatigue Testing Method with 14 Specimens — JSME

Standard Method for Determination of &N Curves, Cument Japanese Matenials Research, Vol. 2
(1987), pp. $9-69, Eisevier

~28—



	1  Title Page
	2  Abstracts
	3  Contents
	4  Lists of Illustrative
	5.1 Chapter  1
	5.2 Chapter  2
	5.3 Chapter  3
	5.4 Chapter  4
	5.5 Chapter  5
	6 Bibliography
	7 Appendix



