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This standard is issued under the fixed designation E 1820; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope E 399 Test Method for Plane-Strain Fracture Toughness of

1.1 This test method covers procedures and guidelines for _Metallic Material$
the determination of fracture toughness of metallic materials E 813 Test Method fod,., A Measure of Fracture Tough-
using the following parameters., J, and CTOD §). Tough- ness o
ness can be measured in Reurve format or as a pointvalue. ~ E 1152 Test Method for DeterminingR Curves
The fracture toughness determined in accordance with this test E 1290 Test Method for Crack-Tip Opening Displacement
method is for the opening mode (Mode 1) of loading. (CTOD) Fracture Toughness Measurenfent

1.2 The recommended specimens are single-edge bend,E 1737 Test Method for J-Integral Characterization of Frac-
[SE(B)], compact, [C(T)], and disk-shaped compact, [DC(T)]. _ture TOUthGS?S ' '
All specimens contain notches that are sharpened with fatigue E 1823 _Terminology Relating to Fatigue and Fracture
cracks. Testing o

1.2.1 Specimen dimensional (size) requirements vary ac- E 1921 Test Method for Determination of Reference Tem-
cording to the fracture toughness analysis applied. The guide- _Perature, T, for Ferric Steels in Transition Range
lines are established through consideration of material tough- E 1942 Guide for Evaluating Data Acquisition Systems
ness, material flow strength, and the individual qualification ~ Used in Cyclic Fatigue and Fracture Mechanics Testing
requirements of the toughness value per values sought. 3

1.3 The values stated in Sl units are to be regarded as the , , . ,
standard. The values given in parentheses are for information 3.1 Terminology E 1823 is applicable to this test method.
only. 3.2 Def|n|t|qns: ) . .

1.4 This standard does not purport to address all of the 3:2.1 compliance [LF7], n— the ratio of displacement
safety concerns, if any, associated with its use. It is thdncrement to load increment. _
responsibility of the user of this standard to establish appro- 3-2-2 crack displacement [LJn—the separation vector be-

priate safety and health practices and determine the applicalVe€n two paints (on the surfaces of a deformed crack) that
bility of regulatory limitations prior to use. were coincident on the surfaces of an ideal crack in the

undeformed condition.
Note 1—Other standard methods for the determination of fracture 3 2 2 1 Discussioa—In this practice, displacement, is the

toughness using the parametétsJ, and CTOD are contained in Test ; ; :
Methods E 399, E 813, E 1152, £ 1290, and E 1737. This test method wag 2 displacement measured by clip gages or other devices

developed to provide a common method for determining all applicablespamrllng the crack f,aces' . . .
toughness parameters from a single test. 3.2.3 crack extensionAa [L], n—an increase in crack size.

3.2.4 crack-extension force, G [FL or FLL™?], n—the
2. Referenced Documents elastic energy per unit of new separation area that is made
2.1 ASTM Standards: available at the front of an ideal crack in an elastic solid during

E 4 Practices for Force Verification of Testing Machihes a virtual increment of forward crack extension.
E 8 Test Methods for Tension Testing of Metallic Materfals ~ 3.2.5 crack size, a [L] n—a lineal measure of a principal
E 21 Test Methods for Elevated Temperature Tension Testglanar dimension of a crack. This measure is commonly used
of Metallic Materialg in the calculation of quantities descriptive of the stress and
displacement fields, and is often also termed crack length or
depth.
* This test method is under the jurisdiction of ASTM Committee EO8 on Fatigue  3.2.5.1 Discussior—In practice, the value od is obtained

and Fracture and is the direct responsibility of Subcommittee E08.08 on Elasti ; :
Plastic Fracture Mechanics Technology. “rom procedures for measurement of physical crack sige,

Current edition approved June 10, 2001. Published August 2001. Originall)pr?ginal crack _Size_aoa and eﬁeCtiV_e crack SiZEae, as appro-
published as E 1820 - 96. Last previous edition E 1820 - 99a. priate to the situation being considered.
2 Annual Book of ASTM Standardgol 03.01.

Terminology
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3.2.6 crack-tip opening displacement (CTOD$, [L], crack surface to the other, used to characterize the local
n—the crack displacement due to elastic and plastic deformastress-strain field around the crack front.
tion at variously defined locations near the original (prior to an  3.2.9.1 Discussior—The J-integral expression for a two-
application of load) crack tip. dimensional crack, in the-zplane with the crack front parallel
3.2.6.1 Discussior—In this test methodCTOD is the dis- to thez-axis, is the line integral as follows:
placement of the crack surfaces normal to the original (un-

loaded) crack plane at the tip of the fatigue precragkin this J= flﬂ ( Wdy—T '(39_:: dS) 2

test method, CTOD is calculated at the original crack length,

a,, from observations away from the crack tip. where: _ . .
3.2.6.2 Discussion—In CTOD testingd,. [L] is a value of W = loading work per unit volume or, for elastic

CTOD near the onset of slow stable crack extension, here bodies, strain energy density,

path of the integral, that encloses (that is,

defined as occurring aa, = 0.2 mm (0.008 in.) + 0. contains) the crack tip

3.2.6.3 Discussior—In CTOD testingd, [L] is the value of

d. corresponds to the lode|, and clip-gage displacemeng.\t X, VY, Z rectangular coordinates, and
may be size-dependent and a function of test specimen-ju rate of work input from the stress field into
geometry. x9S the area enclosed Hy.

3.2.6.4 Discussion—In CTOD testing3,, [L] is the value of 3.2.9.2 Discussion—The value ofJ obtained from this
CTO_D at the onset of unstable crack. extension (see 3.2.28) @quation is taken to be path-independent in test specimens
pop-in (see 3.2.17) when the event is preceded\ty;, 0.2 commonly used, but in service components (and perhaps in test
mm (0.008 in.) + 0.8,. Thed, corresponds to the lodd, and  gpecimens) caution is needed to adequately consider loading
the clip gage displacement, Mt may be size-dependent and a jnterior to I such as from rapid motion of the crack or the
function of test specimen geometry. It can be useful to definggyice component, and from residual or thermal stress.

limits on du_ctlle fr_acture behavior. _ i 3.2.9.3 Discussior—In elastic (linear or nonlinear) solids,
3.2.6.5 Discussior—In CTOD testingdy, [L] is the value of  he J.integral equals the crack-extension forGe, (Seecrack

CTOD at the first attainment of a maximum load plateau forgytension forcg.

fully plastic behavior. The,, correspondg to the loddl,, and 3.2.10 J, [FL"Y]—The propertyJ. determined by this test

]Ehe i!'p gafgte dtlsplac_emen,tn. It maty b?t S|ze—gepencfieln: agdf_a method characterizes the fracture toughness of materials at

unction ottest specimen geometry. It can be Usetul to aeling o e instability prior to the onset of significant stable

limits on dupﬂle fr'acture behavior. ) i tearing crack extension. The valuelfdetermined by this test

3.2.6.6 Discussior-In CTOD testing, 8[L] characterizes —ethod represents a measure of fracture toughness at instabil-
the CTOD fracture toughness of materials at fracture instabilityyy, \yithout significant stable crack extension that is indepen-
prior to the onset of significant stable tearing crack extensionyant of in-plane dimensions; however, there may be a depen-
The value of 8 . determined by this test method represents gyance of toughness on thickness (length of crack front).

measure of fracture toughness at instability without significant 3.2.11J, [FL"*]—The quantityJ, determined by this test

stable crack extension that is independent of in-plane dImenrhethod measures fracture instability after the onset of signifi-

sions. However, there may be a dependence of toughness @t stable tearing crack extension. It may be size-dependent

thickness (Ier)gth O_f crack front). ) _and a function of test specimen geometry. It can be useful to
3.2.7 effective thickness, L] , n—for side-grooved speci- yafine limits on ductile fracture behavior.

_ _ _ 2 [ :
mens B, =B (.B B )/B. This is used for the elastic 3.2.12 net thickness, B[L] , n—distance between the roots
unloading compliance measurement of crack length. . S N .
of the side grooves in side-grooved specimens.

3.2.7.1 Discussior—This definition is different from the 3.2 13 original Ksi L the phvsical Ksi
definition of effective thickness in Test Method E 813. .15 Original crack size, a[L], n—the physical crack size
at the start of testing.

3.2.8 effective yield strengthg,, [FL 2], n—an assumed . . . .
value of uniaxial yield strength that represents the influence o(fj 3.2£13.1_D|S(iu53|0|?—!n th'st. testt (rjnfethod,aoq "T’. used to
plastic yielding upon fracture test parameters. enote original crack size estimated from compliance.

3.2.8.1 Discussior—It is calculated as the average of the]c 3'2'%4 or_ig_inall remliaifning |ig£;m§nt,kp(£L], ?—hdistanc_e
0.2% offset yield strengthrys and the ultimate tensile oM the original crack frontto the back edge of the specimen,

strength,os as follows: thatis @, =W -a ). _ .
3.2.15 physical crack size, g[L], n—the distance from a
oy = w (1)  reference plane to the observed crack front. This distance may
represent an average of several measurements along the crack

3.2.8.2 Discussior-In estimatingay, influences of testing  front. The reference plane depends on the specimen form, and
conditions, such as loading rate and temperature, should heis normally taken to be either the boundary, or a plane
considered. containing either the load line or the centerline of a specimen

3.2.9 J-integral, J [FL™Y], n—a mathematical expression, a or plate. The reference plane is defined prior to specimen
line or surface integral that encloses the crack front from oneleformation.

CTOD at the onset of unstable crack extension (see 3.2.17) ds z g‘lﬁﬁggrﬁ;&%ﬁ Sggtfruggsth’
pop-in (see 3.2.17) wheha,<0.2 mm (0.008 in.) + 0. The m = displacement vector ats,
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3.2.16 plane-strain fracture toughness,,K[FL™?], J,. 3.2.25 stable crack extension [l ]n—a displacement-
[FL™, K, [FL™?] , n—the crack-extension resistance undercontrolled crack extension beyond the stretch-zone width (see
conditions of crack-tip plane strain. 3.2.27). The extension stops when the applied displacement is

3.2.16.1 Discussior—For example, in Mode | for slow rates held constant.
of loading and negligible plastic-zone adjustment, plane-strain 3.2.26 stress-intensity factor, K, K K,, Ks, K, K;;, K
fracture toughness is the value of the stress-intensity factdFL ~*%], n—the magnitude of the ideal-crack-tip stress field
designatedK,, [FL™4 as measured using the operational (stress-field singularity) for a particular mode in a homoge-
procedure (and satisfying all of the qualification requirementsheous, linear-elastic body.
specified in this test method, which provides for the measure- 3.2.26.1 Discussior—Values ofK for the Modes 1, 2, and 3
ment of crack-extension resistance at the start of crack exterre given by the following equations:
sion and provides operational definitions of crack-tip sharp-

_ lim 1/2
ness, start of crack extension, and crack-tip plane-strain. Ka= THO[GW(Z“”) ] ®)
3.2.16.2 Discussior—For example, in Mode | for slow rates Ky = {Mo[7uy (271)"2] 4)
of loading and substantial plastic deformation, plane-strain Kg = ™ fr,(2m1)17] ®)

fracture toughness is the value of théntegral designated,.

[FL'l] as measured using the operational procedure (and wherer =.di§t§nce directly forward from the crack tip to a location

satisfying all of the qualification requirements) specified in this Where the significant stress is calculated.

test method, that provides for the measurement of crack- 3.2.26.2 Discussior—In this test method, Mode 1 or Mode

extension resistance near the onset of stable crack extensionis assumed. See Terminology E 1823 for definition of mode.
3.2.16.3 Discussior—For example, in Mode | for slow rates  3.2.27 stretch-zone width, SZW [Li—the length of crack

of loading, plane-strain fracture toughness is the value of thextension that occurs during crack-tip blunting, for example,

stress intensity designateld;[FL™>7 calculated from 1  prior to the onset of unstable brittle crack extension, pop-in, or

using the equation (and satisfying all of the qualificationsjow stable crack extension. The SZW is in the same plane as

requirements) specified in this test method, that provides fofhe original (unloaded) fatigue precrack and refers to an

the measurement of crack-extension reistance near the onsetgftension beyond the original crack size.

stable crack extension under dominant elastic conditib)¥s. 3.2.28 unstable crack extension [LJn—an abrupt crack
3.2.17 pop-in, n—a discontinuity in the load versus clip extension that occurs with or without prior stable crack

gage displacement record. The record of a pop-in shows @xtension in a standard test specimen under crosshead or clip
sudden increase in displacement and, generally a decreasegige displacement control.

load. Subsequently, the displacement and load increase to

above their respective values at pop-in. 4. Summary of Test Method
3.2.18 R-curve or J-R curven—a plot of crack extension

resistance as a function of stable crack extensi@y,or Aa,.
3.2.18.1 Discussion—In this test method, thd-Rcurve is a

plot of the far-field J-integral versus the physical crack

4.1 The objective of this test method is to load a fatigue
precracked test specimen to induce either or both of the
following responses1) unstable crack extension, including

extensionAa,,. Itis recognized that the far-field value dfnay '?elg?I:%Ceatﬂt)g'ozg-Isqc;atr)‘la::etr:rr’zaa?:lg%;zn;rif)lﬁturr’e?fé?rségbtgtés I‘r‘ls:;]tlasle
not represent the stress-strain field local to a growing crack. T . o ;
tearing” in this test method. Fracture instability results in a

3.2.19remaining ligament, b [L] n—distance from the I . | £ f h d ined at th .
physical crack front to the back edge of the specimen, that iginge po!r_lt-va ueo ractl_Jre toug ness etermlne atthe point
(b=W-a,) ' of instability. Stable tearing results in a continuous fracture

3.2.20 specimen center of pin hole distance, H* [i—the toughness versus crack-extension relationsRigurve) from

. . . hich significant point-values may be determined. Stable
glpséiir;rc]gnbetween the center of the pin holes on a pm—loadet aring interrupted by fracture instability results inRiturve
3.2.21 specimen gage length, d [Lh—the distance be- up to the point of instability.

tween the points of displacement measure (for example cIiP 4.2 This test m_ethod_ requires continuous measurement of
gage, gage length). oad versus load-line displacement and crack mouth opening

3.2.22 specimen span, S [L]n—the distance between dlsplacement. If any stable tearing response occurs, then an
: R-curve is developed and the amount of slow-stable crack
specimen supports.

3.2.23 specimen thickness, B [Ljh—the side-to-side di- ex;regs_lron Shl?" bet_measuret(jj. f . K ext
mension of the specimen being tested. .3 Two alternative procedures for measuring crack exten-

3.2.24 specimen width, W [LJn—a physical dimension on sion are presented, the basic procedure and the resistance curve

. o rocedure. The basic procedure involves physical marking of
a test specimen measured from a reference position such as t'tﬂe P phy 9

front edge in a bend specimen or the load line in the compac{1e crack advancg and mF"“P'.e. specimens used to develop a
specimen to the back edge of the specimen plot from which a single point initiation toughness value can be

evaluated. The basic procedure cannot be used to develop an
R-curve. The resistance curve procedure is an elastic-
compliance method where multiple points are determined from

3 The boldface numbers in parentheses refer to a list of references at the end & Smgl_e sp'eC|men.. In the latter case, h|gh precision of S'Qnal
this test method. resolution is required; however, these data can be used to
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develop anR-curve. Other procedures for measuring crackfor processing by computer or autographically with iy
extension are allowed. plotter. Test fixtures for each specimen type are described in the
4.4 The commonality of instrumentation and recommendedpplicable Annex.
testing procedure contained herein permits the application of 6.2 Displacement Gages
data to more than one method of evaluating fracture toughness.6.2.1 Displacement measurements are needed for the fol-
Annex Ad-Annex All define the various data treatment opjowing purposes: to evalua®, in the K. evaluation,J from
tions that are available, and these should be reviewed tthe area under the load versus load-line displacement record,
optimize data transferability. CTOD from the load versus crack-mouth opening displace-
4.5 Data that are generated following the procedures anthent record and, for the elastic compliance method, to infer
guidelines contained in this test method are labeled qualifiedrack extension) a,, from elastic compliance calculations.
data. Data that meet the size criteria in Annex A4-Annex A1l 6.2.2 The recommended displacement gage has a working
are insensitive to in-plane dimensions. range of not more than twice the displacement expected during
4.6 Supplementary information about the background othe test. When the expected displacement is less than 3.75 mm
this test method and rationale for many of the technical0.15 in.), the gage recommended in Fig. 1 may be used. When
requirements of this test method are contained2h The agreater working range is needed, an enlarged gage such as the
formulas presented in this test method are applicable over thene shown in Fig. 2 is recommended. Accuracy shall be within
range of crack length and specimen sizes within the scope af1 % of the full working range. In calibration, the maximum

this test method. deviation of the individual data points from a fit (linear or
curve) to the data shall be less tha®.2 % of the working
5. Significance and Use range of the gage when using the elastic compliance method

nd =1 % otherwise. Knife edges are required for seating the
age. Parallel alignment of the knife edges shall be maintained
o within 1°. Direct methods for load-line displacement are
described in Ref$2-5).

5.1 Assuming the presence of a preexisting, sharp, fatigug
crack, the material fracture toughness values identified by thi
test method characterize its resistance t: facture of a

stationary crack, 3) fracture after some stable tearin@) ( .
stable tearing onset, andl) sustained stable tearing. This test 6.2.2.1 Gage Attachment MethodsThe specimen shall be

method is particularly useful when the material respons@rovided with a pair of accurately machined knife edges that
cannot be anticipated before the test support the gage arms and serve as the displacement reference

5.1.1 These fracture toughness values may serve as a bag%mts. These knife edges can be machined integral with the

. . . : Specimen or they may be attached separately. Experience has
for material comparison, selection, and quality assurance, i .

. ..~ shown that razor blades serve as effective attachable knife
Fracture toughness can be used to rank materials within @ . -
S . edges. The knife edges shall be positively attached to the
similar yield strength range.

specimen to prevent shifting of the knife edges during the test
5.1.2 These fracture toughness values may serve as a bagiainog. Experience has shown that machine screws or spot
for structural flaw tolerance assessment. Awareness of d'ﬁeK/'veIds are satisfactory attachment methods.
ences that may exist between laboratory test and field condi- 6.2.3 For the elastic compliance method, the recommended
tions is required _to make_ proper flaw tolerance assessment signal resolution for displacement should be at least 1 part in
52 Th_e following cautionary statements are based on somg; 50q of the transducer signal range, and signal stability
observations. _ _ _ should be+4 parts in 32 000 of the transducer signal range
5.2.1 Particular care must be exercised in applying tqneasured over a 10-min period. Signal noise should be less
structural flaw tolerance assessment the fracture toughnegsgan +2 parts in 32 000 of the transducer signal range.
value associated with fracture after some stable tearing hasg 5 4 Gages other than those recommended in 6.2 are
occurred. This response is characteristic of ferritic steel in the . missible if the required accuracy and precision can be met
transition regime. This response is especially sensitive tgr exceeded.
material inhomogeneity and to constraint variations that may 6.3 Load Transducers
be induced by planar geometry, thickness differences, mode of _’ i

loading, and structural details. 6.3.1 Testing is performed in a testing machine conforming

to the requirements of Practices E 4. Applied load may be

5.2.2 The J-R curve from bend-type specimens recom- -
. measured by any load transducer capable of being recorded
mended by this test meth(_)d (SI.E(B)’ C(T), and DC(T)) has k)e%ontinuously. Accuracy of load measurements shall be within
observed to be conservative with respect to results from tensile ; o, " 1he working range. In calibration, the maximum

loading configurations. deviation of individual data points from a fit to the data shall be

5.2.3 The values 08, 3, 5y, andJ, may be affected by |egs than+0.2 % of the calibrated range of the transducer when
specimen dimensions. using elastic compliance, antll % otherwise.

6.3.2 For the elastic compliance method, the signal resolu-

6. Apparatus tion on load should be at least 1 part in 4000 of the transducer

6.1 Apparatus is required for measurement of applied loadsignal range and signal stability should té parts in 4000 of
load-line displacement, and crack-mouth opening displacethe transducer signal range measured over a 10-min period.
ment. Load versus load-line displacement and load versuRecommended maximum signal noise should be less ttfan
crack-mouth opening displacement may be recorded digitallparts in 4000 of the transducer signal range.
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FOIL RESISTANCE
STRAIN GAGE

RECORDER
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_H__\) i o o 13.0
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31.2
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45.8

RAZOR BLADE

Note 1—All dimensions are in millimetres.
FIG. 2 Clip Gage Design for 8.0 mm (0.3 in.) and More Working
Range

FIG. 1 Double-Cantilever Clip-In Displacement Gage Mounted By Means of Integral Knife Edges

6.4 System Verificatioa-It is recommended that the perfor-
mance of the load and displacement measuring systems should
be verified before beginning a series of continuous tests.
Calibration accuracy of displacement transducers shall be
verified with due consideration for the temperature and envi-
ronment of the test. Load calibrations shall be conducted
periodically and documented in accordance with the latest
revision of Practices E 4.

6.5 Fixtures

6.5.1 Bend-Test Fixture-The general principles of the
bend-test fixture are illustrated in Fig. 3. This fixture is
designed to minimize frictional effects by allowing the support
rollers to rotate and move apart slightly as the specimen is
loaded, thus permitting rolling contact. Thus, the support
rollers are allowed limited motion along plane surfaces parallel
to the notched side of the specimen, but are initially positively
positioned against stops that set the span length and are held in
place by low-tension springs (such as rubber bands). Fixtures
and rolls shall be made of high hardness (greater than 40 HRC)
steels.

6.5.2 Tension Testing Clevis

6.5.2.1 Aloading clevis suitable for testing compact speci-
mens is shown in Fig. 4. Both ends of the specimen are held in
such a clevis and loaded through pins, in order to allow rotation
of the specimen during testing. In order to provide rolling
contact between the loading pins and the clevis holes, these
holes are provided with small flats on the loading surfaces.
Other clevis designs may be used if it can be demonstrated that
they will accomplish the same result as the design shown.
Clevises and pins should be fabricated from steels of sufficient
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FIG. 4 Tension Testing Clevis Design
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yield strength maraging steel is used for the clevis and pins,
adequate strength will be obtained. If lower-strength grip
material is used, or if substantially larger specimens are
required at a givervJE ratio, then heavier grips will be
required. As indicated in Fig. 4 the clevis corners may be cut
off sufficiently to accommodate seating of the clip gage in
specimens less than 9.5 mm (0.375 in.) thick.

6.5.2.3 Careful attention should be given to achieving good
alignment through careful machining of all auxiliary gripping
fixtures.

7. Specimen Size, Configuration, and Preparation
7.1 Specimen ConfigurationsThe configurations of the
standard specimens are shown in Annex Al-Annex A3.

7.2 Crack Plane Orientation-The crack plane orientation
shall be considered in preparing the test specimen. This is
discussed in Terminology E 1823.

7.3 Alternative Specimensin certain cases, it may be

strength (greater than 40 HRC) to elastically resist indentatiodesirable to use specimens havi{B ratios other than two.

of the clevises or pins.

Suggested alternative proportions for the single-edge bend

6.5.2.2 The critical tolerances and suggested proportions afpecimen are 1= W/B = 4 and for the compact (and
the clevis and pins are given in Fig. 4. These proportions ardiskshaped compact) specimen ars BV/B < 4, however, any

based on specimens havilg B =2 forB>12.7 mm (0.51in.)

thickness can be used as long as the qualification requirements

andW/B =4 forB = 12.7 mm. If a 1930-MPa (280 000-psi) are met.
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7.4 Specimen PrecrackirgAll specimens shall be pre- may deviate from that plane and the test result can be
cracked in fatigue. Experience has shown that it is impracticasignificantly affected. Th& calibration for the specimen, if it
to obtain a reproducibly sharp, narrow machined notch thais different from the one given in this test method, shall be
will simulate a natural crack well enough to provide aknown with an uncertainty of less than 5 %. Fixtures used for
satisfactory fracture toughness test result. The most effectivgrecracking should be machined with the same tolerances as
artifice for this purpose is a narrow notch from which extendsthose used for testing.

a comparatively short fatigue crack, called the precrack. (A 744 Fatigue Loading RequirementsAllowable fatigue
fatigue precrack is produced by cyclically loading the notchedoad values are based on the loRd, as defined in Annex
specimen for a number of cycles usually between aboft 10a1-Annex A3. The fatigue precracking shall be conducted with
and 16 depending on specimen size, notch preparation, anghe specimen fully heat-treated to the condition in which it is to
stress intensity level.) The dimensions of the notch and th@e tested. No intermediate treatments between precracking and
precrack, and the sharpness of the precrack shall meet certaifsting are allowed. The combination of starter notch and
conditions that can be readily met with most engineeringatigue precrack shall conform to the requirements shown in
materials since the fatigue cracking process can be closelyig" 6. There are several ways of promoting early crack
controlled when careful attention is given to the knownipitation: (1) by providing a very sharp notch tip2)by using
contributory factors. However, there are some materials thaf cheyron notch (Fig. 5),3f by statically preloading the
are too brittle to be fatigue-cracked since they fracture as so0ghecimen in such a way that the notch tip is compressed in a
as the fatigue crack initiates; these are outside the scope of theraction normal to the intended crack plane (to a load not to

present test method. _ exceedP;), and @) by using a negative fatigue load ratio; for
7.4.1 Fatigue Crack Starter NotehrThree forms of fatigue 5 given maximum fatigue load, the more negative the load

crack starter notches are shown in Fig. 5. To facilitate fatigué,js the earlier crack initiation is likely to occur. The peak
cracking at low stress intensity levels, the root radius for dompressive load shall not exceRd

straight-through slot terminating in \&notch should be 0.08 7.4.5 Fatigue Precracking Procedure Fatigue precrack-
mm (0.003 in.) or less. If a chevron form of notch is used, thellng can be conducted under either load control or displacement

root radius may be 0.25 mm (0.010 in.) or less. In the case o ntrol. If the load le is maintained constant. the maximum
a slot tipped with a hole it will be necessary to provideashar;ﬁo ol € load cycle IS maintained constant, theé maximu
stress raiser at the end of the hole and theK range will increase with crack length; if the

. displacement cycle is maintained constant, the reverse will

7:4.2 Fatigue Crack Length-The crack length (total length appen. The initial value of the maximum fatigue load should
of the crack starter configuration plus the fatigue crack shaIE : ) .
g P g ) e less tha®;. The specimen shall be accurately located in the

be between 0.45 and 0.70 W fdrandd determination, but is . : . Lo .
loading fixture. Fatigue cycling is then begun, usually with a

restricted to the range from 0.45 to 0.55 Q. determination. . : . :
For a straight-through crack starter terminating ivV-motch sinusoidal wav_eform and near to the highest practical _fre-
(see Fig. 5), the length of the fatigue crack on each surface dfuency.- There IS No known marked frequengy effect on fafigue
the specimen shall not be less than 2.5 % of W or 1.3 mm (0.0B"écrack formation up to at least 100 Hz in the absence of
in.) minimum, and for a crack starter tipped with a drilled ho|eadvgrse enV|rlonments.. _'!'h_e Specimen should be qarefully
(see Fig. 5), the fatigue crack extension from the stress raiséponitored until crack initiation is observed on one side. If
tipping the hole shall not be less than @5or 1.3 mm (0.05 crack [nltlatlon is not observed on t.he other ;lde befqre
in.) minimum on both surfaces of the specimen, wHaiis the appreciable growth is observed on thg first, then fatigue cypllng
diameter of the hole. For a chevron notch crack starter (see Fighould be stopped to try to determine the cause and find a
5), the fatigue crack shall emerge from the chevron on both€medy for the unsymmetrical behavior. Sometimes, simply
surfaces of the specimen. turning the specimen around in relation to the fixture will solve
7.4.3 Equipment—The equipment for fatigue cracking the problem. The length of the fatigue precrack extension from
should be such that the stress distribution is uniform througfi?® machined notch shall not be less than 5 % of the total crzgck
the specimen thickness; otherwise the crack will not growS'Z€:8 and notless than 1.3 mm (0.05 in.). For the final 50 %
uniformly. The stress distribution should also be symmetricaPf fatigue precrack extension or 1.3 mm (0.05 in.), whichever

about the plane of the prospective crack; otherwise the cradg €SS, the maximum load shall be no larger tRa(defined in
Annex Al-Annex A3), a load such that the ratio of maximum

stress intensity factor to Young’s Modulus is equal to or less
| than 0.0002 rH? (0.001 in}?) or 70 % of the maximum load

> achieved during the test, whichever is less. The accuracy of
| these maximum load values shall be known withifb %.
Straight Through Notch When precracking is conducted at a temperaiuy@nd testing

at a different temperatur€ ,, the choice ofry, shall take into
consideration the differences in properties at the two tempera-
| tures in order to minimize yielding the specimen during

:) precracking.

[ 7.5 Side Grooves-Side grooves are highly recommended
Chevron Notch Notch Ending with Drilled Hole ~ When the compliance method of crack length prediction is
FIG. 5 Fatigue Crack Starter Notch Configurations used. The specimen may also need side grooves to ensure a
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NOTCH AND CRACK ENVELOQPE: SUGGESTED NOTCH AND
CRACK CONFIGURATIONS

0.063W max 30 deg
Q
WIDE NABRROWY

........ e s NOTGH NQTGH
do -0.1
- do maximum

notch 0.063W 0.010W

thickness
ACCEPTAB}(I;E NOTCH. maximum
0.1W max MACHINED SLOT tch as
T / FATIGUE :zgﬁ" 00 deg machined
B e —— T 7 PRECRACK

L ................................ - minlmum

E—‘ a J plr::;?;k 0.05 a, 0.05 a,
I [o]

UNACCEPTABLE NOTCH:
MACHINED SLOT
Lj / FATIGUE

________________________________ | AR

Note 1—The crack-starter notch shall be centered between the top and bottom specimen edges within 0.005 W.
FIG. 6 Envelope of Fatigue Crack and Crack Starter Notches

straight crack front as specified in Annex A4-Annex A7. Thelength is measured from compliance in this procedure and
total thickness reduction shall not exceed OB5A total verified by posttest optical crack length measurements. An
reduction of 0.20B has been found to work well for many alternative procedure using the normalization method is pre-
materials. Any included angle of side groove less than 90° isented in Annex A15: Normalization Data Reduction Tech-
allowed. Root radius shall be0.5 = 0.2 mm (0.02+ 0.01  nique.

in.). In order to produce nearly straight fatigue precrack fronts, 8.1.4 Three or more determinations of the fracture tough-
the precracking should be performed prior to the side-groovingiess parameter are suggested to ascertain the effects of material
operation By is the minimum thickness measured at the rootsand test system variability.

of the side grooves. The root of the side groove should be 8.2 System and Specimen Preparation

located along the specimen centerline. 8.2.1 Specimen MeasuremenMeasure the dimensions,
By, B, W, H*, andd to the nearest 0.050 mm (0.002 in.) or
0.5 %, whichever is larger.
8.2.2 Specimen Temperature
8.2.2.1 The temperature of the specimen shall be stable and
uniform during the test. Hold the specimen at test temperature
'€3°C for %2 h/25 mm of specimen thickness.
8.2.2.2 Measure the temperature of the specimen during the

r Z
gest to an accuracy of:3°C, where the temperature is
easured on the specimen surface withhil from the crack

. (See Test Methods E 21 for suggestions on temperature

8. Procedure

8.1 Objective and Overview

8.1.1 The overall objective of the test method is to develop
a load-displacement record that can be used to evajakeor
CTOD. Two procedures can be used: (1) a basic procedu
directed toward evaluation of a singkg J, or CTOD value
without the use of crack extension measurement equipment,
(2) a procedure directed toward evaluation of a complet
fracture toughness resistance curve using crack extensiiﬂ
measurement equipment. This also includes the evaluation

single-point toughness values. measurement.) ) ,
8.1.2 The basic procedure utilizes a load versus displace- 8.2.2.3 For the duration of the test, the difference between

ment plot and is directed toward obtaining a single fracturdn€ indicated temperature and the nominal test temperature
toughness value such &s,, J, or d,. Optical crack measure- Shall not exceed=3°C.
ments are utilized to obtain both the initial and final physical 8-2-2.4 The term “indicated temperature” means the tem-
crack sizes in this procedure. Multiple specimens can be use@erature that is indicated by the temperature measuring device
to evaluate] at the initiation of ductile cracking];, or 8, using good-quality pyrometric practice.

8.1.3 The resistance curve procedure utilizes an elastic Note 2—It is recognized that specimen temperature may vary more

unloading procedure or equivalent procedure to obtaln@  than the indicated temperature. The permissible indicated temperature
CTOD-based resistance curve from a single specimen. Crackriations in 8.2.2.3 are not to be construed as minimizing the importance
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of good pyrometric practice and precise temperature control. All laboraalloys, heat tinting at about 300°C (570°F) for 30 min works
tories should keep both indicated and specimen temperature variations @f||. For other materials, fatigue cycling can be used. The use
small as practicable. It is well recognized, in view of the dependency obf liquid penetrants is not recommended. For both recom-

fracture toughness of materials on temperature, that close temperatur: . - .
control is necessary. The limits prescribed represent ranges that aFﬁended methods, the beginning of stable crack extension is

common practice. marked by the end of the flat fatigue precracked area. The end
) of crack extension is marked by the end of heat tint or the
8.3 Alignment beginning of the second flat fatigue area.

8.3.1 Bend Testing-Set up the bend test fixture so thatthe g5 5 Break the specimen to expose the crack, with care

line of action of the applied I(O)ad passes midway between thgyen 1o minimize additional deformation. Cooling ferritic steel
support roll centers within=1 % of the distance between the gecimens to ensure brittle behavior may be helpful. Cooling

centers. Measure the span to withir0.5 % of the nominal  ,qnferritic materials may help to minimize deformation during
length. Locate the specimen so that the crack tip is midwayi4 fracture.

between the rolls to within 1 % of the span and square the roll
axes within=2°.

8.3.1.1 When the load-line displacement is referenced fro
the loading jig there is potential for introduction of error from

8.5.3 Along the front of the fatigue crack and the front of the
marked region of stable crack extension, measure the size of
The original crack and the final physical crack size at nine
equally spaced points centered about the specimen centerline

loading pom'E[s. Dlrdect r%etqustor Ioallfd-llne d'fpl‘;"cementcrack sizea,, and the final physical crack siza,, as follows:
measurement are described in (3s6). If a remote trans- average the two near-surface measurements, combine the result
ducer is used for load-line displacement measurement, tal

o .With the remaining seven crack length measurements and
care to eXC“tJde dtht()e' elﬁ§t|c dQ|s;|)Iacemert1t OI J}hel Iozd'tr‘f’l”&etermine the average. The measuring instrument shall have an
?;c)aasuremen and brinelling displacements at the loa po'ng‘ccuracy of 0.025 mm (0.001 in.).

8‘ 3.2 Compact Testing-Loading pin friction and eccentric- 8.5.4 None of the nine measurements of original crack size
3. : : . : 0
ity of loading can lead to errors in fracture toughness determif”md final physical _crack slz€ may dlff_er by_more than 5 % from
) ; . the average physical crack size defined in 8.5.3.
nation. The centerline of the upper and lower loading rods 8.6 Resi C P dc
should be coincident within 0.25 mm (0.01 in.). Center the - eS|stancg urve Frocedure . _
specimen with respect to the clevis opening within 0.76 mm 8.6.1 The resistance curve procedure involves using an
(0.03 in.). Seat the displacement gage in the knife edges firm|9last|c compliance technique or other technique to obtaid the
by wiggling the gage lightly. or CTOD resistance curve from a single specimen test. The
8.4 Basic Procedure-Load all specimens under displace- €astic_compliance technique is described here, while the
ment gage or machine crosshead or actuator displacemeRprmalization technique is described in Annex A1S.
control. If a loading rate that exceeds that specified here is 8.6.2 Load the specimens under the displacement gage or
desired, please refer to Annex Annex Al4: Special Requiremachlne crosshead or actuator displacement control. Load the
ments for Rapid-Load J-Integral Fracture Toughness TestingSPecimens at a rate such that the time taken to reach the load
8.4.1 The basic procedure involves loading a specimen to Br lies between 0.1 and 10.0 min. The time to perform an
selected displacement level and determining the amount dfnload/reload sequence should be as needed to accurately

crack extension that occurred during |0ading. estimate crack |ength, but not more than 10 min. If a hlgher
8.4.2 Load specimens at a constant rate such that the tini@ading rate is desired, please refer to Annex Annex Al4:
taken to reach the loak lies between 0.1 and 10.0 min. Special Requirements for Rapid-Load J-Integral Fracture

8.4.3 If the test ends by a fracture instability, measure thdoughness Testing.
initial crack length and any ductile crack extension by the 8.6.3 Take each specimen individually through the follow-
procedure in Section 9. Ductile crack extension may bdnhg steps:
difficult to distinguish but should be defined on one side by the 8.6.3.1 Measure compliance to estimate the original crack
fatigue precrack and on the other by the brittle region. Proceeléngth,a,, using unloading/reloading sequences in a load range
to Section 9 to evaluate fracture toughness in ternis,af, or ~ from 0.5 to 1.0 times the maximum precracking load. Estimate
CTOD. a provisional initial crack sizea,, from at least three
8.4.4 If stable tearing occurs, test additional specimens tonloading/reloading sequences. No individual value shall differ
evaluate an initiation value of the toughness. Use the procedufeom the mean by more that0.002W.
in 8.5 to evaluate the amount of stable tearing that has occurred 8.6.3.2 Proceed with the test using unload/reload sequences
and thus determine the displacement levels needed in thtat produce crack extension measurements at intervals pre-
additional tests. Five or more points favorably positioned arescribed by the applicable data analysis section of Annex A8 or
required to generate aR curve for evaluating an initiation Annex A10. Note that at least eight data points are required
point. See Annex A9 and Annex A1l to see how points shall béefore specimen achieves maximum load. If fracture instability
positioned for evaluating an initiation toughness value. is an expected response, then it may be helpful to load the
8.5 Optical Crack Length Measurement specimen monotonically over the rargg P < po. (See Annex
8.5.1 After unloading the specimen, mark the crack accordA5 for a definition of Pg). If crack length values change
ing to one of the following methods. For steels and titaniumnegatively by more than 0.00&,(backup), stop the test and
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check the alignment of the loading train. Crack length values 9.1.5.1 Crack Extensior-None of the nine physical mea-
determined at loads lower than the maximum precracking loadurements of crack extension shall be less than 50 % of the
should be ignored. average crack extension.

8.6.3.3 For many materials, load relaxation may occur prior 9.1.5.2 Crack Extension Predictiea-The crack extension
to conducting compliance measurements, causing a timesredicted from elastic compliance (or other method) at the last
dependent nonlinearity in the unloading slope. One methodnloading shall be compared with the measured physical crack
that may be used to remedy this effect is to hold the specimeextension. The difference between these shall not exceed 0.15
for a period of time until the load becomes stable at a constank a, for crack extensions less than (bg and the difference
displacement prior to initiating the unloading. shall not exceed 0.0B, thereafter.

8.6.3.4 The maximum recommended range of unload/reload 9.2 Fracture Instability—When the test terminates with a
for crack extension measurement should not exceed eithdracture instability, evaluate whether the fracture occurred
50 % of P; or 50 % of the current load, whichever is smaller. before stable tearing or after stable tearing. The beginning of

8.6.3.5 After completing the final unloading cycle, returnstable tearing is defined in A6.3 and A7.3. For fracture
the load to zero without additional crosshead displacemerihstability occurring before stable tearing proceed to Annex

beyond the then current maximum displacement. A5, Annex A6, and Annex A7 to evaluate the toughness values
8.6.3.6 After unloading the specimen, use the procedure im terms ofK, J, or CTOD. For fracture instability occurring

8.5 to optically measure the crack lengths. after stable tearing, proceed to Annex A5, Annex A6, and
8.7 Alternative Methods Annex A7 to evaluate toughness values and then go to 9.3 to

8.7.1 Alternative methods of measuring crack extensionevaluate stable tearing.
such as the electric potential drop method, are allowed. 9.3 Stable Tearing
Methods shall meet the qualification criteria given in 9.1.5.2. 9.3.1 Basic Procedure-When the basic procedure is used,
8.7.2 If displacement measurements are made in a plarenly an initiation toughness can be evaluated. Proceed to
other than that containing the load line, the ability to inferAnnex A9 and Annex All to evaluate initiation toughness
load-line displacement shall be demonstrated using the tesalues.
material under similar test temperatures and conditions. In- 9.3.2 Resistance Curve ProceduraNhen the resistance
ferred load-line displacement values shall be accurate to withiourve procedure is used, refer to Annex A8 and Annex A10 to
+1 %. develop theR curves. Proceed to Annex A9 and Annex All to

. develop initiation values of toughness.
9. Analysis of Results P g

9.1 Qualification of Data—The data shall meet the follow- 10. Report
ing requirements to be qualified according to this test method. 10.1 Arecommended table for reporting results is given Fig.
If the data do not pass these requirements, no fracture tough-and Fig. 8.
ness measures can be determined in accordance with this testig.2 Report the following information for each fracture
method. toughness determination:

Note 3—This section contains the requirements for qualification that 10.2.1 Type of test specimen and orientation of test speci-
are common for all tests. Additional qualification requirements are givenmen according to Terminology E 1823 identification codes,
with each type of test in the Annexes as well as requirements for 10.2.2 Material designation (ASTM, AISI, SAE, and so
determining whether the fracture toughness parameter developed fgrth), material product form (plate, forging, casting, and so
insensitive to in-plane dimensions. forth), and material yield and tensile strength (at test tempera-

9.1.1 All requirements on the test equipment in Section &ures),
shall be met. 10.2.3 Specimen dimensions (8.2.1), ThicknBsand By,

9.1.2 All requirements on machining tolerance and pre-and WidthW,
cracking in Section 7 shall be met. 10.2.4 Test temperature (8.2.2), loading rate (8.4.2 and

9.1.3 All requirements on fixture alignment, test rate, and3.6.2), and type of loading control,
temperature stability and accuracy in Section 8 shall be met. 10.2.5 Fatigue precracking conditions (7.8.. AK

9.1.4 The following crack size requirements shall be met irrange, and fatigue precrack length (average),
all tests. 10.2.6 Load-displacement record and associated calcula-

9.1.4.1 Original Crack Size-None of the nine physical tions (Section 9),
measurements of initial crack size defined in 8.5.3 shall differ 10.2.7 Original measured crack length (8.5), original pre-
by more than 5 % from the average, dicted crack lengtha,, final measured crack length, final

9.1.4.2Final Crack Size-None of the nine physical mea- predicted crack lengtha, physical crack extension during
surements of final physical crack sizg,, defined in 8.5.3 shall  test, crack front appearance—straightness and planarity, and
differ by more than 5 % from the average. In subsequent test$racture appearance,
the side-groove configuration may be modified within the 10.2.8 Qualification of fracture toughness measurement
requirements of 7.5 to facilitate meeting this requirement.  (Annex A4-Annex A7 and Annex A8-Annex All), based on

9.1.5 The following crack size requirements shall be met irsize requirements, and based on crack extension, and
the tests using the resistance curve procedure of 8.6. 10.2.9 Qualified values of fracture toughness.

10



Basic Test Information

Loading Rate, time to P, = [min]
Test Temperature = [°C]

Crack Length Information

Initial measured crack length, a, = [mm]
Initial predicted crack length, a, = [mm]

Final measured crack length, a, = [mm]
Final predicted crack length, a, = [mm]
Final Aa,., = [mm]
Final A2y = [mm]

Analysis of Results
Fracture Type = (Fracture Instability or Stable Tearing)

K Based Fracture

K., = [MPa-m"?]
Kno = [MPa-m'?Y)
J Based Fracture

J. = [k¥m?]

T = [k¥/m?]

1, = [k¥m?]

8 Based Results

o

o = [mm]
3 = [mm)
3, = [mm]
s = {mm]
8, = [mm]
Final Aab =

Final J,./Oys = [mm}
Specimen

Type =

Identification =
Orientation =

Basic Dimensions

ay(Notch Length) = [mm]
Particular Dimensions
C(T) H= [mm]
SE(B) S= [mm]
DCT) D= [mm}
Material

Material Designation=
Form =

Tensile Properties

E [Young’s Modulus] = [MPa)

v [Poisson’s Ratio] =

Oys [Yield Stress] = [MPa]

Oy [Ultimate Stress) = [MPa]
Tensile Test Temperature = [°C1
Precracking

Final P, = [N]

Final P, = N]

P, = [N]

Final AK/E = [MPa m'?]
Fatigue Temperature = [°C]

Fatigue Crack Growth Information

FIG. 7 Suggested Data Reporting Format
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11. Precision and Bias

11.1 Bias—There is no accepted “standard” value for any of
the fracture toughness criteria employed in this test method. In
the absence of such a true value no meaningful statement can
be made concerning bias of data.

11.2 Precision—The precision of any of the various fracture
toughness determinations cited in this test method is a function
of the precision and bias of the various measurements of linear
dimensions of the specimen and testing fixtures, the precision
of the displacement measurement, the bias of the load mea-
surement as well as the bias of the recording devices used to
produce the load-displacement record, and the precision of the
constructions made on this record. It is not possible to make
meaningful statements concerning precision and bias for all
these measurements. However, it is possible to derive useful
information concerning the precision of fracture toughness
measurements in a global sense from interlaboratory test
programs. Most of the measures of fracture toughness that can
be determined by this procedure have been evaluated by an
interlaboratory test program. Thg. was evaluated i§8), J;.
was evaluated ii(9), the J-R curve was evaluated if10), and
the measures @& and3,,, were evaluated in a research regort.

In addition, the overall analysis procedures of this test method
were evaluated in an interlaboratory test program.

12. Keywords

12.1 crack initiation; crack-tip opening displacement;
CTOD; ductile fracture; elastic-plastic fracture toughness;
fracture instability; J-integral; K; plane strain fracture tough-
ness; resistance curve; stable crack growth

4 Data on the round-robin results are on file at ASTM Headquarters. Request
RR:E24-1013.
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Test Information Specimen ID: Date
Test Record Information Operator:
Event P [N] v [mm] a [mm)] Aa [mm)] K [MPa- J (k¥/m?} & [mm)]
ml/Z]

FIG. 8 Suggested Data Reporting Format

ANNEXES
(Mandatory Information)

Al. SPECIAL REQUIREMENTS FOR TESTING SINGLE EDGE BEND SPECIMENS

Note Al.1—Annex Al-Annex A3 cover specimen information. 0.8Bboy
Pi=—%5
] ] ] See 7.4.5 for fatigue precracking requirements.

Al.1.1 The standard bend specimen is a single edge- _
notched and fatigue-cracked beam loaded in three-point bend1.4 Calculation
ing with a support spar nominally equal to four times the  A1.4.1 Calculation of K—For the bend specimen at a load,
width, W. The general proportions of the specimen configurap(i), calculateKas follows:
tion are shown in Fig. A1.1.

(A1.1)
Al.1l Specimen

PS
A1.1.2 Alternative specimens may have<l W/B = 4. K= [W] f(ay /W) (AL1.2)
These specimens shall also have a nominal support span equal
to 4W. where:
3(a/W) *[1.99 — (a/W) (1 — a;/W) (AL3)

Al.2 Apparatus

. o ) X (2.15— 3.93a/W) + 2.7 (a/W)?)]
Al.2.1 For generally applicable specifications concerning f(a/W) = 200+ 2aW)(L — a/ W)
the bend-test fixture and displacement gage see 6.5.1 and 6.2. ) '
Al.4.2 Calculation of J:

Al.3 Specimen Preparation: Note Al.2—In the calculation ofl for the bend specimen a load-line

A1.3.1 For generally applicable specifications Ccmcemil,](‘gisplacement is required. For evaluating crack length, a crack mouth
S - - - . isplacement is used.
specimen configuration and preparation see Section 7. ] .
A1.3.2 All specimens shall be precracked in three-point For the single edge bend specimen, calculeées follows:
bending fatigue based upon the loggl as follows: J=1Jy+ (A1.4)

12
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I
|
: W — —
0.005W
| _joiw ¢

0.2W—=] I B A
1 J 125>B = o.5w/\125

fep—— 2,25 W min ]

See FIG.6

2.25W min————

Note 1—The two side planes and the two edge planes shall be parallel and perpendicular as applicable to within 0.5°.
Note 2—The machined notch shall be perpendicular to specimen length and thickness to-v@thin
FIG. A1.1 Recommended Single Edge Bend [SE(B)] Specimen

In Eq A1.7, the quantity’,;, = Agi_1y iS the increment of

where:
Jo = elastic component of, and plastic area under the load versus load-line displacement record
Ju = plastic component od. between lines of constant displacement at poirts andi

Al1.4.2.1J Calculations for the Basic Test Methedht a  shown in Fig. A1.3. The quantity,,; represents the total crack

point corresponding to v anB on the specimen load versus

load-line displacement, calculate as follows:
2y
~ =]
9 i
5]
=)
—
Total Load-Line Displacement, v Vpl-1)  Vpl®
FIG. A1.2 Definition of Area flslremgdCalculation Using the Basic Plastic Load-Line Displacement, Vpl
FIG. Al1.3 Definition of Plastic Area for Resistance Curve J
Calculation
KZ(1-v?
J=—F—+3 (A1.5)
whereK is from AL.4.1 witha = a,, and grO\_/vth _corrected .plast@at pointi and is obtained in two steps
by first incrementing the existing, ;.1 and then by modifying
Iy = Bﬂs' the total accumulated result to account for the crack growth
N0 increment. Accurate evaluation ak,; from the Eq Al.7

where: relationship requires small and uniform crack growth incre-
A, = area as shown in Fig. A1.2, ments consistent with the suggested elastic compliance spacing
By = netspecimen thicknesBy = B if no side grooves are present), of Annex A8 and Annex A10. The quantit}\pm) can be
X 3\;‘(1 . calculated from the following equation:

o .

Al1.4.2.2J Calculations for the Resistance Curve Test Aoiiy = Apii-1 T [Py + P i-p] Vg = Voi-pJ/2 - (AL8)
Method—At a point corresponding to @, v;;, andPg; on the  where:
specimen load versus plastic load-line displacement calculat&.q =

plastic part of the load-line displacement 7\~
(P(i)CLL (i))), and

as follows:
Cug = slope, AV/AP) ), required to give the current crack length,
B (K(i))z(l -V 3 (AL6) &
o E P ' C.( can be determined from knowledge @fW using the
whereKg, is from A1.4.1, and following equation:
2\ (Poi) ~ Apii-n & ~ &i-1 _ 1/ S Y 2
o) = [Jpl(i—l) + (b(i—1)> ( By Nl - Cui=gglw=a,) 1193~ 1.98a/W) + 4.478a/W)
(AL1.7) — 4.443a,/W)® + 1.739a/W)*] (A1.9)

13
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where; , 5 K?(1 -9 N (W —agV

B. = B-(B-By?B 20vE [r,(W—a,) +a,+7
Al1.4.3 Calculation of Crack Length-For a resistance | ore:

curve test method using an elastic compliance technique o

single edge bend specimens with crack opening displacements

measured at the notched edge, the crack length is given as

(A1.12)

original crack length,
stress intensity factor as defined in A1.4.1 wétk a ,
Poisson'’s ratio,

follows: Oys yield or 0.2 % offset yield strength at the temperature of
interest,
a/W = [0.999748— 3.95041 + 2.98211% — 3.21408° E = elastic modulus at the test temperature,
+ 51.515641* — 113.031°] (A1.10) vV, = plastic component of crack mouth opening displacement at the
point of evaluation on the load-displacement curvew v,,
where: orv,
1 z = distance of knife edge measurement point from the notched
U=FBWECTZ (AL11) edge on the single edge bend specimen, and
[ 57 '] r, = plastic rotation factor = 0.44.
Al1.4.5.2 Calculations of CTOD for the Resistance Curve
C, = (Av,/AP) on an unloading/reloading sequence, Test Method-For the resistance curve test method, calcula-
V, = crack openir;g displacement at notched edge, tions of CTOD for any point on the load-displacement curve
B. = B-(B-ByB. _ S are made from the following expression:
Note A1.3—Crack length on a single edge bend specimen is normally
determined from crack opening compliance. It can be determined from Kﬁ,(l -V [r(W —ag) + Adlvy
load-line compliance if the correct calibration is available. 0~ T 20 E + [r,W—a,)+ag+7 (A1.13)

Al.4.4 Other compliance equations are acceptable if the her

resulting accuracy is equal to or greater than those describeg e current crack length

and the accuracy has been verified experimentally. A = oa 0~ Qo
Al1.4.5 Calculation of CTOD K = stress intensity factor as defined in A1.4.1 witk a ;, and
A1.4.5.1 Calculation of CTOD for the Basic Test Methed the other terms are defined in A1.4.5.1.

For the basic test method, calculations of CTOD for any point
on the load-displacement curve are made from the following
expression:

A2. SPECIAL REQUIREMENTS FOR TESTING COMPACT SPECIMENS

A2.1 Specimen See Section 7 for fatigue precracking requirements.
A2.1.1 The standard compact specim@&@fI), is a single _

edge-notched and fatigue cracked plate loaded in tension. Twd2.4 Calculation

specimen geometries which have been used successfully for s> 4 1 calculation of K—For the compact specimen at a

testing are shown in Fig. A2.1. load P , calculateK as follows:
A2.1.2 The compact specimen in Fig. A2.2 has generally

been used only foK,, testing; it has no provision for load-line K = P; _faW) (A2.2)
displacement measurement. Do not use this specimen for (BBW)
ductile fracture toughness measurement. Use it only when \yin-
K,c.behavior is expected.
A2.1.3 Alternative specimens may have=2W/B = 4 but [(2+ a;/W) (0.886+ 4.64a/W) (A2.3)
with no change in other proportions. —13.32a/W)% + 14.72a/W)% — 5.6a@,/W)")]
f(a,/\/\/) = 1- 61/\/\/) 32

A2.2 Apparatus

A2.2.1 For generally applicable specifications concerninqa
the loading clevis and displacement gage, see 6.5.2 and 6.2.

A2.4.2 Calculation of 3—~For the compact specimen calcu-
te J as follows:

J=Jy+Jy (A2.4)
A2.3 Specimen Preparation where:
A2.3.1 For generally applicable specifications concerningJ,, = elastic component aof, and

specimen size and preparation see Section 7. Joi plastic component od.
A2.3.2 All specimens shall be precracked in fatigue at a A2 .4.2.1 J Calculations for the Basic Test MethedFor the
load value based upon the lo&as follows: compact specimen at a point corresponding tdPwn the
0.4Bbo specimen load versus load-line displacement record calculate
P~ @aw+a) A2 as follows:

14
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[LZ3W & 0.0\

W= 0.005W

‘ 0.13W

|

SEEFIG. 6

COMPACT TEST SPECIMEN FOR PIN OF 0.24W (+0.000W/-0.005W) DIAMETER

1.25 W= 0.01W

W £ 0.005W

I

0.21W (max)

0375w | ‘

t I\LLLSSW DIA.

SEE FIG. 6

COMPACT TEST SPECIMEN FOR PIN OF 0.1875W(+0.000W/-0.001W)DIAMETER

FIG. A2.1 Two Compact Specimen Designs That Have Been Used Successfully for Fracture Toughness Testing

K31 —1?)
= E =+ pl
where:
K'is from A2.4.1 witha = a,, and
_ MAp
=B,

Area A as shown in Fig. A1.2,
net specimen thicknes8,( =B if no side grooves

uncracked ligament\W{ - a .), and

where:
(A2.5) Ay =
By =
are present),
b, =
(A2.6) m = 2+0.52Dd/W.

15
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; 0.25W = 0.005W DIA

2 HOLES
< <
7 A
,’/ .
/’ A =
~ z
s [T
NOTE 4 J
T . 2 63
N 0.275W D L
A-— N\ +0.005W
\ <
j c:: Y A4
A A
0.275W N
£0.005W . 0=
vy g
S
(=1
S N T _8
AN ] i
A s
7
14
| < a- — » \ - -
N ‘ : ‘ &> o>
AR ‘ .
-« ~W = 0.005W-———— !
i ! !
! - B 3
< —~—1.25W £ 0.010W-————>
<

B =(W/2)£0.010W

Note 1—A surfaces shall be perpendicular and parallel as applicable to within 0.002 W TIR.
Note 2—The intersection of the crack starter notch tips with the two specimen surfaces shall be equally distant from the top and bottom edges of the
specimen within 0.005 W.
Note 3—Integral or attachable knife edges for clip gage attachment to the crack mouth may be used.
Note 4—For starter-notch and fatigue-crack configuration see Fig. 6.
FIG. A2.2 Compact Specimen for K. Testing

A2.4.2.2 J Calculation for the Resistance Curve Testabove relationship requires small and uniform crack growth

Method—For theC(T)specimen at a point correspondiag,, increments consistent with the suggested elastic compliance
Vi), andPg on the specimen load versus load-line displace-spacing of Annex A8 and Annex A10. The quani#ty;, can be
ment record calculate as follows: calculated from the following equation:
(Ki)? (1 =9 [P + Pa-2] [Voi) = Vii-1]
Jo=—F—+ 3 (A2.7) Py = Aoy + —— 0BT (A2.9)
whereKg; is from A2.4.1, and: where:
M-\ Ay — Asli-1) Vpiy = Pplastic part of the load-line displacement~(P
Joi = | Joii-n -y By ®CyrLq), and
ag) — ;-1 C. g = compliance, Av/AP) required to give the current
: [1 Ry ] (A2.8) crack lengtha.
where: C. can be determined from knowledge &fW using the
My = 2.0+ 0522/, and following equation:
. = . .\ 2
RIGEY 1.0 +0.760 i1 W. Cigy) = %(—w f :) [2.1630+ 12.219a,/W)
In Eq A2.8, the quantityA, ;= Ayi.1y i the increment of — 20.06%a,/W)? — 0.9925a,/W)*
plastic area under the load versus plastic load-line displace- + 20.609a/W)* — 9.9314a,/W)°] (A2.10)

ment record between lines of constant displacement at points
i=1 andi shown in Fig. A1.3. The quantity;, represents the
total crack growth corrected plasticat pointi and is obtained (B - By?
in two steps by first incrementing the existidg;_,, and then B.=B~-—p

by modifying the total accumulated result to account for the

crack growth increment. Accurate evaluationJgj; from the

where:

(A2.11)

16
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In an elastic compliance test, the rotation corrected compli-
ance,C(i), described in A2.4.4 shall be used insteadpf ;
in Eq A2.10.

A2.4.3 Calculation of Crack Length-For a single speci-
men test method using an elastic compliance technique on the
compact specimen with crack opening displacements measured

on the load line, the crack length is given as follows:
a/W = [1.000196— 4.0631% + 11.2421° — 106.043°

+ 464.33%% — 650.671°] (A2.12)
where:
= ! A2.13
4T BEC, P+ 1 (A2.13)
Cciy = specimen load-line crack opening elastic compli-

ance QAv/A P) on an unloading/reloading sequence
corrected for rotation (see A2.4.4),
B. B-(B-By)?%B.
A2.4.4 To account for crack opening displacemen€Ci{T)
specimens, the crack length estimation shall be corrected for
rotation. Compliance is corrected as follows:

G
Ceiy = TR 5 (A2.14)
[ﬁ sing; — cosﬁi][ﬁ sing; — cos)i]

where (Fig. A2.3):
C;, = measured specimen elastic compliance (at the load-

line),
H* = initial half-span of the load points (center of the pin

holes),
R = radius of rotation of the crack centerlin&y @ a)/2, FIG. A2.3

wherea is the updated crack length,

D = one half of the initial distance between the displace- where:
ment measurement points, ere-
6 = angle of rotation of a rigid body element about the EO _
unbroken midsection line, or
Vv =
A Oys =
- (_2+ D /D

6 = sin (DZ+—R2)1/2 — tan R) and (A215) E —
Vp| =

d,, = total measured load-line displacement.

A2.4.5 Other compliance equations are acceptable if thez
resulting accuracy is equal to or greater than those described
and the accuracy has been verified experimentally. M

A2.4.6 Calculation of CTOD where:

A2.4.6.1 Calculation of CTOD for the Basic Test Methed
For the basic test method, calculations of CTOD for any point
on the load-displacement curve are made from the following
expression:

CKGL—v?)
20yE

(O

[rp(W —a)] \A0)
[r,(W—-a,) +a,+17

(A2.16)

17

A2.4.6.
Test Method-For the resistance curve test method, calcula-
tions of CTOD for any point on the load-displacement curve
are made from the following expression:

Elastic Compliance Correction for Specimen Rotation

original crack length,

stress intensity factor as defined in A2.4.1 with

a=a,

Poisson'’s ratio,

yield or 0.2 % offset yield strength at the tempera-
ture of interest,

elastic modulus at the test temperature,

plastic component of clip gage opening displace-
ment at the point of evaluation on the load-

displacement curve,.vv,, Or vV,

distance of knife-edge measurement point from the
load-line on theC(T) specimen, and

plastic rotation factor = 0.4 (1 ),

_ a02 ao 1712
= (5) +Rra]

2 Calculation of CTOD for the Resistance Curve

1
2

a,

bt (A2.17)



A8 E 1820 — 01
“afl

s - KG (L -9 N [Fpi(W — @) + Aalvy, (A2.18) oqy = Pplastic rotation factor =0.4 (1 & (),
® 20 vE [roi(W—ag) +ag + 2 ' where
where: o (%)2 &) 1]1’2_ <a(i> 1)
N=2l—) +—+5 2l=—+5 A2.19

Aa = ag-a, 0 [ b/ b 2 b, 2) A2
K = stress intensity factor as defined in A2.4.1, with 4 o other terms are defined in A2.4.6.1.

a=ag, and

A3. SPECIAL REQUIREMENTS FOR TESTING DISK-SHAPED COMPACT SPECIMENS

A3.1 Specimen See 7.4 for precracking requirements.

A3.1.1 The standard disk-shaped compact specimer]m4 Procedure

DC(T), is a single edge-notched and fatigue cracked plate

loaded in tension. The specimen geometry which has been used”3-4-1 Measuremert- The analysis assumes the specimen
successfully is shown in Fig. A3.1. was machined from a circular blank, and, therefore, measure-

25W005W DIA <| <!
2 HOLES 8> g\‘

S
275Wx.005W NOTE 4
‘ 7

675WL005W

63
— T 3y e A
1

NOTE 5 S i """"""""""" e
! il 22° 30

T ik S———
1 e ~

= W,005W T [

B=W/2 £010W

675W.005

Note 1—All surfaces shall be perpendicular and parallel as applicable within 0.002 W TIR.

Note 2—The intersection of the crack starter notch tips on each surface of the specimen shall be equally distant within 0.005W from the centerline
of the loading holes.

Note 3—Integral or attached knife edges for clip gage attachment to the crack mouth may be used.

Note 4—For starter-notch and fatigue-crack configuration see Fig. 6.

Note 5—Required circularity measurements shall be made at eight equally spaced points around the circumference. One of these points shall be the
notch plane. Average the readings to obtain the radius. All values shall be within 5 % of the average.

FIG. A3.1 Disk-Shaped Compact Specimen, DC(T), Standard Proportions and Dimensions

A3.1.2 Alternative specimens may have2W/B = 4 but  ments of circularity as well as widthy; crack lengtha; and
with no change in other proportions. thicknessesB andBy, , shall be made. Measure the dimensions
A32 A ¢ By and B to the nearest 0.05 mm (0.002 in.) or 0.5 %,

-2 Apparatus whichever is larger.

A3.2.1 For generally applicable specifications concerning A3.4.1.1 The specimen blank shall be checked for circular-
the loading clevis and displacement gage see 6.5.2 and 6.2ty before specimen machining. Measure the diameter at eight
A3.3 Specimen Preparation equally spaced points around the circumferencg of th_e speci-

i . . men blank. One of these measurements shall lie in the intended

A3.3.1 For generally applicable specifications concerning,sicp plane. Average these readings to obtain the diani2ter,

specimen size and preparation, see Section 7. If any measurement differs from the average diamdery
A3.3.2 All specimens shall be precracked in fatigue at dnorg than 5 %, machine the blank to the required circularity.
load value based upon the lo&das follows: Otherwise.D = 1.35W.
o 0.4BKoy (A3.1) A3.4.1.2 Measure the widthy, and the crack lengthg,
) .

T 2W+tay) from the plane of the centerline of the loading holes (the

18
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notched edge is a convenient reference line but the distancepresents the total crack growth corrected plastt Pointi
from the centerline of the holes to the notched edge must band is obtained in two steps by first incrementing the existing
subtracted to determind anda). Measure the width, to the  J,,._,, and then by modifying the total accumulated result to
nearest 0.05 mm (0.002 in.) or 0.5 %, whichever is larger. account for the crack growth increment. Accurate evaluation of
Joiy from the preceding relationship requires small and uni-

A3.5 Calculation form crack growth increments consistent with the suggested
A3.5.1 Calculation of K—For the DC(T) specimen at a load elastic compliance spacing of Annex A8 and Annex A10. The
P, calculateKas follows: quantity A, can be calculated from the following equation:
__Pi [P + Pi—p] Vo) = Vpii-1]
K= (BEW)? f(a;/W) (A3.2) Aty = Apii-n T ( 2 : : (A3.9)
where: where:
[(2 + a,/W) (0.76 + 4.8a/W) — 11.58a,/W)? (A3.3) Vo) = plastic part of the load-line displacementv
WS — YA (PiCL ), and
fa/W) = i 11'436“1/\,1/) ; 4.2§(a,/vv) U Cigp = colmpl?ance,z(\v/AP) required to give the current
. (1=aW _ crack lengtha;.
A3.5.2 Calculfmon of 3—For the DC(T) specimen, calcu-  For test methods that do not utilize the elastic compliance
late J as follows: techniques(,, ; can be determined from knowledgeagf/W
J=Jg+ Iy (A3.4)  using the following equation:
where: - :i<1+qi)/w>z
Jo = elastic component af, and LD EB\ 1 - a/W
Jo = plastic component aod. [2.0462+ 9.649Ga,/W) — 13.7346a ;/W)?
A3.5.2.1 J Calculation for the Basic Test MethedFor the + 6.1748a ,/W)°] (A3.10)

DC(T) specimen at a point corresponding tg,W; on the
specimen load versus load-line displacement record calculate/here:

as follows: B, = B-(B-B,)?B.
K21 — v?) In an elastic compliance test, the rotation corrected compli-
J=—F— "+ (A3.5)  ance,C(i), described in A3.5.4 shall be used insteadCof ;
whereK is from A3.5.1 witha = a,, and given above. ] )
A3.5.3 Calculation of Crack Length-For a single-
3y = ba (A3.6)  specimen test method using an elastic compliance technique on
NN . . o
DC(T) specimens with crack opening displacements measured
where: at the load-line, the crack length is given as follows:
A, = AreaAas shown in Fig. Al1.2, e - 2
By = net specimen thicknes8y( =B if no side grooves a /W= 0.998193~ 3.8808T + 00.187106
are present) +20.3714° — 4521251 + 44.5270°  (A3.11)
b, = uncracked ligamentW —a ), and where:
m = 2+0.52b,/W.
A3.5.2.2J Calculation for the Resistance Curve Test U= ;1/2 (A3.12)
Method—For the DC(T) specimen at a point corresponding to [(BeECe)™ + 1]
a, v;, andP; on the specimen load versus load-line diSpIace'where'
ment record, calculate as follows: C.q = specimen crack opening complianc&v(AP) on
(K2 (1 — V) an unloading/reloading sequence, corrected for
Jo=——F& T (A3.7) rotation (see A3.5.4),
whereKg, is from A3.5.1 and: B. =B-(B-ByB S _
3 A3.5.4 To account for crack opening displacement in DC(T)
I = [J i+ (mi*“) Aot A”'“*l’] specimens, the crack size estimation shall be corrected for
pl(i) pli—1) by By : . )
rotation. Compliance shall be corrected as follows:
i) ~ &i-1
|: e T b—] (A3.8) C
(i-1) Ceiy = e D (A3.13)
where: [ﬁ sinp; — cosﬁi][ﬁsinei - cosﬁi}

where (Fig. A2.3):

Tl(i—l) = 2.0+0.522 b(i_:Ri\lW, and
= measured specimen elastic compliance (at the load-

Yiie = 1.0+ 0.76 bj_,/W.
(-1 i (i-1) : C
In the preceding equation, the quantty; — Ay -1y is the i

increment of plastic area under the load versus load-line ,, _ !Inni?i)’l half-span of the load point nter of the oin
displacement record between lines of constant displacement B hoI:s) alf-span of the load points (center of the p

points i-1 and i shown in Fig. A1.3. The quantity,
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R = radius of rotation of the crack centerlin&y a)/2, oys = Yyield or 0.2 % offset yield strength at the tempera-

wherea is the updated crack length, ture of interest,
D = one half of the initial distance between the displace- E = elastic modulus at the test temperature,

ment measurement points, vV, = plastic component of clip gage opening displace-
6 = angle of rotation of a rigid body element about the ment at the point of evaluation on the load-

unbroken midsection line, or displacement curve,.vv,, Or vV,

d z = distance of knife edge measurement point from the
- (—5‘+ D /D load-line on the C(T) specimen, and
6 = sin el tan (ﬁ), and (A3.14)  r, = plastic rotation factor = 0.4 (1 ),
where:
ao 2 ao 1712 ao 1

d,, = total measured load-line displacement. a= 2[ (E) tht g] - Z(b—o + Q) (A3.16)

A3.5.6.2 Calculation of CTOD for the Resistance Curve

A3.5.5 Other compliance equations are acceptable if thgest Method-For the resistance curve test method, calcula-
resulting accuracy is equal to or greater than those describafbns of CTOD for any point on the load-displacement curve
and the accuracy has been verified experimentally. are made from the following expression:

A3.5.6 Calculatlop of CTOD . ) K2(1—1D)  [ry(W—ag) + Adlvy

A3.5.6.1 Calculation of CTOD for the Basic Test Methed )= 20, E T fW—a,) +a,+ 7 (A3.17)
For the basic test method calculations of CTOD for any point
on the load-displacement curve are made from the followingwhere:

expression: ag = current crack length,
2 2 Aa = a (I) - ao,

K@ v W 3 van (as1s) K = stress intensity factor as defined in A3.5.1, with

(i) 20vE [rr(W—a,) +a,+7 ' a=a, and
where: rhiy = plastic rotation factor=0.4 (1« ),
a, = original crack length, where
K = stress intensity factor as defined in A3.5.1 with _ an\? a; 142 ag 1

a=a ai) = 2|: (b—> b ?:| - 2<b— + §> (A318)
! (0] (0] (i)

<
1

Poisson’s ratio, and the other terms are defined in A3.5.6.1.

A4. METHODS FOR EVALUATING INSTABILITY AND POP-IN

Note A4.1—Annex A4-Annex A7 through cover methods for evaluat-  A4.1.2.1 Draw a lineCB, which is parallel to the initial
ing toughness for fracture instability. slopeOA and that passes through the crack initiation load point

A4.1 Pop-In Crack Propagation: of the pop-in under consideration.

A4.1.1 If the pop-in is attributed to an arrested fracture A4-1.2.2 Draw asecond line, that originates at P@iritine
instability in the plane of the fatigue precrack, the result isCF» and that has 5 % reduced slope from LiDB.
considered to be a characteristic of the material tested. Pop-in A4.1.2.3 Mark the poinG, corresponding to the load and
can be assessed by a specific change in compliance, and alsdisplacement at pop-in crack arrest.

posttest examination of the fracture surfaces. Pop-ins are only A4.1.2.4 When Poin6 is within the angleBCF, the pop-in

eéaluar;red Whgn the load rises with increasing displacemen judged to be insignificant. (See Fig. A4.1(b).)

after the pop-in. . . r
A4.1.2 The following procedure may be used to assess the A4'132.'5 When PO.mGIS outside the angIBCF, the Pop-n
T ) = 1S significant (see Fig. A4.1(a)). J ardvalues determined

significance of small pop-ins when the post-test exam|nat|one ond pointG are invalid. Calculate values of fracture

indicates that these are associated with arrested fracture ins{%-y P :

bility in the plane of the fatigue precrack (Refer to Fig. A4.1): oughness corresponding to the point of onsgtofw ,).
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Pop-—in
that may
NOT
be ignored

(a)

C D
Clip Gage Displacement, Vg

Pop—in
that may
be ignored

(b)

C D
Clip Gage Displacement, Vg

Note 1—Slope of Line CF is exaggerated for clarity.

FIG. A4.1 Procedure for Evaluating Significance of Pop-in

A5. METHOD FOR K,. DETERMINATION

A5.1 This annex describes the methods and calculationseecorded data. If only an autographic record is taken, the initial
required to determine the linear elastic, plane-strain fracturslope of the linear portion on the plotter shall be between 0.7

toughnessK., and the associated requirements for qualifyingand 1.5.

the data according to this test method. Data meeting all of the
gualification requirements of 9.1 and those of this annex result

in a size-independer |, value.

A5.3 Calculation

21

of Results-In order to determin&. in
accordance with this test method, it is necessary first to
calculate a conditional resuls, which involves a construc-
A5.2 Test Recored-Conduct the test following the proce- tion on the test record, and then to determine whether this
dure in Section 8. Make a test record as shown in Fig. A5 fesult is consist_ent with size and yield strength requirements.
with the load along the vertical axis and crack-mouth displaced he procedure is as follows:
ment along the horizontal axis. This record can be generated A5.3.1 Construct a secant line as shown on Fig. A5.1 with
autographically during the test or after the test from digitallya slope PN)s = 0.95PN), where PN), is the slope of the
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LOAD, P

85 %\

 SECANT

os %\

# SECANT

e 5%\

/SECANT

/TYPE 111

CRACK MOUTH DISPLACEMENT, v
FIG. A5.1 Principle Types of Load-Displacement Records

tangentOA to the initial portion of the data record. This slope exceed 1.10, then the test is not a size-independgntest
can be obtained from a slope calculation using digital data obecause it is then possible th& bears no relation t&..

fit to an autographic record as desired. A5.4.3 Calculate 2.5P(QI0YS)2 whereo sis the 0.2 % offset
Note A5.1—Slight nonlinearity often occurs at the very beginning of a .yleld strength in tension (sge Test MethOdS E 8). I this quantity
record and should be ignored. However, it is important to establish thé> |e_ssf .than both the specimen th'Ckn@Sa_nd the length of
initial slope of the record with high precision and therefore it is advisablethe initial uncracked ligamenty,, thenKg is equal toK.

to minimize this nonlinearity by a preliminary loading and unloading with Otherwise, the test is not a qualified and sizeindepenkgnt
the m_aximum load not prodycing a stress intensity level exceeding thaiest. Expressions for calculationsloé are given in the Annex
used in the final stage of fatigue cracking. Al-Annex A3 appropriate to the specimen being tested.

The loadPy, is then defined as follows: if the load at every ~A5.4.4 If the test result fails to meet the qualification
point on the record that precedBs is lower thanPs, thenP;  requirements in 9.1 or in A5.4, or both, it will be necessary to
is Pg (Fig. A5.1, Type 1); if, however, there is a maximum load use a larger specimen to determiQg. The dimensions of the
precedingP; that exceeds it, then this maximum loadHg  larger specimen can be estimated on the basiKgfbut
(Fig. A5.1, Types Il and 1l1). generally will be at least 1.5 times those of the specimen that
. failed to yield a qualified and size-independé&pt value. The
02‘;: QSVZS g gg,tTﬁeAgnsnoeAf Sflsglr:ﬁgrg‘:’] igrer(;';%r;sd; \tlg ratnh?néfggseunquahﬁedK,c test result can be evaluated by the method; of
in elastic compliance equivalent to that caused by a crack extension dhN€X A4-Annex A7 and Annex A8-Annex All to determine
approximately 2 % of the original remaining ligameht, or the original ~ Whether other measures of fracture toughness can be developed
crack lengtha . from this test method.

A5.4 Qualification of K, as K: A5.5 Significance of K—The propertyK,. determined by

A5.4.1 ForKq to be qualified as ¥, value it must meet the this test method characterizes the resistance of a material to
qualification requirements of 9.1. To be a size-indepen#ent fracture in a neutral environment in the presence of a sharp
value, it must meet the following requirements: crack under severe tensile constraint, such that the state of

A5.4.2 Calculate the ratidP,,/Po, Where P, is the stress near the crack front approaches tritensile plane strain,
maximum load the specimen was able to sustain (see Fignd the crack-tip plastic region is small compared to both the
A5.1). If this ratio does not exceed 1.10, proceed to calculaterack size and to the specimen dimension in the constraint
Ko as described in Annex Al-Annex A3 using the formuladirection. AK,; value is believed to represent the lower limiting
appropriate to the specimen being testedP|{,/P, does value of fracture toughness.
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A6. FRACTURE INSTABILITY TOUGHNESS DETERMINATION USING J

A6.1 This annex describes the method for characterizing 900
fracture toughness values basedXbnl, or J,, for a fracture &
. - . . i - «© /
instability and the associated requirements for qualifying theg UTS = 293.0 + 0.7715YS
data according to this test method. Data meeting all of th& & i / P
e ; : o 700 L~
qualification requirements of 9.1 and those of this annex resulg = j /YS/—
in qualified values ofl; or J,. Data meeting the size require- § / =725
ment result in a value o, that is insensitive to the in-plane § © - / \
dimensions of the specimen. E® s 7 -
-0 / \
- ) o UTS =205.1 + 0.7715YS
A6.2 Fracture Instability Before Stable TearirgWhen S
fracture occurs before stable tearing a single-point toughnesg YS = 250
value may be obtained labeldd 300 ;
A6.2.1 J is calculated at the final point, instability, using the 200 400 600 800
J formulas for the basic method. (Note: These formulas must Room Temperature Yield Strength [MPa]
be applied for evaluating no matter which method was used FIG. A6.1 Strength Limits Within Which Use of M = 50 is Justified
in the test because a resistance curve was not obtained.) This for Ferritic Steels.

point is labeledlo, a provisionall; value.
A6.2.2 Qualification of as J—Jo.=J. a measure of i )
fracture toughness at instaJtQ)?lity V\;]icthogtcsigrclificant stable cracidescribed in Annex A8-Annex All).
extension that is independent of in-plane dimensions, provided A6.3.1 J is calculated at the final point where instability
the following two conditions are both metij if the material ~ occurs using thel formulas for the basic method. These
is a ferritic steel and the measured room temperature yield anf@rmulas must be used for evaluating a singi@lue no matter
tensile strength fall within the box illustrated in Fig. A6B,,b, ~ which method was used in the test. This point i§,aalue.
= 50 Jo/o v, otherwiseB, b, = 100 Jo/oy, and (2) crack A6.3.2 Qualification of 4, as J—Jo,=J , if crack exten-
extensionAa, < 0.2 mm +Jo/May whereM = 2, or an alter- ~ sionAa, = 0.2 mm (0.008 in.) /Mo .
native value can be determined from the test data, see A9.8.
Note that even if these conditions are metnay be dependent ~ A6.4 Significance of Jand J,—Values ofJy that meet the
on thickness (length of crack front). size criteria are labeled), and are considered to be insensitive
to the in-plane dimensions of the specimen. Valuedpfthat
A6.3 Fracture Instability After Stable TearirgWhen  do not meet validity remaid o, and may be size-dependedf.
fracture occurs after stable tearing crack extensgn>0.2  is not considered to be a size-insensitive property and therefore
mm (0.008 in.) K/Mc +, a single-point fracture toughness is not subject to a size criterion. It is a characteristic of the
value may be obtained, labeleld, In addition, part of an material and specimen geometry and size. It signifies that at the
Rcurve may be developed or the final point may be used in théest temperature the material is not completely ductile and can
evaluation of an initiation toughness valuk (these are sustain only limitedR-curve behavior.

A7. FRACTURE INSTABILITY TOUGHNESS DETERMINATION USING CTOD ( d)

A7.1 This annex describes the method for characterizing A7.2.2 Qualification of 8o, as 5.—A fracture toughness
fracture toughness values base®08.,5,, or 3,,,, for a fracture  value that is insensitive to the in-plane dimensions of the
instability and the associated requirements for qualifying thespecimen, if the following two conditions are met) §o. = 3
data according to this test method. Data meeting all of théf B, b,= 300 34, and @) crack extensioma, < 0.2 mm
qualification requirements of 9.1 and those in this annex resuff0.008 in.) +35,/M; whereM; = 1.4 or an alternative value can
in qualified values ofs., 3, or §,. Data meeting the size be determined from the test data, see A11.3. Data that fail to
requirement result in a value 8f that is insensitive to in-plane meet the size criterion based @or b,, but still meet the
dimensions of the specimen. restriction on crack extension, are labeked

A7.2 Fracture Instability Before Stable TearirgWhen A7.3 Fracture Instability After Stable TearirgWhen
fracture occurs before stable tearing a single-point toughnesg,cture occurs after stable tearing, crack extendiag = 0.2
value may be obtained labelégd. mm (0.008 in.) + 0.73¢,, a single-point fracture toughness

A7.2.1 3 is calculated at the final point, instability, using the value may be obtained, labelé. In addition, part of arR
d formulas from Annex A1-Annex A3. This point is labeléd curve may be developed or the final point may be used in the
Qc, a provisionald, value. evaluation of an initiation toughness value (these are described
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in Annex A8-Annex All). may be size-dependend,, is not considered to be a size-
insensitive property and, therefore, is not subject to a size
criterion. It is a characteristic of the material and specimen
geometry and size. It signifies that at the test temperature the
material is not completely ductile and can sustain only limited
R-curve behavior.

A7.3.1 8 is calculated at the final point where instability
occurs, using thed formulas for the basic method. These
formulas must be used for evaluating a singjlealue no matter
which apparatus was used in the test. This point is lab&lgd
a provisionald, value.

A7.3.2 Qualification 0fdg, asd,—dq, = 3, if crack exten- A7.4 Maximum Loadd,—When no fracture instability
sion,Aa, > 0.2 mm (0.008 in.) 8 /M; whereMs = 1.4 0ran  occurs up to the first attainment of maximum load, a value of
alternative value can be determined from the test data, seg, can be calculated is calculated at the first attainment of
All.3. maximum load plateau using the formulas for the basic

A7.3.3 Significance ob. and 5 ,—Values ofdo, that meet method. These formulas must be used no matter which
the qualification requirements are labetedind are considered apparatus was used,, may be size-dependent and a function
to be insensitive to the in-plane dimensions of the specimerof test specimen geometry and is not subject to a size criterion.
Values ofdq, that do not meet the size requirement &teand It can be useful to define limits on ductile fracture behavior.

A8. J-R CURVE DETERMINATION

Note A8.1—Annex A8-Annex All cover methods for evaluating being about 0.003V. If an initiation value of toughness is
toughness for stable tearing. being evaluated more unload/reload sequences may be neces-

A8.1 This method describes a single-specimen techniquliiary in the early region of thé-R curve.

for determining thel-R curve of metallic materials. ThéR . .

curve consists of a plot of versus crack extension in the A8-3 Measurement Capacity of Specimen:

region ofJ controlled growth. To measure ttieR curve, the A8.3.1 The maximund-integral capacity for a specimen is
resistance curve procedure of 8.6 must be used.JIReurve  given by the smaller of the following:

is qualified provided that the criteria of 9.1 and A8.3 are 31, = b /20, or

satisfied.
Jinax = Boy/20.

A8.2 J Calculation: . . . .
] A8.3.2 The maximum crack extension capacity for a speci-
A8.2.1 J can be calculated at any point on the load versusyen is given by the following:

load-line displacement record using the equations suggested in
the calculation section of Annex A1-Annex A3 for the different
specimen geometries.

A8.2.2 The values of crack length are calculated using the
compliance equations described in Annex A1-Annex A3 (or an
alternative method for measuring crack length). The rotation A8.4.1 TheJ-integral values and the corresponding crack
correction shall be applied to account for geometry changesxtension values must be plotted as shown in Fig. A8.1. Shift
due to deformation for the compact, C(T) and disk-shapedhe J-R curve according to the procedure described in A9.3.
compact DC(T) specimens. TheJ-Rcurve is defined as the data in a region bounded by the

A8.2.3 The unload/reload sequences should be spaced witloordinate axes and tlie,,,andA a,, ., limits given in A8.3.1
the displacement interval not to exceed OW] the average and A8.3.2.

Ao = 0.25b,

A8.4 Constructing the J-R Curve:
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300 ~

J, kJ/imnr2

200

100 —

Crack Extension, mm
FIG. A8.1 Typical J-R Curve

A9. J,. and K,,. EVALUATION

A9.1 Significance-The propertyJ,. determined by this A9.3.3.1 Identify allJ; and g pairs that were determined
method characterizes the toughness of a material near the ongeffore the specimen reached the maximum load for the test.
of crack extension from a preexisting fatigue crack. The Use this data set of points to calculate a reviaggfrom the
value marks the beginning stage of material crack growtHollowing equation:
resistance development, the full extent of which is covered in J
Annex A8.J,. is qualified provided that the criteria of 9.1 and a=a,t 5~ +BF+CF (A9.1)

- 20y
A9.8 and A9.9 are satisfied. The coefficients of this equation shall be found using a least

A9.2 J Calculation—Calculations of theJ integral are squares fit procedure. An example BASIC code (see Fig. X1.1)
made using the equations in Annex Al-Annex A3. to accomplish this fit is presented in Appendix X1.

. . ) A9.3.3.2 If the number of points used in A9.3.3.1 to
A9.3 Correct|on§ a”?' Adju§tments 0 Datf"" determinea, is less than 8 or of these 8 there are less than 3
A9.3.1 A correction is applied to the estimated data  petween 0.4), andJ,, or the correlation coefficient of this fit

values to obtain an improveal, This correction is intended to s |ess than 0.96, the data set is not adequate to evaluate any

obtain the best value a,,, based on the initial set of crack toughness measures in accordance with this test method.
length estimatesa, data. For data generated using the basic

procedure of 8.4, no adjustments to the data are necessary. To"9-4 If the optically measured crack lengty, differs from

evaluateJ,. using data from the basic procedure, proceed tdq Py more than 0.01W, the data set is not adequate according
A9.6. to this test method.

A9.3.2 A modified construction line slopéM, can be  Ag95 Evaluate the final; values using the adjustes},, of
calculated from a fit to the initial, anda; data, and used for the  A9.3.3 and the equations of the applicable Annex A1, Annex

calculation ofJ,. A2, or Annex A3.
A9.3.3 Adjustment of g—The value of], is very depen-

dent on thea, used to calculate thaa quantities. The value ~ A9.6 Calculation of an Interim ¢;
obtained fora, in 8.6.3.1 might not be the correct value and  A9.6.1 Basic Procedure-for each specimen, calculatea
the following adjustment procedure is required. as follows:
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Aa=a,— g, (A9.2) 800 / /. 7
H Jwta’
Resistance Curve Procedurdéer-each avalue, calculate a

7 7 N
corresponding\a as follows: 0.15mm EXCLUSION UINE 7, 20N
REGION OF QUALIFIED DATA
Aa‘ =g — an (A93) 600 S}%ESTRUCT\ON A7 :f N g \\‘ e
Plot J versus Aa as shown in Fig. A9.1. Determine a T N ——

&
5400 :
3 .

800 7 g

] +
/ : — ; ¢
0.15mm EXCLUSION LH}IE ® POINTS USED FOR ; ZOJOO B N
/' REGRESSION ANALYSIS ¢ N
800 [CONSTRUCTION f . 7 1.5mm EXCLUSION LINE
LINE / , ]
\ / ° ,.)/O i
i—— AZ
{ Mﬁy ./.// ‘ Timit
P i 0 -
i ; 0 0.5 1.0 1.5 2.0
400 f ® 53 . . 2.5

J (kdim®)

\ 1 Crack Extension {(mm})
FIG. A9.2 Definition of Regions for Data Qualification

Jo . POWER LAW REGRESSION LINE
200 i ;
/ ™ g 2mm OFFSET LINE ¥y s EXCLUSION LINE wherek =1.0 mm or 0.0394 in. Use only the data which
r—(«am ~ a conform to the requirements stated in the previous sections.
0 : ‘ Draw the regression line as illustrated in Fig. A9.1.
0 0.5 0 5 2.0 25 A9.6.6 The intersection of the regression line of A9.6.5 with

the 0.2-mm offset line definek, and Aa,. To determine this
intersection the following procedure is recommended.
FIG. A9.1 Definition of Construction Lines for Data Qualification A9.6.6.1 As a starting point estimate an intedgy,) = Jo(;
value from the data plot of Fig. A9.1.

A9.6.6.2 Evaluaté\a;;, from the following:

construction line in accordance with the following equation: e = Jogiy
J= MoyAa (A9.4) &0 = Mo,

whereM =2 orM can be determined from the test data. In A9.6.6.3 Evaluate an interidy,,, from the following
some cases the initial slope of thékcurve is steeper tharsZ, power law relationship:
for example with austenitic stainless steels. For these materials, Aag)\C
it is recommended that &, value be determined usirld =2 Joi+y =G <T>
such that an experimentisd can then be evaluated and verified |\ harek = 1.0 mm or 0.0394 in.
according to A9.7. An improved, can then be evaluated. a9 g 6.4 Increment and return to A9.6.6.2 and A9.6.6.3 to
%rr\c‘ijerer\llglzlgt:iléwstances can a valuebless than 2 be used o Aag and interim Joq.q) until the interim J, values

Q : . . __converge to within+2 %.

_A9.6.2 Plot the construction line, then draw an exclusion g ' 5 project the intercepts of the power law curve with
line parallel to the construction line intersecting the abscissa aho 0 15-mm (0.006-in.) and the 1.5-mm (0.06-in.) exclusion

0.15 mm (0.006 in.). Draw a second exclusion line parallel 1q;neq yertically down to the abscissa. This indicates,,, and
the construction line intersecting the abscissa at 1.5 mm (0.0ga"mit, respectively. Eliminate all data points that do not fall

in.). Plot allJ — Aa data points that fall inside the area endosedbetweenAam» and Aa,.;, as shown in Fig. A9.1. Also elimi-
i - in imi . .

by these two par_allel lines and capped Ry, ~ D0 v/15. . nate all data points which lie above the limitidgcapacity
~A9.6.3 Plot a line parallel to the construction and eXCIUS'Or\NhereJ"mit = byo,/15. The region of qualified data is shown in
lines at an offset value of 0.2 mm (0.008 in.). Fig. A9.2.

A9.6.4 At least oneJ-Aa point shall lie between the ~ ‘Ag 566 At least five data points must remain between
0.15-mm (0.006-in.) e>_<c|u5|on line and a pa.ralle.I line with anAamin andAay,.,, andJ;.;.. Data point spacing must meet the
offset of 0.5 mm (0.02 in.) from the construction line as shownyeqyjirements of A9.6.4. If these data points are different from

in Fig. A9.2. At least oneJ-Aa point shall lie between this i, <e used in A9.6.6 to evalualg, obtain a new value ol
0.5-mm offset line and the 1.5-mm (0.06-in.) exclusion line.pocaq only on qualified data. Q

Acceptable data are shown in Fig. A9.2. The otheAa pairs

Crack Extension (mm)

+ 0.2 mm(0.008 in) (A9.6)

(A9.7)

can be anywhere inside the exclusion zone. A9.7 An alternative construction line slop&), can be
A9.6.5 Using the method of least squares, determine a lineafalculated by fitting the least squares linear regression line to
regression line of the following form: the initial J-R curve data for data in the region Q3= J; =
Aa 0.6J5 as evaluated witM = 2. Aminimum of 6 data points are
InJ =InC, + C2'”<T> (A9.5)  required in the evaluation region to allow an experimental
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value of M. Only values ofM =2 are allowed by this method. and the correlation coefficient of the least squares fit of
ArevisedJ, can now be evaluated using thikby returningto  A9.3.3.1 shall be greater than 0.96.

A9.6.1-A9.6.6. A9.8.2.3 If an experimental value dfl is determined, at
A9.8 Qualification of Data—The data shall satisfy the least 6 data points are required in the regiong-2.J= 0.6,

- .
requirements of 9.1 and all of the following requirements to beOnly M = 2.0 can be used in the method.
qualified agcordmg to this test method. If the data do not pass A9.9 Qualification of & as J—k=J,. , a size-
these requirements no fracture toughness values can be deter;, "

) : . mdependent value of fracture toughness, if:
mined according to this test method.

A9.8.1 The power coefficier€ , of A9.6.5 shall be lessthan ~ A9-9:1 Thicknes® > 25 Jo/oy,

1.0. A9.9.2 Initial ligamentb, > 25 J /oy,
A9.8.2 For theResistance Curve Procedutke following A9.9.3 Regression Line SlopeThe slope of the power law
additional requirements must be satisified: regression linedJ/da evaluated af\ag, is less thansy.
A9.8.2.1 a,, shall not differ froma, by more than 0.0&.
A9.8.2.2 The number of data available to calcujgshall A9.10 Evaluation of K,—Calculate K,= \/(E'J,) using

be =8; the number of data between @andJ,, shall be=3;  E’ = E/(1+7) and the qualified,J of A9.9.

A10. METHOD FOR 8-R CURVE DETERMINATION

A10.1 This annex describes a single-specimen technique Aap,, = 0.25h,
for determining thed-R curve of metallic materials. Th&R
curve consists of a plot @ versus crack extension. To measure
the 3-R curve the resistance curve procedure of 8.6 must be A10.4 Constructing the>-R Curve:

used. Theé-Rcurve is qualified provided that the criteriaof 9.1 A104.1 Thes values and the corresponding crack exten-

and A10.3 are satisfied. sion values must be plotted as shown in Fig. A10.15-AR
A10.2 § Calculation: curve is established by smoothly fitting the data points in the

A10.2.1 Thed calculation can be evaluated at any point Iri(rangiltzn bounded by the coordinate axes anchifig andAanay

along the load versus load-line displacement record using the
equations suggested in the calculation section of Annex Al-
Annex A3 for the different specimen geometries.

A10.2.2 The values of crack length are calculated using the
compliance equations described in Annex Al-Annex A3. The
rotation correction shall be applied to account for geometry
changes due to deformation for the compact, C(T) and disk-
shaped compact DC(T) specimens.

A10.2.3 The unload/reload sequences should be spaced
with the displacement interval less than 0.01 W, the averag§
being about 0.008V. If an initiation value of toughness is 5
being evaluated more unload/reload sequences may be neces- o
sary in the early region of th&R Curve. °© 02 °

0.6

0.4

o)

A10.3 Measurement Capacity of a Specimen: o
Aa

A10.3.1 The maximund capacity for a specimen is given as o e
follows: °

S max = by/20 0

A10.3.2 The maximum crack extension capacity for a aa {mm)
specimen is given as follows: FIG. A10.1 Typical 8-R Curve
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All. METHOD FOR &,. DETERMINATION

Al11.1 Significance-The value of CTOD} ., determined Plotd versusAa as shown in Fig. A11.1. Draw a construction
by this method characterizes the fracture toughness of materi-
als near the onset of stable crack extension from a preexisting
fatigue crack3d,. is qualified provided that the criteria of 9.1 7.
and A11.8 and A11.9 are satisfied. / 4’ I

0.15mm EXCLUSION LH}IE @ POINTS USED FOR

All1.2 3 Calculation—Calculations ob are made using the \4‘ / REGRESSION ANALYS{S /
equations in Annex Al-Annex A3. CONSTRUCTION  /

LINE \ ;‘ ‘
°: ©
Al11.3 Corrections and Adjustments to Data:

A11.3.1 A correction is applied to the estimated data
values to obtain an improveai,, This correction is intended to
obtain the best value &, based on the initial set of crack
length estimatesy, data. For data generated using the basic s, o POWER LAW REGRESSION LINE
procedure of 8.4, no adjustments to the data are necessary. To \ ;
evaluated,; using data from the basic procedure, proceed to [ 02mm OFFSET LINE | 5mm EXCLUSION LINE
A11.7. /ana_

A11.3.2 A modified construction line slop&ls, can be 7 ' ;
calculated from a fit to the initiad; anda, data, and used for the 0 0.5 1.0 15 2.0 2.5
calculation of3,..

A11.3.3 Adjustment of g.—The value o, is very depen- Crack Extension (mm)
dent on thmoq used to calculate thAa1 quantities_ The value FIG. A11.1 Definition of Construction Lines for Data Qualification
obtained fora,, in 8.6.3.1 might not be the correct value, and
the following adjustment procedure is required. o ) . )

A11.3.3.1 Identify alls; anda, pairs that were determined line in accordance with the following equation:

CTOD, & (mm)
[

in ; - Az
; limit

before the specimen reached the maximum load for the test. 3 = M; Aa (A11.4)
Use this data set of points to calculate a reviaggirom the whereM; = 1.4 orM, can be determined from the test data.
following equation: In some cases the initial slope of theR curve is steeper than
B 3 ) 3 1.4. For these materials it is recommended thag aalue be
A= 8q 72T B HCO ALY determined using/l 5 = 1.4 such that an experimentsl; can

The coefficients of this equation shall be found using a leasthen be evaluated and verified according to A11.7. An im-
squares fit procedure. Example BASIC code (see Fig. X1.1) tgrovedd, can then be evaluated. Under no circumstances can
accomplish this fit is presented in Appendix X1. a value ofM; less than 1.4 be used féf, evaluation.

A11.3.3.2 If the number of points used in A11.3.3.1 to A11.6.2 Plot the construction line on suitable graph paper.
calculatea, is less than 8, or of these 8 there are less than Praw an exclusion line parallel to the construction line
between 0.8, andd,, or the correlation coefficient of this fit intersecting the abscissa at 0.15 mm (0.006 in.) as shown in

is <0.96, the data set is not adequate to evaluate any toughnds§. All.1. Draw a second exclusion line intersecting the
measures in accordance with this method. abscissa at 1.5-mm (006'|n) Plot ﬁlIAap data pOintS that

fall inside the area enclosed by these two parallel lines and

Al1.4 If the optically measured crack length,, differs — capped by = by/15.

from a,, by more than 0.01 W, the data set is not adequate in A11.6.3 Oned-Aa, point must lie between the 0.15-mm
accordance with this method. (0.006-in.) exclusion line and a parallel line with an offset of

0.5 mm (0.02 in.) from the construction line. O&&\a, point
A115 Evaluate the find; values using the adjusteg,of ~ must lie between a line parallel to the construction line at an
A11.3.3.1 and the equations of the applicable Annex A10ffset of 0.5 mm (0.020 in.) and the 1.5-mm exclusion line.

Annex A2, or Annex A3. Acceptable data is shown in Fig. A11.2 with one point in Zone
Aand one pointin Zone B. The oth&tAa, pairs can be placed
A11.6 Calculation of an Interimd: anywhere inside the exclusion zone.
A11.6.1 Basic Procedure-for each specimen, calculate Al11.6.4 Plot a line parallel to the construction line and
as follows: exclusion lines at an offset value of 0.2 mm (0.008 in.).

Al11.6.5 To establish a crack initiation measurement point

Aa=a,—a (A112)  ynder dominant slow-stable crack growth, a power law curve
Resistance Curve Procedurdéereach avalue, calculate a fitting procedure shall be used. This has the following form:

corresponding\g as follows: Aa\C

Ag =3 — (A11.3) b= G <T> (A1LS5)
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/

-~
limit /

7 7 s :
0.15mm EXCLUSION LINE /N \
REGION OF QUALIFIED DATA \ ]/
CONSTRUCTION . ‘
LINE e ®

CTOD, 5 (mm)

2

/ 1.5mm EXCLUSION LINE
s 4 ‘

0 0.5 1.5 2.0

Crack Extension (mm)
FIG. A11.2 Definition of Regions for Data Qualification

Az //\\ - a3,
/ ‘FT\" \ ‘ lim
0 - -
1.0

A11.6.6.5 Project the intercepts of the power law curve with
the 0.15-mm (0.006-in.) and the 1.5-mm (0.06-in.) exclusion
lines vertically down to the abscissa. This indicates,;,, and
Aa;ii, respectively. Eliminate all data points that do not fall
betweenA a,;, and Aa;,; as shown in Fig. A11.1. Also
eliminate all data points which lie above the limitibgapacity
whered,,; =b,/15. The region of qualified data is shown in
Fig. A11.2.

Al11.6.6.6 At least five data points must remain between
Aa and Ay, and ;. Data point spacing must meet the
requirements of A11.6.3. If these data points are different from
those used in A11.6.6 to evaluaig,, obtain a new value di,
based only on qualified data.

Al11.7 An alternative construction line slopkls, can be
calculated by fitting the least squares linear regression line to
the initial J-R curve data for data in the region 8= §; =
0.8 as evaluated witM; = 1.4. A minimum of 6 data points
are required in the evaluation region to allow an experimental
value of M. Only values ofM = 1.4 are allowed by this
method. A revised, can now be evaluated using thvg by

wherek =1 mm (or 0.0394 in.) depending upon units used.returning to A11.6.1-A11.6.6.

This power law can be determined by using a method of least
squares to determine a linear regression line of the foIIowinge

form:

Aa
Ind =1InC, + C, In(T)

A11.8 Qualification of Data—The data shall satisfy the
quirements of 9.1 and all of the following requirements to be
qualified according to this method. If the data do not pass these
requirements, no fracture toughness values can be determined
according to this method.

Use only the data that conform to the criteria stated in the aA11.81 The power coefiicient, of A11.6.5 shall be less
previous sections. Plot the regression line as illustrated in Fignan 1.0.

All.1.

A11.8.2 For theResistance Curve Procedutiee following

A11.6.6 The intersection of the regression line of A11.6.444itional requirements must be satisified:

with the offset line of A11.6.5 define§Q and AaQ. To

Al11.8.2.1 a,, shall not differ froma, by more than 0.0W.

determine this intersection the following procedure is recom- aA11.82.2 The number of data available to calculatg

mended:

A11.6.6.1 Estimate &4 (1) value from the data plot of Fig.

Al1.1.
A11.6.6.2 Evaluatda, (4, from the following:

ey =229 4 0 1m0.008
apy = M, .2 mm(0. in)

Al11.6.6.3 Evaluate

Aay )\
8Q<1):C1< Kk >

A11.6.6.4 ReturntoA11.6.6.2 and A11.6.6.3 to 4af;, and

dqi + 1y Until the 84 values converge to within 2 %.

shall be=8; the number of data between Bgands shall be
=3; and the correlation coefficient of the least squares fit of
A11.6.5 shall be greater than 0.96.

A11.8.2.3 If an experimental value &4y is determined, at
least 6 data points are required in the regiond@.2= §;=
0.80. Only Mz = 1.4 can be used by this method.

Al11.9 Qualification ofd5 asd,.—

d o = 9y, a size-independent value of fracture toughness, if:

Al11.9.1 The initial ligamenth , = 355,

A11.9.2 The slope of the power law regression lid&da,
evaluated at\ag must be less than 1.

Al12. COMMON EXPRESSIONS

Note A12.1—Annex A12 and Annex A13 cover miscellaneous infor-

mation.

Al12.1 Stress-Intensity Factor:

A12.1.1 The elastic stress intensity factor for a specimen is

expressed as follows:

_ Pila/w)
- (BBW)'

where:

fam = (7) 16 + Caw
+ C,@W)? + Cy@W)® + C W) *]
A12.1.2 The parameters féfa/W)are listed in Table A12.1.

Al12.2 Compliance from Crack Length:
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TABLE A12.1 Parameters for Stress-Intensity Factors

Specimens
SE(B) C(T) DC(T)
13 3(SIW) (alw)2'? 2+aw 2+aw
14 2(1+2aw) (1 - (1- alw)’? (1- alw)’?
B/VV)3/2

Co 1.99 0.886 0.76
C, -2.15 4.64 4.8
C, 6.08 -13.32 -11.58
Cs -6.63 14.72 11.43
C, 2.7 -5.6 -4.08
Limits O=saw=1 02=aw=1 02=aw=1

SIw=4 HIW=0.6 DIW=1.35
Refs (10) (10), (12) (12)

TABLE A12.2 Parameters for Compliance Expressions

Specimen SE(B) C(T) DC(T)
Location Vi Vi Vi
Y S (W+ a) (W + a)
(W-a) (W-a) (W-a)
A 1.193 2.163 2.0462
Ay -1.980 12.219 9.6496
A, 4.478 —20.065 —13.7346
As -4.433 -0.9925 6.1748
A, 1.739 20.609 0
As 0 -9.9314 0
Limits O=saws=1 0.2 = aW= 02=aWws=
0.975 0.8
Refs (13) (14) (15)
f A12.2.1f ComlE)IIiancehC , C]);f I? specimen is expressed as a + AalW)? + Ag@W)® + Aa/W)* + Ag(a@W)®]  (A12.2)
unction of crack length as follows:
¢ A12.2.2 B,=B - (B - B,) 2B andE' = E/(1 —v 2) for all
C=ﬁ" cases and the other parameters for compliance are listed in
v Table A12.2.

- BE [A + A (W)

A13. METHOD FOR RAPID LOADING K,. DETERMINATION

Al13.1 This annex describes the determination of planemillisecond is determined. This test time and an optionally
strain fracture toughnesk () properties of metallic materials calculated average stress intensity factor rtecharacterize
under conditions where the loading rates exceed those fdhe rapid load test. The yield strength of the material must be
conventional (static) testing [150 000 psitfimin (2.75 determined or estimated for the loading time of the fracture test
MPa.nt'¥s)]. and is used in the analysis of the fracture test data. All of the

) ) , criteria for static K,.determination apply to the rapid-load

Al13.2 Summary of RequirementsSpecial requirements piane strain fracture toughness test. The toughness property is

are necessary for plane-strain fracture toughness testing gtnoted byK,.( ) where the time to reach the load correspond-

loading rates exceeding those of conventional (static) plangng to K, in milliseconds is indicated in the parentheses ().
strain fracture toughness testing. This description of these

requirements does not include impact or quasi-impact testing A13.3 Significance and UseThe significance of the
(free-falling or swinging masses). Conventional fracture toughconventional (staticK,. properties applies also to the case of
ness test specimens are prepared as described in this methaahid loading. The plane-strain fracture toughness of certain
tested under rapid-load conditions, and a fracture toughnessaterials is sensitive to the loading rate and substantial
value is calculated. Load-deflection, load-time, and deflectiondecreases in toughness may be noted as the loading rate
time curves are recorded for each test. The load-deflectiomcreases. Generally, such materials also show a pronounced
curves resulting from these tests are analyzed to ensure that tHependence oK. on test temperature. For example, the
initial linear portion of the load-displacement record is suffi- loading rate sensitivity of structural grade steels has required
ciently well-defined thaPgcan be determined unambiguously. the development of a lower bounHz curve, given in

In addition, a test timet), restricted to not less than one Appendix G of Division Ill of the ASME Boiler and Pressure
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Vessel Codé, for the fracture-safe design of heavy-wall least 20/t (kilohertz) where t is the test time in milliseconds as
nuclear pressure vessels. Additionalk. values for steels defined in A13.6.3. As described in A13.4.3, conventional
tested at various temperatures and loading rates are required fomechanical recording devices may not have sufficient fre-
correlation with small-scale production control tests (such agjuency response to permit direct plotting of the load versus
the Charpy V-notch test) for setting material specifications andime and the displacement versus time signals.
fracture-safe design procedures.

A13.5 Procedure:

Al13.4 Apparatus: A13.5.1 Loading Rate— The rate of loading is optional with

A13.4.1 Loading—Generally, hydraulic machines with the investigator, but the time to reach the load corresponding to
rapid-acting servo controlled valves are used. Depending OR, shall not be less than 1 ms. Use a preload to eliminate
the compliance of the loading system and the pump capacityinging in the load or displacement transducers associated with

an accumulator may be required. clearances in the load train being suddenly taken up by the start
A13.4.2 Fixtures—The fixtures used for static plane-strain of rapid loading.

fracture toughness tests are generally suitable for rapid-load A13.5.2 For each test conducted, a load versus time, a
tests. However, consideration should be given to the possibilitgisplacement versus time, and a load versus displacement
that the toughness of the fixture material may be reduced byecord shall be obtained. The time scale of these records shall

rapid loading. be accurately determined since the time is used to characterize
A13.4.3 Load and Displacement Transducer3he trans-  the test. Examine the time-dependent records for the presence
ducers used for static plane-strain fracture toughness tests agringing before reaching the , load. Such ringing can result
generally suitable for rapid-load tests. However, these trangrom inertial effects as described in Note A13.2. The special
ducers must have response characteristics that will ensure thaicord analysis procedure described in A13.6 may be helpful in
inertial effects will not influence the load and displacementassessing the magnitude of such effects.
signals. Note A13.2—It should be recognized that some materials may exhibit
Note A13.1—While not required, the resonant frequencies of thesea burst of crack extension at loads less tRthat is sufficiently abrupt
transducers may be determined by suitably exciting them and observing produce ringing in the displacement transducer signal. Such an abrupt
the wave characteristic on an oscilloscope. If ringing (high-frequencyadvance of the crack may be associated with material inhomogeneities
oscillation) is observed within the time period required to reachRge local to the fatigue crack tip. If the ringing is severe it may not be possible
load, the stiffness of the transducers should be increased or their mags unambiguously determine a value . The presence of such bursts
reduced. Load cells are quite stiff and should provide no problem at thef crack extension should be recorded for those tests having analyzable
minimum loading time of 1 ms. The displacement transducer might bdoad versus displacement records.
cause for concern depending on its design. The cantilever beam displace-Note A13.3—The test data may be directly recorded if the recording
ment gage described in Section 6 has been used successfully at loadidgvices have sufficient frequency response. Generally, it is advantageous
times slightly lower than 1 ms. The resonant frequency of this gage wheio use a storage device that will capture the data and permit playing it out
mounted in a specimen in a conventional manner and excited by tappinat a sufficiently slow speed that a pen recorder can be used in producing
is about 3300 Hz. The free-arm resonant frequency is about 750 Hz. Othéhne required records. Such storage devices are commonly available in the
gages of the same type but having different dimensions should operaferm of digital storage oscilloscopes having pen recorder outputs. Sepa-
satisfactorily if their free-arm resonance is at least 750 Hz. The followingrate storage instruments are also available. In general these digital storage
equation may be used to estimate the free-arm resonant frequency of sudbvices have performance characteristics that are more than adequate to

a gage: capture, store, and replay the transducer signals from a 1-ms test. For
5 example, calculations show that for a typical fracture test, the crack-mouth
f= RC[B Eg} (A13.1) displacement resolution would be about 0.76 mm/sample (0.030 mil/
pl sample) and the load resolution would be about 712 N/sample (160
Ibf/lsample). It should be possible to obtain at least 1000 simultaneous
where: samples of load and displacement during such a test. A digital storage
RC = 51.7, scope capable of at least this performance would have the following
f = resonant frequency, Hz, characteristics: maximum digitizing rate of 1 MHz, maximum sensitivity
B = arm thickness, m, of =100 mV, resolution of 0.025 %, and memory of 4096 words by 12
E = elastic modulus of the arms, MPa, bits. It may be necessary to amplify the output of the clip gage moderately
g = gravitational acceleration, 9.804 rﬁ/s and possibly that of the load cell depending on its capacity in terms of the
p = density of the arm material, kgﬁmand range required. These values of resolution are based on a total noise figure
I = length of the uniform thickness section of the arms, of about 50 mV.
m

o - ) A13.6 Calculation and Interpretation of Results:

The coefficientRC becomes 0.162 if inch-pound units are , ) P i
used where is in inchesE is in pound-force per square inch, A13.6.1 Special requirements are placed on the analysis of
gis 386 in./, p is pounds per cubic inch, and 1 is in inches. the load versus displacement record. These take into account

A13.4.4 Signal Conditioners-Amplification or filtering of ~ e fact that experiencgl7) has shown load versus displace-
the transducer signals may be necessary. Such signal condient records from _rap|d-lqad fracture toughness tests are not
tioning units should have a frequency response from dc to &Ways as smooth in the linear range as those obtained from

static tests. The special requirements of this annex are designed
to ensure that an unambiguous valuePgfcan be determined.

5 Available from the American Society of Mechanical Engineers, 345 E. 47thThe test time must be determined from the load versus time
Street, New York, NY 10017. record.
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A13.6.2 The additional analysis of the load versus displace- A
ment record is illustrated in Fig. A13.1. The procedure is as /
!
PO ——— —— — ——/-——- T
pV
Q’ /
o
<
]
-~
o
o
S
- J/ — —PRELCAD
/
o) [@}] - !
| [
| TIME, SECONDS
) FIG. A13.2 Determination of Test Time from Load Versus Time
1 Record
! A13.6.4 The 0.2 % offset tensile yield strengthsis used
© Ve in determining the specimen size requirements for a valid test
DISPLACEMENT, v as described in Annex A5. If the rapid load value<gf is valid
FIG. A13.1 Special Requirements for Analysis of Load Versus using a static yield strength value determined at a temperature
Displacement Records (5 % Secant Line Not Shown) at or above that of the rapid-load test, no further yield strength

considerations are necessary.
follows: Construct the straight lin®A best representing the  A13.6.5 If the test is invalid using such a yield strength, a
initial portion of the test record that ideally should be linear buttension test should be conducted on the test material at the
may not be smooth. Then construct the @B as described temperature and loading time of the rapid-load toughness test
in Annex A5 and determiné,. Draw a vertical line at y ~ with the time to reach the yield load in the tension test
passing througR, and defineP, at the point of intersection of approximately equal to the timedefined in A13.6.3.
this line with the lineOA. Determine 5 % of, and construct A13.6.6 Inthe absence of ygvalues as defined in A13.6.5,
two linesBC and DE parallel toOA with BC passing through the dynamic yield strengthr,, of certain steels may be
P, + 0.05P , andDE passing througlR, (P, — 0.0%P,). Draw  estimated using the following equation:

a horizontal line atP = 0.5 P,. For the test to be valid that A

recorded load versus displacement curve ugP¢gpmust lie Oyp = Oyp + T.100,42 X 107) B (A13.2)
within the envelope described by these parallel lines for the *

portion of the record witl? < 0.5 P, where:

0.2 % offset room temperature static yield strength,
loading time, ms, and
temperature of the rapid-load toughness test.

A13.6.3 The test time in milliseconds is determined from oyg
the record of load versus time as indicated in Fig. A13.2.t
Construct the best straight lin@A through the most linear TX _
portion of the record. The valugs then determined from the ~ Units:
point of intersection of this line with the time axis to the time If ovsis in megapascals, theh = 1198 8608 =187.4 MPa,
corresponding t®,. This time,t is shown in the parentheses If o ysis in pound force per square inch, then
() following K,.. An average stress intensity rat¢, may be A =174 000B=27.2 ksi, _
calculated by dividingKy, or K. by t with the result being If the test temperatur@ is measured i, thenT, = 1.8T, and
expressed in ksi-iff%s or MPa-m%s. It should be recognized [f the test temperatur€is measured in °F, thef, = (T + 460).
that minor errors in determining the loading time areé not \q. A13.4—The equation in A13.6.6 has been found useful only in
significant because significant changes in the toughness requiggtimating the low-temperature dynamic yield strength of constructional
a change of several orders of magnitude in loading rate. steels having room temperature yield strengths below 480 MPa (70 ksi).
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Al4. SPECIAL REQUIREMENTS FOR RAPID-LOAD J-INTEGRAL FRACTURE TOUGHNESS TESTING °

Al4.1 Scope Al14.3.1.3 Rapid load—In J integral fracture testing, any
A14.1.1 This annex covers the determination of the ratdoading rate such that the time taken to re&lsee 7.4.4) is

dependent,.(t) and theJ-integral versus crack growth resis- 1€ss than 0.1 minutes. _ _

tance curve J-R(t) curve) for metallic materials under condi- ~ A14.3.1.4Minimum test timeg(t)—In J integral fracture

tions where the loading rate exceeds that allowed for conver{€sting, the minimum time to the rate depend&t) or Jo(t)

tional (static) testing, see Section 8.4.2. accepted by this method§). Test times less that), will lead
to inaccurateJ integral results since large kinetic energy
A14.2 Summary of Requirements components will be present. In this method:
Al14.2.1 Special requirements are necessaryJiortegral 2w A4l
fracture toughness testing of metallic materials at loading rates W= /KM (A14.1)

exceeding those of conventional (static) testing. Standard
fracture toughness test specimens are prepared as described‘ihere:
this method, tested under rapid-load or drop weight conditions,
and aJ-R(t) curve is calculated. From thisR(t) curve aJo(t)
can be evaluated using Section 9 of this method. If unstable

fracture intervenes, do(t) can be evaluated at the onset of ;
unstable behavior as in the static case. the observed time to the rate depend&s(t).

_1 . .
Al14.2.1.1 Load, load line displacement, and time are re- A14.3.1.6 J()(FL™)—In J integral fracture testing, the

corded for each test. The load versus displacement cur\/@f[e dependend integral at the onset of fracture instability

resulting from each test is analyzed to ensure that the initiaf"'°" to the onset of signifi(_:ant s_tabl_e tearing crack extension,
portion of the curve is sufficiently well defined that an See Section 3.2.10, as defined in this annex.

unambiguous curve can be determined from i@ versus A1.4.'3'1'7‘]Qc(t)(FL_l)_ln. J integral fracture testing, the
crack length(a(t)) data. In addition a minimum test time is provisional rate dependegtintegral at the onset of fracture

calculated from the specimen stiffness and effective mass th‘ij{istability prior to the onset of significant stable tearing crack

; ; tension, as defined in this annex.
sets a maximum allowed test rate for the material and geometl%‘)( ' 1 . .
being tested. At times less than the minimum test time a ~‘14-3:1.8 J,()(FL™)—In Jintegral testing, the rate depen-

significant kinetic energy component is present in the specimeﬂem‘] integral at.the onset of fract.ure instability gfter signifi-
relative to the internal energy, and the staficintegral cant stable tearing crack extension, see Section 3.2.11, as

: Lo -defined in this annex.
equations presented in this method are not accurate. Evaluatidl? 21 . :
of aJo(t) or Jo (1) at a time less than the minimum test time is d Atljl:?’t'l'g J||C(?'§r|1: L )—Itn ‘]2 w;tebgiral tesﬂng,tthe rate degeff" d
not allowed by this method. entJ integral at the onset of stable crack extension as define

A14.2.1.2 Evaluation of th@-R(t)curve requires estimation in this annex. _ .
of crack extension as a function of load line displacement or A.14'3'1'1OJQ(F)(FL “)—In J integral fracture toughness
time using the normalization method of Annex A15. An elastict€Sting: the prOV|S|onaI_, rate dep_endehtntggral at the onset
compliance method cannot be used. A multiple specimerﬁ’f stable crack exten§|10nlas defmgd in this annex. .
method can be used to evaludtt) from a series of tests, but A14.3.1.11dJ/dY(FL T ")—In J integral fracture testing,

the resultingd-R(t) curve is not valid according to this method. the rate of_c_hange of tr_lizinte_gral per unit time. Two loading
A14.2.1.3 All of the criteria for the statid,., J., andJ-R rate quantities are defined in this methdgd)/dt) measured

curve evaluations apply to the rapid loddntegral fracture bhgforeJQ(t), and (dJ/dt)- measured aftedq(t), as defined by

toughness test. The rapid loddintegral resistance curve is this annex.

denotedJ-R(t) the stable initiation property,.(t), and the  A14.4 Significance and Use

unstable initiation property by,(t), where the time to reach the o

instant corresponding td, in milliseconds is indicated in the Ala.a.l The .S|gn|f|cance of the stadeR curve, Jic, gndJc
properties applies also to the case of rapid loading. Jhe

brackets. ; : . . .
integral fracture toughness of certain metallic materials is
A14.3. Terminology sensitive to the loading rate and to the temperature of test. The
A14.3.1 Definitions: J-R(t)curve and),.(t) properties are usually elevated by higher

A14.3.1.1 The definitions given in Terminology E 1823 areigit}srates whild(t) can be dramatically lowered by higher test
applicable to this annex. :

Al14.3.1.2 The definitions given in Section 3 of this methoda14.5 Apparatus
are applicable.

specimen load line stiffness, (N/m),

effective mass of the specimen, taken here to be half
of the specimen mass (kg).

Al14.3.1.5 Test time - &(t)(T)—In Jintegral fracture testing,

A14.5.1 Loading—Two types of high rate loading systems
are anticipated. Servohydraulic machines with high flow rate
° This test method is an Annex to ASTM E1820. It under the jurisdiction of servovalves and high capacity accumulators, or alternatively,

ASTM Committee EO8 on Fatigue and Fracture and is the direct responsibility oldrop Weight impaCt machines can be usgd. On-specimen load
Subcommittee E08.08 on Elastic-Plastic and Fracture Mechanics Technology. measurements are recommended for high rate tests. Remote
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load cells or other transducers can be used for high rate testsfiktures are required to obtain a limited extent of stable crack
the requirements of this annex are met. Strain gage bridges ageowth for J-R(t) curve development. Soft metal absorbers are
recommended for on-specimen load measurement, as shownriecommended to reduce the initial shock resulting from the
Fig. A14.1 and Fig. A14.2. For each specimen type, four gagesnpact of the drop tower striker on the specimen surface. A
are connected to construct a four-arm bridge and calibrateldigh frequency load line displacement transducer and signal
statically before the rapid load test (see A14.5.4). Strain gagesonditioner is required for drop tower tests.
with grid patterns of approximately 0.25 B are recommended. Al4.5.4 Load Transducers-If remote load transducers are
For SE(B) specimens, gages should be positioned on thesed, they shall meet the requirements of Practice E 4. Re-
specimen mid-plane at the specimen span quarterpoints. Fquirements on the measured initial specimen stiffness and on
C(T) specimens, the gages should be positioned on the spe¢he load and displacement signal smoothness are presented in
men upper and lower surfaces near the specimen mid-plan&l4.7.4. Static calibration of the on-specimen strain gage
with the gage edge at least 0.1W behind the initial cragk, bridge should be done over a load range from 20 to 100 % of
A14.5.2 Servohydraulic Testing FixturesThe fixtures used the final precracking load. At least five load calibration values
for static fracture toughness tests generally require somshall be used, spaced evenly over this interval, and at least two
modification for rapid load tests. Slack grip fixtures are oftenrepeat data sets are required. The applied load shall exeeed
necessary to reduce the applied load oscillation and to allowf the calibrated range of the reference load cell used. The
the actuator to accelerate before load is applied to the speadn-specimen, transmitted load measuring system shall be
men. Soft metal absorbers are generally used in drop towexccurate to within 2 % of the final precracking load over the
tests to reduce the inertial shock caused by the impact of thealibration range.
test machine striker on the specimen surface. A14.5.5 Displacement TransducersThe transducer shall
Both initial and final crack lengths are required by thehave response characteristics that allow it to follow the motion
normalization method o§-R(t) curve development of Annex of the specimen while not introducing excessive mechanical
A15. The high rate test must be stopped abruptly to obtain aoise into the measured displacement.
limited specimen deformation and a crack extension increment A14.5.5.1 Cantilever beam displacement gages such as
satisfying the requirement of A15.1.2.1. Rigid stop blockthose used in static fracture toughness testing may be suitable
fixtures can be used to obtain the abrupt stop. In some caseda rapid-load testing, see A13.4.3. The cantilever beam dis-
ramp and hold or square wave command signal can be used ptacement gage described in Annex Al of Test Method E 399
obtain limited specimen deformation for the specimen test. has been used successfully at loading tintg} glightly less
A14.5.3 Drop Tower Testing Fixtures-Special fixtures are than 1 ms.
necessary for drop tower testing according to this standard. A14.5.5.2 Gap measuring transducers that use either capaci-
Recommended fixtures for SE(B) and C(T) specimens ar&nce or optical means to measure displacement have also been
shown in Figs. A14.3 and Al4.4 respectivelyd). Stop block  used successfully in rapid-load testiri®). These transducers

FIG. A14.1 Strain Gages Mounted on SE(B) Specimen for Measurement of Transmitted Load
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FIG.

Front View Side View

FIG. A14.3 Test Fixture for Drop Tower SE(B) Specimens

have the advantage that they can be rigidly attached to thgenerally do not affect the measured displacement. The disad-
specimen, and the vibration characteristics of the transducesantages are that the output may be non-linear, and the signal
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FIG. Al4.4 Test Fixtures for Drop Tower C(T) Specimens

conditioners used with these transducers are often the limitinfilter is present in the measurement system it should not
component in frequency response of the displacement me@troduce more than 0.5 % measurement error, see Guide
surement system. Capacitive transducers have been designedd942.

fit in the notch of the C(T) specimen as shown in Fig. A14.5. A14.5.7 Data Sampling-The user is referred to Guide
Fiber-optic transducers have been used to measure load life1942 for a detailed discussion of requirements for data
displacement of SE(B) specimens. If the load line displacemericquisitions systems. The rate at which an analog signal is
is measured relative to the test fixture, care must be taken €ampled to create a digital signal shall be high enough to
account for the effects of fixture compliance and brinnelling onensure that the peak value is accurately captured. The rate of

the measured displacement, as discussed in 8.3.1.1. data acquisition shall result in the time per data set being less
A14.5.6 Signal Conditioners-The user is referred to Guide than to/50.

E 1942 for a detailed discussion of requirements for data

acquisitions systems. The signal conditioner must have sufiia14.6 Procedure

cient bandwidth to capture the transducer signal without .

introducing distortion. Al4.6.1 Fol_low the procedure_of S_ectlons 7 and _8_to prepare
Al14.5.6.1 Signal conditioners shall have a frequency bang@nd test SPecimens. The fo_llowmg items are additional steps

width in excess of 1@} for the load signal and g for the ~ N€cessary for high rate testing. _

displacement signal(s). The more stringent requirement on the A14.6.2 Calculatet,, the minimum test time from Eq

load signal is necessary to obtain an accurate measurementdt4.1. The loading rate is optional but the time to redgft)

the elastic component of the J integral near crack initiation. N®' Jod(t) shall not be less tha,.

“phase shifting” of transducer signals is allowed by this A14.6.3 For each test, load and load line displacement are

method. The bandwidth required to accurately capture a signaéquired as functions of time. Additional crack opening dis-

of that frequency will depend on the type of low-pass filter inplacement data, electric potential data, or both, can be acquired

the signal conditioner, and the tolerable error. If a low-passas well if desired.
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FIG. A14.5 High Rate Capacitance COD gage and C(T) Specimen with Attachment Holes

A14.6.4 Install and align the specimen in the test fixtures, Al14.7.3 Plot thel integral versus the time as shown in Fig.
establish the test temperature, conduct the test at the desirdd4.6. If fracture instability occurs, calculatebased ona,
test rate, collect and store the data required. Remove the tassing the basic analysis procedure and plot the data up to and
specimen from the fixture and mark the extent of the ductilancluding JoJ(t) or Jo(t). Use a linear regression analysis to
crack growth according to 8.5.3, break the specimen opervaluate(dJ/dt) as shown in the example of Fig. A14.5 using
according to 8.5.4 to expose the fracture surface, and measuttge data from 0.&4(t) to Jo(t), from 0.5]5(t) to Jo (1), or from
the initial crack lengtha,, and the final crack lengtla;  0.5Jq,(t) to Jo (1), as the case may be. Extrapolate this line to
according to 8.5.5. the abscissa to evaluate the quartiifyas shown in Fig. A14.6.

Al14.6.5 If the specimen is characterized by ductile upper A14.7.3.1 A second loading ratedJ/d}, is defined as the
shelf behavior, the normalization method of Annex A15 can beslope of theJd versus time data beyond maximum load, as
used to develop thé-R(t) curve for the test specimen. Using shown in Fig. A14.6, over the range frod, to J, +
Section 9, calculaté, (the tentativel,;) and the corresponding  0.5(,.-Jg) or the end of test, if fracture instability occurs.
load Pg and timet,,. If a ductile instability occurs so that the ~ A14.7.4 Plotload versus load line displacement for the time
final stable crack length; cannot be determined, the normal- interval 0= t < t,, as shown schematically in Fig. A14.7. Use
ization method cannot be used to develop JHe(t) curve or  a linear regression analysis to evaluate the initial specimen
the correspondind,, for this test specimen. stiffnessk; using data over the range from 20 % to 50 % of the

A14.6.5.1 If a pop-in is present, refer to Annex A4 to assessnaximum load measured in the test. Plot this best fit line on the
its significance. If the pop-in is significanl,(t) or J,(t) values  figure, and also plot two parallel lines of the same slope with
corresponding to the point of onset can be calculated usinthe y-intercept offset by+10 % of P, @as shown in Fig.
Annex A6. If fracture instability occurs without significant A14.7. Locate the final crossovey; "
ductile crack extension](t) or J,(t) values corresponding to ~ A14.7.4.1 For this data set to be qualified according to this
the point of onset can be calculated as defined in Annex A6. Ifnethod, the compliance, K/ shall agree with the predictions
fracture instability follows significant ductile crack extension, of Eq A2.10 for the C(T) specimen and Eq A1.9 for the SE(B)
the J-R(t) and J,.(t) can be determined providing that is  specimen within =10 %. Additionally, the measured load
distinguishable. The validity of tha@-R(t) curve andJ,.(t) are  displacement data in the region betweenA),3 and 0.8, ©
subject to the requirements of Annex A8, Annex A9, andshould remain within the bounds of the parallel lines con-

Section 9. structed on Fig. A14.7. If these requirements are not met, slack
o grips or impact absorbers must be added or modified or the test
Al14.7 Qualification of the Data rate reduced to obtain a smoother data set that can be qualified

Al14.7.1 Test equipment, specimen geometries, specimeaccording to this method.
fixture alignment, and measured data must meet all require- A14.7.5 Ifto<t,, the test data are not qualified according to
ments of Sections 6, 7, 8, and 9, except as specifically replacdtis method. A slower loading rate must be used, or the
in A14.5. Additional requirements specified here are necessargpecimen geometry changed to decreigstor the test to be

for high rate testing. qualified according to this method.
A14.7.2 All of the test equipment requirements of A14.5 Al14.7.6 If the normalization method of Annex Al5 is used
shall be met. to obtain J., the J resistance curve, or both, at least one
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FIG. A14.6 Evaluation of t 4 and the Test Rates (dJ/dt) , and (dJ/dt) +

confirmatory specimen must be tested at the same test rate aAd4.10 Precision and Bias
under the same test conditions. From the normalization method

the load line displacement corresponding to a ductile crack A14'10'1 Preqsmn—The precision ofJ VErsus crack
extension of 05 mm shall be estimated. The additionaprOWth is a function of material variability, the precision of the

specimen shall then be loaded to this load line displacemeﬁ’t"’lrlous measurements of linear dimensions of the specimen

level, marked, broken open and the ductile crack growtl"f’md testing. fﬁxtures, precision of the displacement measure-
measured. The measured crack extension shall be-@5 Ment, precision of the load measurement, as well as the
mm in order for these results to be qualified according to thi®recision of the recording devices used to produce the load-

method. displacement record used to calculdtand crack length. For
o . the test rates allowed by this annex, if the procedures outlined
Al14.8 Qualifying the High Rate Results in this annex are followed, the load and load-line displacement

A14.8.1 All qualification requirements of 9.1, Annex A6, can be measured with an precision comparable with that of the
Annex A8, Annex A9, and A14.7 must be met to qualify the static loading as described in the main body. If the normaliza-
J-R(t) curve,Jo(t) asJi.(t), or o (t) asJ.(t) according to this tion function method of Annex A15 is used, the crack length
method. If the normalization method of Annex A15 is used, theand crack extension information must be inferred from initial
additional requirements of this annex shall also be met.  and final crack length measurements. The requirement for the
A14.9 Report f'iqlqliti_onal specimen to be test_ed near to the point of crack

initiation has been added to validate thgt) measurement. A
round robin used to evaluate the overall test procedures of this

A14.9.1.1 The minimum test timé&,, according to A14.6.2. method is reported |n2())._ ) y
A14.9.1.2 TheP, andt,, corresponding to the calculated _A14.10.2 Bias—There is no accepted "standard” value for
Jo(t) or Jodb). measures of elastic-plastic fracture toughness of any material.

A14.9.1.3 The(dJd/dt), (dJ/dt), values, or both. In absence of such a true value, any statement concerning bias
A14.9.1.4 1fJ,(t) is being reported, the final crack exten- IS not meaningful.

sion obtained on the confirmatory specimen of A14.7.6 shall be

reported.

A14.9.1 The report shall include all the items of Section 10
as well as the following:
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A15. NORMALIZATION DATA REDUCTION TECHNIQUE
A15.1 Scope final physical crack extension exceeds the lesser of 4 mm or

&5 % of the initial uncracked ligament.
A15.2.2 Each load valu®; up to, but not including the
maximum loadP,,,.,, iS normalized using:

A15.1.1 The normalization technique can be used in som
cases to obtain &-R curve directly from a load displacement
record taken together with initial and final crack length
measurements taken from the specimen fracture surface. Ad- Py = Pi
ditional restrictions are applied (see A14.1.3) which limit the ' WE{M]“‘
applicability of this method. The normalization technique is w
described more fully in Herrera and Land&4)(and Landes, et wherea,; is the blunting corrected crack length at the ith data
al. (22), Lee @3), and JoyceZ0). The normalization technique point given by:
is most valuable for cases where high loading rates are used, or i
where high temperatures or aggressive environments are being i =8 T o5 (A15.2)
used. In these, and other situations, unloading compliance
methods are impractical. The normalization method can be 5
used for statically loaded specimens if the requirements of this P v) +3
section are met. The normalization method is not applicable for ' E
low toughness materials tested in large specimen sizes wherewhereK;, m,, andJ,; are calculated as in Annex Al and
large amounts of crack extension can occur without measurabknnex A2 for each specimen type using the crack leragth

(A15.1)

with J; calculated from:

i (A15.3)

plastic load line displacement. A15.2.3 Each corresponding load line displacement is nor-
malized to give a normalized plastic displacement:
A15.2 Analysis Vyi (v, —P,C)
. . . L. V,p" WS TW (A15.4)
A15.2.1 The starting point for this analysis is a load versus

load point displacement record like that shown in Fig. A15.1. whereC, is the specimen elastic load line compliance based
Also required are initial and final physical crack lengthson the crack lengtha,;, which can be calculated for each
optically measured from the fracture surface. This procedure ispecimen type using the equations of Annex A1 and Annex A2.
applicable only to Test Method E 1820 standard specimen A15.2.4 The final measured crack length shall correspond to
geometries with 0.45< a/W = 0.70 and cannot be used if the a crack extension of not more than 4 mm or 15 % of the initial
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FIG. A15.1 Typical Load Versus Displacement Curve

uncracked ligament, whichever is less. If this crack extensiomoad and displacement pair defined in A15.2.2 and A15.2.3 to
is exceeded, this specimen can not be analyzed according fall on the function defined in Equation A15.5. To do so, start
this annex. at the first data point with a positive plastic load line displace-
A15.2.5 The final load displacement pair shall be normal-ment, normalize the load and displacement using the initial
ized using the same equations as above except that the finaleasured crack sizg, and compare the normalized load with
measured crack length;, is used. Typical normalized data are the result of the normalization function of A15.2.7. Adjust the
shown in Fig. A15.2. crack size until the measur®y; and the functional value ¢
A15.2.6 Aline should be drawn from the final load displace-are within =0.1 %. Each subsequent data set is treated simi-
ment pair tangent to remaining data as shown in Fig. A15.2larly. If each step is started with the crack length resulting from
Data to the right of this tangent point shall be excluded fromthe previous data set, only small, positive adjustments of crack
the normalization function fit. Data with,;/W = 0.001 shall  length are necessary, and the process of obtaining the crack
also be excluded from the normalization function fit. lengths corresponding to each data set is relatively rapid.
A15.2.7 If at least ten data pairs conform with A15.2.6, the A15.2.8.1 The data of Fig. A15.1, normalized and adjusted
data of Fig. A15.2 can be fit with the following required to fit the normalization function of Fig. A15.3 is shown in Fig.

analytical normalization function: Al15.4,
a+bvy, +cv > A15.2.9 Since load, load line displacement, and crack
PN=df—Vrplp (A15.5)  |ength estimates are now available at each data point, the

- . . . standard equations of Annex Al and Annex A2 are used to
wherea, b, c,andd are fitting coefficients. This function can ! . -
evaluate thel integral at each data point, resulting inJeR

be fitted to the data of Fig. A15.1 using standard curve fittingc . .
. urve as shown in Fig. A15.5. A, value can now be
packages available as part of computer spreadsheet programs ; . .

. : ._evaluated from this)-R curve using the method of Section
or separately. An example fit for the data of Fig. A15.2 IS Annex A9
shown in Fig. A15.3. The normalization function shall fit all '
the data pairs described above (including the final pair) with . .
maximum deviation less than 1 % of thg, at the final point. A153 Add|t|ona! Requirements .
Data should be evenly spaced betwegn/W = 0.001 and the ~ A15.3.1 Requirements presented in 9.1, Annex A8, and
tangency point. If less than ten data pairs are available for thi@nnex A9 shall be met to qualify a-R curve or aJ,. value
fit, including the final measured data pair, this method canno®btained by the normalization method. Additional require-
be used. ments specific to the use of the normalization method are

A15.2.8 An iterative procedure is now used to forceRyll,  presented below.

Vpi/W, @ data to lie on Equation A15.5. This involves A15.3.2 If the normalization method is used to obtgjn at
adjusting the crack size of each data set to get the normalizddast one additional, confirmatory specimen shall be tested at
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the same test rate and under the same test conditions. From tfezord used to calculattand crack length. For the test rates
normalization method the load line displacement correspondallowed by this annex, if the procedures outlined in this annex
ing to a ductile crack extension of 0.5 mm shall be estimatedare followed, the crack length throughout the fracture tough-
The additional specimen shall then be loaded to this load lin@ess test can be measured with a precision comparable with
displacement level, marked, broken open and the ductile cradkat of the unloading compliance procedure described in the
growth measured. The measured crack extension shall be 0.5main body. A round robin describing the use of the normaliza-
0.25 mm in order for these results, and henceJpealue, to  tion procedure on rapidly loaded SE(B) and C(T) specimens is

be qualified according to this method. presented inZ0). A requirement for the testing of a confirma-
tory specimen tested near the point of stable crack initiation is
Al15.4 Report present to validate thd, measurement.

A15.4.1 Section 10 describes the reporting requirements for A15.5.2 Bias—Crack lengths generally vary through the
this method. If the normalization function method is used thethickness of fracture toughness specimens. A nine point aver-
following additional items shall be reported. age procedure based on optical measurements obtained from

A15.4.2 If the normalization function is used the coeffi- the post-test fracture surface is generally used to give a
cients of the fit shall be reported as well as the maximunreportable crack length. Different measurements would be

deviation of the fit and the number of data used. obtained using more or less measurement points. Alternative
A15.4.3 If J,. is reported, the accuracy of the confirmatory crack lengths can be estimated using compliance methods,
specimen of A15.3.2 shall be reported. which obtain different average crack length estimates for
o ] irregular crack front shapes. Stringent crack front straightness

Al15.5 Precision and Bias requirements are present in this standard to minimize differ-

A15.5.1 Precision—The precision of thd resistance curve ences caused by these effects. The normalization method acts
is a function of material variability, the precision of the variousto interpolate between optically measured crack average
measurements of linear dimensions of the specimen and testitengths measured at the start and end of the stable resistance
fixtures, precision of the displacement measurement, precisioturve fracture toughness test. This method has been demon-
of the load measurement, as well as the precision of thstrated in 20) to give results consistent with those obtained by
recording devices used to produce the load-displacemeninloading compliance procedures.
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APPENDIX

(Nonmandatory Information)

X1. BASIC CODE EXAMPLE

X1.1 Fig. X1.1 To fit Eq A9.1 to theJ;, g data using the
method of least squares, the following equation must be set up
and solved fora,, B, andC:

( A
Eai_
UYP nzJ?zJ} aoq\
z J;
TaJi-—"F% = |2J22J42 )3 < B (X1)
9y
5 74 Rz Ie | C
TalJ}-—
" 20)’4

X1.2 This equation can be set up and solved using a
standard spreadsheet. The following listing gives a Microsoft
QuickBASIC program listing that can also be used to accom-
plish this process. This algorithm can be easily modified to
perform the fit for CTOD calculations required in C4.4.1.

SUB JFIT

SUBROUTINE TO SET UP FUNCTION FOR Aog EVALUATION

USES EQUATION a = Aoq + J/(2*SFLOW) + BJ~2 + C J~3
" WRITTEN BY J. A. Joyce USNA, Annapolis, 1993

INPUT IS RDAT % PAIRS OF a AND J IN VECTOR ARRAYS AM! AND
JMI

' NEED IN MAIN PROGRAM A COMMON SHARED RDAT %, AMI), JMI(),
XN1Q, FF10, ANI(), SFLOW!

! INITIALIZATION
FORI%=1TO3
FORJ% =1TO 4

FOR 1% = 1 TO RDAT %
JISUM! = JISUM! + JMI(I %)
ANK1,2) = ANK(1,2) + JMY( %) ~ 2
ANK2,2) = ANI(2,2) + JMY( %) ~ 4
ANK1,3) = ANK1,3) + JMY(I %) ~ 3
ANK2.3) = ANK2,3) + JM!(1 %) ~ 5
ANK3,3) = ANI(3,3) + JMY( %) ~ 6
ANI(1,4) = ANY(1,4) + AMI(i %)
ANY(2,4) = ANY2,4) + AMI(I B)"dMY(l %) ~ 2
ANY(3,4) = ANY(3,4) + AMI(I %)*JMI(l %) ~ 3
NEXT | %
ANI(2,1) = ANK(1,2)
ANI(3,1) = AN!(1,3)
ANI(3,2) = ANY(2,3)
ANI(1,4) = ANI(1,4) — JISUM!/(2*SFLOWY)
ANI(2,4) = ANY(2,4) — ANY(1,3)/(2*SFLOW)
ANI(3,4) = ANI(3,4) — ANI(2,2)/(2"SFLOW!)
NOW SOLVE THESE EQUATIONS USING GAUSS ELIMINATION FOR
XNI
CALL GAUSS
PRINT "‘COEFFICIENTS OF INITIALIZATION ARRAY ARE:”
PRINT XN!(1), XN!(2), XN!(3)

CHECK THE FIT
FOR|% = 1 TO RDAT %
FFI( %) = XNI(1)}+JMI( %)/(2*SFLOW!)-+XNI2)*IMI(I %) - 2+XNI(3)
MY %) - 3
PRINT JMI(! %), AMI(I %), FFY(l %)
NEXT | %
CALCULATION OF THE CORRELATION OF THE FIT
YM! =0.
FOR | % = 1 TO RDAT %
YM! = YM! + AMY(I %)/RDAT %
NEXT I %
SY21 = 0.
SYX2! = 0.
FOR % = 1 TO RDAT %
SY2! = SY2! +( AMK(I %) — YM!) ~ 2/(RDAT %—1)
SYX2! = SYX2! + (AMY(I %) — FF!(I %)) ~ 2/(RDAT %—2)
NEXT | %
RFIT! = SQR(1.0 — SYX2!/SY21)
PRINT ""CORRELATION OF FIT = ";RFIT!
PRINT #2,“CORRELATION OF FIT = ";RFIT!

ANl %,J %) = 0. END SUB
NEXT J %
NEXT 1 % §UB GAUSS

: DO SUMMATIONS FOR LEAST SQUARES
ANI(1,1) = RDAT %
JISUM! = 0.

FIG. X1.1 BASIC Program
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SUBROUTINE IN BASIC TO DO A GAUSS ELIMINATION SOLUTION
SET NOW FOR 3X3 MATRIX
OUTPUT IS A VECTOR XN
N%=3
M%=N%+1
L%=N%—1
START REDUCTION TO TRIANGULAR FORM
FORK%=1TOL%
Ki%=K%+1
HE=K%
BG! = ABS(ANI(K %,K %))
REM START OF SEARCH FOR LARGEST PIVOT ELEMENT
FORI% =K1 % TON%
AB! = ABS(ANYI % K %))
IF BG! > AB! THEN BG! = ABL: JJ % = %
NEXT I %
IF JJ % = K % GOTO REDUCE
INTERCHANGES ROWS TO GET MAX PIVOT ELEMENT
FORJ% =K% TOM%
TE! = ANYJJ %.J %)
AN %.J %)= ANKK %,J %)
ANKK %.J %) = TE!
NEXT J %

DETERMINES REDUCED ELEMENTS OF TRIANGULAR SET
REDUCE:
FORI% =K1 % TON%
Q! = ANI(I %, K %)/ANI(K %, K %)
FORJ% =Kl % TOM%
ANYI %, J %) = ANKI %, J %) — QIANKK %, J %)
NEXT J %
NEXT | %
FOR!% =K1 % TON%
ANI(I %.K %) = 0.
NEXT I %
NEXT K %
BACK SUBSTITUTION FOR THE SOLUTIONS
XNKN %) = ANIN %,M %)/ANI(N %, N %)
FORNN% =1TOL%

SuUl=0.
I1%=N%—NN%
N%=1%+1

FORJ%=H%TON%
SUI = SU! + ANKI %, J %) * XNI(J %)
NEXT J %
XNII %) = (ANK(I %, M %) — SUI/ANI(I %,| %)
NEXT NN %
END SUB

FIG. X1.1 BASIC Program (continued)
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