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Foreword 

The symposium on Developments in Fracture Mechanics Test Methods 
Standardization and this resultant publication were sponsored by ASTM 
Committee E-24 on Fracture Testing of Metals, in particular Subcommit
tee E24.01 on Fracture Mechanics Test Methods. To a very significant 
extent, this symposium and publication were cosponsored by NASA-
Lewis Research Center, specifically through the coauthorship or presenta
tion of six of the invited papers or both, and a very substantial amount of 
the technical effort that went into the developments reported. The sympo
sium itself was held in St. Louis, Missouri at the May 1976 ASTM Com
mittee Week; J. G. Kaufman, Aluminum Company of America, presided 
as technical chairman. W. F. Brown, Jr., NASA-Lewis Research Center, 
and J. G. Kaufman are editors of this publication. 
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Introduction 

ASTM Committee E-24 is responsible for test method standardization 
as well as technology development in the field of fracture testing, and 
Subcommittee E24.01 has the specific responsibility for fracture-mechanics 
test methods. The latter is the direct descendent of the original Special 
ASTM Committee on Fracture Testing which started in 1959 to search for 
means of characterizing the resistance of thin sheet materials to the cata
strophic type of fracture which takes place without warning and at stresses 
below those anticipated from the usual engineering properties. Several 
test methods have already been developed by E24.0I, notably E 338 on 
Sharp-Notch Tensile Testing of Sheet, E 399 on Plane-Strain Fracture 
Toughness Testing, E 561 on Resistance Curve Determination, and E 602-
76T on Sharp-Notch Tension Testing with Cylindrical Specimens and a 
number of others are in process. 

This volume represents a state-of-the-art report on developments in the 
field of fracture mechanics test methods within E24.01. These papers were 
part of an E24.01 sponsored Symposium held in St. Louis in May 1976, 
and include all of the aspects of work within the Subcommittee except 
that on testing of beryllium. 

The continuing review of the validity requirements in ASTM Method 
E 399 is the subject of the paper by Kaufman. The generation of data 
which provide information on the effects of individual specimen geometry 
and testing procedure factors which are not compounded by other vari
ables is slow, but such data may lead eventually to some relaxation or 
modification of the validity criteria which add to the cost and workability 
rate of A",̂  data. The papers by Underwood and Kendall and by Gross and 
Srawley presage a major change in ASTM Method E 399, namely, the 
inclusion of a C-shaped specimen with the already present bend and com
pact specimens; this will answer the need for suitable specimens for cylin
drical and tubular components. With regard to resistance curves, the 
development of the most precise calibrations for the various types of 
specimens employed are described by McCabe and Sha for incorporation 
into ASTM Method E 561. 

In the area of new methods, Landes and Begley presented the first 
complete guidelines for J-integral determination, guidelines which will 
likely form the basis of a future recommended practice or standard 
method. 

1 
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2 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

The subject of part-through-crack testing is represented herein by a 
reprinting of T. N. Orange's paper from the September 1975 Journal of 
Testing and Evaluation. A review of this subject was presented at the 
Symposium by C. E. Feddersen, but a text of that review is not available. 

With regard to screening tests, the paper by Shannon, Brown, and 
Donald describes the Metal Properties Council funded study of a new 
one-side fatigue-cracked, edge-notched specimen being considered to re
place the center cracked (CC) specimen in ASTM Method E 338. The 
complexity of specimen preparation for the latter has resulted in limited 
use, and a simpler specimen is seen to be needed particularly for very 
high-strength materials. For aluminum alloys, the machined edge-notch 
(EN) specimen in ASTM Method E 338 has been rather widely used for 
screening and quality control, and little change is expected here except 
perhaps a broadening of thickness limits. 

In the area of newer methods for screening tests, Jones and Bucci et al, 
updated the information on the use of notched cylindrical specimens from 
both the viewpoint of testing and application. This method has been 
published in the gray pages of Part 10 of ASTM Standards for several 
years and is now advanced to a Tentative Standard with the designation 
E 602-76T. Another new screening test is covered in two papers from 
Succop et al, who describe the use of precracked Charpy test to indicate 
plane-strain fracture toughness; some spinoff to new standard methods in 
this area is expected within a couple of years. 

Publication of these papers together with the test methods involved pro
vides the most complete document available in the field of fracture tough
ness testing, and as such it should be of great value to materials research 
and design engineers. 

J. G. Kaufman 
Alcoa Laboratories, Aluminum Company of 

America, Pittsburgh, Pa. 15219; coeditor. 
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J. G. Kaufman^ 

Experience in Plane-Strain Fracture 
Tougiiness Testing Per 
ASTM Method E 399 

REFERENCE: Kaufman, J. G., "Experience in Plane-Strain Fracture Tougliness 
Testing Per ASTM Metliod E 399," Developments in Fracture Mechanics Test Meth
ods Standardization, ASTM STP 632, W. F. Brown, Jr., and J. G. Kaufman, Eds., 
American Society for Testing and Materials, 1977, pp. 3-24. 

ABSTRACT: A review of data generated utilizing ASTM Method E 399 since its last 
substantial revision in 1971 illustrates the importance of most of the major provisions 
and criteria for validity, but also that some technical revisions of the criteria are 
justified. For the standard geometry of specimen (a = B), the P^^^/Pgcriterion is a 
useful indicator of plane-strain crack resistance curve characteristics and should not 
be "stretched" or ignored in establishing the validity of test data. Alternative geome
tries are also useful in measuring Ki^ so long as B > 2.5 (Ki^/(TyJ^, but the present 
P^^j^/PQlimit is too severe for W/B> 2; there is a need to establish alternative limit
ing values of P^m^^Q 'o 80 with the alternative geometries. With regard to fatigue 
precracking, the /̂ ŷ âx during fatigue precracking could be increased from 0.6 to 0.8 
A îc, and the limits on fatigue crack front straightness could be modified to permit 
differences of as much as 10 percent among the middle three measurements. 

KEY WORDS: fracture strength, test methods, crack propagation, aluminum alloys, 
fracture properties, toughness, fatigue (materials) 

In 1968, ASTM Method E 399, the Standard Method of Test for Plane-
Strain Fracture Toughness of MetalUc Materials, was published for the 
first time [1].^ It was the outgrowth of years of effort by ASTM Commit
tee E-24 [2-5], including the initial period in which it was the ASTM 
Special Committee on Fracture Testing [6-9\. This method has become 
the cornerstone of fracture toughness testing, an integral part of quality 
control for high toughness alloys [10], and the starting point for extensive 
research effort to other forms of fracture toughness characterization 
[11-15]. 

'Senior engineering associate, Aluminum Company of America, Alcoa Laboratories, 
Alcoa Center, Pa. 15069. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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4 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

As the first in its field, ASTM Method E 399 is a relatively complex 
procedure with numerous criteria of validity, some of which had to be 
established on the basis of judgment rather than on extensive background 
data. It is appropriate after seven years to review the method critically in 
light of experience gained to date to determine the degree to which the 
available data reinforce the need for the criteria and whether or not all of 
the criteria are necessary, or any can be revised. 

In making such a review, there is a responsibility to consider data in 
which the variables under study are isolated to a degree that precludes 
confounding with other unaccounted for effects. Therefore, we have been 
quite restrictive in selecting data to be given weight in judging the effec
tiveness of the various criteria. Where experimenters have reason to ques
tion the effect of some variable on their test results, systematic studies 
must be made as opposed to relying on casual observations before firm 
conclusions can be drawn. 

Scope 

The scope of this paper will include a review of certain data obtained 
with ASTM Method E 399 with special attention to those that (a) rein
force the need for existing criteria of validity or (b) suggest that some 
revision is possible to improve the utility of the method without reducing 
(if possible, increasing) the accuracy and precision of the test results. 

Background 

The principal criteria of validity of values of A',;,, the plane-strain frac
ture toughness, in ASTM Method E 399-74 are the following (paragraph 
reference and nomenclature per ASTM Method E 399-74): 

1. Specimen thickness 5 > 2.5 (KiJ^^^y, 7.1.1. 
2. Crack length, a > 2.5 (^ , /%)^ 7.1.1; also 0.45 W> a< 0.55 W, 

7.2.1,7.3.3. 
3. Fatigue crack length > 0.05a and > 0.050 in. (0.13 mm), 7.2.3, 7.4. 
4. Specimen proportions: normally ff = B = 0.5 W, 7.2.1; alternately, 

for bend specimens B = 0.25 Ŵ  to fV, 7.3.1; for compact specimens B = 
0.25 Ifto 0.5 » ,̂ 7.3.2. 

5. K^^^^ during fatigue cracking < 0.0025 in.'-'̂  (0.00032 mm'*), <60 
percent A',̂ , 7.4.2. _ 

6. Stress intensity range > 0.9 Ky^^, 7.4.3^ 
7. Crack front curvature, in middle third <0.05 average a; also at edge 

>0.9 average a, 8.2.3. 
8. Crack plane parallel to W-B plane within ± 10 deg, 8.2.4. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KAUFMAN ON PLANE-STRAIN FRACTURE TOUGHNESS TESTING 5 

9. Loading rate in the range 30 000 to 150 000 psi0n7 Vmin (0.55 to 
2.75 MPasAnT'^a 8.3, 8.4. 

10. P^JPQ< 1.10,9.1.2. 

Of these, the requirements on specimen size (Nos. 1 and 2), the fatigue 
stress intensity level (No. 5), fatigue crack curvature (No. 7), and P^^ 
(No. 10) seem to be the most critical in the sense that they are the cause 
for most data invaUdity, so special attention will be paid to them in the 
discussion that follows. The other criteria cause few problems, which has 
led to a situation where there is little systematic data available on which to 
base any discussion; thus, Uttle attention will be given to them herein. 

The specimen size and P^^^ requirements are primarily the result of 
work done at NASA-Lewis Research Center [2,3,5] and were all aimed at 
assuring that the crack-tip plastic zone is relatively small compared to the 
specimen size. The fatigue-crack related criteria were less firmly based in 
experimental data, and so were conservatively taken to assure minimum 
effect of prior history and relatively great Ukelihood of applicability of 
the stress intensity equations to the geometry of the resultant crack. Be
cause of the clear distinction in these two classes of criteria, the following 
discussions will be structured accordingly. 

Specimen Size and Plasticity Criteria 

The criteria for specimen size, that is, a = 5 = 2.5 {K^^/a^^y may be 
considered to function by controlling two closely aUied relationships; (1) 
keeping the crack-tip plastic zone small with respect to the thickness by 
assuring high restraint to through-thickness deformation and (2) keeping 
the crack-tip plastic zone relatively small with respect to the specimen 
width by assuring that most of the width is stressed elastically. With these 
conditions met, fracture models the small-scale yielding, low ductility, 
catastrophic type that can occur in structures without warning and is, 
therefore, to be especially guarded against by knowledge of the plane-
strain fracture toughness of the material. 

The crack-tip plastic zone may be considered by Irwin's approximation 
[76] to be proportional to the square of the ratio of the appHed stress 
intensity to the yield strength, so the yield strength is the primary factor 
governing (by the inverse square) the thickness necessary to achieve plane-
strain conditions in materials of a specific K^^ level. Using Irwin's simple 
approximation, the radius of the plane-strain plastic zone size, r^, is 

OTT 

so the current thickness criterion assures that the specimen thickness is 
2.5 X 6irr„ or about SOr„. 
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6 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

The nominal net-section stress at the crack tip (more idealized than 
real) for a given applied stress is primarily a function of the width (depth) 
of the specimen and the depth of the crack in that specimen. ASTM 
Method E 399-74 specifies that the nominal crack length, a, is half the 
width (depth) W, so control of the crack length effectively controls the 
level of the net-section stress. The current requirements may be shown to 
limit the maximum nominal net-section stress to 95 percent of the yield 
strength by solving for the maximum P/A + MC/l stress when (A",,/ 
(Tys)2 -^ B = 2.5. Because of the presence of the crack, the net-section 
stress is not a very realistic measure of the real crack-tip stresses, and so it 
is more appropriate to consider even the limitation on crack length as 
one of limiting the crack-tip plastic zone to about 1/50 of the crack length 
or 1/100 of the specimen width (depth) by the current criteria. 

In the earlier stages of the development of plane-strain fracture tough
ness test standards, when an observed instability (called "pop-in") was 
required to establish test validity [3], these size criteria seemed sufficient 
to control all aspects of plasticity and specimen size interactions. When 
the use of a secant offset was adopted to select the load for calculation of 
KQ, the candidate value of A",,, a new criterion was needed to provide 
assurance that the curvature in load-deformation curves in meaningful 
tests was related to crack growth (as opposed to yielding). The "80 per
cent rule" was adopted [17], in which the offset at 80 percent of the KQ 
load was required to be no more than 25 percent of the K^ offset, as a 
means of eliminating cases in which the more gradual curvature would 
be indicative of large-scale yielding. However, this criterion was not effec
tive, rarely screening more than did specimen size criteria and failing to 
account for differences in the shapes of crack resistant curves for certain 
materials. 

The SO^percent rule was then replaced by the current requirement that 
Pmax'^Pg'^ 1-1. recognizing the fact that we are dealing with a single point 
on a plane-strain crack resistance curve, and assuring that the load-defor
mation curve has a shape reflecting the relatively abrupt breakover ex
pected of such a curve under plane-strain conditions. This criterion effec
tively becomes a check and balance system for the size criteria, as it as
sures the specimen dimensions are such that the resistance curve repre
sented is sharply curved and flat, and that the measurement point at 2 
percent of the crack length is beyond the sharp curvature in the knee of 
the resistance curve. Data such as that for aluminum alloy 2219 from Ref 
18 (Figs. 1 and 2) have shown that for some high-toughness alloys the 
current size criteria alone do not accomplish this, but that for the stan
dard specimen design (B - a) sizes about twice the present limit are re
quired to keep yielding on a sufficiently small scale; the P^a^/Pg criterion 
provides this control. Without this criterion, the size limit would have to 
be increased to about 5{K,^/<r^^y, which might penalize some materials 
and thus is not desirable so long as the P^^JPQ ratio does the job. 
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KAUFMAN ON PLANE-STRAIN FRACTURE TOUGHNESS TESTING 7 
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8 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

The data from Ref 18 also illustrate some additional points, notably 
about the use of compact specimens with the alternative geometries per
mitted in paragraph 7.3.2 of ASTM Method E 399-74. First, from Fig. 2, 
the use of crack lengths of 5{KiJcy^y coupled with a thickness of 2.5(A',,/ 
(TyĴ  and thus W/B = 4, provide a value of KQ essentially equal to K^^, 
though it would be considered invalid because the Pmax^Q ratio exceeds 1.1. 
Second, cross plotting of the KQ and P^^JPQ data, as in Fig. 3, reveals 
that the P^^JPQ ratios that provide levels of KQ equal to /T,,, vary sys
tematically as illustrated in Fig. 4. Thus, the alternative geometries per
mitted in ASTM Method E 399-74 are useful, at least as long d& B > 
2.5(/r,c/<^ys)̂  (and perhaps even less) and would provide meaningful 
values of A'lj,, but the application of the present P^^ /PQ ratios to W/B > 2 
effectively eliminates them. Proportioning of the actual data in Fig. 4 for 
W/B = 2 to obtain levels of P^JPQ associated with the different W/B 
ratios permitted by the method suggests the following limits 

W/B Limiting Ratio, P^JPQ 

1 1.10 
2 1.10 (current standard) 
3 1.15 
4 1.20 

Published data from Lake on aluminum alloy 2124-T851 \19\ and from 
Munz on Ti-6A1-4V [20], as well as those in report form from Jones and 
Fudge for 7050 [27] and Priest for Hylite 50 \22\ all seem to support the 
general patterns described herein. 

In summary, data generated in recent years illustrate that: 
1. For standard specimens, the ar = B > 2.5(Â ,<./<TyĴ  criteria coupled 

with the P^PQ = 1.10 criterion adequately control the size of the plas
tic zone with respect to specimen dimensions, and the specimen crack 
length with respect to the knee (sharp curvature) in the crack resistance 
curve. 

2. For high-toughness materials, such as aluminum alloy 2219-T851, 
the use of a = 5 > ^(^K^Ja^y- is necessary to satisfy the criteria for 
plane-strain crack resistance turves as defined by P^^JPQ< 1.10 and can 
be used as a guideline in selecting specimen sizes. 

3. If a is rnaintained > 5{Ji.Ja^y, it is possible to relax the thickness 
at least to 5 > lMJi.J<j^y (that is, use the ASTM Method E 399-74 al
ternative geometry) for compact specimens and obtain a suitable measure 
of the plane-strain fracture toughness. Used in this fashion, the alternative 
geometries broadens the applicability of the test to cover situations where 
adequate standard specimens could not be obtained. 
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APPENDIXES 245 

root radii at the ends of the slots of 0.003 in. 
(0.08 mm) or less to facilitate fatigue crack
ing. The starter slot must be extended by 
fatigue cracks not less than 0.05 in. (1.3 mm) 
in length (see Note 4). The slot must lie within 
an envelope described by Fig. 8. 

7.6.2 For the CS specimen. Fig. 9 shows 
the allowable notch types and envelope sizes. 
The machined slots must be extended by fa
tigue cracks not less than 0.05 in. (1.3 mm) in 
length. 

NOTE 4 —Fatigue cracks may be omitted only if 
it can be shown that the machined notch root radius 
effectively simulates the sharpness of a fatigue 
starter crack. 

7.7 In fatigue cracking, the minimum-to-
maximum load ratio can be chosen through 
experience. In CCT specimens, the maximum 
stress in the net section shall not be greater 
than 50 % of the yield stress. In CS and 
CLWL specimens, the maximum load in fa
tigue shall not develop strength ratios greater 
than 0.5 as calculated in accordance with 
9.1.7 of Method E 399. Typically, maximum 
nominal stresses in fatigue cracking should be 
between 10 to 40 % of material yield 
strength. 

8. Procedure 
8.1 Measurements — Measure material 

thickness, fi, to ± 1 % of B at four locations 
near the crack plane. Measure specimen 
width, W, accurate to ± 0.5 % of W. 

8.2 Number of Teste — Replicate /{-curves 
can be expected to vary as do other properties 
in mechanical tests such as Charpy-V energies 
or tensile properties. A curve plotted from a 
single determination may be a smoothly in
creasing function of crack extension, giving 
the impression that the single determination is 
an accurate representation. This is not neces
sarily so; make at least one additional con
firming test. 

8.3 Loading Procedure—Load the CCT, 
CS, and CLWL specimens incrementally, al
lowing time between steps for the crack to 
stabilize before measuring load and crack 
length (see Note 5). Cracks stabilize in most 
materials within seconds of stopping the load
ing. However, when stopping near an instabil
ity condition, the crack may take several min
utes to stabilize, depending upon the stiffness 

E561 

of the loading frame and other factors. 
NOTE S —If autographic instrumentation is used, 

it is permitted to monitor load versus crack exten
sion continuously under monotonic loading. Load 
rate must be slow enough so as not to introduce 
strain rate effects into the R-curve. Static K,i cannot 
be determined when the crack is steadily creeping 
or accelerating at or near instability. 

8.3.1 Number of Data Points-V/hils R-
curves can be developed with as few as four or 
five data points, ten to fifteen give improved 
confidence, and tougher materials usually re
quire more data points. 

8.4 Physical Crack-Length 'easurement — 
Measure the physical crack it.igth accurately 
to 0.01 in. (0.2 mm) at each step using suita
ble measuring devict?; described in 6.6 and 
6.7. Physical crack length can also be mea
sured with compliance techniques by partial 
unloading of the specimen after each incre
ment, a technique described in 10.4. Adjust 
the physical crack length for plastic-zone, ry, 
to obtain effective crack length for calculating 
K. 

8.4.1 In CLWL tests where the physical 
crack length is measured, determine the ap
plied load or K from the relationship of Table 
2 using an ry adjustment to crack length to 
enter the table. Since ry is a fimction oiK, an 
iteration procedure may be necessary. 

8.5 Effective Crack-Length Measurement— 
Comphance measurements, 2v/P, made dur
ing the loading of specimens, can be used to 
determine effective crack length, a^, directly. 
The crack is automatically plastic-zone cor
rected and these values can be used directly in 
the expressions for K. 

8.5.1 Effective crack length can be deter
mined directly in CS and CLWL specimens 
using a double compUance technique. By de
termining the displacements at two different 
locations, V\ and V2, along the crack line, as 
shown in Fig. lb, an effective crack length-to-
width ratio, aJW, can be found from the dis
placement ratio 2vl/2v2 using Table 1. It is 
convenient to plot autographically 2vl versus 
2v2 on an X-Y recorder at lOOx and 200x, 
respectively. The load, P, can be calculated 
using Oe and displacement at V\ in conven
tional compliance relationships appearing in 
Table 2. In continuous X-Y plots, the wedge 
direction or load can be reversed at appropri
ate intervals to determine return slope 2 Avl/ 
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10 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

4. There is presently an inconsistency fo^compact specimens in that 
alternative geometry specimens {W/B > 2 < 4) are permitted, but the 
P^^JPQ limit of 1.10 consistently renders the data invalid, thus effectively 
voiding the usefulness of the alternative geometry. To remedy this, the 
addition of limiting P^^/PQ ratios of equal severity for the alternative 
geometries is needed per t̂he table shown previously. 

5. If a is maintained > 5{K^^/<T^^Y, it may be possible to relax the thick
ness criteria even further and obtain useful indications of A",̂ , even though 
plane-strain conditions are not achieved. This is possible because of the 
proximity of concurrence of crack resistance curves in the region of 2 
percent crack extension and should not be misconstrued as a direct mea
sure of plane-strain crack extension. 

Fatigue Precracking 

Leve/o/Kf„„ 

The restrictions on the conditions for fatigue precracking of plane-strain 
fracture toughness specimens are intended to eliminate or at least minimize 
the effect of history of loading on the value of K^^ obtained in the test. 
The current practice in ASTM Method E 399-74 provides the control in 
terms of a maximum value of the stress intensity_applied during the final 
stages (0.050 in.) of precracking, namely, K^^^^ < 60 percent of K,^ or < 
0.002£'in.'•'' (about 20, 30, and 60 ksi \/m'.'''' for aluminum alloys, titanium 
alloys, and steels, respectively). Earlier guidelines (during the formulative 
stages of ASTM Method E 399-74) were expressed in terms of crack 
growth rates (for example, the average da/dN in the final stages was to 
be no more than 10"* in./cycle), but the interpretation and application 
of this was difficult, while control based on K^^^^ is straightforward. 

Data from several sources are now available to suggest that, for certain 
alloys at least, further relaxation of the limits of Kj^^^ may be possible. 
Comparisons of the results of replicate tests in which Â âx was varied 
systematically over several levels, as illustrated in Fig. 5, for several alu
minum alloys [23] showed that until K^^^^ exceeded 80 percent of the aver
age KQ, there was no significant variation in the KQ value itself. Predicta
bly, when AT̂max was higher, the KQ value tended to be higher, presumably 
the effect of crack blunting. Data from the British Iron and Steel Research 
Association (BISRA) for titanium alloys support the lack of consistent 
effect of Kf^^^ up to 80 percent K^^ on the test value [24]. 

These data suggest that it may be possible to relax the requirements 
in paragraph 7.4.2 of ASTM Method E 399-74 to permit the use of A/„„ 
values up to 80 percent Ky^ and 0.0025£' in. '^\ at least for those classes of 
alloys for which the lack of effect has been noted. Caution must be exer
cised, however, as the data of Jones and Brown have shown the 60 per-
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FIG. 5—Summary of data: effect of stress intensity during fatigue crack growth on re
sults of plane-strain fracture toughness tests. 

cent value to be a limit for 4340 steels [5]. Such a change would have a 
significant effect in speeding up the total testing time involved in making 
plane-strain fracture toughness tests, as it can at least halve the time for 
fatigue_precracking. No change in the requirements on stress intensity 
range ^"0.9) seems necessary or supported by data at this time. 

Fatigue Crack Front Straightness 

Perhaps the most frustrating of all requirements is that on fatigue crack 
front straightness, as little can be done to improve crack front straight
ness when it is the result of microstructural variations through the speci
men thickness or residual stresses. This is generally the case with welds, 
and even the more subtle variations from center to surface in plate or 
forgings may cause problems. Excess curvature resulting from misalign
ment can be dealt with, preferably through improvements in fixturing of 
the machines but alternately, when that is not possible or practical, 
through the use of spacers and shims. The chevron notch configuration 
(Fig. 6b of ASTM Method E 399-74) can be helpful in providing sym
metrical and relatively straight fatigue crack fronts and was used widely 
at Alcoa Laboratories with bend specimens; it has not proven necessary 
with compact specimens. 

Regardless of the control used, it is inevitable that some degree of crack 
front curvature will be obtained. The present requirements call for mea
surement of the crack front at five points with an upper limit of 5 percent 
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12 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

on the difference in readings among the middle three, and another Umit 
of 10 percent on the difference between either surface measurement and 
the average of the middle three. The 5 percent limit on the middle three 
is the difficult one, and it is not uncommon to have differences up to 10 
percent, with the center length invariably the largest. In an analysis of 
paired data for aluminum alloys from a number of sets of duplicate tests 
that met all criteria for validity, except that one of the pair met the 
straightness limits while the mate failed, no consistent or significant dif
ferences were found in the values as illustrated in Fig. 6. 

Since the comparisons were controlled carefully and the effect is more 
indicative of the suitability of the stress analysis than of the effects for 
a particular alloy system, it seems appropriate to relax the current require
ments in paragraph 8.2.3 of ASTM Method E 399-74 to permit up to 10 
percent difference between any two of the three center measurements of 
crack length. There seems to be no need for change in the Umits for sur
face measurements, nor in the current limit on the amount of fatigue 
crack extension (at no point shall the crack front be less than 5 percent 
of the average crack length from the machined notch, paragraph 8.2.3, 
ASTM Method E 399-74). 

Total Crack Length 

The combined length of the machined notch and the fatigue crack (that 
is, a) is restricted by paragraph 7.2.1 to between 0.45 and Q.55W. This 
restriction was based not only on a desire to keep the working range of 
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FIG. 6—Effect of fatigue crack front curvature on the results of plane-strain fracture 
toughness tests. 
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KAUFMAN ON PLANE-STRAIN FRACTURE TOUGHNESS TESTING 13 

crack lengths reasonable but also to ensure that the length was within the 
range for which the 5 percent secant offset is appropriate in identifying 
approximately 2 percent of crack growth. Thus while inclusion in the 
method of an improved K expression with high precision over a wide 
range of crack length is anticipated, it would not be appropriate to change 
the limits on a/W unless alternate secant offsets are also incorporated; 
this seems to be an unnecessary complication to the standard method 
though it could be incorporated as information to the researcher. 

Summary and Conclusions 

A review of data generated utilizing ASTM Method E 399 since its last 
substantial revision in 1971 illustrates the importance of most of the major 
provisions and criteria for validity but also that some technical revisions 
of the criteria are justified. 

The following conclusions seem warranted, including some in which 
consideration of specific revisions to the method seems appropriate (ref
erences are to ASTM Method E 399-74, pp. 471-490, 1976, Annual Book 
of ASTM Standards, Part 10): 

1. For the standard geometry of specimen (a = B), the P^SX/PQ criterion 
is a useful indicator of plane-strain crack resistance curve characteristics 
and should not be "stretched" or ignored in establishing the validity of 
test data. 

2. Alternative geometries are also useful in measuring /r,̂ , so long as 
B > 2.5(A',yo-y,)2, but the present P„,^JPQ limit is too severe for W/B > 2 
and screens out useful data that are numerically equal to fully valid values 
and meet all other criteria, including size, and so could otherwise be con
sidered valid. There is a need to establish alternative limiting values of 
Pmn^Pq to go with the ahernative geometries. Specifically, paragraph 
9.1.2 could be modified to state, in the second sentence, that: "If the 
ratio does not exceed the following limits, proceed to calculate . . . ." 

W/B Maximum Ratio, P„„PQ 

<1.0<2.5 1.10 
> 2.5 < 3.5 1.15 
> 3.5 < 4.0 1.20 

3. Information should be given to the effect that, for high toughness 
materials with relatively rounded plane-strain crack resistance curves, 
experience has indicated that specimens with about twice the current 
minimum size requirements may be needed to comply with the P^^JPQ 
requirement. Specifically, a new note might be added after paragraph 
9.1.2 as follows: 
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14 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

NOTE 3—For high toughness materials, thickness and crack lengths 
of about 5(Ki^/(Ty^y may be required to meet the P^JPQ criterion in 
9.1.2. 

4. The limits on fatigue crack front straightness should be modified to 
permit differences of as much as 10 percent Eunong the middle three mea
surements. Paragraph 8.2.3, p. 475, should be modified on line 9 to read, 
"If the differences between any two crack length measurements exceed 
10% of the crack length " 

5. The AT̂max during fatigue precracking could be increased from 0.6 to 
0.8 A:,, and from 0.002 to 0.0025£' in.'^ for certain materials. Specifically, 
a new sentence could be added to paragraph 7.4.2 stating that, "If demon
strated for the class of materials involved, the applicable limits can be 
extended to 0.0025£ in. '/= and 80 percent of A",,." 
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DISCUSSION 

M. H. Jones' and W. F. Brown, Jr.' (written discussion)—Kaufman 
has made a number of suggestions for modification of ASTM Method E 
399-74 which are based on his extensive experience in apphcation of the 
test method to high-strength aluminum alloys. These suggestions deserve 
careful attention of the Task Group, and we have considered his main 
points separately in the following discussion. Our opinions do not neces
sarily represent those of the Task Group on ASTM Method E 399 nor do 
they necessarily represent a fixed position on our part concerning its mod
ification. 

P^^^/PQ Limitation—The plane-strain fracture toughness /T,̂  determined 
in accordance with ASTM Method E 399-74 may vary with initial crack 
length and therefore with specimen size. This effect was discussed several 
years ago by Jones and Brown^ and arises from selecting a measurement 
point PQ on the load deflection curve which corresponds to an apparent 
crack extension of about 2 percent. Thus, the longer the initial crack, the 
higher may be the value of KQ which is a point on the crack growth re
sistance curve (that is, K versus Aa). The steeper the resistance curve, the 
larger will be the effect of increasing the crack length. Crack length ef
fects may be observed when testing specimens of the same thickness but 
with different values of W/B and, to a lesser extent, when testing speci
mens of increasing thickness with the same W/B ratios. This effect of 

'Research engineer and chief. Fracture Branch, NASA-Lewis Research Center, Cleveland, 
Ohio 44135. 

^Jones, M. H. and Brown, W. F., Jr., in Review of Developments in Plane Strain Frac
ture Toughness Testing, ASTM STP 463, American Society for Testing and Materials, 
1970, p. 63. 
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16 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

crack length is suppressed as the thickness is increased because increasing 
thickness reduces the slope of the crack growth resistance curve and suf
ficiently thick specimens would show no significant effects of variations 
in absolute size or W/B. 

The present thickness requirement of ASTM Method E 399-74 (B > 
1.5K^/(jy^) is not sufficient to suppress the crack length effect for all 
alloys within the W/B limits specified. The data for 2219-T851 presented 
by Kaufman are an example of this insufficiency. Thus, if the limitation 
on P^^JPQ is ignored, substantial variations in KQ are encountered for 
specimens meeting the thickness requirement when W/B is varied from 
two to four, or when the thickness is varied for a constant value of W/B. 
It was to minimize these effects that we suggested a limit on Pa,i,JPQ rather 
than attacking the problem directly by increasing the thickness require
ment. The P^^JPQ limit tends to reject test data from specimens having 
steeply rising crack growth resistance curves that might yield K values 
significantly higher than A",̂ . Thus, the P^^JPQ limit ensures that a speci
men of sufficient thickness will be tested at any W/B value and acts as a 
safeguard on the test method. 

As with most safeguards there is a price to pay and in the present case 
the price is the rejection of some KQ values that are equal to the known 
K^^. Thus, Lake' has pointed up that 1-in.-thick compact tension (CT) 
specimens of 2124-T851 with W/B = 2 give valid values of A",, and ex
ceed the thickness requirement. When W/B was increased to four, he 
observed slightly higher values of A",, but the limitation of Pmn^Pq was 
exceeded. Thus, it may be concluded that the present limitation on P^^J 
PQ rejects useful data. Kaufman, in his present paper, makes the same 
point and suggests a remedy, namely, that the limitation on P^JPQ be 
allowed to rise as W/B increases from one to four. This is a logical ob
servation based on the data he presents. Certainly it is possible to man
euver KQ to a numerical value equal to K^^ by compensating for down
trend in KQ associated with insufficient thickness with an uptrend associ
ated with increasing crack length, but how does one know the proper 
maneuver has been made without knowing the true value of AT,̂ . What is 
necessary are calibration curves such as presented in Kaufman's Fig. 4 
based on sets of data where K^^ has been estabhshed. These curves would 
be different for different materials, and their development would require 
a substantial test program analogous to that needed to establish the pres
ent size requirements. 

We offer the following arguments in opposition to the type of change 
in ASTM Method E 399-74 proposed by Kaufman. The AT,, test method, 
in our opinion, should be considered as a reference standard for the mea-

'Lake, R. L. in Mechanics of Crack Growth, ASTM STP 590, American Society for Test
ing and Materials, 1976, p. 208. 
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DISCUSSION ON PLANE-STRAIN FRACTURE TOUGHNESS TESTING 17 

surement of the plane-strain fracture toughness of metalHc materials. As 
a reference standard the method should be as simple as possible and ap
plicable to a wide variety of metallic materials. Safeguards should be 
incorporated to ensure that the test result will not overestimate the true 
value of A:,,. We do not believe that ASTM Method E 399-74 should be 
elaborated with special relief procedures designed to broaden its applica-
biUty to certain specific material conditions even if this means some sacri
fice in the economy of material needed to make a valid test. However, 
if special relief procedures can be developed and demonstrated to work, 
such procedures might then be incorporated in the appropriate ASTM 
standards relating to material specifications. 

Additionally, we see no reason to accept the variation of Ki^ with W/B 
when this variation can be eliminated by fixing on one W/B ratio. We 
would suggest the method be confined to tests with specimens having 
W/B = 2. It should be remembered that the extension of the W/B range 
to four was done primarily to permit the testing of thin stock with the 
CT specimen. We suggest that when the stock is too thin to permit the 
use of a CT specimen with a W/B = 2 that the bend specimen be used. 

Fatigue Cracking K Level—The requirement here is to specify a value 
below which the subsequently measured K,^ will not vary. Results ob
tained by Walker and May" for several martensitic steels support the 
present limitation of Kp{max) >0.60 Kg. We are aware that for some ti
tanium alloys, this limitation can be apparently relaxed. The data pre
sented by Kaufman in Fig. 5 also indicate that this limitation could be 
relaxed for some aluminum alloys. These dloys (2014-T6, 7075-T73, and 
X7080-T7) have relatively low toughness compared with the 2219-T851 
alloy. Does comparable data exist for the tougher aluminum alloys? 

Again, we suggest that special relief procedures not be incorporated 
into ASTM Method E 399-74 to better accommodate a specific class of 
materials, and again we suggest that these could best be accommodated 
within the ASTM standards relating to material specifications. 

Fatigue Crack Front Straightness—We agree with Kaufman that this 
is one of the most frustrating of all the requirements on the fatigue crack. 
It was formulated in the absence of systematic data on the effect of crack 
front curvature, and such data would be very difficult to obtain. The 
requirements as stated in ASTM Method E 399-74 are arbitrary and arise 
from experience obtained in the round robin test programs on the bend 
and compact specimens. Kaufman's data. Fig. 6, indicate that the straight
ness limits might be relaxed for some aluminum alloys; however, it is not 
clear from the text or from the figure what is meant by the "percent crack 

"Walker, E. F. and May, M. J., "A Note on the Effect of Fatigue Pre-Cracking Stress on 
the Plane Strain Fracture Toughness of Several Martensitic Steels," British Iron and Steel 
Research Association, Metallurgy Division, Sheffield, England, Jan. 1968. 
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18 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

front curvature." Does this refer only to the middle three measurements 
of crack length? Further, it would be helpful if the alloy conditions and 
specimen thickness range represented in this figure could be identified. 
It is worth noting that Petrak' tested 2024T851 specimens having crooked 
cracks or straight cracks. His crooked cracks did not "thumbnail" but 
were askew in relation to the specimen faces to an extent they did not 
meet the crack front requirements. He reported essentially no difference 
between the AT,;, values obtained from the crooked cracks as compared 
with the straight cracks. Kaufman points up that his main difficulty is 
associated with meeting the limit on the difference among the three middle 
crack length measurements. We, on the other hand, have encountered 
difficulty when testing titanium alloys in meeting the requirement that 
neither surface crack length be less than 90 percent of the average crack 
length. Otherwise, we have had no significant problems in meeting all 
the crack straightness requirements when testing parent metal. Welds are 
another matter and frequently give a variety of problems. 

It could well be that changes should be made in the crack front straight
ness requirements, and the E24.01.01 Task Group should attempt to ac
cumulate additional data from practical testing experience that might 
serve as a guide in this respect. In the meantime, certain changes appear 
warranted simply on the basis of logic. The present straightness require
ments based on crack length permit considerably more curvature at the 
center of the thickness as W/B varies from one to four for specimens 
having the same crack length. This is illustrated in Fig. 7 which shows 
crack fronts represented by circular arcs symmetrical about the midthick-
ness plane. The dimensions a^, a^, and a^ represent the maximum permis
sible differences among the three middle crack lengths. Note that the 
permissible curvature is much less in the thicker specimen than in the 
thinnest specimen. It would seem logical to attempt to reduce these dif
ferences, and this can be accomplished by basing the crack straightness 
requirements on the thickness rather than the crack length. This is illustra
ted in Fig. 8 for the same geometries as shown in Fig. 7. Of course, 
if we fix W/B = 2 then it will not matter whether crack length or thick
ness is used as a base. Another point worthy of note is the present require
ment that neither surface crack length measurement be less than 90 per
cent of the average crack length results in a situation where we are asking 
for less curvature near the specimen surfaces than at the center of the 
thickness. This can be seen by comparing the dimensions a, and a^ in Fig. 
7 which represent the limits on the surface lengths with the extension of 
the circular arcs that represent the curvature at midthickness. It would 
seem logical to open up this crack surface length requirement. 

'Petrak, G. J., Engineering Fracture Mechanics, Vol. 4, 1972, p. 311. 
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FIG. 8—Schematic illustration of crack front curvature based on thickness B. 
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20 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

TABLE I—Results of compact tension fracture toughness tests of various aluminum 
alloys, tempers, and products. 

Alloy and 
Temper 

249-T7 
2014-T6 
2014-T651 

2020-T651 

2021-T8151 
2024-T351 

2024-T351 
2024-T851 

2124-T851 
2124-T851 

2214-T651 

2219-T851 

6061-T651 
7005-T6351 
7049-T73 
7050-T736 
7050-T73651 

7075-T6 
7075-T6 
7075-T651 

7075-T651 

Product 

P-M casting 
rolled rod 
plate 

plate 

plate 
plate 

E + D rod 
plate 

plate 
Alcoa 417 plate 

Alcoa 417 plate 

plate 

plate 
plate 
hand forging 
die forging 
plate 

extruded bar 
die forging 
plate 

special process plate 

Nominal 
Thickness, in. 

1.50 
0.89 
1.00 
1.00 
1.00 
1.00 
1.37 
1.37 
1.00 
2.50 
2.50 
2.50 
2.50 
5.00 
1.37 
2.50 
3.00 
1.57 
1.75 
2.50 
2.50 
3.15 
3.39 
4.00 
1.75 
2.00 
3.00 
1.37 
1.37 
3.00 
3.00 
2.00 
1.00 
2.00 
4.00 
2.00 
0.50 
1.37 
1.37 
1.37 
2.00 
2.50 
1.30 
1.30 
1.30 
1.30 
1.30 
1.30 

Location " 
and 

Orientation * 

L-T 
ST-L 
L-T 
L-T 
T-L 
T-L 
L-T 
T-L 
T-L 
CL-T 
CS-L 
CS-L 
CS-L 
CT-L 
T-L 
CL-T 
CS-L 
CL-T 
CS-L 
ML-T 
CS-L 
CS-L 
CS-L 
MT-L 
CS-L 
CS-L 
CS-L 
T-L 
T-L 
CS-L 
CS-L 
CL-T 
CL-T 
CS-L 
CS-L 
MT-L 
WT-L 
L-T 
T-L 
L-T 
CT-L 
CS-L 
T-L 
L-T 
T-L 
T-L 
L-T 
T-L 

Specimen 
Number 

511071 
314979 
251739 
251739 
251739 
340431 
317236 
317236 
369564-4 
366206 
366206-A 
366206 
367077 
410787 
301840 
366207 
279072 
369724-3 
410675 
410854 
410854 
410798-1 
410797-3 
340900 
369755-4 
369756-5 
369757-5 
317227 
317229 
369859 
369860 
411019 
415462 
411186 
411187 
358149 
338109 
301742 
301742 
301920 
369254 
278845 
410760 
410761 
410761 
410763 
410764 
410764 
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No. of 
Tests 

1 
1 
1 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
3 
2 
1 
1 
1 
1 
1 
2 
2 
1 
2 
1 
1 
1 
1 
1 
1 
1 
1 

Valid Tests 

Curvature, % 

Mid 3 
Point <• 

2.9 
0.7 
4.2 
5.0 
4.7 
5.1 
3.1 
4.2 
1.4 
1.0 
0.5 
1.6 
5.4 
3.5 
5.1 
1.0 
4.7 
5.3 
1.1 
1.8 
5.4 
3.7 
2.1 
1.0 
4.2 
3.1 
1.6 
1.1 
1.3 
2.7 
4.4 
1.9 
1.5 
2.9 
5.3 
1.3 
2.1 
3.1 
4.2 
3.9 
4.8 
2.0 
4.6 
4.3 
3.7 
4.7 
5.0 
4.4 

Surface'' 

9.3 
0.4 
9.3 
1.7 
7.0 
9.1 
3.8 
3.3 
2.1 
2.0 
1.1 
6.8 
5.7 
5.6 
6.2 
1.2 
4.4 
6.3 
2.5 
9.6 
5.7 
4.9 
4.2 

3.5 
3.5 
2.6 
3.1 
5.5 
3.7 
3.0 
3.9 
4.1 
6.0 
2.0 

5.1 
8.6 
3.7 
7.5 
1.8 
8.0 
7.8 
6.8 
7.2 
7.0 
6.8 

A- ,^^ No. 

Invalid Tests 

Curvature, % 

of Mid 3 
ksi vfiT Tests Point"• 

30.2 1 
17.4 1 
25.5 2 
24.9 1 
21.6 2 
21.2 2 
22.0 1 
17.4 1 
19.1 1 
30.0 1 
18.9 1 
20.0 1 
20.8 2 
23.4 1 
18.6 1 
23.9 1 
25.0 1 
27.4 1 
18.2 1 
29.8 1 
20.3 1 
22.9 1 
26.9 1 
23.4 1 
22.0 1 
23.7 1 
25.3 1 
28.1 1 
25.8 1 
21.3 1 
27.5 2 
28.3 1 
36.6 1 
22.4 1 
23.7 1 
20.0 1 
22.6 1 
28.0 1 
24.0 1 
26.7 1 
21.4 1 
18.0 1 
33.2 1 
37.4 1 
36.4 1 
33.8 1 
35.2 1 
34.7 1 

4.0 
5.8 
7.0 
6.9 
6.9 
7.3 
6.1 
6.0 
7.1 

10.2 
6.4 
6.0 
6.9 
6.1 
5.7 
9.9 
8.2 
5.7 
6.1 
2.7 
5.9 
5.8 
5.5 
6.9 
6.2 
6.1 
6.3 
2.5 
9.8 
6.3 
7.3 
5.4 
5.9 
5.5 
6.5 

11.8 
6.0 
5.7 
6.0 

11.4 
6.1 
7.7 
6.8 
6.8 
5.7 
5.6 
6.2 
6.5 

Surface'' 

11.3 
4.5 
8.0 
3.6 
9.4 
8.9 
1.3 
2.2 
6.1 
6.5 
5.3 
8.7 
8.3 
6.5 
5.3 
1.2 
6.7 
6.1 
5.4 

10.6 
6.6 
4.0 
7.8 

4.5 
3.4 
3.5 

13.0 
12.3 
3.0 
8.6 

11.3 
4.9 
2.1 
2.1 

7.3 
8.1 

12.4 
8.6 
7.8 
7.6 
7.6 
6.5 
7.5 
7.7 
8.1 

ksi vTnT 

29.1 
18.1 
23.5 
25.5 
22.9 
21.2 
21.2 
17.3 
18.4 
29.2 
18.4 
22.1 
21.4 
22.9 
18.7 
22.7 
22.5 
28.0 
19.5 
29.7 
19.5 
22.8 
25.8 
21.0 
24.1 
23.6 
25.3 
29.5 
26.7 
21.2 
26.3 
26.2 
37.6 
24.2 
23.5 
19.4 
20.7 
28.1 
24.3 
27.1 
20.7 
17.8 
33.7 
38.6 
36.1 
33.1 
33.1 
34.8 

f^Q^f^lc 

0.96 
1.04 
0.92 
1.02 
1.06 
1.00 
0.96 
0.99 
0.96 
0.97 
0.97 
1.10 
1.03 
0.98 
1.00 
0.95 
0.90 
1.02 
1.07 
1.00 
.96 

1.00 
0.96 
0.90 
1.10 
1.00 
1.00 
1.05 
1.03 
0.99 
0.96 
0.93 
1.03 
1.08 
0.99 
0.97 
0.92 
1.00 
1.01 
1.01 
0.97 
0.99 
1.02 
1.03 
0.99 
0.95 
0.99 
1.00 
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22 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

Alloy and 
Temper 

7075-T651 
7075-T651 
7075-T73 
7075-T7351 
7075-T7351 
7075-T7352 
7075-T7651 

7075-T76511 
7079-T651 

7175-T66 

7175-T736 
7175-T736 

7475-T651 

7475-T7351 
Alc7075-T7651 

Product 

E&D rod 
rolled rod 
die forging 
plate 
special process plate 
extruded shape 
plate 

extruded bar 
plate 

die forging 

hand forging 
die forging 

plate 

plate 
plate 

Nominal 
Thickness, in. 

5.00 
5.00 
0.89 
2.50 
3.25 
7.04 
0.50 
1.00 
2.00 
2.00 
2.00 
2.00 
1.50 
1.50 
0.50 
1.00 
5.00 

1.00 
1.00 
1.50 
1.00 
1.63 
1.63 
0.50 
0.50 

Location " 
and 

Orientation * 

CT-L 
CT-L 
T-L 
CL-T 
CT-L 
T-L 
L-T 
L-T 
CS-L 
CT-L 
CS-L 
CL-T 
L-T 
T-L 
WT-L 
FS-L 
CL-T 
S-L 
S-L 
FS-L 
S-L 
T-L 
CS-L 
CS-L 
L-T 
T-L 

Specimen 
Number 

410788 
410753 
315024 
366210 
370075 
369809 
369771 
369772 
369800 
369800 
369910 
367021 
251698 
251698 
369312 
338105 
410986 
377121 
410701 
338107 
410704 
395610 
418742 
418745 
369232 
369770 

"Location: 
C = center 
M = midway 
S = near surface 
F = flange 
W = web 

''First letter designates the direction perpendicular to the crack plane and the second 
letter, the expected direction of crack propagation. 

'^"/o curvature = maximum crack length-minimum crack length/average crack length 
X 100 

''% curvature = surface crack length-average crack length/average crack length x 100 

J. G. Kaufman {author's closure)—I agree with the comments by Jones 
and Brown to the effect that we can eliminate the present inconsistency 
in P^^JPQ ratios and alternative geometries for the compact specimen by 
limiting W/B to 2. However, this effectively restricts the usefulness of 
the method to those materials for which the 1.1 P^^/PQ limit can be met 
with W/B = 2. As I have shown, for high-toughness alloys this will mean 
thicknesses near 5{Ki^/<ry^y and result in significant loss in usefulness of 
the method for aluminum alloys such as 2219-T851, 2419-T851, and 7475-
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No. of 
Tests 

1 
1 
1 
1 
1 
1 
2 
2 
2 
1 
2 
1 
2 
1 
2 
3 
1 
1 
1 
3 
1 
1 
1 
1 
1 
2 

Valid Tests 

Curvature, % 

Mid 3 
Point "̂  

3.9 
4.3 
4.3 
4.6 
0.9 
4.0 
0.5 
2.8 
2.7 
5.3 
2.8 
1.2 
3.9 
4.7 
2.8 
1.9 
3.7 
2.5 
3.0 
3.0 
4.1 
4.4 
4.0 
2.1 
0.9 
3.8 

Surface'' 

4.7 
2.3 
6.6 
1.9 
10.3 
2.3 
0.7 
6.5 
0.6 
8.1 
5.4 
7.1 
9.5 
7.2 
6.0 

9.0 
5.3 
2.7 

4.1 
5.5 
1.7 
1.0 
6.0 
3.8 

A ' i ^ _ No. 

Invalid Tests 

Curvature, % 

of Mid 3 
ksi vTrT Tests Point '^ 

20.1 1 
18.6 1 
21.9 1 
29.0 1 
37.9 1 
19.7 1 
25.3 1 
27.2 1 
19.4 
24.8 : 
20.3 
31.1 
29.0 
23.7 
25.2 
21.1 
33.6 
31.3 
26.0 
25.5 
22.7 
33.0 
24.5 
25.7 
26.4 
21.3 

5.8 
6.3 
8.5 
5.7 
2.3 
5.8 
8.5 
5.9 
6.8 

> 6.1 
6.7 
1.6 
4.1 
5.7 
6.6 
6.1 
7.3 
1.9 
5.9 

1 6.9 
1 10.8 
1 5.8 
1 11.5 
1 7.0 
1 7.6 
1 10.6 

Surface'' 

4.8 
3.3 
2.0 
1.5 

10.9 
3.4 
5.6 

10.2 
4.6 
9.1 
1.6 

10.8 
11.5 
6.2 
7.2 

8.4 
19.6 
9.9 

6.8 
7.3 
7.7 
4.3 
6.3 

10.3 

ksi \/m. 

34.8 
18.0 
20.4 
29.6 
36.3 
20.5 
25.0 
27.0 
19.0 
24.7 
18.9 
30.9 
29.7 
22.1 
24.6 
19.6 
33.9 
29.6 
27.5 
25.7 
21.5 
32.2 
24.7 
26.6 
25.5 
21.7 

^ g / ^ I c 

0.99 
0.97 
0.93 
1.02 
0.96 
1.04 
0.99 
0.99 
0.98 
1.00 
0.93 
0.99 
1.02 
0.93 
0.97 
0.93 
1.01 
0.95 
1.06 
1.01 
0.95 
0.98 
1.01 
1.04 
0.97 
1.02 

T651, T7651, and T7351, where it is badly needed for quality control. 
For example, for plate of these alloys, valid tests would be consistently 
achievable only for plate in excess of 2.5 in. in thickness, while most 
applications are in^the 1 to 2 in. range where an alternative specimen [B 
> 2.5{KiJ(Ty^)\ a > 5(Ki^/(T^^y] would be useful and provide K,^ values at 
the same level as the standard geometry. 

My proposed solution (alternate P,„„/PQ ratios for alternative geome
tries) would permit broader utilization of the method without, in my 
opinion, broadening the variability in data generation. The proposed al
ternative Pmm^PQ limits are equally severe for the alternative geometries 
as is the existing limit for W/B = 2. However, I recognize that the pro
posal is based upon data for just one material, and the desirability of 
examining the concept with data for other materials. Unfortunately, it 
is difficult to find sufficiently complete sets of data, so that unless we are 
willing to proceed conservatively now (as I believe my proposal would do) 
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24 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

it may be some time before the inconsistency in the method can be cor
rected. 

With regard to fatigue stress intensity levels, I agree as stated in the 
paper, that data for a wider variety of materials would be desirable, and 
the discussers' suggestion of checking a high-toughness aluminum alloy is 
a good one. 

Fatigue crack front straightness measurements reported in Fig. 6 are 
for the middle three measurements in all cases. The detailed data, includ
ing the alloys and tempers represented are shown in Table 1; quite a variety 
are included, and we have no concern about their general applicability 
to aluminum alloys. 

I welcome and support the discussers' proposed revision of the basis 
for crack front straightness measurement from crack length to thickness. 
In view of my opinions about the usefulness of the alternative geometry 
as discussed previously, I hope the E24.01.01 Task Group will act favor
ably on this change. 
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Using tlie C-Shaped Specimen," Developments in Fracture Mechanics Test Methods 
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American Society for Testing and Materials, 1977, pp. 25-38. 

ABSTRACT: Fracture toughness testing of material with cylindrical geometry is 
discussed, and the inherent advantages of the C-shaped specimen in this situation are 
given. A K caUbration equation for the C-shaped specimen is presented which is 
based on boundary value collocation results. The C-shaped specimen K calibration 
is compared with those for the standard compact specimen and the single-edge-
notched bar specimen. 

OuideUnes for measuring plane-strain fracture toughness (Ki^) using the C-shaped 
specimen are described, including (a) a Kj calibration which applies over a wide range 
of diameter ratios and to two load point locations in segments of hollow cylinders, 
as well as over a range of crack lengths, (b) compliance and crack-mouth-displace
ment analyses and their use to obtain critical value of Ki in a fracture toughness 
test, and (c) suggested specimen geometries to be used in performing A",̂  tests with 
C-shaped specimens. 

The use of C-shaped specimens for performing J-integral fracture toughness tests 
and fatigue crack growth tests is described, and some preliminary testing guidelines 
are offered. Included are suggested methods of load-point-displacement measure
ment for J-integral tests and suggestions for the geometry and K calibration which 
could be used in fatigue tests. 

KEY WORDS: fracture properties, crack propagation, calibration, toughness, fatigue 
tests 

The serious consequences of a fracture of a thick-walled cylinder con
taining a pressurized fluid are obvious; so, all reasonable precautions 
must be taken to prevent such a fracture. Any rational approach to such 
prevention requires the knowledge of the plane-strain fracture toughness, 
[ly Ki„ of the cylinder material. However, obtaining such knowledge can 

'Materials research engineer and research mechanical engineer, respectively, U.S. Army 
Benet Weapons Laboratory, Watervliet, N.Y. 12189. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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26 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

be more difficult than obtaining A",, from rectanguleir shaped bar and 
plate material. 

Except for fractures in the region of end closures, which are not of con
cern in this paper (although they should be of concern to the designer), 
most cylinder fractures result from propagation of a crack in a plane nor
mal to the tangential direction. Therefore, any fracture toughness test 
specimen must be oriented in this direction. As can be seen in Fig. 1, this 
limits the size of the standard compact specimen that can be made from 
a given cylinder. This, in turn, Umits the range of materials for which 
valid K^^ results can be obtained, due to the minimum size requirement 
of the ASTM Test for Plane-Strain Fracture Toughness of Metallic Mate
rials (E 399-74). 

In order to partially overcome this Umitation and also to reduce the 
expense of machining rectangular shaped specimens from a cylindrical 
geometry, the authors have developed a new specimen configuration 
known as the "C-shaped" specimen. This is shown in Fig. 1. It consists 
simply of a portion of a disk cut from the cyUnder, provided with holes 
for pin loading in tension and with a notch and fatigue precrack from the 

FIG. 1—C-shaped specimen geometry and symbols. 
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bore surface. The inside and outside radii (ri and ti) are those of the orig
inal cylinder. This permits the most efficient use possible of the available 
material toward achieving plane-strain conditions in measuring Ki^. For 
a cylinder having a ratio of outside to inside diameter of 2.0, the effective 
size of a C-shaped specimen is 32 percent greater than that of the largest 
attainable compact specimen. 

In designing the C-shaped specimen one is faced with the rather arbi
trary decision as to the location of the loading holes and, thus, the por
tion of the disk which is to be used for the specimen. The hole location 
is specified by the normal distance between the plane containing the 
centerlines of the loading holes and the parallel plane tangent to the bore 
surface. This distance is defined as X, as shown in Fig. 1. Through the 
activities of ASTM Task Group E24.01.12, it has been determined that 
nearly all requirements for the use of this specimen can be satisfied by 
two different relative values of X, namely, X = Hy2 and 0. For X = 0, 
the plane of the loading holes is tangent to the bore surface. The relative 
advantages of these two designs will be discussed later. 

In order to use any fracture toughness specimen, the relationship for 
the stress intensity factor in terms of the specimen geometry and crack 
length is required. This relationship, known as the if-calibration for the 
specimen, has been determined independently by several individuals using 
numerical and experimental techniques. These results will be discussed 
and compared with a general calibration equation proposed by the au
thors. 

A proposed standard Ki^ test method using the C-shaped specimen will 
be presented, and the utilization of this specimen for other tests such as 
fatigue crack growth measurement and /,^ measurement will be discussed. 

K Calibration Results for C-shaped Specimens 

Kfrom Collocation 

One of the most accurate and most widely used analytical methods for 
determining stress intensity factor calibrations for cracked geometries 
is the boundary value collocation method. Following the initial develop
ment of the C-shaped specimen [2] the K caUbration for several C-shaped 
geometries has been determined using the collocation method [3,4,5]. Re
cently, Gross and Srawley [6] obtained collocation results which apply 
over a wide range of C-shaped geometries, including those of interest for 
fracture toughness testing in cylindrical geometries. Based on the colloca
tion results from Refs 5 and 6 and on additional collocation results con
sidered by ASTM Task Group E24.01.12, a closed form expression has 
been obtained which represents a wide range of the C-shaped K results 
which have been obtained to date by collocation. This expression is as 
follows 
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28 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

KBWyP = fia/lV)[l + IMX/W + 0.50a/W][\ + 0.22(1 - a/W'^^) 

X (1 - r./r^)] 
fia/W) = 18.23 a/»"^^ - 106.2 a/W^'^ + 379.1 a/W^ - 582.0 a/W'^ 

+ 369.1 a/W^^^ 
0.2<a/W<0.1 0<X/W<0.1 1.0< r2//-,< oo (i) 

Within the ranges of the three variables indicated, we believe Eq 1 repre
sents the true K calibration for C-shaped specimens within 2 percent. 

In Eq 1 KBW^'VP is a commonly used, dimensionless parameter ap
plicable to any system of units. K is the opening mode stress intensity 
factor, P is the load appUed to the specimen, and the other symbols are 
the specimen dimensions described graphically in Fig. 1. Equation 1 is 
in the same general form often used for K calibrations, such as those of 
the standard bend and compact specimens of ASTM Method E 399-74. 
But the equation is more complex due to the fact that K is given as a func
tion of three independent variables rather than only one. In addition to 
the usual dependence on crack length (the variable a/W), K for C-shaped 
specimens depends on the position of the loading hole (X/W) and on the 
radius ratio of the cylinder (r2/r,). Thus, although the K expression is 
more complex, it can be used for specimens from virtually any cylinder. 

A plot of K from Eq 1 along with the collocation results from two in
dependent sources [5,6] is shown in Fig. 2 for one combination of loading 
hole location and radius ratio. Each other combination would have a 
similar plot. This plot shows graphically the good agreement between Eq 
1 and the collocation results upon which it was based. 

Kfrorn Compliance 

A direct experimental method for determining a K calibration is from 
elastic compliance measurements from the geometry of interest. The de
velopment work on the C-shaped specimen included a compliance K cali
bration [2], and the results agree well with the more certain collocation 
results now available. Recently Mukherjee [7\ has obtained compliance 
measurements and calculated K caUbrations for C-shaped specimens of 
the same geometries which are under consideration as standard geom
etries for Ki^ testing. So these results are of particular interest. The com
pliance K calibration for an X/W = 0 geometry is shown in Fig. 2 and 
compared with the values from Eq 1 for the same geometry. Actual col
location results can not be compared here, since they were calculated for 
a slightly different radius ratio, r^/r, = 2.0. The differences between the 
compliance data and the collocation results are attributed to inaccuracies 
in the compliance K calibration method. Particularly at the end point of 
the compliance data inaccuracies are unavoidable. Up to a/W = 0.5, 
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FIG. 2—Collocation and compliance K results for two C-shaped geometries. 

which would include all but the last two compliance data points, the 
agreement is within 5 percent. 

Comparison of C-Shaped K Calibration with Other Geometries 

When outline sketches of C-shaped specimens are compared with 
straight bar and compact specimens, two geometries frequently used in 
fracture mechanics testing, some similarities are apparent. Figure 3 shows 
sketches of C-shaped specimens compared with the compact specimen and 
with the single-edge-notch (SEN) bar specimen. In addition, the K calibra
tions for these geometries are shown. The K results for the C-shaped speci
mens are from Eq 1, and the K results for the compact and SEN specimens 
are from Ref 8 and from Refs 9 and 10, respectively. 

Compact Specimen 

Considering first the comparison of the C-shaped and compact speci
mens, sketches 1, 2, and 3 ip Fig. 3 show the comparison which is made. 
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FIG. 3—Comparison of K results for C-shaped and other specimens. 

The sketches indicate that C-shaped specimens with X/W = 0 are not 
much different from compact specimens with the same width and thick
ness dimensions, W and B. Both specimen types involve essentially the 
loading of a specimen of width W with the loading in line with the notched 
edge of the specimen. It is interesting to note that the curved boundaries 
of the C-shaped specimens have only a small affect on K. This is indicated 
by the fact that there is little difference between the K calibration for 
cases 2 and 3, whereas there is a large difference in radius ratio and thus 
in curvature between cases 2 and 3. The most significant difference in K 
for compact and C-shaped specimens is that K for the compact specimen 
is 10 to 20 percent higher for shallow cracks, that is, for small values of 
a/W. This is due to the smaller dimension of the compact specimen in 
the direction normal to the crack plane, that is, in the vertical direction as 
shown in the sketch. For larger values of a/W the remaining uncracked 
ligament dimension, which is equivalent for both specimen types, becomes 
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the controlling factor, and the smaller vertical dimension of the compact 
specimen is no longer very significant. The result for large a/W is that 
the K calibrations for compact and C-shaped specimens become nearly 
equal. 

Straight Single-Edge-Notch Specimen 

Sketches 4, 5, and 6 in Fig. 3 show the C-shaped specimens and the 
SEN specimen which are compared. For C-shaped specimens with X/W 
= 0.5, some small differences are observed in the K calibrations due to 
the effect of radius ratio. But perhaps most interesting are the nearly 
identical results (within 1 percent) from C-shaped specimens with a radius 
ratio of 1.1 and the SEN specimen loaded by combined tensile stress and 
bending moment. This SEN K calibration is obtained by adding the K 
for a notched bar under a remote tension stress of P/BW to the K for a 
notched bar under a pure bending moment of P (X + W/7) = PW. The 
sum of these two known K caUbrations [P,70] is shown as curve 4. This 
same curve, within a fraction of 1 percent can also be obtained from Gross 
and Srawley's recent work on C-shaped specimens [6]. Since the K of the 
C-shaped specimens is closely approximated by the A" of a straight bar 
under equivalent tension and bending loads, it is clear that the curvature 
of C-shaped specimens with X/W = 0.5 has no large effect on K. And 
the curvature effect becomes nearly insignificant for cracks deeper than 
a/W = 0.5. 

Suggested Standard K^^ Tests with the C-Shaped Specimen 

Two important requirements for a standard K^^ test are a standard 
specimen geometry and a K calibration of known high accuracy. There 
are other important requirements, but they will not be discussed at length 
here, because the C-shaped specimen is similar enough to the compact 
specimen that the AT,̂  test requirements already standardized for the com
pact specimen in ASTM Method E 399-74 apply directly or with minor 
modifications. 

Specimen Geometry 

Two alternative standard specimen geometries will meet the needs of 
most users, as shown in Fig. 4. As discussed in the introduction of this 
report, the two geometries differ in the location of the loading holes. The 
specimen with X/W = 0.5 has the advantage of higher load efficiency, 
that is, for a given applied load the resulting K value is higher by about 
60 percent. For combinations of large specimens (large W) and materials 
with high A'lc, the X/W = 0.5 specimen may be the only choice for some 
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FIG. 4—Recommended standard C-shaped specimen geometry for K/^ tests. 
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users due to the limited load capacity of available testing machines. The 
specimen with X/W = 0 has the advantage of requiring a smaller portion 
of the disk from a given cylinder and has a slight advantage in ease of 
machining in that the notch is easier to produce. The notch is the same 
depth in both specimens from a given cylinder, but the smaller total width 
dimension of the X/W = 0 specimen will allow the use of a smaller mil
ling cutter. In general, both specimen geometries are patterned after the 
compact specimen, including such dimensions as the loading hole diame
ter, h, and the specimen thickness, B. 

K Calibration for K,, Tests 

Equation 1 was selected as a good representation of the collocation re
sults over the relatively wide range of geometries indicated with the equa
tion. The fit of Eq 1 to the collocation results is significantly better when 
that range is narrowed to the following geometries of interest in standard 
K,^ tests. 

0.45 < o/PF < 0.55 X/W = 0.0 and 0.5 1.0<r2/ r ,<o° 

For the narrow range of variables, we believe Eq 1 represents the true K 
calibration for C-shaped specimens within ± 1 percent. This is based 
primarily on the fact that Eq 1 fits both of the two independent sets of 
collocation results [5,6] within 0.4 percent for the geometries indicated. 
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For those who prefer a tabular form of the function, f{a/W), Table 1 
Usts values oif(a/W) in the same form as in ASTM Method E 399-74. 

TABLE \—Values off(a/W) in Eq 1. 

a/W 

0.450 
0.455 
0.460 
0.465 
0.470 
0.475 
0.480 
0.485 
0.490 
0.495 
0.500 

f(a/W) 

6.32 
6.42 
6.51 
6.60 
6.70 
6.80 
6.90 
7.01 
7.11 
7.22 
7.33 

a/W 

0.505 
0.510 
0.515 
0.520 
0.525 
0.530 
0.535 
0.540 
0.545 
0.550 

f(a/W) 

7.45 
7.57 
7.69 
7.81 
7.94 
8.07 
8.20 
8.34 
8.48 
8.62 

Test Procedure 

As stated previously, the K^^ test procedure for C-shaped specimens is 
quite similar to the established procedure for compact specimens. The 
loading grips used for compact specimens can be used in all cases. For 
some C-shaped specimens with rj/r, ratios near 1.0, the extension of the 
specimen above the top and below the bottom loading hole (see Fig. 4) 
will be greater than the 0.5 Ĥ  dimension which can be accommodated 
with standard compact grips. Removal of the portion of the specimen 
which interferes with the grip will not affect the test. 

One of the main concerns in any fracture toughness test is the selection 
of a "measurement point." This is the point during the test at which a 
certain critical amount of crack extension occurs. In standard ASTM 
Method E 399-74 tests the measurement point is taken as the point at 
which a 5 percent decrease in the slope of the load versus crack mouth 
displacement curve occurs, that is, a 5 percent increase in compliance. 
This increase in compliance represents approximately 2 percent crack ex
tension in both the bend and compact specimen for a/PF equals 0.5. 

For the C-shaped specimen, there are three independent sets of results 
which indicate that 5 percent increase in compliance corresponds to 2 
percent crack extension. Gross and Srawley's collocation results [6] in
clude displacement measurements which verify the 5 percent criteria. A 
compliance analysis [11] based on the K calibration also indicates that the 
5 percent criteria is correct. Finally, Mukherjee's compliance measure
ments [7] give a direct verification of the 5 percent increase in compliance 
criteria for C-shaped specimens. For both specimen types his compliance 
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measurements showed an increase of 5 percent when a crack ata/W = 0.5 
was extended 2 percent. 

ASTM Standard Method of Test for C-Shaped Specimens 

The inclusion of the C-shaped specimen as a third standard specimen 
geometry in ASTM Method E 399-74 has been accepted in principle by 
Subcommittee E24.01 on Fracture Mechanics Test Methods. In the near 
future, Task Group E24.01.12 on C-Shaped Ki^ Specimens will initiate a 
round robin test program with C-shaped specimens. Concurrently, the 
task group in cooperation with Task Group E24.01.01 on Plane-Strain 
Fracture Toughness Testing will prepare a draft revision to ASTM Method 
E 399-74 to incorporate the C-shaped specimen. 

Other Fracture Mechanics Tests with C-Shaped Specimens 

In addition to plane-strain fracture toughness Ki^ testing discussed up 
to this point, the C-shaped specimen is convenient to use for other frac
ture mechanics tests of material in cyUndrical shape. 

J/c Tests 

Measurement of fracture toughness of relatively tough materials using 
small specimens is a common concern, and the J-integral approach to 
fracture toughness measurements of this type is the most used. There is 
an ASTM Task Group of Committee E-24 which is currently developing 
a y,c fracture toughness test procedure. The C-shaped specimen is con
venient for measuring 7,̂  from cyUndrical geometries for the same reasons 
already discussed in relation to Â ,,. testing. The X/W = 0 specimen has 
the further advantage in /[^ testing that the standard clip gage measure
ment of crack-mouth displacement [/] can be used, since it is also the 
load-Hne displacement for this specimen (see again Fig. 4) and is effec
tively equal to the load-point displacement which is required for a y,<, test. 

The X/W = 0.5 specimen has the advantage of allowing a particularly 
simple measurement of load-point displacement. As shown in Fig. 5, if 
center punch type indentations are made on the inner radius of the speci
men in line with the loading holes, then a spring loaded displacement 
gage can be used to measure load point displacement, and this method 
requires no machining of the specimen. This is the test method we have 
used for several years for Ki^ and 7,, tests with C-shaped specimens. Fig
ure 6 shows a typical load-displacement plot (from Ref II) obtained 
using this method. It is, in fact, no different from any plot obtained in 
a proper fracture toughness test. But since the displacement is a load-
point displacement, then the total strain energy input into the specimen 
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FIG. S—Load-point-displacement test arrangement for X/'W = 0.5 specimen. 
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FIG. 6—Load versus displacement and crack growth versus displacement for a C-shaped 
specimen. 

is simply calculated by measuring the area under the curve. And the 
measured strain energy input leads directly to a 7 value. The critical J 
value when significant crack growth occurs is Ji^. 

Crack Growth Measurements by Ultrasonics 

The unique feature of the data in Fig. 6 is that we obteiin a continuous 
measurement of crack length and thus crack growth using ultrasonics. 
The ultrasonic method has been described in previous reports [11,12,13]; 
so, it will not be discussed at length. In principle, it is indicated in Fig. 7 
(applied to a compact specimen). For C-shaped specimens, as well as 
compact and bend specimens, we routinely obtain a continuous measure 
of crack growth by using a standard ultrasonic probe directed "end-on" 
at the crack tip. Two essential requirements are very high gain ultrasonic 
equipment and relatively clean, inclusion-free material. Using vacuum de
gassed Ni-Cr-Mo forged steel, we have no problems with the method. 

The great advantage of the ultrasonic method is that with one specimen 
we can determine the point on the load-deflection curve at which a sig
nificant amount of crack growth has occurred, and this point corresponds 
to 7,̂ . But it must be stated that the amount of crack growth which is 
"significant" for a 7,̂  determination is not yet established for any speci
men. Only after further tests with various materials and conditions as 
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FIG. 7—Sketch of end-on ultrasonic crack growth measurement. 

part of ASTM Task Group E24.01.09 and by fracture mechanicists in 
general will the criteria for 7,̂ . determination become standardized. 

Fatigue Crack Growth Tests 

Finally, a few comments regarding fatigue crack growth tests with C-
shaped specimens are offered. For cylindrical geometries, the C-shaped 
specimen can be used to advantage. By using the full wall thickness from 
a given cylinder, the total length of crack growth can be larger, and this 
leads to greater accuracy. The K calibration given by Eq 1 is believed to 
be sufficiently accurate to calculate the K values which are used to de
scribe fatigue crack growth tests. 

The choice of thickness for C-shaped fatigue crack growth specimens 
does present a problem. Most appUcations involving fatigue crack growth 
in cylinders are in pressure vessels which are long in the axial direction 
which corresponds to the thickness direction of the C-shaped specimen. 
This thickness should not be so large that the variation in crack depth 
between the specimen surface (where measurements are usually taken) 
and the specimen midthickness becomes significant. The common situa
tion of a further advanced fatigue crack at midthickness is minimized 
by using specimens with small thickness-to-depth ratios. In general, the 
specimen thickness (B) should not exceed 0.25 W. Conversely, the speci
men thickness should be large enough to assure plane-strain conditions 
at the crack tip. The fact that the full cylinder wall thickness can be used 
for Win the C-shaped specimen helps in meeting these requirements. 
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r, 9 Polar coordinate system 
V Total crack mouth opening 

W Curved beam wall thickness (/?„ - /?,) 

r = " '̂ Stress intensity coefficient, a function of 
(•̂ p + '^M) Vfl(l - a/W) three independent variables (i?„//?,, 

a/lV. CO) 

A = — = - i ^ — Crack mouth displacement coefficient, a 
i'^p + "hM function of three independent variables 

{RJR, a/W, «) 
9„ Angle determining the far boundary in 

the boundary collocation solution 
V Poisson's ratio 

CM 6M/B{W - ay component of fictitious 
normal net stress due to moment M at 
crack tip 

(Tp P/B{W - a) component of fictitious 
normal net stress due to load P 

X Stress function 
w Independent variable, arctan {•^M^'^P) 

The ASTM Test for Plane-Strain Fracture Toughness of Metallic Mate
rials (E 399-74) is confined presently to two types of specimens, namely, 
bend or compact. It can be both expensive and wasteful of material to 
fabricate such standard specimens from tubes. For this reason, Kendall 
et al [1-4Y have proposed a new type of standard specimen, namely, a 
ring segment (commonly called C-shaped) specimen which contains a 
radial crack. 

The ASTM E-24 Committee on Fracture Testing of Metals is currently 
considering this type of specimen as a possible standard. Stress intensity 
factors for such specimens were obtained by Kendall et al [1-4] by a 
boundary collocation technique in which a large number of boundary 
stations (up to 250) was employed in conjunction with an overdetermined 
system of equations. They obtained stress intensity factors for ring seg
ments with internal radial cracks loaded by opposed tensile forces with a 
line of action along a chord normal to the crack. The stress distribution 
produced by this manner of loading is due largely to the bending moment 
about midnet section; the resultant normal force has only a minor effect. 

To augment and compare with the results of Refs 1-4, we undertook 
an independent analysis in which by use of a different application of 
boundary conditions, the number of boundary points was reduced greatly. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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The solution obtained herein provides results for any combination of 
bending moment and normal force acting on a ring segment with a radial 
crack on either the inner or outer surface. 

Consider either of the specimens shown in Figs, la and b, internally 
cracked and subjected to tensile forces P normal to the crack, or externally 
cracked and subjected to normal compressive forces. One practical 
method of loading is through pins acting on the surfaces of holes in the 
specimens as shown. The Une of action of the load is at a distance x from 
the intersection of a line drawn along the crackline with the inner radius 
/?,. The ratio x/W, where fVis the wall thickness is one of the independent 
parameters in this study. The other independent parameters are the rela
tive crack length a/W, and the radius ratio of the ring /?„//?, = 1 + 
W/R,. 

The present treatment of such specimens follows that of a companion 
paper on the rectangular side cracked specimens, Ref 5, in that the load
ing of the specimen is characterized by the statically equivalent combina
tion of resultant force P, chosen to act through midnet section, and 
complementary couple, of moment M, as shown in Figs, la and b. The 
advantage of this approach is that the stress intensity coefficient r or 
crack mouth opening coefficient A for any value of x/W^can be obtained 
efficiently by superposition of two complementary special cases, namely, 
net section tension where the value of moment of the complementary 
couple is zero, and net section bending where the value of the normal 
force is zero. The superposition of these two complementary cases in
volves only interpolation, not extrapolation. 

In applying the boundary collocation analysis the specimens of Figs. 
la and b are modeled by the ring half segments as shown in Figs. Ic and 
d, where the angle e is a variable of the analysis. The boundary condi
tions along BC are obtained from the known solution for the stress distri
bution in an uncracked half ring subject to a combination of force and 
couple [6]. For the special case of net section tension (M = 0) the moment 
of the counter couple acting on the half ring boundary is such that it 
balances the moment of the force about the midpoint of the net section. 
For the special case of net section bending {P = 0), the value of the 
force is zero. By combining these two special solutions, the solution can 
be obtained for any load P of Figs, la and b, as shown in Fig. 2. Bound
ary collocation analyses were conducted for increasing values of the angle 
9 up to an angle 6g, beyond which no significant change in the values of 
the stress intensity factor or the crack mouth displacement occurred. 
Therefore, the results presented here will apply to those practical speci
mens for which the loading forces are removed sufficiently such that the 
stress distribution of an uncracked ring at the boundary with angle BQ 
corresponds closely to that employed here. 
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(at INHRNAL RADIALLY 
CRACKED BAR WITH 
APPLIED LOAD P AT x. 

(b) EXTERNAL RADIALLY 
CRACKED BAR WITH 
APPLIED LOAD P AT x. 

(c) INTERNAL RADIALLY CRACKED 
BAR WITH APPLIED LOADS P 
AND MQ AT X = R|. 

(d) EXTERNAL RADIALLY CRACKED 
BAR WITH APPLIED LOADS P 
AND MQ AT X = R|. 

FIG. 1—Ring segment models. 

Numerical Results 

Calculations were performed for Mode I crack deformation on each 
of the two cases shown in Fig. 2. The stress function boundary conditions 
appropriate to each case are given in the Appendix. Stress intensity fac-
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P = 0 
M = M, 

P-0 

FIG. 2—Application of superposition to specimen loaded through pins at selected distance 
xfrom crack mouth. 

tors and crack mouth displacements were obtained for both internal and 
external radially cracked ring segments for all combinations of eight a/W 
ratios from 0.1 to 0.8, with three /?„//?, ratios: 1.1, 1.5, and 2.5. The re
sults presented herein were obtained using the boundary collocation tech
nique with 60 boundary points and an overdetermined system of equa
tions, as detailed in Refs 7 and 8. 

Figure 3 compares values of the stress intensity coefficient with 

r = 
K, 

(<rp + <r J V a ( l - a/W) 
(1) 

corresponding values from Ref 4. 
The stress intensity coefficients, for three types of end load conditions, 

are listed in Tables 1, 2, and 3. Similarly, the crack mouth displacement 
coefficients are listed in Tables 4, 5, and 6. The advantages of character
izing the stress intensity factor and mouth displacements, respectively, 
as r and A are discussed in Ref 5. Tables 1,2,4, and 5 are for superposi
tion use. For example, we are given a curved beam with an internal crack, 
a/W = 0.5, Rg = 11, and /?, = 10, and boundary load conditions such 
that at x/W = 0.5 the resultant pin load is P (Fig. 2). To find r , the 
values of rp(Table 1) for a combined end load P and end couple M, = 
P(Ri + (W + a)/2) are superimposed with the values of r ^ (Table 2) due 
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1.10 r -

1.06 

1.02 

.98 

I .94 

.90 

.S6 

.82 

n 

— 1 ^^\ 

LIMIT CASE 1 

WHEN -2. = 1 ' 

(STRAIGHT BAR) -J 

1 1 1 1 

—\ 

- \ . \ 

\ 

,^2%3 

/ ' / - I . 212 
\' 

/ V V \ 

- LIMIT CASE \ 0 \ \ 
WHEN -1 ' 1 \ \ \ \ 

(STRAIGHT BAR)̂  \ ^ 

1 1 1 \ 
.40 .45 .50 .55 .60 

a/W-

(a) RESULTS OF THIS STUDY. 

.40 .45 .50 .55 .60 

(b) RESULTS Of REFERENCE 4 

FIG. i^Comparison of results obtained herein with those Ref4for x/W = 0.5. 

to end couple M„ = M, - P{Rj - x). Since A", („suitani) 
ÛTabk 2) by superposition, from Eq 1 we obtain 

r = 
'^p'^p + '^M''M 

•'^KTable 1) + 

(2) 

Through algebraic manipulation 

<̂ P + <^K 

1 - a/W ^ J_ 
l{a/W + 2 + ix/W) 16 

and 

1,^ = 3(1 + a/W + 2x/W) ^ 15 
<Tp + (7^ l{a/W + 2 + Ix/W) 16 
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TABLE 1—Values of the dimensionless stress intensity coefficient T pfor edge cracked 
ring segments subject to net section tension (ô ^ = 0). 

a/W 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

2.5 

1.527 
1.032 
0.804 
0.692 
0.636 
0.604 
0.583 
0.564 

Internal Crack 

1.5 

-(M 
1.474 
1.101 
0.882 
0.752 
0.673 
0.625 
0.594 
0.570 

1.1 

. 

1.463 
1.151 
0.943 
0.804 
0.711 
0.650 
0.608 
0.577 

Straight" 
Bar 

R„/Ri 

1.0 

("P + "i 

1.989 
1.466 
1.164 
0.961 
0.822 
0.725 
0.659 
0.613 
0.580 
0.521 

1.1 

^ i 

v/) Vfl(l -

1.476 
1.181 
0.981 
0.841 
0.740 
0.669 
0.620 
0.582 

External Crack 

1.5 

a/W) 

1.492 
1.231 
1.045 
0.904 
0.794 
0.710 
0.645 
0.592 

2.5 

1.549 
1.322 
1.149 
1.010 
0.892 
0.791 
0.704 
0.629 

"RefJ. 

TABLE 2— Values of the dimensionless stress intensity coefficient r ^ for edge cracked 
ring segments subject to net section bending (ffp = 0), 

a/W 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

2.5 

1.943 
1.530 
1.279 
1.107 
0.983 
0.887 
0.811 
0.752 

Internal Crack 

1.5 1.1 

r^/?„//?„ a/W, 

1.736 
1.427 
1.221 
1.074 
0.963 
0.872 
0.803 
0.747 

1.623 
1.359 
1.182 
1.048 
0.943 
0.862 
0.795 
0.742 

Straight" 
Bar 

Ro/Ri 

1.0 

<,A 
> / 

1.989 
1.583 
1.339 
1.167 
1.038 
0.938 
0.858 
0.794 
0.742 
0.663 

1.1 

^1 

"M) Vfl(l 

1.552 
1.319 
1.155 
1.029 
0.931 
0.854 
0.789 
0.738 

External Crack 

1.5 

- a/W) 

1.456 
1.254 
1.110 
0.997 
0.911 
0.839 
0.780 
0.732 

2.5 

1.325 
1.160 
1.040 
0.947 
0.871 
0.809 
0.759 
0.716 

"Refi. 
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TABLE 3— Values of the dimensionless stress intensity coefficient V for edge cracked 
ring segments subject to forces P along the diameter normal to the crack. 

0) = arctan 
(R„/Rj - I) 

+ 3 + 3 a/fV 

(1 - a/W) 
internal crack 

a/fV 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

w = 

2.5 

1.897 
1.484 
1.241 
1.078 
0.963 
0.873 
0.803 
0.747 

arctan - I 
(1 

Internal Crack 

1.5 

r(^, 

1.721 
1.414 
1.210 
1.062 
0.953 
0.866 
0.80) 
0.745 

1.1 

/ / ? , , a/W, 

1.623 
1.359 
1.180 
1.046 
0.943 
0.862 
0.795 
0.742 

1) 

- a/W) 

Straight" 
Bar 

1.0 

i .il 

i'M + 

1.989 
1.583 
1.339 
1.167 
1.038 
0.938 
0.858 
0,794 
0.742 
0.663 

1/ rr 1 

/ external crack 

1.1 

^ i 

Tp) \ /a(l 

1.555 
1.321 
1.154 
1.031 
0.933 
0.856 
0.791 
0.740 

External Crack 

1.5 

- a/tV) 

1.456 
1.254 
1.111 
1.003 
0.915 
0.842 
0.784 
0.734 

2.5 

1.290 
1.139 
1.024 
0.938 
0.868 
0.810 
0.761 
0.721 

"Ref^. 

From Tables 1 and 2 we have 

Tp= 0.711 and r ^ = 0.943 

From Eq 2 we obtain T = 0.928, which is consistent with the value plotted 
in Fig. 3a. 

Results and Discussion 

Figure 3 is a comparison of present stress intensity factor results with 
those from Ref 4. The referenced results were obtained using a large num
ber of boundary stations (up to 250) in conjunction with an overdeter-
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TABLE 4— Values of the dimensionless crack mouth displacements, 4/>, for edge cracked 
ring segments subject to net section tension (a^ = 0). 

a/W 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

2.5 

4.28 
2.53 
1.32 

0.378 
-0.414 
-1 .10 
-1 .72 
-2 .32 

Internal Crack 

1.5 

3.72 
2.49 
1.53 

0.695 
-0.057 
-0.745 
-1 .40 
-2 .04 

1.1 

A/.(/J „//?,, 

3.60 
2.63 
1.75 

0.%3 
0.236 

-0.453 
-1.11 
-1 .81 

Straight" 
Bar 

/?„//?, 

1.0 

a/W, u) = 

5.84 
3.69 
2.73 
1.85 
1.06 

0.331 
-0.357 
-1 .04 
-1 .73 
-3 .26 

External Crack 

1.1 

E'v 

("p + "M^ 

3.69 
2.78 
1.91 
1.14 

0.432 
-0.254 
-0.936 
-1.65 

1.5 

3.81 
2.99 
2.17 
1.44 

0.762 
0.093 

- 0 . 5 % 
-1 .36 

2.5 

4.12 
3.35 
2.60 
1.94 
1.31 

0.677 
-0.001 
-0.800 

"RefJ. 

TABLE 5—Values of the dimensionless crack mouth displacement, ^y^, for edge cracked 
ring segments subject to net section bending (cp = 0). 

a/fV Internal Crack 
Straight" 

Bar External Crack 

Ro/Ri 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

2.5 

5.47 
4.65 
4.14 
3.78 
3.51 
3.29 
3.11 
2.93 

1.5 

4.81 
4.23 
3.84 
3.56 
3.33 
3.15 
3.00 
2.87 

1.1 

i^^Ro/Ri. 

4.51 
3.95 
3.63 
3.38 
3.20 
3.05 
2.94 
2.82 

1.0 

a/W, u) = 

5.84 
4.40 
3.96 
3.67 
3.38 
3.18 
3.03 
2.90 
2.80 
2.64 

1.1 

E'v 

("p + "M)" 

4.28 
3.86 
3.57 
3.35 
3.14 
3.00 
2.87 
2.78 

1,5 

4.05 
3.76 
3.43 
3.20 
3.02 
2.89 
2.79 
2.71 

2.5 

3.81 
3.50 
3.21 
2.99 
2.83 
2.71 
2.64 
2.58 

"RefJ. 
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TABLE 6—Values of the dimensionless crack mouth displacement i^,for edge cracked 
ring segments subject to opposed forces P along the diameter normal to the crack plane. 

+ 3 + 3 a/W 

u = arctan \ internal crack 
\ 1 - a/fV 

6 N 

+ 3 - 3 a/W (R,/Ri - 1) 
u) = arctan - I / external crack 

\ 1 - a/W I 

a/W 

2.5 

Internal Crack 

1.5 1.1 

Straight" 
Bar 

R,/R, 

1.0 1.1 

External Crack 

1.5 2.5 

E'v 

0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
1.0 

5.31 
4.45 
3.90 
3.54 
3.28 
3.10 
2.95 
2.82 

A(/?„/. 

4.73 
4.13 
3.75 
3.46 
3.24 
3.06 
2.93 
2.81 

R„ a/W, to) 

4.45 
3.93 
3.61 
3.37 
3.18 
3.03 
2.90 
2.80 

5.84 
4.40 
3.96 
3.67 
3.38 
3.18 
3.03 
2.90 
2.80 
2.64 

("p + "«)<' 

4.34 
3.90 
3.58 
3.33 
3.16 
3.02 
2.89 
2.78 

4.14 
3.81 
3.49 
3.28 
3.11 
2.98 
2.87 
2.77 

3.76 
3.52 
3.26 
3.10 
2.98 
2.88 
2.78 
2.74 

"Refi. 

mined system of equations. Modifications of the boundary conditions 
made herein, as given in the Appendix, enables the use of many fewer 
stations. With 30 stations the stress intensity factors differed by only 
about one percent from those obtained with 60 stations. However for 
more accurate displacement values, 60 boundary points, equally distri
buted were used. 

The specimen as shown in Fig. 3 and analyzed in Ref 4 and herein is 
such that with the load P applied at x/W = 0.5, at the midnet section we 
have bending moment M = P(2W + a)/l, so that the ratio <^M/<rp = 
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3{2W + a)/(W - a). Good agreement on comparing the results of Ref 4 
and results obtained herein, is found for ratios /?<,/i?, of 1.481 and 2.963. 
However, for /?„//?, = 1.212 the agreement is poor. As a check the re
sults from Ref 5 for the limiting case of a straight bar {RJRi = 1) subject 
to a statically equivalent load and moment are also included in Fig. 3. 
From this it appears that the results obtained herein are consistent with 
the expected monotonic approach to the limit case as /?«//?/ approaches 
unity. In contrast the results from Ref 4 are not consistent with this ex
pectation. Tables 1 through 6 contain boundary collocation values of 
stress intensity factors and displacement, respectively, in terms of dimen-
sionless coefficients r and A, which are functions of three independent 
variables w, a/W, and RJRi-

It will be noted that in Table 1 the values of V for external cracks are 
greater than the corresponding values for internal cracks, whereas in 
Tables 2 and 3 the reverse is the case. This circumstance is a consequence 
of two separate factors which have opposite effects: 

1. The neutral surface in an uncracked curved bar is closer to the inner, 
concave surface than to the outer convex surface. This feature of the 
boundary stress distribution enhances the stress intensity factor for an 
internally cracked ring segment but depresses it when the ring segment 
is externally cracked, providing that no other factor has a stronger counter 
effect. 

2. When there is an applied countercouple which balances the moment 
of the force P about midnet section, the value of the moment is greater 
for the internally cracked specimen, P(2/?, + W + a)/2, than for the 
externally cracked specimen, PilR, + W - a)/2. Such a countercouple, 
therefore, reduces the stress intensity factor for an internally cracked seg
ment more than for one which is externally cracked. The results of Table 
1 reflect a stronger effect of the second factor than the first. Those of 
Tables 2 and 3 reflect only the effect of the first factor. An analogous 
explanation holds for the displacement results of Tables 4, 5, and 6. 

Tables 3 and 6 give the values of r and A which were obtained directly 
by boundary collocation for ring segments subject to opposed end forces 
which act along the diameter normal to the crack plane. For this case as 
a check, superimposing the results shown in Tables 1 and 2 leads to values 
which are within one percent of the values in Table 3. 

Figure 4 is a plot of values of Tables 1, 2, and 3 for an internal crack 
with Ro^Ri = 2.5. The results shown in Table 3 are numerically close to 
those shown in Table 2. Hence for reasonable values of x, the extrapola
tions necessary using Tables 2 and 3 can lead to much less accurate values 
of the resultant stress intensity coefficient r than an interpolation between 
the results given in Tables 1 and 2. Thus, Tables 2 and 3 should not be 
used in the application of the superposition principle. 
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INTERNAL CRACK 

.5 0 
TAN(}r/4-ul-i#> 

FIG. 4—r versus lan (ir/4 - u) illustrating the advantage using Tables I and 2 for super
position application, rather than Tables 2 and 3. 

1.1 
1.5 
2.5 

% 

7° 
30" 
40° 

Hi 

"o-Rl 

1.22 

1.00 

.43 

Rg-Rj 

1.34 

1.5 
1.07 

FIG. 5—Minimum location of far boundary BC for which the stress distribution in an 
uncracked ring corresponds to that used herein. 

APPENDIXES 245 

root radii at the ends of the slots of 0.003 in. 
(0.08 mm) or less to facilitate fatigue crack
ing. The starter slot must be extended by 
fatigue cracks not less than 0.05 in. (1.3 mm) 
in length (see Note 4). The slot must lie within 
an envelope described by Fig. 8. 

7.6.2 For the CS specimen. Fig. 9 shows 
the allowable notch types and envelope sizes. 
The machined slots must be extended by fa
tigue cracks not less than 0.05 in. (1.3 mm) in 
length. 

NOTE 4 —Fatigue cracks may be omitted only if 
it can be shown that the machined notch root radius 
effectively simulates the sharpness of a fatigue 
starter crack. 

7.7 In fatigue cracking, the minimum-to-
maximum load ratio can be chosen through 
experience. In CCT specimens, the maximum 
stress in the net section shall not be greater 
than 50 % of the yield stress. In CS and 
CLWL specimens, the maximum load in fa
tigue shall not develop strength ratios greater 
than 0.5 as calculated in accordance with 
9.1.7 of Method E 399. Typically, maximum 
nominal stresses in fatigue cracking should be 
between 10 to 40 % of material yield 
strength. 

8. Procedure 
8.1 Measurements — Measure material 

thickness, fi, to ± 1 % of B at four locations 
near the crack plane. Measure specimen 
width, W, accurate to ± 0.5 % of W. 

8.2 Number of Teste — Replicate /{-curves 
can be expected to vary as do other properties 
in mechanical tests such as Charpy-V energies 
or tensile properties. A curve plotted from a 
single determination may be a smoothly in
creasing function of crack extension, giving 
the impression that the single determination is 
an accurate representation. This is not neces
sarily so; make at least one additional con
firming test. 

8.3 Loading Procedure—Load the CCT, 
CS, and CLWL specimens incrementally, al
lowing time between steps for the crack to 
stabilize before measuring load and crack 
length (see Note 5). Cracks stabilize in most 
materials within seconds of stopping the load
ing. However, when stopping near an instabil
ity condition, the crack may take several min
utes to stabilize, depending upon the stiffness 

E561 

of the loading frame and other factors. 
NOTE S —If autographic instrumentation is used, 

it is permitted to monitor load versus crack exten
sion continuously under monotonic loading. Load 
rate must be slow enough so as not to introduce 
strain rate effects into the R-curve. Static K,i cannot 
be determined when the crack is steadily creeping 
or accelerating at or near instability. 

8.3.1 Number of Data Points-V/hils R-
curves can be developed with as few as four or 
five data points, ten to fifteen give improved 
confidence, and tougher materials usually re
quire more data points. 

8.4 Physical Crack-Length 'easurement — 
Measure the physical crack it.igth accurately 
to 0.01 in. (0.2 mm) at each step using suita
ble measuring devict?; described in 6.6 and 
6.7. Physical crack length can also be mea
sured with compliance techniques by partial 
unloading of the specimen after each incre
ment, a technique described in 10.4. Adjust 
the physical crack length for plastic-zone, ry, 
to obtain effective crack length for calculating 
K. 

8.4.1 In CLWL tests where the physical 
crack length is measured, determine the ap
plied load or K from the relationship of Table 
2 using an ry adjustment to crack length to 
enter the table. Since ry is a fimction oiK, an 
iteration procedure may be necessary. 

8.5 Effective Crack-Length Measurement— 
Comphance measurements, 2v/P, made dur
ing the loading of specimens, can be used to 
determine effective crack length, a^, directly. 
The crack is automatically plastic-zone cor
rected and these values can be used directly in 
the expressions for K. 

8.5.1 Effective crack length can be deter
mined directly in CS and CLWL specimens 
using a double compUance technique. By de
termining the displacements at two different 
locations, V\ and V2, along the crack line, as 
shown in Fig. lb, an effective crack length-to-
width ratio, aJW, can be found from the dis
placement ratio 2vl/2v2 using Table 1. It is 
convenient to plot autographically 2vl versus 
2v2 on an X-Y recorder at lOOx and 200x, 
respectively. The load, P, can be calculated 
using Oe and displacement at V\ in conven
tional compliance relationships appearing in 
Table 2. In continuous X-Y plots, the wedge 
direction or load can be reversed at appropri
ate intervals to determine return slope 2 Avl/ 
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The accuracy with which the results presented herein apply depends on 
the extent to which the assumed boundary conditions approximate the 
actual boundary conditions. Figure 5, shows the location of boundary BC 
for various RJRi ratios, which is sufficiently distant from the crack plane 
so as to not be affected by the crack. 

APPENDIX 
The results presented here were obtained by plane elastostatic boundary colloca

tion analysis of a homogeneous isotropic body. This method of analysis is described 
in detail by Gross and Mendelson [7,8]. The boundary conditions to be satisfied 
by the stress function and its normal derivative along the boundary were obtained 
from the known solution for the stress distribution in a half ring subjected to 
forces and couples [6]. The models analyzed herein are segments of half rings 
containing radial cracks as shown in Figs. 6 and 7. For computational purposes 
the boundaries were radial cuts defined by the angle 9. This angle is a variable 
of the analysis which is increased progressively until further increase (B> 0Q) pro
duces no significant change in the results. 

The boundary conditions for the internally cracked model are as follows: 

Figure 6a 

For the ring segment subject to forces P, with 9 
BC, CD: along arc AB 

x(/?„ e) = 0 

9o, and boundaries AB, 

dx 
an 

= 0 
R;,e 

along line BC 

- P cosSo 
(/?,2 - R„^) + (/?.2 + /?„2) \n{RJR,) 

R^ 
2 2R 

R { (/?/ + /?„2)in|- + R< R. 

dx 
dn 

P sin Bo 

R. «0 (R? - R„^) + (Rl + /?„2) In 

~R^ 
2 

RlRl 
IR^ 

- (R? + R,^) In 
R, 

R? ^)] 
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along arc CD 

x(R„, B) = PRo cos 9 

= Pcos 6 dx 
dn «0, 9 

Figure 6b 

For the couple load with 9 = OQ and boundaries AB, BC, CD: along arc AB 

x{R,. 9) = 0 

3n 

along line fiC 

X(/?. 9^ = 
M 

(R„' - R^y - 4Ro'R^' ( I M f 

-^Rj'Ri^ In —" In /? - 2(/?/ _ /?.2)/;2 i^R + /j2(/?„2 - /?/) 

+ 2(R,^ In /?„ - R,^ In /?,)/?^ + /?,2 (IR,^ In ^"(2 In / ? ; - ! ) - (/?ô  - /?,=)) 1 

dx 
3n 

= 0 
/?, «o 

along arc CD 

x(R„, 9) = M 

dx 
dn 

= 0 
to. e 

Figure 6c 

In this case Cj^, is required to be zero and therefore (̂ p + <r,^) = ap = P/B(W 
- a). This was accomplished by superposition of boundary conditions for the 
forces P, Fig. la with those for countercouples of moment P(/?,- + {W + a)/2), 
Fig. lb. 
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"MV 
6M 

B(W - aK 

(c) APPLIED LOADS P 
AND Mj AT X = Rj. 

M r P ( v ^ ) . M „ = p ( - ^ ) 

(d) APPLICATION OF SUPERPOSITION PRINCIPLE. 

FIG. 6—Geometric models used for the internal radially cracked ring segment to obtain 
the necessary boundary conditions for the application of the superposition principle. 

Figure 6d 

For the pin loaded ring segment the boundary conditions of Figs. 6b and c were 
superimposed. HereMj, = P(x + (W + a)/2). 

Figure 7a 

The boundary conditions for the externally cracked model are as follows: 
For the ring segment subjected to forces P, acting towards one another, with 

6 = 9Q and boundaries AB, BC, CD: along arc AB 

X(R„. 9) = 0 

dx 
dn = 0 
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(a) APPLIED LOAD 
P AT X . R|. 

6M 

B(W -al 

(b) APPLIED 
MOMENT M. 

(v^) M p P' 

P°B(W-a l 

(cl APPLIED LOADS P 
AND Mj AT X = Rj. 

(d) APPLICATION OF SUPERPOSITION PRINCIPLE. 

FIG. 7—Geometric models used for the external radially cracked ring segment to obtain 
the necessary boundary conditions for the application of the superposition principle. 

along line BC 

x{R, fla) = 
Pcos 00 

{R,^ - R/) + (R,^ + R,') In 

? - ^ " - ( < " . - « ' " (13 ̂ -̂'̂  )] 
dx 
dn 

-P sin $0 

R, 90-

(R,^- R/) + (R,^ + R„^)ln(^^ 
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^ - - ^ - (^/ + K^) In f — )-(^^)] 
along arc CD 

x(Ri, 0) = PRj cos fl 

= -Pcos 9 
dx 
an Ri, 9 

Figure 76 

For the couple load with 9 = 9^ and boundaries AB, BC, CD: along arc AB 

X(R„. 9) = 0 

dx 
dn 

= 0 
Ro. « 

along line BC 

X(R, 9^ = -M 

(Ro' - Ri") - 4/?„2/?,2( In -^ 

-4R,^R/ In ^° In/? - {l/?,,̂  - /?/)/?^ !„/? + /?2(/?„2 - /?,2) 

...,,„ ..-«,,„.,«...,i.,M4:a...-,>-<.,-, '•>)] 

along arc CD 

dx 
dn 

= 0 
R, »0 

X(Ri, 9) = M 

dx 
dn 

= 0 
Ri, 9 

Figure 7c 

In this case <̂M is required to be zero, and the loading forces act towards one 
another since the crack is external. It was treated by superposition of the bound-
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ary conditions of Figs, la and b, so that {Op + "m) = op = P/B{W - a) and 
the counter couple moment M| = P(/?, + {W - a)/2). 

Figure Id 

This case of a pin loaded ring segment was treated by superposition of the 
boundary conditions of Fig. Ic with Fig. lb, so that Afn = P{x + {W - a)/l). 

As discussed in Ref 5, the forms of the dimensionless coefficients 

r = Ki/{<yp + <r̂ ) \/a(l - a/W) 

and 

A = E'v/(ap + a^ia 

are particularly suitable for interpolation of combined cases (neither <yp nor <̂jvf 
= 0) from the two complementary cases: (1) Vp and Ap, where a^ = 0, Tables 1 
and 4; (2) V^ and Ajŷ , where op = 0, Tables 2 and 5. The fictitious stresses <rp 
and Cf^ are merely convenient functions of the first and second order moments P 
and M, of the distributions of internal normal forces acting on the net section 
in the plane of the crack: op = P/B{W - a) and a^ = ()M/B{W - af. 
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APPENDIXES 245 

root radii at the ends of the slots of 0.003 in. 
(0.08 mm) or less to facilitate fatigue crack
ing. The starter slot must be extended by 
fatigue cracks not less than 0.05 in. (1.3 mm) 
in length (see Note 4). The slot must lie within 
an envelope described by Fig. 8. 

7.6.2 For the CS specimen. Fig. 9 shows 
the allowable notch types and envelope sizes. 
The machined slots must be extended by fa
tigue cracks not less than 0.05 in. (1.3 mm) in 
length. 

NOTE 4 —Fatigue cracks may be omitted only if 
it can be shown that the machined notch root radius 
effectively simulates the sharpness of a fatigue 
starter crack. 

7.7 In fatigue cracking, the minimum-to-
maximum load ratio can be chosen through 
experience. In CCT specimens, the maximum 
stress in the net section shall not be greater 
than 50 % of the yield stress. In CS and 
CLWL specimens, the maximum load in fa
tigue shall not develop strength ratios greater 
than 0.5 as calculated in accordance with 
9.1.7 of Method E 399. Typically, maximum 
nominal stresses in fatigue cracking should be 
between 10 to 40 % of material yield 
strength. 

8. Procedure 
8.1 Measurements — Measure material 

thickness, fi, to ± 1 % of B at four locations 
near the crack plane. Measure specimen 
width, W, accurate to ± 0.5 % of W. 

8.2 Number of Teste — Replicate /{-curves 
can be expected to vary as do other properties 
in mechanical tests such as Charpy-V energies 
or tensile properties. A curve plotted from a 
single determination may be a smoothly in
creasing function of crack extension, giving 
the impression that the single determination is 
an accurate representation. This is not neces
sarily so; make at least one additional con
firming test. 

8.3 Loading Procedure—Load the CCT, 
CS, and CLWL specimens incrementally, al
lowing time between steps for the crack to 
stabilize before measuring load and crack 
length (see Note 5). Cracks stabilize in most 
materials within seconds of stopping the load
ing. However, when stopping near an instabil
ity condition, the crack may take several min
utes to stabilize, depending upon the stiffness 

E561 

of the loading frame and other factors. 
NOTE S —If autographic instrumentation is used, 

it is permitted to monitor load versus crack exten
sion continuously under monotonic loading. Load 
rate must be slow enough so as not to introduce 
strain rate effects into the R-curve. Static K,i cannot 
be determined when the crack is steadily creeping 
or accelerating at or near instability. 

8.3.1 Number of Data Points-V/hils R-
curves can be developed with as few as four or 
five data points, ten to fifteen give improved 
confidence, and tougher materials usually re
quire more data points. 

8.4 Physical Crack-Length 'easurement — 
Measure the physical crack it.igth accurately 
to 0.01 in. (0.2 mm) at each step using suita
ble measuring devict?; described in 6.6 and 
6.7. Physical crack length can also be mea
sured with compliance techniques by partial 
unloading of the specimen after each incre
ment, a technique described in 10.4. Adjust 
the physical crack length for plastic-zone, ry, 
to obtain effective crack length for calculating 
K. 

8.4.1 In CLWL tests where the physical 
crack length is measured, determine the ap
plied load or K from the relationship of Table 
2 using an ry adjustment to crack length to 
enter the table. Since ry is a fimction oiK, an 
iteration procedure may be necessary. 

8.5 Effective Crack-Length Measurement— 
Comphance measurements, 2v/P, made dur
ing the loading of specimens, can be used to 
determine effective crack length, a^, directly. 
The crack is automatically plastic-zone cor
rected and these values can be used directly in 
the expressions for K. 

8.5.1 Effective crack length can be deter
mined directly in CS and CLWL specimens 
using a double compUance technique. By de
termining the displacements at two different 
locations, V\ and V2, along the crack line, as 
shown in Fig. lb, an effective crack length-to-
width ratio, aJW, can be found from the dis
placement ratio 2vl/2v2 using Table 1. It is 
convenient to plot autographically 2vl versus 
2v2 on an X-Y recorder at lOOx and 200x, 
respectively. The load, P, can be calculated 
using Oe and displacement at V\ in conven
tional compliance relationships appearing in 
Table 2. In continuous X-Y plots, the wedge 
direction or load can be reversed at appropri
ate intervals to determine return slope 2 Avl/ 
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ABSTRACT: The J-integral, as proposed by Rice, has been shown to characterize 
the crack-tip stress and strain field under both elastic and plastic stress-strain condi
tions. The parameter offers a logical extension of linear elastic fracture mechanics 
concepts to include cases of large-scale plastic behavior. Begley and Landes proposed 
the J-integral (labeled J^^) as a measure of material fracture toughness under plane-
strain conditions ranging from linear elasticity to large-scale plasticity. Data originally 
presented by Begley and Landes on two steels showed that 7,;. characterized fracture 
toughness under fully plastic conditions and was compatible with A",̂  in the linear 
elastic range. Subsequent work has shown that this approach is successful in a variety 
of metal alloy systems. 

In this paper the basis for the ^i^ approach to fracture toughness characterization 
is discussed. The recent developments in the method for determining Ji^ experimentally 
are explained as well as the future trends in the development of the test method. The 
present test method relies on the development of a fracture resistance curve where 
J is plotted as a function of stable crack extension. The present method employs 
multiple specimens where each specimen supplies one point on the fracture resistance 
curve. New test methods have been developed which allow this curve to be developed 
from a single specimen. 

Sample data are presented to illustrate the method. The relationship between K[^ 
and 7|^ is illustrated in regions where both test methods apply. The present work 
directed at establishing the Umitations of the / j ^ test method is presented. A brief 
description of the extension of the J-integral approach to other areas of cracking 
behavior is also included. 

KEY WORDS: fracture properties, stresses, strains, crack propagation, toughness, 
elastic properties, plastic properties 

In the past few years there has been considerable interest in characteriz
ing the fracture toughness behavior of metals in the elastic-plastic regime. 
Of the many parameters proposed to correlate elastic-plastic fracture be
havior, the J-integral as proposed by Rice [1]^ has been one of the most 
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58 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

promising. The J-integral was used originally as an analytical tool for 
crack-tip stress and strain determination. It was first proposed as a frac
ture parameter, labeled /,<., with supporting experimental data by Begley 
and Landes [2,3]. The original experimental method proposed was fairly 
cumbersome. An easier experimental method for determining 7,̂ . was 
proposed by Landes and Begley [4]. This is the most current description 
of the Ji^ test method. Since that work was presented, a considerable 
amount of new work has been conducted both in supporting the use of 
/,(. as an elastic-plastic fracture criterion and in developing the testing 
techniques for determining J^^. 

This paper represents a current report of the developments in 7,̂  testing. 
Supporting data which illustrate the test methods and describe typical 
7,c fracture toughness behavior are included. Much of the work contained 
in this paper is not new. However, it is organized to illustrate the current 
"state of the art" in 7,̂  testing as well as identify areas where more de
velopment work is needed. 

J-Integral 

The J-integral as proposed by Rice [7] is a two-dimensional energy line 
integral 

J= j Wdy- Tx^ds (1) 

where W is the strain energy density 

W= c,jd,.j (2) 
•'0 

T is the traction vector defined by the normal n along the path of integra
tion r, Ti = <rijnj, u is the displacement vector, and ^ is a length along r . 
The J-integral is path independent and is applicable to elastic material or 
elastic-plastic material when treated by a deformation theory of plasticity. 

The J-integral can be determined by an energy rate interpretation [7,5] 
where 

'' ~ da 
(3) 

where 

U = potential energy, 
a = crack length, and 
V = displacement of the applied force. 
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For linear elasticity Eq 3 expresses an energy process where J is identical 
to G, the crack driving force. For the case of plastic behavior where de
formation is not reversible, J loses its significance as a crack driving force. 
It can be considered as an energy comparison between two similar bodies 
identically loaded which have incrementally differing crack sizes. 

The line integral definition of / in Eq 1 is a special case of energy line 
integrals previously discussed \6,7\. It is most useful for an analytical 
determination of J where numerical methods are employed. The energy 
rate interpretation is used for experimentally determining / . Equation 3 
represents an exact method for experimentally measuring J\ however, for 
most testing purposes, an approximation to Eq 3 is used as will be dis
cussed later. 

The use of the J-integral as an elastic-plastic fracture criterion has been 
previously discussed from an analytical standpoint \8,9\. A justification 
for choosing this parameter as a fracture criterion comes from a consider
ation of the Hutchinson-Rice-Rosengren (HRR) crack-tip model [70,77] 
where the product of plastic stress and strain is shown to have a \/r sin
gularity; r is a near tip crack field length parameter. For plasticity be
havior which can be modeled by the Ramberg-Osgood relation 

-d = ?,(i-p)" (4) 

where ^ and i^ are equivalent stress and equivalent plastic strain, respec
tively, 5, is a constant, and n is the strain-hardening exponent, McClintock 
[72] has shown that the crack-tip plastic stress and strain equations can be 
expressed from the HRR singularity 

"•'J = "^X^ 

n/(n + 1) 

1 
n/(n + 1) 

"̂ iV /• 

l/(n + 1) 

J \ 1 

—a. (9) (5) 

jj) ju^;;nM^^ (6) 

where I„ is a function of n and mode of crack opening [75]. These plastic 
crack-tip stress and strain equations demonstrate a singularity in r where 
J is the strength of this singularity. These equations are directly analogous 
to the linear elastic crack-tip stress and strain equations where the crack-
tip stress intensity factor. A", is the strength of the \/\fr singularity [14]. 
For linear elastic fracture behavior, K is the characteristic fracture param
eter expressed as Ky^. Therefore, the use of / as a fracture parameter for 
elastic-plastic behavior is a direct extension of the linear elastic concepts. 

Some limitations on the use of / as a fracture parameter can be taken 
from the preceding discussion. Since / is shown to be path independent 
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for deformation plasticity theory, the use of / as a fracture criterion should 
be compatible with the assumptions of deformation plasticity. This would 
restrict its use to monotonic loading and zero crack extension since any 
unloading cannot be treated by this theory of plasticity. Also, since J is 
taken as the single parameter which characterizes the strength of the crack-
tip singular field equations, the size of the test specimen must be suffi
cient so that the crack-tip field equations are undisturbed by the specimen 
boundaries. 

The approach to using 7 as a fracture criterion is that of using the 
analytical basis as a starting point. From this starting point the actual 
development of the criterion is an empirical one based on test results. The 
empirical use of J then does not need to be strictly tied to the analytical 
limitations. A new set of limitations can then be developed empirically. 
These may be developed around the analytical Umitations but in some 
cases may not strictly adhere to them. Cases where J has been used suc
cessfully outside of the analytical limitations will be discussed later in 
this paper. 

/ as a Fracture Criterion 

The use of 7 as a fracture criterion is taken from a model of the frac
ture process as presented in Fig. 1. The fracture process starts with a 
sharp crack when the specimen or structure containing that crack is un
loaded. For a test specimen the crack is introduced by fatiguing at a low 
AA" level before the fracture test is conducted. As the crack undergoes 
loading the crack tip becomes blunted. This blunting increases with an 
increase in loading until a load is reached where a crack advance occurs 

Fatigue Crack 

3 First Loading 

I Cracli Blunting 

Fracture Toughness. .. 
Measurement Point 

^ = ^ F i i First Cracit Advance 

FIG. 1—Crack-tip schematic of the fracture process. 
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ahead of the original blunted crack. At the point where the first crack 
advance occurs the fracture toughness measurement point is defined. In 
terms of / this point is labeled 7,̂ ,. 

This model for the fracture process may not strictly characterize the 
actual physical process. Cracking may begin ahead of the original blunted 
crack as voids are opened and joined. However, this model gives a general 
description of the fracture process which can then be related to a fracture 
parameter such as J. A physical application of the model is conceived 
more easily when cracking occurs in a ductile tearing mode. This repre
sents the majority of the cases where elastic-plastic fracture concepts are 
used. However, this model could also apply to cracking by a brittle cleav
age mode. 

The cracking process as described by this model can be related to the 
characterizing parameter (J for elastic-plastic considerations and K ox G 
for linear considerations) by a plot of / versus crack extension, Aa, Fig. 
2. This plot is similar to a linear elastic crack growth resistance curve, 
R-curve [75]. As loading occurs and the crack tip undergoes the blunting 
process, the blunted crack tip appears to be experiencing a small crack 
extension. The degree of blunting, 5, can be approximately related to J 
by the expression 

h^J/<j^ (7) 

where a^^v is the flow stress generally taken as the average of the yield 
and ultimate stresses from a tension test \4\. The crack advance measured 
due to the blunting may be negligible in most metals; however, for very 

p(J) ) 

1 -i Crack Tip 
1 Blunting Line 

K(D = 

1,0=-

^,--<i-—Crack Advance 
Line 

Crack Advance, Aa 

FIG. 2—Resistance curve schematic of the fracture process. 
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ductile metals, it can be easily measured [4,16\. The measured amount of 
crack advance is generally about '/2 of the crack tip blunting, Vi 5. There
fore, the blunting can be described on the R-curve as a line given by 

/ = 2c^^J^ (8) 

The point where additional crack advance occurs from the blunted 
crack, that is, the /, j . measurement point, is marked by a change of slope 
in the curve of J versus crack extension. Crack advance due to a tearing 
ahead of the blunted crack develops at a much faster rate than the blunt
ing process. The value of /,<. can then be experimentally determined by 
developing a curve of / versus crack advance and marking the point 
where this curve deviates from the blunting line as described by Eq 8. 

In terms of a fracture criterion J can be simply related to the linear 
elastic parameters by [2] 

A.= G,^ = l^K,2 (9) 

where v is the Poisson's ratio. This relationship comes from the linear 
elastic definition of / where Eq 9 is strictly correct. In the elastic-plastic 
regime 7,̂  can be related to A',̂  where Ji^ is measured on a small specimen 
which reaches the fracture point well beyond the linear elastic regime, and 
Ky^ is taken from a large specimen which reaches the fracture point under 
linear elastic conditions. As will be discussed later, the measurement point 
for 7|, is not always coincident with the measurement point for A",;.. In 
those cases a direct comparison as in Eq 9 cannot be made. /j^. as a frac
ture criterion does not have to be related to A,,, for these cases and can be 
considered as a fracture criterion which is defined independently from 
linear elastic considerations. 

Current Test Method 

The test method for 7^ was based originally on the energy rate interpre
tation of J as expressed in Eq 3 [2,3]. To determine a single J value several 
specimens of varing crack lengths were tested. Curves of load versus load 
point displacement were measured. The energy input to each specimen at 
a given displacement was plotted as a function of crack length. Slopes of 
these curves were then / as defined by Eq 3. These values of J were plotted 
as a function of displacement. This process for determining / is shown 
schematically in Fig. 3. This method for measuring J was an exact method 
although it sometimes suffered a lack of precision due to scatter in load-
displacement curves between specimens. The most difficult aspect of using 
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Load 

FIG. 3—Energy rate determination of J. 

this test method was in determining the value of J at the measurement 
point, 7ic. All of the load-displacement curves were taken well past the 
point of first crack extension leaving the exact determination of this point 
unclear. 

An improved method developed for determining Jic eliminated many of 
the original problems [4]. This method was based on an approximate 
formulation for calculating 7 given by Rice et al [77]. 

y = lA 
Bb 

(10) 

where 

B = specimen thickness, 
b = remaining uncracked ligament of the specimen, and 

A = area under the load versus load point displacement curve. 

This formulation applies to a specimen with a deep crack subjected to a 
bend type of loading. The types of specimens most suited to this forniula-
tion are the compact toughness specimen (CT) and bend bars with three-
or four-point loading. For a deeply cracked bend type specimen the area 
in Eq 10 referred only to that part of the load displacement curve due to 
the introduction of a crack. Therefore, the portion of the area contrib
uted by an uncracked specimen should be subtracted out. Recent empirical 
evaluations of Eq 10 have shown that, although it is an approximate for
mulation, it gives more accurate values of / over greater ranges of crack 
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length when the total area, that is, due both to the cracked and uncracked 
contributions, is taken in Eq 10. The approximation is then accurate to 
within a few percent for values of a/w greater than 0.5 \18,19\. 

Approximate / solutions were calculated for some other specimen types 
by Rice et al \IT\, and these could be used for a /ic test. However the CT 
specimen generally offers the easiest geometry to test and is most widely 
used. This specimen has the advantage of having a well-defined displace
ment measurement capability, it avoids the question of what area to use 
in Eq 10 and also makes efficient use of a small amount of material. Since 
the CT specimen is not a pure bend specimen but rather incorporates 
a component of tension, some suggestion has been given for ways to 
modify Eq 10 in order to account for the tension component \20\. Use of 
such this modification would depend on the amount of precision required. 

The use of an approximate formula such as Eq 10 to calculate J repre
sents a distinct advantage over the original energy rate method in that J 
can now be calculated from a single specimen. With this capability the 
real problem, that of determining the 7ic measurement point, can be ad
dressed. The method proposed for determining this measurement point 
was discussed previously \4\ and is shown schematically in Fig. 4. Several 
identical specimens are loaded to differing values of displacement and 
then unloaded. Fig. 4o. These specimens will hopefully all exhibit different 
amounts of crack growth. After unloading, the crack advance is marked 
and the specimens broken open so that the crack advance, Aa, can be 
measured. Fig. 46. Different methods can be used to mark the crack ad
vance. For steels the easiest method is heat tinting. The specimens are 
heated to about 600 °F (625 K) for about 10 min. The specimens subse-

Dlsplacement 

la) Uad identical specimens 
to different displacements 

Fi«ture_ 
Surface 

'Ave j l ' 

(b) Heat tint and measure average 
crack extension 

Displacement 

(cl Calculate J for eacn specimen HI Plot J vs Aa find J 

FIG. 4—Procedure for experimental J [^measurement: multiple specimen R-curve. 
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quently are broken open at liquid nitrogen temperature. Although this 
marks the crack advance well for ferritic steels, it may not work for other 
alloys. Other methods such as fatigue marking or dye marking the crack 
advance could be used for these materials. The value of / at the point 
where the specimen is unloaded is determined from Eq 10 for each speci
men, Fig. 4c. This value of J is plotted as a function of crack advance, 
Fig. 4d. 

The curve in Fig. Ad is the crack growth resistance curve from which 
7ic is determined. The present method for determining /^ uses the 
blunting line defined in Eq 8 as a reference line. The points on the plot 
which lie to the right of the blunting line are generally fitted with a straight 
line and 7ic is taken at the intersection of this fitted line and the blunting 
line. The method for determining 7ic as described by Fig. 4 is presently 
used as a standard method. Certainly some aspects of this method can be 
improved. Most notably perhaps is the method of analyzing the data 
points in Fig. 4d to obtain /ic . This analysis is somewhat subjecti"e and 
can possibly lead to ambiguous values of Jic. 

The use of the approximation formula from Eq 10 has been compared 
experimentally with the original energy rate definition of / , Eq 3, and 
found to compare favorably for a/w> 0.6 [21]. Use of an approximation 
formula for / offers many advantages over the energy rate determina
tion and should be used almost exclusively in an experimental approach to 
determining J. 

New Test Methods 

With the use of Eq 10 7 can be determined for a single specimen at any 
given value of displacement. To determine the whole curve of J versus Aa, 
hence y,,., from a single specimen all that is needed is a continuous monitor 
of crack advance during the generation of the load-displacement curve. 
Several methods have been demostrated which can accomplish this success
fully. 

Perhaps the most widely used method for monitoring crack advance has 
been the elastic compliance method first demonstrated by Clarke et al [22]. 
This method is illustrated schematically in Fig. 5. It assumes that small 
amounts of unloading (in the order of 10 percent of load) will not disturb 
the fracture process but will provide a small portion of a linear elastic 
curve whose slope will give an instantaneous measure of crack length. The 
overall effect on the load-displacement curve is shown in Fig. 5a. Each 
unloading is seen clearly as a linear portion whose slope should reflect any 
changes in crack length. The precision with which such changes could be 
measured on this curve is not good enough. Therefore, a second curve of 
load-displacement is generated. Fig. 5b. On this curve the elastic contribu-
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Displacement 

(al General Load vs Displacement Curve 

Amplified Non Linear Displacement 

FIG. 5—Compliance method for measuring crack extension in a ij^ test. 

tion of the displacement is subtracted electronically out from the overall 
curve, and both load and displacement signals are amplified greatly. The 
linear unloading conditions from this curve can be more precisely measured 
since for zero crack advance this elastic unloading slope is vertical. Any 
small amount of crack advance causes a deviation from the vertical on 
the unloading Une. 

A second method for measuring crack advance is the electrical potential 
method. This method has been used widely for measuring subcritical crack 
growth [25] and has been recently applied to measuring crack advance on 
a /ic test [25\. It is shown schematically in Fig. 6. A constant current is 
applied to the test specimen. As the crack advances causing a change in 
electrical resistance, this resistance change is measured as an increase in 
potential between two measurement points. The output of the potential 
can be plotted as a function of displacement during the generation of the 
load displacement curve. A correct interpretation of this potential output 
then gives an instantaneous measure of crack length as a function of dis
placement. 

Another method which has been used is a monitoring of the crack ad
vance by £m ultrasonic transducer. Large geometry changes during the 
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Displace men) 

FIG. 6—Schematic of electrical potential i i^ measurement technique. 

plastic portion of the loading can cause some false indication of crack 
change if the transducer is transmitting normal to the crack plane. A 
method suggested by Underwood [26] involves transmitting from the back 
of the specimen parallel to the crack plane. The blunted tip of the crack 
during a J\c tests makes it a reasonably good target which can be monitored 
by the transducer. Underwood has used this technique to generate curves 
of J versus Aa. 

A final method which has been successfully used is that of monitoring 
crack advance by measuring small changes in the resonant frequency of 
the test specimen. Hickerson [27] has used this method to develop curves 
of / versus Aa. 

These new methods for measuring crack advance represent a distinct 
advantage in J^^ testing in that a single specimen can be used to generate 
a whole curve of J versus Aa. There are some disadvantages with these 
methods. They generally require sophisticated electronic equipment not 
always available in test laboratories. The amount of crack advance mea
sured in these tests is usually very small so that the equipment must be 
capable of a high degree of precision in resolving these small crack ad
vances. 

Whenever possible these methods should be used in 7,,. testing; how
ever, some cautions should be exercised. Curves of 7 versus crack advance 
should be generated and 7,̂  determined from these curves rather than at
tempting to determine the point of first crack advance directly from an 
electrical output. A small indication of crack advance due to the crack-
tip blunting or even due to some electronic instability could be easily mis
construed as the point of first crack advance. Whenever a new method is 
tried, the resultant curve of 7 versus Aa should be compared with a similar 
curve generated by the standard method described in the previous section. 
Also, since some materials exhibit a degree of scatter from one specimen 
to another, a curve generated from a single specimen may not be com
pletely representative of the material. A sufficient number of specimens 
must be tested to establish some reasonable limits on the degree of scatter. 
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Specimen Results 

A fairly large amount of data presently exists on many alloy systems 
demonstrating the usefulness of the /,, test method for determining frac
ture toughness [2-4,16,21,22,28-32]. Some examples are shown here 
to demonstrate the types of data generally encountered. The primary curve 
involved in the determination of 7,̂  is the curve of / versus crack exten
sion. This is illustrated in Fig. 7 for an ASTM A471 Ni-Cr-Mo-V rotor 
steel tested at 250°F (395 K) [28\. This curve illustrates data which lie 
along both the blunting line and the fitted line, the 7,, value being defined 
at the intersection of these lines. 
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FIG. 7—J resistance curves for an ASTM A471 Ni-Cr-Mo-V rotor steel at 250°F (394 K). 

A curve of J versus Ac is shown in Fig. 8 for an HY-130 steel at 75 °F 
(297 K). This plot illustrates three methods for measuring crack advance, 
the standard multiple specimen technique (heat tinting was used to mark 
the crack advance), the partial unloading compUance method as illustrated 
in Fig. 5, and the electrical potential method as illustrated in Fig. 6. A 
very good correlation is illustrated between these three techniques both 
in the curves of J versus Aa and in the determination of J,^. The standard 
method which employed eight specimens illustrates a much greater degree 
of scatter than either of the instrumented techniques which employ only 
one specimen for each technique. 

The general approach to measuring fracture toughness is to develop a 
curve of toughness as a function of test temperature. An illustration of 
such a curve is shown in Fig. 9 for an ASTM A217 2!4Cr-lMo cast steel 
[29]. As is typical for steels, the fracture mode at the lower temperatures 
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FIG. 9—Temperature dependence of yield strength and fracture toughness for an ASTM 
A217 2'A Cr-lMo cast steel. 

is cleavage, and the value of toughness is low. Fracture toughness can be 
easily determined by a linear elastic A",̂  test with reasonably sized speci
mens. As the fracture mode changes from cleavage to a ductile tearing 
mode the toughness increases rapidly, and A",̂  values can only be deter
mined by very large specimens. At this point it is easier to determine frac
ture toughness values by a 7,̂  test. When the fracture mode is entirely 
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ductile a maximum value of toughness is reached often referred to as the 
upper shelf toughness level. This curve which shows toughness values up 
to 800°F (700 K) illustrates a typical upper shelf toughness behavior. As 
the test temperature is increased well beyond the beginning of upper shelf 
toughness, the toughness drops off as a function of temperature [29]. 
Therefore, fracture toughness values measured at the beginning of upper 
shelf cannot be generally extrapolated to higher temperatures. 

J,^ Comparison with K,^ 

As previously stated, 7,, could be considered as a fracture toughness 
value on its own merit and need not necessarily be compared with Ki^ frac
ture toughness values. However, since K,^ has been the standard measure 
of fracture toughness since the early development of the fracture me
chanics methodology, such a comparison is desirable. The important con
sideration in making a comparison is to make it for a consistent measure
ment point. Figure 10 uses an R-curve to illustrate the difference that 
generally exists in the measurement point for the two methods. The /,, 
measurement point is taken at the point of first real crack growth, whereas 
the Ki^ measurement point is taken at 2 percent crack extension. Depend
ing on the nature of the R-curve these two measurement points could be 
reasonably compatible or fairly different. 

For a fracture toughness test which would have a nearly flat R-curve 
the value of K^^ at 2 percent crack growth would be nearly the same as a 
K taken at the first point of crack growth. Fig. 10. This would correspond 

Crack Advance, A a 

FIG. 10—Schematic of R-curve showing the differences between the J,̂  and K/̂  measure
ment points. 
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to a very brittle fracture such as a cleavage fracture in steel. In this case 
then the measurement points for both the Ki^ and the 7,, fracture tough
ness values are reasonably compatible. For a fracture toughness which 
would have a fairly steep R-curve the Ki^ value at 2 percent crack growth 
would not be the same as the K taken at the first point of crack extension, 
Fig. 10. In this case a J,^ measured at the point of first crack growth 
would be much lower than a AT,̂  measured at 2 percent crack extension. 
This would be more typical of material which fails by a ductile mechanism 
or thin sheet "plane stress" fracture behavior. 

Comparison between a /,,, and a Ki^ fracture criterion can be made 
through Eq 9. A comparison for four steels which failed by a cleavage 
mode is shown in Fig. 11. Since these steels failed in cleavage, the R-curve 
should be nearly flat and the measurement points between J,̂  and /T,, 
reasonably consistent. As is evident from Fig. 11 the two criteria show a 
good correlation. The maximum amount of scatter is about 10 percent 
which is within the limits expected due to material behavior scatter. 

A comparison between /,(. and A',, for the case of a ductile fracture 
mode where the R-curve could be steep is not as easy. Under ductile frac
ture conditions, especially for steels, the A",̂  values can not be easily de
termined since this often requires very large specimens. One example of 
fracture toughness measured for a Ni-Cr-Mo-V steel on the upper shelf 
is shown in Fig. 12. The Â î . values were determined from 8T-CT speci
mens on the upper shelf [33]. 7,̂ , values for the same heat of Ni-Cr-Mo-V 
steel were also determined on the upper shelf [28]. As would be expected 
for a steep R-curve, the /,^ values on the upper shelf, converted to K 
through Eq 9, are lower than the AT,, values. This illustrates what is gen
erally true for all steels which fracture by a ductile mode. That is J,^ repre
sents a lower bound for A",̂ , the extent to which 7,, is lower than A',e 
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A471 Ni-Cr-Mo- V rotor steel. 

would depend on the steepness of the R-curve and the size of the K^^ spec
imens. An attempt to compare J at a measurement point compatible to 
K^^ is also shown in Fig. 12. For a 8T-CT specimen 2 percent crack growth 
would correspond to 0.16 in. (4.0 mm). The curves of / versus Ac were 
extrapolated to this amount of crack extension, and the corresponding 
J value was converted to K by Eq 9. These extrapolated values of J from 
IT-CT specimen correlated better with the linear elastic /f,̂  values ob
tained from 8T-CT specimens as shown in Fig. 12. 

The most difficuh region to make comparisons between K^^ and J,, is 
for steels in the transition region between cleavage and ductile fracture 
modes. In this region there seems to be a large amount of material prop
erty scatter. An example for an ASTM A216 steel is shown in Fig. 13. 
This behavior has been previously discussed in terms of a statistical model 
\4]. The larger specimens used for K^^ tests, 12T-CT in this case, would 
fail by a weakest link analogy. The smaller /,, specimens IT-CT, would 
sample a much wider range of material behavior. If a large sample of 
7,, specimens were tested, the comparison of results should show scatter 
ranging from K^^ at the lower bound to a maximum value much larger 
than /T,,. This is consistent with the results in Fig. 13. Although this sta
tistical behavior of /,, values in the transition range has not been demon
strated for a wide variety of materials, it appears to explain results when
ever there is a large amount of scatter in the 7,̂  values. This identifies an 
additional caution which must be considered whenever small J^^ specimens 
are used to determine K^^ values for large structures in the transition tern-
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perature regime. A sufficiently large number of specimens must be tested 
to get an idea of the degree of material scatter. The fracture toughness 
value for application to the large structure must then be taken at the 
lower bound of the 7,̂ , results. 

Limitations on /j^ Testing 

Determining the limitations on J,^ testing is an important part of es
tablishing the test methodology. However, this requires results from a 
large sample of metal alloys which have each been tested under a wide 
range of conditions. These results are not presently available, and the 
details of all the limitations on J,^ testing cannot be established. From the 
data presently available some general guidelines on the establishment of 
limits can be discussed. 

One important limitation on the test method is specimen size needed 
to determine a 7,̂  value. As previously discussed, this specimen size must 
be sufficient so that the crack-tip field conditions expressed by Eqs 5 and 
6 are preserved. The size requirement for test specimens has been expres
sed in terms of the degree of crack tip blunting, 5, at the measurement 
point [34]. This is generally expressed by 
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B, a, b > a Ji,/<Tfj (11) 

where B, a, b are the specimen thickness, crack length, and uncracked 
Ugament, respectively. « is a nondimensional constant taken to be some
where in the order of 25 to 50. The value of a has not been exactly de
termined for a broad base of experimental results. It may in fact differ 
from one material to another depending on such things as the degree to 
which the material strain hardens. An example of results used for studying 
size Umitations on 7,, is shown in Fig. 14 for an A216 cast steel. The un
cracked ligament, b, is varied over a wide range, and /,, values are mea
sured as a function of b. Lines corresponding to a = 25 and 50 are in
cluded on the plot. At very small values of b the y,,. values increase sig
nificantly; however, this happens for a much smaller than 25. 

An important limitation on the use of the present 7,,, test methodology 
lies in the specimen type. The approximation formula for / given by Eq 
10 has been formulated only for bend type specimens. Although approxi
mations exist for other types of specimens, they have been used only to 
a limited degree to formulate curves of / versus Aa. A recent study on 
center cracked panel specimens [35] has shown that the value of y,, de
termined from these specimens is identical to the 7,̂  determined by a IT-
CT specimen; however, the slope of the J versus Aa curve differed signif
icantly between the two specimens. The curve for the center cracked speci
men was about twice as steep as the curve for the IT-CT specimen. There
fore, care should be exercised whenever a specimen other than a CT or 
bend bar is used. Generally it would be best to completely avoid alternate 
specimens. 
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An additional consideration in terms of limitations is the correct selec
tion of a measurement point. This actually involves only the correct ap-
plic^ion of the testing procedure as previously discussed. Several alterna
tive elastic-plastic fracture parameters have been proposed with ac
companying testing procedures. For these methods the fracture toughness 
measurement point was sometimes not carefully specified often being 
taken at a point loosely defined as maximum load. The fracture process 
as shown by the model in Figs. 1 and 2 identifies a measurement point 
in terms of initiation of crack growth. This point generally has no relation
ship to the maximum load point. The two would coincide only by a for
tuitous combination of conditions, these being dependent on y,j,, flow 
properties, and specimen size. When the plastic flow is extensive before 
/[;. is reached, the measurement point may coincide with maximum load. 
As the amount of plastic flow becomes less, for example, the specimen 
size is increased, the fracture measurement point moves closer to the elastic 
portion of the curve. A comparison of /,>. values measured on A533B 
steel is made with / values taken at maximum load for CT specimens 
ranging from 1.0 in. (25 mm) to 8.0 (700 mm) specimen width. Fig. 15. 
This illustrates the difference that can exist between / values taken at 
maximum load and 7,̂ .. For the smallest size specimen the two values 
nearly coincide. For the largest specimen where the measurement point 
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is much closer to the linear elastic portion of the curve, / at maximum 
load is significantly larger than /,,. 

Application of y,̂  

The application of /,, to structural components can be made in two 
ways. The first is to apply it directly to a crack in a component. This 
method would be used when the region around the crack is no longer in 
a linear elastic stress state. An example of this might be a crack coming 
from a notch where plasticity is caused by the concentration of stress 
around the notch. An example of this is shown in Fig. 16. The direct ap
plication of y to a crack in a structure is usually most easily accomplished 
by the line integral definition of / as given in Eq 1. Calculation of J from 
Eq 1 generally requires an elastic-plastic stress analysis as may be obtained 
from a numerical solution such as a finite element analysis. An example 
of this method for calculating / is given by Wilson [56]. 

A second method for applying 7,, is to use a small specimen test to in
directly determine K^^. /,, values obtained from the test are converted to 
Ki^ values by Eq 9. These K^^ values can then be directly applied to the 
structural component. This application of 7,;. can be useful for very large 
structures where the expense of running full sized A",,, specimens is not 
desirable. 

FIG. \(>—Schematic of stress concentrator with plastic zone surrounding the crack. 
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Remaining Areas for Study 

A number of remaining areas for study exist which are important to the 
continued development of elastic-plastic fracture characterization. 

An obvious area which needs to be better defined is the limitations on the 
/,£ test method. This deals primarily with the size limitations as expressed 
in Eq 11. The present limitation on specimen size is defined only approxi
mately. An exact definition of size Hmitations will require an extensive 
amount of data on many metal alloy systems. Other limitations such as 
geometry and loading systems which can be used in 7,̂  testing could also be 
better defined in the future. 

An important area for future study lies in future use of / as an elastic-
plastic fracture criterion. Most applications which require an elastic-plastic 
approach to fracture deal with fairly high toughness materials where the 
fracture mode is a ductile one. As was previously discussed, the present 
definition of J^^ often gives a very conservative value for fracture tough
ness. This was illustrated by the upper shelf toughness data in Fig. 12. 
Subsequent to the point of first crack growth there is generally a region 
of subcritical crack advance which could be included as a region of safe 
life for a structural component. To make use of this region of subcritical 
crack advance more studies are needed which deal with the characteriza
tion of this region. The present method of plotting / versus Aa does not 
assume that / adequately characterizes this region. It merely uses this 
part of the curve to extrapolate to the point of first crack extension where 
/ic is defined. 

The true final point in a fracture characterization is the point where 
the structure or specimen exhibits an instability, that is, the crack propa
gates in a critical manner. Identifying a fracture instability point is a very 
complex problem since the instability point depends on the fracture 
characteristics of the material (R-curve), the flow properties, the geometry, 
and the type of loading. A complete fracture characterization which 
would identify the instability point would require an analysis of subcriti
cal crack advance as well as a methodology for determining the instability 
point. 

The present method of using /,£ as a fracture point, although conserva
tive, at least provides a methodology which can be readily applied to 
structures. Future studies should contribute to determination of a less 
conservative approach. One method which could be used to relieve some 
of the present conservatism would be to redefine the 7,̂  measurement 
point from its present definition as the point of first crack advance to 
some point of finite crack advance. Such a redefinition must be done with 
care to ensure that this point is still conservative for all types of materials 
and structures. 
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New Applications of / 

Several new applications of the J-integral have been attempted since its 
first use as an elastic-plastic fracture criterion. Some of these applications 
have abandoned the strict definition of J along with its analytical limita
tions and have used it as an empirical parameter for characterizing a cer
tain phenomenon where some amount of plasticity made the use of linear 
elastic parameters unfeasible. Examples of new applications of the J-inte
gral are given as follows. 

The J-integral has been used to characterize fracture originating from a 
blunt notch [37\. The application of / to a blunt notch rather than a 
sharp crack is entirely consistent with the original line integral definition 
by Rice [/]. The methodology associated with the use of J to characterize 
blunt notch fracture is nearly identical to standard 7,̂  method described 
in this paper for sharp cracks. 

If / is known to characterize the crack-tip field under elastic-plastic 
conditions associated with fracture, it should also characterize the crack-
tip field for other related phenomena. An attempt was made to use J to 
characterize the stress-corrosion cracking phenomenon under elastic-plastic 
conditions [38\. For linear elastic conditions a threshold value of if below 
which no stress-corrosion cracking occurs is labeled K^^^. For elastic-
plastic conditions a threshold value Ji^^^ should relate to Ky^^ in a manner 
similar to the relation between 7,̂  and K^^ for the fracture process. An 
attempt to establish such a J^^^ threshold value gave moderately successful 
results [38]. 

For fatigue crack growth behavior in the linear elastic regime crack 
growth rate is correlated by the parameter A/T which is the stress intensity 
range during a fatigue cycle. For fatigue crack growth behavior in the 
elastic-plastic regime a definition of the / range labeled 6J has been shown 
to correlate the fatigue crack growth rate [39,40]. The definition of a / 
range, A7, is somewhat in conflict with the analytical limitations set by the 
definition of the path independent line integral. However, the use of AJ 
as an empirical parameter to correlate crack growth rate gives results 
which are entirely consistent with the linear elastic use of A/f to correlate 
growth rate and appear to successfully extend the range of correlation to 
much faster crack growth rates [40]. 

A modification of the J-integral as defined by Eq 1 where strain and 
displacement values are replaced by their rates leads to new path indepen
dent line integral [41]. Under a nonlinear viscous flow rule this new inte
gral is the strength of a crack-tip stress and strain rate field [42]. An at
tempt was made to apply this integral, labeled C*, to characterize crack 
growth rate under high-temperature steady-state creep conditions [43]. 
These results were reasonably successful and showed promise for success
fully extending fracture mechanics concepts to the high temperature creep 
cracking phenomena. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LANDES AND BEGLEY ON RECENT DEVELOPMENTS IN J|c TESTING 79 

Summary 

The material presented in this report outlined recent developments in 
/,c fracture toughness testing. While much of this material was collected 
from other sources, it was presented here to give a single statement of 
present "state of the art" in J,^ testing. Specific areas covered are: 

1. Definition of the J-integral and its use as a fracture criterion. 
2. The present standard y,̂  method as well as the latest developments 

for improving the test method. 
3. Specimen test results with an emphasis on the experimental relation

ship between 7,̂  and AT,,. 
4. Limitations on the test method. 
5. Applications of the 7,̂  fracture criterion to structural components. 
6. Some remaining areas for future studies. 
7. New applications of the J-integral to related fracture phenomena. 
A next step for the /[^ test method is the development of an ASTM 

standard testing procedure. This will begin by the drafting of an ASTM 
Standard Recommended Practice for 7,,. testing. Hopefully much of the 
material contained in this report will serve as a basis for this Recommended 
Practice. 
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mens Used in the R-Curve Practice," Developments in Fracture Mechanics Test 
Methods Standardization, ASTM STP 632, W. F. Brown, Jr., and J. G. Kaufman, 
Eds., American Society for Testing and Materials, 1977, pp. 82-96. 

ABSTRACT: The compliance calibrations for the compact (CS) and crack-line-
wedge-loaded (CLWL) specimens have been determined by experimental measure
ments and by boundary-collocation analysis. The CS and CLWL specimen configura
tions were modeled more accurately than those used in previous analytical investiga
tions. Polynomial expressions for the compliance at various stations along the crack 
line for the CS and CLWL specimens are presented. The compliance calibrations for 
the center-crack tension (CCT) specimen have been determined theoretically by 
boundary-collocation and finite-element analysis. The calculated compliance values 
for the CCT specimen are compared with values obtained from the Irwin-Westergaard 
expression and from a modification to the Irwin-Westergaard expression proposed by 
Eftis and Liebowitz. The Eftis-Liebowitz expression was found to be in good agree
ment (±2 percent) with both analyses for crack aspect ratios up to 0.8 and for gage 
half-span to specimen width ratios up to 0.5. 

KEY WORDS: fracture properties, mechanical properties, calibration, stresses, 
strains, crack propagation 

The compliance relationships presented in the 1974-1975 "Proposed 
Method for R-Curve Determination" [ly for the three recommended 
specimens were taken from information considered to be the best avail
able at the time. Solutions for the center-cracked tension (CCT), compact 
(CS), and crack-line-wedge-loaded (CLWL) specimens were obtained 
from complex analytical solutions or boundary collocation analyses. As
sumed loading and boundary conditions were slightly variant from those 

'Senior research metallurgist, Armco Steel Corp., Middletown, Ohio 45042. 
^Consultant, Alcoa Research Laboratories, Alcoa Center, Pa. 15069. 
'The italic numbers in brackets refer to thS list of references appended to this paper. 
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used in practice. The CCT specimen compliance was obtained from the 
analytical solution for an infinite plate with a periodic colinear array of 
cracks [2]. Although the accuracy was known to be suspect for large crack 
aspect ratios, 2a/W, it was chosen for its versatility in handling variable 
gage spans. The CS and CLWL compliance relationship was obtained 
from a boundary collocation analysis of a configuration without pin-
loading holes and subjected to only externally applied loads [3,4]. Since 
both specimens have the standard compact specimen shape and share a 
common load line, the compliance was considered to be common to both 
specimens. Experimental verification for the CS specimen only was pro
vided by W. F. Brown, Jr. [5]. 

Recently, a finite element computation made on the CLWL specimen 
by Ratwani [6] indicated a potential problem in using a common (CS and 
CLWL) compliance record. This provided the stimulus to reexamine the 
complete compliance package given in Ref 7. An ad hoc committee was 
formed within ASTM E24.01.04 to make this study, and the present re
port represents the findings of this group. 

Analysis of the CS and CLWL Specimens 

In order to represent the configuration and loading conditions for CS 
and CLWL specimens more accurately, an improved method of boundary 
collocation [7,9] was herein applied in Ref 10 to the two dimensional 
stress analysis of these specimens. The improved method included the ef
fects of the pin-loaded holes where previous collocation analyses did not 
include these holes. The improved solutions were based on the complex 
variable method of Muskhelishvili [7/]. The complex-series stress func
tions for the specimens were constructed so that the boundary conditions 
on the crack surfaces were satisfied exactly, while the conditions on the 
external boundary and the circular-hole boundaries were satisfied approxi
mately. The present paper presents only the solutions for plane-stress 
displacements (ju = 0.3). The plane-strain displacements can be obtained 
from the plane-stress displacements for a given position, x, along the 
crack plane by multiplying the plane-stress displacements by [(1 -I- K)(7 -
K)/16] [9]. 

For the CS and CLWL specimen configurations, the model consists of 
a semi-infinite crack located along the x-axis in an infinite plate subjected 
to a uniformly distributed line load, P, as shown in Fig. 1. The dashed 
lines L^ (rectangular) and Lj (circular holes) define the boundaries of the 
specimen. The boundaries L, and £2 m Ŷ have any simple shape and may 
be subjected to any boundary conditions which are symmetric about the 
AT-axis. Further details on the analysis can be obtained in Ref 10. Figures 
2 and 3 show the locations along the crack-line (VQ, V,, V^L, and Vj) for 
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FIG. X—Semi-infinite crack in an infinite plate subjected to a uniformly distributed inter
nal line load. 

!<.. I TO»4i 0.303W J 

.27 5W 

FIG. 2—CS specimen subjected to pin loading. 
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FIG. 3—CLfVL specimen subjected to pin loading. 

which the compliance has been calculated. These values are Usted in 
Tables 1 and 2. 

Experimental calibrations were made on CS and CLWL specimens hav
ing W dimension of 8.25 in. (209 mm). The materials used were !4-in. 
(6-mm) thick 2024-T3 aluminum, !4-in. (6-mm) thick 7075-T6 aluminum 
(CLWL only), and 0.084-in. (2-mm) thick PH15-7Mo steel (CLWL only). 
Displacement was measured at locations V, and V2 using the precision clip 
gages, shown in Fig. 4, with an initial span of 0.8 in. (20 mm). They are 
enlarged versions of the NASA type clip gage, specifically designed for 

TABLE 1—Crack-line compliance for the compact specimen as a function of 
li/VJ for plane-stress conditions (^l = 0.3). 

a 

W 

0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 

P 

24.90 
29.89 
36.18 
44.23 
54.76 
69.00 
89.04 

118.7 
165.5 

£ 5 2 V , 

P 

21.24 
25.78 
31.51 
38.83 
48.44 
61.44 
79.78 

107.0 
150.0 

EB2V[_^ 

P 

14.28 
18.09 
22.86 
28.96 
36.99 
47.90 
63.35 
86.36 

122.8 

£fi2V2 

P 

4.64 
8.05 

12.07 
17.24 
24.26 
34.26 
49.27 
73.29 
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TABLE 2-

a 

W 

0.30 
0.35 
0.40 
0.45 
0.50 
0.55 
0.60 
0.65 
0.70 

-Crack-line compliance for the CL WL 
di/V^ for plane-stress conditions ( 

£B2Vo 

P 

19.90 
25.12 
31.58 
39.73 
50.33 
64.59 
84.63 

- 114.3 
161.0 

£B2V, 

P 

18.14 
22.80 
28.64 
36.05 
45.70 
58.73 
77.07 

104.2 
147.2 

specimen as c 
a = 0.3). 

P 

15.51 
19.37 
24.19 
30.34 
38.42 
49.36 
64.85 
87.91 

124.0 

function of 

£B2V2 

P 

4.80 
8.25 

12.29 
17.47 
24.49 
34.48 
49.47 
73.45 

•5*1 
5-5 
&J2 

?• 

M 

-l.3*U~^ 

FIG. A—Front and side views of V, and V 2 clip gages. 

measuring the large displacements encountered in R-curve work. All 
specimens were aligned carefully and restrained from buckling using anti-
buckling cover plates. Friction from the antibuckling guides was pre
vented through the use of ball bearing pads sandwiched between the speci
men and guides. Each experimental value given in the present report was 
averaged from at least three replicate determinations. 

Figures 5 and 6 show the compUance, EB2vl/P, for the CS and CLWL 
specimens as a function of crack-length to width ratio. The curves repre
sent calculated values, and the symbols are experimental measurements. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



MCCABE AND SHA ON SPECIMENS USED IN THE R-CURVE 87 

80 

60 

EB2vl 
P 

COMPACT SPECIMEN 

Bet. [1] 

- Collocation Ret. ^d 

(Plane stress y= 0.3) 

20 

Experimental 

B A514 

® 2024-T3 

FIG. 5—Comparison of experimental and theoretical compliance at the VI location for 
the CS specimen. 

The solid curves represent the collocation results [70], and the dashed 
curves show the values used in the proposed R-curve practice. The collo
cation results in Fig. 5 are only slightly lower (2 percent) than the dashed 
curve at small a/W, indicating that the early results of Ref 4 for all in
tents and purposes were satisfactory for use with the CS specimen. For 
the CLWL specimen the collocation results are considerably lower (13 to 
14 percent) than the dashed curve representing the formerly recommended 
values. The calculated and experimental values are in essential agreement 
and demonstrate the fundamental difference in compliance behavior be
tween the two loading configurations. 

Figure 7 shows the ratio between v, and V2 displacements for the CS 
and CLWL specimens. This relationship is used in the double compliance 
method of crack length determination and again a fundamental difference 
which also had not been envisioned is shown between the two specimens. 
The solid and open symbols represent the experimental data. The solid 
curves show the collocation results [10], and the dashed curve shows the 
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80 

60 

EB2v1 
P 

20 

CLWL SPECIMEN 

Ref. [1] 
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(Plane stress y-0.3) 

/ 
/ y 

/<&/ 
/A y /X 

/ / 

/ /s: 

ir 
1 

ij 
// 

/ / 
V 

/I /n // 

Experimental 

© Ph 15-7 Mo 

B 7475-T6 

a 2024-T3 

«> A514 

FIG. 6—Comparison of experimental theoretical compliance at the VI location for the 
CL WL specimen. 

v,/v2 displacement ratios used in the R-curve method. In this case Ref 1 
values compare favorably with the new values because they were obtained 
initially by experimental calibration of CLWL specimens. 

Polynomial expressions of the following form were fit to the boundary 
collocation results 

EB2\/P = AQ + Ai(q/W) + A^(a/Wy + Ajia/Wy + A^{a/Wy 

The coefficients Ai for both specimen types for the four locations con
sidered are given in Table 3. These expressions are within ±0.4 percent of 
the collocation results for 0.35 < a/W^ 0.6. Experimental displacement 
measurements had been made over a span of 0.8 in. instead of on the 
crack line as per the calculations. This was determined in Ref 10 to pro
duce less than Vi percent error in the displacements and for all practical 
purposes relevant to experimental accuracy can be ignored. 
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- t 3 

Compact specimen 
• Collocation Ref. ̂ ^ 

(Plane stre8s« = 0.3) 

CLWL specimen ^ i 
Collocation Ref. ̂ ^ 
(Plane stress u = 0.3) 

Experimental 

CLWL specimen 

e 7475-T6 

E A514 

» 2024-T3 

A Ph 15-7 Mo 

Hef. [1] 
CS and CLWL 

^ ^ ^ ^ t . 

Compact specimen 

• 2024.T3 

• AS14 

FIG. 7—Comparison of experimental and theoretical displacement ratio (VI/V2) for the 
CS and CL WL specimens. 

TABLE 3—Polynomial expression coefficients for the crack-line compliance of 
CS and CLWL Specimens {plane-stress conditions with n = 0.3). 

Specimen 
Type 

Compact 

CLWL 

EB2v/P = 
Accuracy: 

Location 

Vo 
V, 
VLL 

V2 

Vo 
V. 
VLL 

V2 

Ao + A,(a/fV) 

Ao 

120.7 
103.8 
84.9 
5.75 

109.5 
101.9 
92.8 

6.48 

+ A2ia/fV)^ 
±0.4% 0 . 3 5 < a / J f < 0.6 

^ 1 

-1065.3 
-930.4 
- 794.0 
-190.3 

-1021.6 
-948.9 
-843.2 
-198.7 

Ai 

4098.0 
3610.0 
3082.0 
1081.5 

3986.5 
3691.5 
3210.0 
1117.0 

^ 3 

-6688.0 
-5930.5 
-5074.5 
-2150.5 

-6553.0 
-6064.0 
-5210.0 
-2207.5 

+ Ajia/fV)^ + Aiia/W)* 

A, 

4450.5 
3979.0 
3406.0 
1680.5 

4386.0 
4054.0 
3455.0 
1712.5 
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Analysis of the CCT Specimen 

Boundary Collocation 

For a CCT specimen configuration, the boundary collocation analysis 
[10] considered a crack located along the x-axis in an infinite plate as 
shown in Fig. 8. The dashed lines, denoted L, define the boundary of the 
specimen. The boundary L, may have any simple shape (symmetric about 
the X- and >'-axes) and be subjected to any boundary conditions which are 
also symmetric about the x- and >'-axes. The stress functions for this con
figuration automatically satisfy stress-free boundary conditions on the 
crack surfaces, and the boundary conditions on L were satisfied approxi
mately. In the following section, the plane-stress displacements (ji = 0.3) 
are presented for various gage half-span to width ratios, (Y/W), along 
the centerline of the specimen. These displacements are given in Table 4. 

Finite Element Analysis 

An ANSYS general purpose finite element program was applied to the 
two dimensional stress analysis of the CCT specimen with 8-noded iso
parametric elements. The intended objective of this finite element analyses 
was to obtain the elastic compliance as a function of crack length to width 
ratio under the plane-stress state at different centerline locations of a 

FIG. i—A crack in an infinite plate. 
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TABLE 4—Centerline compliance, E2v/ffW, for the CCT specimen as a function 
of Y/^ and la/^ for plane-stress conditions (n = 0.3). 

Boundary Collocation 

\2a/W 
Y/W\ 

0 
0.25 
0.50 
0.75 
1.00 

0.1 

0.201 
0.536 
1.021 
1.517 
2.016 

0.2 

0.410 
0.638 
1.086 
1.571 
2.067 

0.3 

0.635 
0.801 
1.197 
1.665 
2.156 

0.4 

0.886 
1.019 
1.359 
1.804 
2.289 

0.5 

1.182 
1.298 
1.583 
2.002 
2.479 

0.6 

1.548 
1.658 
1.890 
2.282 
2.751 

0.7 

2.037 
2.145 
2.328 
2.690 
3.150 

0.8 

2.761 
2.870 
3.003 
3.335 
3.787 

CCT specimen. In order to account for the singularity behavior, a high 
degree of grid refinement with 391 nodes and 732 degrees of freedom 
was used in the region of the crack tip. This accommodates high-stress 
gradient and can provide adequate elastic displacement or compliances for 
a given crack length to width ratio at different centerline spans. The fine 
mesh refinement in the crack-tip region may not be academically desirable 
but can be technically acceptable for simple geometries (only one quarter 
of CCT specimen is idealized for symmetry reasons) and loading of the 
CCT specimen. The mesh ideaHzation was made in accordance with a 
calibration specimen of 16 in. (406 mm) width with uniform applied load 
at 1.1 Ŵ  away from the crack plane. The nodal point displacement along 
the centerline for a given load was used for evaluating the elastic com
pliance. The crack length to width ratio range of 0 < 2a/W^< 0.56 was 
studied under the plane-stress state with î = 0.33, and the results are re
ported in Table 5. 

Figure 9 shows the compliance, E2w/aW, for three values of Y/W. The 
collocation and finite element results are shown as data points. The curves 
show the calculated relationship as set forth in the early version of the 
R-curve method, taken from Irwin [2]. 

TABLE 5—Centerline compliance, E2v/<rW,/or the CCT specimen as a function of 
Y/W and ln/Vf for plane-stress conditions. 

Finite Element 

\2a/W 
Y/W\ 

0.00006 
0.250 
0.50 
0.75 
1.0 

0.1 

0.200 
0.540 
0.980 
1.494 
2.012 

0.2 

0.415 
0.634 
1.042 
1.548 
2.060 

0.3 

0.640 
0.806 
1.162 
1.644 
2.150 

0.4 

0.886 
1.016 
1.320 
1.774 
2.280 

0.5 

1.182 
1.298 
1.548 
1.984 
2.470 

0.5625 

1.400 
1.520 
1.732 
2.142 
2.630 
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E2v 

* Boundary Collocation Ref. [ICj 

"t" Finite Element 
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FIG. 9—Comparison of compliance from the collocation and finite element analysis and 
Irwin's equation for the CCT specimen. 
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Equation 1 agrees within 3 percent of the analytical results for la/W less 
than 0.4 for all Y/W considered. However, the agreement becomes un
acceptable at larger 2a/W. Eftis and Liebowitz [12] proposed a modifica
tion to Eq 1 to account for the effects of finite specimen width which is 
given by 

E2\ 
7W = [ira/W/ %\n(,Tta/W)Y' x Eq 1 (2) 

Figure 10 shows a comparison between the results of Eq 2 and the 
analytical results. There is good agreement in the range 0 < Y/W < 0.5 
andforO< 2a/PF< 0.8. 
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• Boundary Collocation Ref. [1C| 

"I" Finite Element 

EFTIS AND LIEBOWITZ (12 ] 
(EQN. (2)) 

FIG. 10—Comparison of compliance from the collocation analysis and the Eftis-Liebowitz 
equation for the CCT specimen. 

Experimental Measurements 

Experimental calibrations were made relating the elastic compliance to 
crack aspect ratio (2a/W^) for a 16-in (406-mm) wide, 0.249-in. (6.4-mm) 
thick, 7075-T6 aluminum CCT specimen. A modified SR-4 gage, accurate 
within 1 percent of the displacement range, was used for displacement 
measurements at a Y/W = 0.3478 location centered on the 2a/W dimen
sion. The experimentally measured compliance data were determined by 
averaging at least three repeated measurements of deflection versus ap
plied load slopes in the elastic range. 

Figure 11 and Table 6 show the comparison between experimental 
elastic compliance data, the analytical results of Eqs 1 and 2, and Jinite 
element data for Y/W = 0.3478. The compliance as predicted from Eq 2 
and the experimental compliance values as obtained from the calibration 
results are in essential agreement over all crack aspect ratios. Therefore, 
the compliance data of both finite element and boundary collocation cal
culations and experimental calibrations at Y/W = 0.3478 support the use 
of Eq 2 for all Y/W less than 0.5. 

Conclusions and Comments 

The analytical approaches of boundary collocation and finite element 
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• Finite Element 

o Compliance Cellbration 

•— Equation 1 

— Equation 2 

FIG. \\—Comparison of compliance calibrations and analytical compliance data of a 
CCT specimen at Y/W = 0.3478 location. 

TABLE 6—Comparison between finite element. Eg 2, and experimental compliance 
for 16-in.-wide (406-mm) CCT specimen with measurements taken at Y/W = 0.3478. 

£2v, /uiv\ 0.0625 0.125 0.250 0.375 0.500 0.5625 

Finite element 0.7075 
Eftis and Liebowitz 0.7064 
Test 0.723 

0.7397 
0.7387 
0.760 

0.8660 
0.8670 
0.878 

1.0788 
1.0810 
1.089 

1.3888 
1.3909 
1.396 

1.5897 
1.5909 
1.586 

analysis were applied to the compliance problems of the CCT, CS, and 
CLWL specimens. It was determined that despite the many common fea
tures of the CS and CLWL specimens, they have distinctly different com
pliance character. This was confirmed experimentally. 

Review of the CCT specimen situation by the analytical approached 
demonstrated a need for a modification to the well known Irwin-Wester-
gaard expression. The development of Eftis and Liebowitz was found to 
be more suitable for use under most practical experimental conditions. 

The Task Group on R-curves under the direction of ASTM Committee 
E-24.01 has produced a proposed recommended practice for R-curve 
determination which represents the consensus of practice from those who 
have held an interest in R-curve work. As this report demonstrates, the 
status of recommendations can change as new information is developed 
and the ASTM procedure for method development is geared to provide 
for such contingencies. This document represents, therefore, a presenta
tion of the background information that was developed for recommend
ing a revision that has since been adopted. 
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Heavy-Section Fracture Toughness 
Screening Specimen 

REFERENCE: Shannon, J. L. Jr., Donald, J. K., and Brown, W. F. Jr., "Heavy-
Section Fracture Toughness Screening Specimen," Developments in Fracture Me
chanics Test Methods Standardization, ASTM STP 632, W. F. Brown, Jr., and 
J. G. Kaufman, Eds., American Society for Testing and Materials, 1977, pp. 96-114. 

ABSTRACT: Size requirements for a pin-loaded double-edge notch plus crack ten
sion specimen proposed for fracture toughness screening heavy-section alloys were 
studied. Ranking of eight selected alloys based on the specimen's net strength was 
compared with that based on the valid plane-strain fracture toughness separately 
determined. Performance of the specimen was judged on the basis of that comparison. 

The specimen's net strength was influenced by three critical specimen dimensions: 
distance between the crack plane and the loading hole, specimen width, and specimen 
thickness. Interaction between the stress fields of the crack and the loading holes 
reduced the net strength, but this effect disappeared as the separation reached a 
dimension equal to the specimen width. The effects of specimen width and thickness 
are interrelated and affect the net strength through their influence on the development 
of the crack-tip plastic zone. Correlation between the net strength of the screening 
specimen and the plane-strain fracture toughness was enhanced by increasing thick
ness and decreasing width of the screening specimen. 

The work described is intended to form the technical base for the development of a 
standard fracture toughness screening test method for heavy sections to supplement 
ASTM E 338 Standard Method of Sharp Notch Tension Testing of High-Strength 
Sheet Materials. Development of the test method is the responsibility of the ASTM 
E24.01.02 Task Group on Revision of E 338. 

KEY WORDS: notch test, fracture toughness, toughness screening test, fracture 
properties, toughness, crack toughness, crack strength 

Nomenclature 
o-,„ Ultimate tensile strength (ksi) 
<j,y 0.2 percent offset tensile yield strength (ksi) 
<T̂  Net fracture strength (crack strength) of DENC specimen (ksi) 

'Head, Strength of Materials Section and chief. Fracture Branch, respectively, NASA-
Lewis Research Center, Cleveland, Ohio 44135. 

^Manager, Ocean City Research Corporation, Del Research Division, Hellertown, Pa. 
18055. 
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Ki, Valid (according to ASTM Method E 399-74) plane-strain fracture 
toughness (ksi ^m.) 

KQ Conditional value of plane-strain fracture toughness (ksi V^n-). 
(reference ASTM Method E 399-74) 

The plane-strain fracture toughness K,^ as defined by ASTM Method of 
Test for Plane-Strain Fracture Toughness of Metallic Materials (E 399-74) 
has become widely accepted as a useful measure of a material's load car
rying capability in the presence of a sharp crack under conditions of high 
transverse constraint and small-scale yielding. Minimum A',̂  requirements 
appear regularly in military and commercial specifications and form the 
basis of fracture control programs. However, ASTM Method E 399-74 
specifies a rather complex measurement which is not generally suited to 
screening materials on a routine basis. Additionally, the specimen size 
requirements specified by ASTM Method E 399-74 frequently exceed the 
application section size. Neglecting one or more features specified in the 
method may result in misleading indications of crack toughness. Reference 
I demonstrates the possibility of erroneous toughness indications when 
ASTM Method E 399-74 is applied to subsized specimens. What is needed 
is a simpler screening test, the results of which can be correlated with 
valid Ki^ values for given material conditions and which can also be used 
to obtain qualitative indications of crack toughness under mixed mode 
conditions. 

One such test is provided by ASTM Method of Sharp-Notch Tension 
Testing of High-Strength Sheet Materials (E 338-68). This method speci
fies a simple measurement of notch strength based on the maximum load 
in a tension test. It is, however, limited to thicknesses of !4-in. or less and 
employs a specimen 3 in. wide by 12 in. long. It has been suggested [2]^ 
that ASTM Method E 338-68 be supplemented with another (new) method 
of test which would have essentially the same screening purposes of 
ASTM Method E 338-68 but broader appUcability in terms of increased 
specimen thickness and reduced planar dimensions. For this purpose a 
double-edge-notch (DEN) specimen with one of the notches tipped with 
a fatigue crack is proposed here. This specimen will be referred to as a 
double-edge-notch -l- crack (DENC) specimen. 

The present study is aimed at fixing the proportions and limits of ap-
phcation of the proposed DENC specimen. The influence of specimen 
width and thickness on the crack strength (net fracture strength) and ap
parent plane-strain fracture toughness of the specimen has been deter
mined for eight alloys covering a broad range of types, strengths, and 
toughnesses. For each specimen width-thickness combination, alloy rank
ing on the basis of crack strength is compared with that based on K^Js 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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determined according to ASTM Method E 399-74 using three-point bend 
specimens. The results support a recommendation to the ASTM Commit
tee E-24 on Fracture Testing of Metals for the adoption of the DENC 
specimen for screening heavy-section materials with reference to their 
fracture toughness. A discussion is presented on the effects of specimen 
size on the apparent plane-strain fracture toughness evident from the re
sults. 

DENC Specimen 

The proposed DENC specimen, Fig. 1, contains two symmetrically 
opposed notches, one of which is fatigue cracked and the other provided 
with an easily machined, relatively blunt tip. The blunt notch has the 
same maximum length as the opposing notch plus fatigue crack, and its 
purpose is to produce a near-balanced stress field. It is recognized that 
since the fracture will run from the fatigue crack, the "balanced" stress 
field will not be maintained to failure. However, the sharp DEN specimen 
of ASTM Method E 338-68 generally exhibits this behavior, and experience 
shows that the consequent eccentricity in loading does not impair the 
usefulness of that test. 

The selection of a symmetrically loaded tension specimen rather than 
a bend specimen (or an eccentrically loaded tension specimen) is based 
on the large amount of experience that has been accumulated using this 
type of specimen in the screening of sheet alloys. It is generally recognized 
that the nominal net strength of such a specimen is a useful quantity in 
judging the^relative crack toughness, providing this strength is below the 

3.3W-

t to. 020 

I^wnote 06/ / 

x ' l — 0 . 2 8 HI 

-0.S0Wdla.ref. 
0.002 W max 
clearance with 
loading pin 

O.S02w 
0.4W 

T 
Fatigue cracit, 0.0S0 min-"' '< * 

• - ^ max (mill with 6(lP cutter, 

aOQ$ max radius) 

Note: Slot to be machined after opposing notch is fatigue craclied and is 
to match the average total length of apposing notch plus fatigue 
cradc 10.002. 

FIG. I—Double edge notch + crack (DENQ specimen (dimensions in inches). 
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conventional tensile yield strength. In contrast, there is no generally rec
ognized way of expressing the result from a bend test or an eccentrically 
loaded tension test of cracked specimens, nor of relating the result to a 
commonly reported material property such as the yield strength. In addi
tion, the DENC specimen provides, in its gross strength, a lower-bound 
estimate of the gross strength of a (relatively large) structure containing 
a through-crack of the same length as the crack in the DENC specimen. 

Specimen Length 

The specimen has been made as short as possible consistent with avoid
ing excessive interaction between the stress fields of the loading holes 
cmd the edge notches. The lower limit on length was established by the 
results" shown in Fig. 2 for tests on 18Ni (300) maraging steel sheet speci
mens heat treated to three different strength (toughness) levels. These re
sults show the crack strength-to-yield strength ratio to be nearly indepen
dent of the distance between the notch plane and the loading hole centers 
if that distance is greater than about 1W. Notice that for a distance of 
0.75 Ŵ  the strength ratio is depressed considerably for the two tougher 
metal conditions. It seems possible that this effect could suppress or even 
reverse differences in apparent toughness between two material conditions 
where those differences were established by tests on specimens with d> I. 
Based on these results the specimen total length has been set a.t3.'iW. 

Notch Length 

The total notch length (depth) selected is O.SW rather than 0.2W as 
specified for sheet in ASTM Method E 338-68. This permits the use of a 
larger loading pin without increasing the possibility of specimen head 
failure, and extends the thickness range that can be tested using a given 
width specimen. The pin diameter is taken equal to the net section width 
(0.5 WO and with these proportions fracture will always occur at the 
notched section provided the crack strength is less than the tensile 
strength. 

Specimen Width and Thickness 

Little is known about the effects on crack strength of varying the ratio 
of width to thickness of crack toughness specimens. There is a complex 
interaction between the effects of width and thickness on the crack 
strength through their influence on the development of the crack-tip plas-

"These results were obtained by R. T. Bubsey of NASA-Lewis Research Center, Cleveland, 
Ohio, in an earlier, unpublished study. The 18Ni (300) maraging steel sheet specimen mate
rial is not included in the list of investigated alloys in Table 1. 
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FIG. 2—Effect of distance A from loading hole centerline to notch plane on crack strength-
to-yield strength ratio for /, in. 18Ni (300) maraging steel sheet at three strength (toughness) 
levels. 

tic zone. The zone will decrease with increasing thickness and its op
portunity for full development will be decreased by decreasing width. 
There is no way to eliminate this interaction except by making the width 
so large at a given thickness that further increases will have no effect. The 
lower limit of W/B > 12 prescribed in ASTM Method E 338-68 is sup
posed to approximate this condition. However, that value was selected 
on the basis of formal calculations which are no longer acceptable, and it 
is quite likely that the limiting value of W/B, if one exists, depends on the 
material. In any event, this effect in a practical screening test will have to 
be tolerated because even if a lower limit of W/B could be determined, 
and it did not vary with material, it would doubtless require unacceptably 
large specimens for testing thick materials. In practice, the limiting W/B 
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ratio might well be determined by the difficulty in producing a uniform 
and controlled amount of fatigue crack extension. 

The present program was designed to explore the complex influence of 
specimen width and thickness on the fracture strength of the proposed 
DENC screening specimen. The approach was to vary thickness for several 
specimen widths and observe the variability of ranking, on a toughness 
basis, for a wide variety of alloys. The thickest gage was sufficient to 
provide vaHd plane-strain fracture toughness values using standard 
ASTM Method E 399-74 bend specimens, and those were used as refer
ence for the ranking established on the basis of the crack strength-to-
yield strength ratios for the various specimen sizes investigated. The speci
men widths, thicknesses, and width-to-thickness ratios studied are pre
sented in Fig. 3. The largest W/B value was based on specimen size 
economy; the smallest on a consideration of loading pin strength (discus
sed next). Because of a shortage in available test material, only one W/B 
ratio was studied for 6061 alloy. The series of tests for Ti-8Mo-8V-2Fe-3Al 
alloy is incomplete due to the loss of some specimens in heat treatment. 

Loading Pins 

The maximum thickness that can be tested using a particular width is 
determined in part by the requirement that specimen failure occur before 
pin failure. In this regard, the lowest W/B ratio studied (W/B = 2) was 
limiting and required that the loading pin material have a tensile yield 
strength about 50 percent higher than that of the specimen. Pins were 
made of fully aged 18Ni (300) maraging steel, ensuring failure in the test 
section for specimen yield strengths up to 200 ksi. Stronger materials 
were tested but were sufficiently brittle that failure occurred in the cracked 
section well before the yield strength of the pin was reached. 

1/4 

2 1/2 

1 1 
1 

Width, W, in. 
1 2 4 

Width-to-thickness ratio. 
W/B 

4 8 

2 4 8 

2 4 

FIG. 3—Specimen widths, thicknesses, and width-to-thickness ratios investigated. 
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Materials and Procedure 

The alloys used in this study are listed with their heat treatments and 
conventional tensile properties in Table 1. All were obtained as l-in.-thick 
plate with the exception of 6061 alloy, which was 2 in. thick. In every 
case, test specimens were extracted symmetrically with respect to the mid-
plane of the plate stock. Test direction for all alloys except 6061 and 2419 
was longitudinal (L-T crack-plane orientation); for 6061 and 2419 it was 
transverse (T-L crack-plane orientation). 

Conventional tensile properties were determined in accordance with 
ASTM Method for Tension Testing of Metallic Material (E 8-69) using 
0.5-in.-diameter specimens. Plane-strain fracture toughness determinations 
were made in full compliance with ASTM Method E 399-74 using l-in.-
thick three-point bend specimens. These tests were all performed at the 
NASA-Lewis Research Center. ̂  

Preparation and testing of the DENC specimens were done at Ocean 
City Research Corporation.* Crack starters were fatigue cracked before 
the balancing notches were machined. Fatiguing was done in three-point 
bending following complete heat treatment and conformed to the practice 
stipulated for fracture toughness specimens in ASTM Method E 399-74. 
Shimming techniques described in Ref 3 were used to balance the crack 
length indicated on each surface. The surface lengths usually differed by 
less than 0.010 in., smd greater differences had no sensible effect on speci
men strength. Crack shapes (straightness) rarely differed from that re
quired by ASTM Method E 399-74, and then only slightly and with no 
apparent influence on specimen performance. Balance notches were ma
chined after precracking and to a depth equal to the total length of starter 
plus fatigue crack, using the surface crack length as an indicator (adjusted 
for anticipated crack front curvature'). In most cases this resulted in 
crack and balance notch lengths that differed from their average by no 
more than 5 percent. In cases of mismatch, the crack was usually longer 
than the balance notch. In all but four instances, the sum of the crack 
plus balance notch lengths was between 0.50IT and 0.55 PF, and the excep
tional cases were not far out of this range. Crack strengths were calculated 
by dividing the maximum test load by the specimen's origin£il uncracked 
area. Initial crack lengths were determined after failure using the proce
dures given for K„ tests in ASTM Method E 399-74. 

^NASA-Lewis Research Center, 21000 Brookpark Road, Cleveland, Ohio 44135. 
*Ocean City Research Corporation, Del Research Division, 427 Main Street, Hellertown, 

Pa. 18055. 
'Preliminary specimens of each alloy were fatigue cracked, notched, and tested to de

termine the amount of crack front curvature to be accounted for in establishing the balance 
notch lengths of all subsequent specimens. 
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The need for low eccentricity of loading in fracture testing brittle mate
rials is widely recognized. Bending moments in the plane of the DENC 
specimen were minimized by (1) matching the lengths of the crack and 
the balance notch (to the extent just described) and carefully locating 
these and the loading pin holes with respect to the load axis and (2) rota
tion of the specimen about the loading pins, which could take place at 
low loads because of low friction between the pins and the smooth sur
faces of the specimen pin holes. Bending moments in the plane perpen
dicular to the specimen were minimized by the use of carefully machined, 
rigid load clevises and fixturing, and best-effort positioning of the speci
men within the clevises using visual sighting as reference. 

The effectiveness of the preceding procedure in reducing load eccentric
ity, and the success with which the crack and balance notch lengths were 
matched and the crack shapes were controlled, is indicated by the good 
agreement between replicate tests. Scatter was significant only for certain 
of the D6aC and 18Ni (250) maraging steel tests, and probably due to 
metallurgical variations rather than variations in specimen preparation 
and test procedure. 

This program offered a unique opportunity to measure the separate in
fluences of specimen width and thickness on the plane-strain fracture 
toughness. For this, knife edges of the type specified for /f,, specimens 
in ASTM Method E 399-74 were machined into the crack mouths and fit
ted with a standard clip-in displacement gage in order to obtain load ver
sus displacement records analyzable for Kg. Those results are discussed 
separately in the Appendix. 

Results 

The effect of thickness on the crack strength-to-yield strength ratio is 
presented in Figs. 4 through 10 for all but 6061 alloy, which was tested in 
only one gage. As expected, increasing thickness continually lowers the 
ratio for the toughest alloys (2419, 7075, and Ti-6A1-4V) and has no in
fluence on the brittlest (Ti-8Mo-8V-2Fe-3Al and 300M). For the alloys 
of intermediate toughness (D6aC and ISNi (250) maraging steels), the 
ratio first drops and then becomes constant with increasing thickness. 
Leveling occurs at lesser thicknesses, the less the specimen width. Width 
and thickness therefore appear synergistic in their influence on plastic 
zone development at the advancing crack front: increasing thickness im
pedes plastic zone development more effectively when it is already frustra
ted by foreshortened specimen width. 

The influence of specimen width is presented for 0.50-in.-thick speci
mens in Fig. 11. The reduction in crack strength-to-yield strength ratio 
with increasing width (crack length) is as expected. The curves for the 
more brittle alloys follow the square root relationship with crack length; 
those for the tougher alloys predictably do not. 
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1.10 

O W - l i n . 
A W-2in. 
O w-4 in . 

1.000 
B, in. 

FIG. 4—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for 2419 alloy. 

O W • 1 in. 
A W-2in. 
D W-4in. 

1.000 
B. in. 

FIG. 5—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for 7075 alloy. 

The performance of the DENC specimen in ranking the eight program 
alloys is displayed in Table 2, which lists the alloys in descending order 
of plane-strain fracture toughness (expressed as the crack size factor, 
(A ,̂j/o-,̂ )2), and their crack strengths and crack strength-to-yield strength 
ratios for all combinations of width and thickness studied. Bar graphs 
comparing the DENC specimen data with A",̂  data from standard bend 
specimens appear in Figs. 12 through 15. For all width-thickness combina-
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TI-6AI-4V 
O W ' l l n . 

1.000 
B. In. 

FIG. 6—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for Ti-6A1-4V alloy. 
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FIG. 1—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for D6aC steel. 

tions, the DENC specimen had no trouble identifying the most tough and 
least tough metal conditions. However, its ability to discriminate amongst 
levels of toughness in the intermediate range varied with specimen geome
try. 
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O W • l l n . 
A W • 2 In. 
D W • 4 In. 
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1.000 
B, In. 

FIG. 8—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for 18Ni (250) maraging steel. 
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FIG. 9—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for Ti-8Mo-8V-2Fe-3Al alloy. 

In order to examine the DENC specimen ranking capability at inter
mediate toughnesses, the ordinate scales in Figs. 12 through 15 were made 
fine and were adjusted so that the o^/^,, bars and the {KiJ<r,yY bars were 
matched in height for the most tough and the least tough alloys, accentu
ating the differences at intermediate toughnesses. 
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FIG. \0—Effect of thickness on the crack strength-to-yield strength ratio of the DENC 
specimen for 300M steel. 
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FIG. \1—Effect of width on the crack strength-to-yield strength ratio of the DENC 
specimen. 
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W/B-& W-4in., B-1/2111. 

UjV'ty 

r 
- .3 
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Alloy 

(o,y, ksi) 

6061 2419 7075 Ti6-4 D6aC 18Ni(2SO) Ti8823 300M 

I4S.0) (52.7) (64.7) (131.4) (212.0) (250.3) (173.9) (248.4) 

FIG. VL—Alloy ratings by DENC screening specimen and by K,^ data for W/B = 8, 
W = 4, B = 'A. 
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(0(y, ksl) (45.0) (52.7) (64.71 (131.4) (212.0) (250.3) (173.9) (248.4) 

FIG. 13—Alloy ratings by DENC screening specimen and by K/̂ . data for W/B = 2, 
W = 1,B = 'A. 

The results show that agreement between the DENC specimen ranking 
(on the basis of <^/<^,y) and the Ki^ specimen ranking (on the basis of the 
crack size factor (A',yff,j,)2) improves as the DENC specimen thickness is 
increased and width decreased. The practical effect of increasing thickness 
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TABLE 2—Effects of width and thickness on performance of 
DENC fracture toughness screening specimen. 

Alloy 

6061 
2419 
7075 
Ti-6A1-4V 
D6aC 
18Ni (250) 

Maraging 
Ti-8Mo-8V-

2Fe-3Al 

300M 

Test 
Direction " 

T, T-L 
T, T-L 
L, L-T 
L, L-T 
L, L-T 

L, L-T 

L, L-T 

L, L-T 

"ty," 
ksi 

45.0 
52.7 
64.7 

131.4 
212.0 

250.3 

173.9 

248.4 

^ I c / 
ksi\/in. 

28.0 
32.2 
29.4 
54.1 
86.9 

101.5 

58.2 

55.6 

(A-ic/ 
<'iy)\ in. 

0.387 
0.373 
0.206 
0.170 
0.168 

0.164 

0.112 

0.050 

W/B 

W = 
B = 

"r." 
ksi 

55.5 
56.8 

121.1 
162.8 

184.5 

109.9 

= 4 

l in . 
'/4 in. 

"c/'ty 

1.05 
0.878 
0.922 
0.768 

0.737 

0.442 

W/B 

W = 
B = 

<7 ' ' 

ksi 

47.7 
51.8 
54.8 

105.8 
161.7 

191.8 

110.9 

= 2 

l in . 
/2in. 

"c/'ly 

1.06 
0.983 
0.847 
0.805 
0.763 

0.766 

0.446 

"First symbol <',y direction, second symbol Ky^ and "^ directions. Reference ASTM Method 
E 399-74 nomenclature. 

*Each value average two tests minimum. 
''Each value average three tests minimum. 
''Each value average three tests except for Ti-8Mo-8V-2Fe-3Al alloy, for which number of 

tests is indicated in parentheses below values. 

1.1 p 

1 . 0 -

1 -

W/I • 

1 
4 W-l in 

1 
• . B-U4 

1 
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\ 
• 

In. 

; 
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M _ 

- .1 

Alloy 6061 2419 7075 TI6-4 DM 1MK250) TiKZ3 300M 
loty, ksi) I4S.0) 62.71 164.7) 1131.4) (21Z0) (25Ql3) a73.9) (2IB.4) 

FIG. 14—Alloy ratings by DENC screening specimen and by K/̂  data for W/B = 4, 
W= 1,B= V4. 
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W/B 

W = 
B = 

ksi 

53.6 
58.2 

118.2 
132.5 

171.3 

82.2 
(2) 
70.9 

= 8 

2 in. 
Vt in. 

"c/'ly 

1.02 
0.900 
0.900 
0.625 

0.684 

0.473 

0.285 

fV/B = 4 

fV = 
B = 

"A 
ksi 

45.3 
48.4 
96.4 

114.9 

137.4 

79.1 
(2) 
73.2 

2 in. 
•/2 in. 

" ^ " 1 , 

0.860 
0.748 
0.734 
0.542 

0.549 

0.455 

0.295 

fV/B 

fV = 
B = 

ksi 

41.1 
36.3 
74.2 

118.5 

138.7 

78.0 
(2) 
76.3 

= 2 

2 in. 
1 in. 

' c / ' v 

0.780 
0.561 
0.565 
0.559 

0.554 

0.448 

0.307 

W/B = 8 

W = 
B = 

ksi 

39.0 
47.0 
88.5 
80.7 

123.6 

55.2 
(1) 
47.7 

4 in. 
'A in. 

''c/<',y 

0.740 
0.726 
0.674 
0.381 

0.494 

0.317 

0.192 

1V/E 

W = 
B = 

ksi 

33.2 
30.1 
51.1 
78.4 

95.3 

54.1 
(3) 

50.1 

= 4 

4 in. 
l in . 

"c/'ty 

0.630 
0.465 
0.439 
0.370 

0.381 

0.311 

0.202 

* 
^ 

Alloy 
toiyksl) 

i. 
\ 

W/B = 2: W = 2 In., B = 1 in. 

WW 

r 

-i.< 

- . 3 

ilKl 2Q9 Vn n 6 - 4 MiC UMOSO) TIOZS 300M 
MS.OJ 62.7) (64.7) 0314) (32.0) l2Sa3) (17319) (2414) 

- .1 

FIG. 15—Alloy ratings by DENC screening specimen and by K,^ data for W/B = 2, 
W = 2.B = 1. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



112 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

and decreasing width is to inhibit plastic zone development at the crack 
tip and, for the DENC specimen fracture, approach conditions of plane-
strain and small-scale yielding characteristic of the K^^ test. This effect 
results in a flattening of the load versus crack mouth displacement trace, 
so that Pmm^Pg approaches unity. 

The two width-thickness combinations producing W/B = 8 gave twin 
results, typified by those for ff = 4 in., B = '/2 in. in Fig. 12. The per
formance of the DENC specimen of these proportions is wholly unsatis
factory. Where substantial changes in toughness, (K,J(T,y)\ take place, 
none is indicated by the <^y<^,y ratio (compare 2419 with 7075). Conversely, 
where no toughness change exists, change is indicated by the <^/<r,y ratio 
(compare Ti-6A1-4V, and D6aC and 18Ni (250) maraging steels). And 
while the toughness of 18Ni (250) maraging steel is only slightly less than 
D6aC steel, the DENC result suggests the reverse is true, and substantially 
so! 

For the V2 in. "thickness, reducing the width to 1 in. {W/B = 2) bene
ficially interferes with plastic zone development and produces fracture ap
proaching Ki^ conditions, to an extent that an excellent correlation between 
<^/(^,y and (Ar,,/<T,̂ )2 obtains. This is shown in Fig. 13. Where the tough
ness changes, these are indicated by the ff<,/o-,^ ratio. Where the toughness 
is unchanged, so is the strength ratio. And there are no juxtapositions in 
the rankings. 

Reducing the thickness to 14 in. (increasing W/B to 4) disturbs the 
correlation in the same manner as increasing width: compare Fig. 14 for 
W = 1 in., 5 = 14 in. with Fig. 12 for W = 4 in., B = Vi in. Increasing 
the thickness beyond Vi in. (while maintaining W/B = 2) offers no im
provement (see Fig. 15), but a penalty in material economy. 

For the 1 in. thickness, a relaxation in the width restriction can be 
made. Thus, W/B = 4 for 5 = 1 in. gives nearly the same result as W/B 
= 2. Smaller gages for W/B = 4 give results which are subject to the 
same objection as for W/B = 8. 

Conclusion 

The DENC specimen shows promise for screening alloys with reference 
to their plane-strain fracture toughness in sections up to 1 in. and at net 
section stresses up to (and slightly exceeding) the tensile yield strength. 
This capability lies in the correlation of alloy ranking in terms of the 
specimen's crack strength-to-yield strength ratio with alloy ranking in 
terms of the plane-strain fracture toughness determined according to 
ASTM Method E 399-74. 

Correlations were obtained for specimen proportions of W/B = 2 in 
combinations of W = 2 in., B = 1 in. and W = 1 in., B = Yi in., as 
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shown in Figs. 13 and 15. Choice between the two sizes would likely be 
determined by factors such as product size, application thickness, or 
equipment limitations. Whichever is chosen, screening should be done 
using specimens of a single size. 

The results presented here constitute an adequate technical base for 
the development of a standard screening test method for heavy sections 
using the proposed DENC specimen. Development of a test method using 
this specimen has been assigned the ASTM E24.01.02 Task Group on the 
Revision of ASTM Method E 338-68. The extent to which the DENC 
specimen can be used in establishing relations between (Ki^/(r,^y and 
<^/<r,y that might be employed in product quality control must await the 
development of sufficient additional data to permit the application of 
suitable statistical procedures [4]. 

APPENDIX 

Kic Determinations From DENC Specimens 

Load versus displacement records were obtained from all DENC specimens 
and analyzed for KQS using the procedures of ASTM Method E 399-74 (appropri
ately interpreted for the DENC specimen). Secant slopes were determined from 
compliance calibrations on DENC specimens with balance notches and cracks 
(simulated) covering the entire range encountered in the test program. Bowie's 
analysis [5] for stress intensity factors was used for the Kg calculation and gave 
essentially the same result as other currently available solutions [6]. 

The influence of crack length and thickness on KQ was in substantial agreement 
with that reported previously by Jones and Brown [1]. KQ increased with crack 
length, and the magnitude of that effect depended on the shape of the load versus 
displacement curves as influenced by specimen thickness. The thickest specimens 
exhibited the flattest curves and the smallest effects of crack length. When the 
thickness was less than the minimum stipulated in ASTM Method E 399-74 for 
valid A'lc determination, KQ was strongly dependent on crack length: specimens 
with short crack lengths and insufficient thickness yielded unchanged or substan
tially depressed values of KQ, those with long cracks and insufficient thickness 
yielded unchanged or inflated values. 

The largest specimens appeared to satisfy all the various specimen size and 
shape requirements, and test record qualifications of ASTM Method E 399-74 
for standard Ki^ tests but produced values about 10 percent below the valid Ki^ de
termined with bend specimens. This is not surprising since the DENC specimen 
stress field is slightly nonsymmetrical, and the stress intensity factor solution used 
was that for symmetrical edge cracked plate. This disparity, however, would not 
be expected to alter the trends observed for varying crack length and thickness. 

In summary, the results are precautionary against the use of subsized specimens 
for K,^ testing and show that conservative results are obtained from DENC speci
mens when the size requirements of ASTM Method E 399-74 are satisfied and 
symmetrical edge cracked plate stress intensity factor solutions are used for com
putation of KQ. 
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ABSTRACT: This paper is concerned with the use of the sharply notched cylindrical 
specimen as an index of plane-strain fracture toughness in quality assurance of 
aluminum alloy products. Specifically, information is presented that relates to the 
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Specimens (E 602-76T) in quality assurance programs. The first part of this paper 
describes the resuhs of an investigation into the influence of fundamental test
ing variables on the sharp notch strength of several high-strength aluminum alloys. 
The results indicate that variations in the notch root radius and eccentricity of loading 
(expressed in terms of the percent bending in a verification specimen) within the 
range permitted by the Tentative Method can contribute significantly to the scatter 
observed in relations between the sharp notch to yield strength ratio (NYR) and 
A",,,. The results also show that the upper limit of K^^ beyond which the NYR loses 
useful sensitivity to further increases in Ki,. decreases with decreasing specimen size 
(diameter). It appears that the notch strength of the smaller of the two specimens 
('/2 and Wif in. diameter; 13 and 27 mm diameter) specified in the Tentative Method 
will have rather limited application as an index of K^^ for the tougher high-strength 
aluminum alloys. However, the upper limit of 1.3 presently placed on the NYR ap
pears to be overly conservative for high-strength aluminum alloys. 

The second part of the paper describes the statistical analysis of correlations be
tween the NYR and K^^ for various lots of 2124-T851 aluminum alloy plate. The 
purpose of the analysis was to demonstrate how the sharp-notch cylindrical specimen 
could be used in a quality assurance program for high-strength aluminum alloy prod
ucts based on a minimum acceptable value of Ki^. The results indicate that the NYR 
from the larger of the two specimens specified in the Tentative Method provides a 
better correlation with K^^ than does the NYR from the smaller specimen. A modified 
regression analysis is introduced which establishes tighter tolerance limits for the cor
relations than can be obtained using conventional procedures. The consequence is 
an improvement in the cost effectiveness of quality control procedures using the 
sharply notched cylindrical specimen. A review of existing data shows that crack 
orientation and product thickness can influence the correlations but that for practical 
purposes of quality assurance, correlations based on the T-L orientation will ensure 
that the minimum value of A'lj is exceeded in all three orientations. Thickness effects 
can be handled by establishing separate correlations depending on whether the plate 
product is greater or less than 4 in. thick. Employing the modified regression analysis, 
a simple quality assurance plan for fracture toughness guarantee of aluminum alloy 
products was developed and shown to be cost effective based on available data for 
the aluminum alloy 2124-T851. 

KEY WORDS: fracture properties, toughness, aluminum alloys, quality assurance, 
notch sensitivity, bend tests, tension tests, notch tests 

Nomenclature 

K Linear elastic stress intensity factor 
A",̂  Plane-strain fracture toughness (ASTM Method E 

399-74) 
/̂ cT Stress intensity factor for fatigue cracked cylindrical 

tension specimen 
ATNT Formally computed stress intensity factor for sharp-

notch cylindrical tension specimen 
A'NB Formally computed stress intensity factor for sharp-

notch bend specimen 
<TNTS or NTS Notch tensile strength 
ffys or TYS 0.2 percent offset tensile yield strength 

NYR or O'NTS/'̂ YS Sharp notch to yield strength ratio 

D Major diameter of cylindrical tension specimen 
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d Notch diameter of cylindrical tension specimen 
e Eccentricity in cylindrical tension specimen 

B Percent bending in cylindrical tension specimen 
SLR Simple linear regression 

MLSR Multiple least squares linear regression 
R Multiple correlation coefficient 

L-T, T-L, and S-L Crack plane orientations according to ASTM 
Method E 399-74 

L, T or LT, and ST Directions of the longitudinal axis of cylindrical 
tension specimens corresponding to the crack plane 
normal directions according to ASTM Method E 
399-74 

The development of the cylindrical tension specimen with a sharp cir
cumferential notch for use in quality assurance of plane-strain fracture 
toughness has been stimulated by the increasing appearance of minimum 
values of /r,̂  in material procurement documents. The ASTM Method 
of Test for Plane-Strain Fracture Toughness of Metallic Materials (E 399-
74) is relatively complex compared with other mechanical tests. Skilled 
personnel are required for both the testing and the data analysis. The cost 
of Â ic tests for material lot release can add an appreciable increment to 
the price of the product. Furthermore, the plant environment is often not 
compatible with the precision measurements required by ASTM Method 
E 399-74. Therefore, it would be desirable to substitute a simpler and less 
costly procedure for this method in plant quality control applications. 

The sharply notched cylindrical specimen was used over 20 years ago in 
extensive studies of creep embrittlement in low-alloy steels [1,2],^ and 14 
years ago was proposed as a screening test for plane-strain fracture tough
ness of high-strength alloys [3]. This specimen provides a high degree of 
constraint to plastic flow throughout the fracture process, and a deter
mination of the notch strength (maximum load divided by the initial un-
notched area) should provide a useful correlation with Ki^ providing cer
tain size requirements are met. However, the general use of the sharply 
notched cylinder for this purpose has been inhibited by the difficulty of 
machining very sharp notches into hard alloys and by the sensitivity of 
the notch strength to eccentricity of loading and variations in the notch 
radius. 

Sharp notches are relatively easy to machine in aluminum alloys. This 
fact coupled with the low production costs of cylindrical specimens has 
encouraged the aluminum industry to explore the use of the sharply 
notched cylindrical specimen for screening of plane-strain fracture tough
ness. Successful use of the specimen in this application requires standard-

^The italic numbers in brackets refer to the list of references appended to this paper. 
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ization of geometry, size, dimensional tolerances, testing techniques, and 
determination of the range of toughness values over which the notch 
strength is usefully sensitive to changes in the plane-strain fracture tough
ness. Furthermore, statistical methods must be developed to establish 
minimum acceptable notch strength values from relations between the 
notch strength and /T,̂ . A Task Group was formed under ASTM E-24 
Subcommittee E24.01 on Fracture Mechanics Test Methods to draft a 
Proposed Standard Test Method for the sharply notched cylindrical speci
men. The Proposed Standard is now published as ASTM Tentative 
Method for Sharp-Notch Tension Testing with Cylindrical Specimen (E 
602-76T) and considerable information obtained regarding the relation
ships between the sharp notch strength of two sizes of cylindrical speci
mens (Fig. 1) and the plane-strain fracture toughness [4]. 
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FIG. 1—Test sections for the notched cylindrical specimen (ASTM Method E 602-76T). 

These preliminary results are encouraging and have stimulated further 
studies that are designed to better establish the technology base for use 
of the sharply notched cylindrical specimen in quality assurance of alumi
num alloy products. This paper presents the results of these studies and 
is divided into two parts. Part I gives the results of an investigation of 
fundamental variables associated with specimen preparation and testing, 
namely, the influence of notch root radius, eccentricity of loading, speci
men diameter, and notch depth on the sharp notch strength. Part II is 
concerned with the statistical procedures which are necessary to establish 
correlations between the sharp notch strength and A",̂  for high-strength 
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aluminum alloys. Included is a study of the effects of specimen size, prod
uct thickness, crack orientation, and yield strength on these correlations 
for 2124-T851 plate alloy. 

PART I: INFLUENCE OF FUNDAMENTAL TESTING VARIABLES ON THE 
NOTCH STRENGTH 

Material 

The aluminum alloys used in this investigation are listed in Table la 
which gives their temper conditions, product form, smooth tensile prop
erties, plane-strain fracture toughness, and the program in which they 
were used. With the exception of one set of tests on the effects of notch 
radius and eccentricity, all material was in the form of rolled plate of 
various thicknesses. For the investigation of specimen size, two temper 
conditions of 7075 and one temper condition of 7475 were selected. Three 
different testing directions are represented in the program on size effects. 
This mixing of alloy conditions, thicknesses, and testing directions was 
necessary to obtain a wide range of fracture toughness levels. Fortunately, 
the effects of these extraneous variables were not sufficiently large to 
obscure the fundamental effects of variations in plane-strain fracture 
toughness. 

Specimen Preparation and Testing Procedure 

K,̂  Tests 

Plane strain fracture toughness tests were made in accordance with 
ASTM Method E 399-74. Bend specimen blanks for each crack orientation 
were cut from the plate stock in such a way that edge and midwidth were 
represented. For the L-T and T-L orientations where the specimen thick
ness was less than the plate thickness, the bend specimens were centered 
in the thickness direction of the plate. Bend specimens with cracks in the 
S-L orientation sampled the center of the plate thickness. The Ki^ values 
reported in Table la are the average of the results from three specimens 
having thicknesses exceeding the minimum requirement of the test method. 
In no case did any Ki^ value from a group of three differ from the average 
by more than 3 percent. 

Notched Cylindrical Specimens: General 

Blanks for the notched cylindrical specimens were located"* in the plate 

••The variation in fracture properties witliin the small (approximately 4 square feet) pieces 
of plate stock was negligible as indicated by the very low scatter of K^^ and sharp notch 
strength values. 
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Stock with the longitudinal specimen axis at the center of the plate thick
ness for tests in the longitudinal (L) and transverse (T) directions. For 
tests in the short transverse (ST) direction, the notch plane was located 
at the center of the plate thickness. The dimensions of the concentric 
notched cylindrical specimens are shown in Fig. 2 and the eccentric notch 
specimens in Fig. 3. With the exception of those specimens used in the 
study of eccentricity effects and one set of specimens used in the notch 
radius investigation, the diameter ratio (d/D) was 0.500. For the excep
tional cases d/D = 0.707. The use of d/D = 0.500 permitted larger speci
mens to be tested without exceeding the design load of our tensile fixtures. 

All specimens were tested in axial alignment fixtures which have been 
described in a previous publication [5]. Two fixtures were used, one 
having a maximum load capacity of 12 000 Ibf (53 000 N) for testing the 
!4 and Vi in. (6.35 and 12.7 mm) diameter notch specimens and another 
of 50 000 Ibf (220 000 N) capacity. This fixture was used with threaded 
adapter inserts when testing the VA in. (19.1 mm) diameter notch specimens 
and without inserts when testing the 1 and 1 '/i in. (25 and 32 mm) diame
ter notch specimens. Before proceeding with any tests, a concentric veri
fication specimen (Fig. 4, e = 0) was installed in the fixtures, and their 
components rotated to an optimum position which provided the smallest 
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FIG. 2—Concentric notched cylindrical specimens used in the investigation of notch radius 
and of specimen size. All cylindrical surfaces and notch concentric with pitch diameter of 
threads within 0.001 in total indicator reading. All dimensions in inches {inch = 1000 mils = 
25.4 mm). 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



122 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

0.75 DI A. 3M-10N.C.-2THD. 7 

0.53DIA, 

NOTCH RADII -0.310 0.5MIL 

FIG. 'i—Eccentric sharply notched specimen. All cylindrical surfaces concentric with pitch 
diameter of threads within 0.001 in total indicator reading. All dimensions in inches (inch = 
1000 mils = 25.4 mm). 

0.75 DIA. 3/4 - 10 N. C.-2 THD. 

0.53 DI A. 

-1.0-

T 
- i - .75 -H .50 
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.75 — 

FIG. 4—Eccentric verification specimen. All surfaces except test section concentric with 
pitch diameter of threads within 0.001 in total indicator reading. All dimensions in inches 
(inch = 1000 mils = 25.4 mm). 

value of bending in the test section of the verification specimen at a stress 
of 30 ksi (210 MPa). Details of this procedure are given in ASTM Tenta
tive Method E 602-76T. In the case of the 12 000 Ibf (53 000 N) capacity 
fixture, the optimum position of the components corresponded to about 1 
percent bending in a 0.5-in.-diameter verification specimen. When the 
50 000 Ibf (220 000 N) fixture was used without threaded inserts, the 
corresponding value was about 0.5 percent using a 1̂ 6 in. (27 mm) diame
ter verification specimen. When used with the inserts, the maximum bend
ing was about 2.4 percent in a 0.75 in. (19 mm) diameter verification 
specimen. 
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Notch Cylindrical Specimens: Eccentric Tests 

In actual practice, a variety of situations can arise that produce bending 
stresses at the notched section due to eccentricity of loading. The bending 
stress at the notch will depend on the magnitude of misalignments in the 
loading train and their location. Obviously, misalignment remote from 
the notch will produce less bending than the same amount of misalign
ment close to the notched section. When investigating the influence of 
eccentricity we had to make an arbitrary decision as to how the misalign
ment was to be introduced. We chose the most direct method, namely, to 
offset the notched section from the longitudinal specimen axis (nominally 
the load axis) by selected amounts. This was accomplished by machining 
the notch with the otherwise finished specimen held in an independent 
four jaw chuck set to provide the desired offset. The initial eccentricity 
is defined. Fig. 3, as the displacement of the center of the notch plane 
from the longitudinal specimen axis. Values between zero and 35 mils 
(0.89 mm) were used in this investigation. The eccentric notch specimens 
had a nominal d/D = 0.707. However, the effective notch depth for a 
given eccentricity varies depending on the circumferential position. ̂  

The Tentative Test Method for sharply notched cylindrical specimens 
specifies a method for measuring the bending stresses in a verification 
specimen containing a reduced section to simulate the notch. The purpose 
of these measurements is to ensure that the tensile machine and loading 
train used will not introduce an excessive amount of bending. In order 
to relate the results from our tests on eccentric specimens to measurements 
of bending stress as a function of eccentricity, we machined verification 
specimens. Fig. 4, having their reduced sections offset selected amounts 
from zero to 35 mils (0.89 mm). These specimens were provided with 
small foil resistance strain gages located at 90-deg intervals around 
the circumference of the reduced section. One set of these gages was lo
cated in the plane containing the longitudinal specimen axis and the cen
ter of the offset section. A detailed description of these gages and the 
reduction of the data was published recently [5]. 

As mentioned previously, before proceeding with any tests a concentric 
verification specimen was installed in the axial alignment fixture, and the 
rotational position of the rods giving the smallest percent bending was 
determined. The rods were then line marked and maintained in these 
positions during all subsequent tests. The plane containing the line marks 
and the longitudinal axis of any specimen will be referred to as the bend-

'The maximum notch depth corresponding to the largest eccentricity is (D - d)/2 + c 
= 0.145 in. (3.68 mm) as compared with a value of 0.110 in. (2.79 mm) for zero eccentricity. 
This change in notch depth for a concentric specimen with D = 0.75 in. (19 mm) would 
correspond to an increase in notch stress of about 3 percent for the same K value. If the 
data were adjusted for this effect the influence of eccentricity would be larger than that 
shown. 
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ing plane. This plane also contained the center of the offset section of 
eccentric specimens. Directions within the plane normal to the specimen 
axis are designated as front (toward the observer) and back (away from 
the observer). Measurements with the concentric verification specimen 
indicated a residual bending of about 1.8 percent for moments in the 
bending plane acting in a front to back direction. This residual bending 
is due primarily to the loading fixtures. In all subsequent tests with ec
centric specimens, their position was such that the bending moment due 
to initial eccentricity acted from front to back (that is, added to that as
sociated with the fixture). Tests with the eccentric verification specimens 
established an essentially linear relation between initial eccentricity and 
percent bending which has the form 

B = 0.9776 + 1.8 (1) 

where 

B = percent bending and 
t = initial eccentricity in mils. 

This relation was used to convert the initial eccentricity of the notch speci
mens to percent bending as measured with the verification specimen. 

Results and Discussion 

Influence of Notch Radius 

The effect of notch root radius on the notch strength is shown in Fig. 5 
which includes data from three high-strength aluminum alloys. For the 
two alloys we investigated, the data show a continuous and essentially 
equal decrease in notch strength with decreasing notch radius. The data 
obtained by Alcoa [6] indicate that the effect of notch radius fades out 
for radii below about 1 Vi mils. We have no explanation for this difference 
in behavior. ASTM Tentative Method E 602-76T specifies an upper limit 
of 0.7 mils (0.2 mm) on the notch radius. According to our data, the 
notch strength of the 2014-T651 specimens would be reduced by about 
8 percent for a decrease in radius from 0.7 to 0.1 mils (0.2 to 0.025 mm). 
Thus, variations in notch radius that might be encountered by using the 
Tentative Test Method could contribute significantly to the scatter in 
notch strength values. 

Influence of Eccentricity 

The influence of notch specimen initial eccentricity on the sh£u°p notch 
strength is illustrated in Fig. 6 for two product forms of 7075-T651 having 
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FIG. 5—Effect of notch radius on the notch strength of cylindrical tension specimens of 
three aluminum alloys (see Table la for alloy code) (ksi = 6.895 MPa; mil = 0.0254 mm). 

widely different notch strengths. For both alloys, the notch strength drops 
continuously with increasing eccentricity over the range investigated. As 
discussed previously, the eccentricity values may be transformed into per
cent bending for our particular test setup by use of Eq 1. The result of 
this operation is shown in Fig. 7. Here the lowest bending represents that 
value associated with the axial alignment fixture itself. In order to better 
visualize the influence of bending on the sharp notch strength, the curves 
shown in Fig. 7 have been used to construct a ratio between the eccentric 
to concentric notch strength. This notch strength ratio is plotted against 
the percent bending in Fig. 8. As might be expected, the influence of 
bending on the notch strength ratio is somewhat smaller for the rod stock 
which is the tougher material. However, in the range between zero and 
the maximum percent bending specified in ASTM Tentative Method E 
602-76T, these two material conditions behave essentially the same with 
10 percent bending producing about 9 percent loss in sharp notch strength. 
We conclude from these data that variations in percent bending between 
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FIG. 6—Effect of specimen initial eccentricity on the sharp notch strength of 7075-T651 
aluminum alloy (ksi = 6.895 MPa; mil = 0.0254 mm). 
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FIG. 7—Influence of percent bending as measured with eccentric verification specimens on 

the sharp notch strength of 7075-T651 aluminum alloy (ksi = 6.895 MPa; mil = 0.0254 mm). 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JONES AND BUCCI ET AL ON CYLINDRICAL TENSION SPECIMEN 1 2 7 

LOO 

PROPOSED METHOD MAX. 

-3Min. DIA. ROD 
CODE, F 
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FIG. i—Influence of percent bending on the ratio between the eccentric to concentric 
notch strength for 7075-T651 aluminum alloy. 

zero and 10 percent as permitted by the Tentative Test Method could 
contribute significantly to scatter in sharp notch strength values. 

Influence of Specimen Size 

The influence of specimen diameter on the ratio between the sharp notch 
strength to the tensile yield strength is shown in Fig. 9 for two temper 
conditions of 7075-T6 and 7475-T7351 plates. By selecting the appropriate 
testing directions in these plates, a range of Ki^ values between 18.9 and 
46.6 ksiin.'/' (20.75 and 51.2 MPam'''0 was obtained. These correspond 
to crack size factors (̂ ICV<TYS )̂ between 0.096 and 0.557 in. (2.44 and 14.2 
mm). The curves in Fig. 9 represent the expected trend of the sharp notch 
strength ratio if the fracture behavior of the specimens was domina
ted by A',̂ . This appears to be true for tests in the ST direction for 7075-
T651 at specimen diameters above about 0.50 in. (13 mm). Apparently 
segregations of second phase elements in planes parallel to the plate sur
face act very much as fatigue cracks. The fracture behavior of 7075-T651 
in the T direction also appears to be Ki^ dominated over the same range 
of specimen sizes; however, the notch strength ratios are higher than 
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FIG. 9—Influence of notch specimen (d/D = 0.5) diameter on the ratio between the 
sharp notch strength to tensile yield strength for a range of plane-strain fracture toughness 
levels of two aluminum alloys (see Table la for alloy code) (inch = 25.4 mm). 

those calculated from the Ki^ values. This effect is due primarily to frac
ture load elevation caused by the machined notch relative to a fatigue 
crack. For the three toughest alloy conditions, the fracture behavior is 
obviously not Ki^ dominated, and the notch strength ratios decrease much 
more slowly with increasing notch diameter than would be predicted by 

While the fracture behavior of the sharply notched specimens is not 
dominated by Ki^ over the entire range of toughness investigated, it ap
pears that if the specimen size is sufficient, the sharp notch strength ratio 
is a useful index of Ki^ or of the crack size factor. As might be expected, 
the separation of the various alloy conditions in terms of the sharp notch 
strength ratio increases as the specimen diameter increases. In our judg
ment, a specimen diameter of at least 1 in. is required if the sharp notch 
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Strength ratio is to be useful for detecting differences in Â ,,. between the 
two toughest alloy conditions investigated. The Tentative Test Method 
states that useful sensitivity of the sharp notch strength ratio to Ki^ is 
maintained up to a ratio value of 1.3. The data in Fig. 9 would indicate 
this is a conservative estimate and for aluminum alloys that limit could 
likely be increased. The degree to which this can be done will be deter
mined by practical experience with the use of the sharply notched cylindri
cal specimen as a screening test for A",;.. 

As mentioned previously, we used a specimen with d/D = 0.500 rather 
than 0.707 in order to reduce the load requirements. For a given value of 
K and D, the sharp notch strength will be about 7 percent lower for d/D 
= 0.707 than for d/D = 0.500 providing the fracture behavior of the 
specimen is controlled by Ki^. In order to determine whether the reduction 
in d/D reduced the sensitivity of the sharp notch strength ratio to dif
ferences in Ki^, a limited number of tests were made for specimens having 

V 

o 
A 

• 
O 

M 
\oys / 

0.56 
0.36 
a25 
an 
a 097 

"NTS 

- In . 

•̂ IC 

TD 

L 
T 
L 
T 
ST 

CO 

L-T 
T-L 
L-T 
T-L 
S-L 

1 

ALLOY 
CODE 

D-2 
D-1 
C 
B 
A 

LO L5 
SPECIMEN DIA., D - In. 

FIG. 10—Influence of notch specimen (d/D = 0.707) diameter on the ratio between the 
sharp notch strength to tensile yield strength for a range of plane-strain fracture toughness 
levels for two aluminum alloys (see Table la for alloy code) (inch = 25.4 mm). 
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d/D = 0.101. The data from these tests are shown in Fig. 10. Compari
son of Figs. 9 and 10 indicates there is no significant difference in the 
sensitivity of the sharp notch strength ratio to changes in A",̂  for diameter 
ratios of 0.500 and 0.707. 

The Tentative Test Method specifies two specimen diameters, namely 
Vi and iy,6 in. (13 and 27 mm). A quality control program for A",, would 
be carried out using either of these two sizes depending on the toughness 
levels expected, but their results could not be mixed because, unlike Ki^ 
the sharp notch strength is specimen size dependent. However, if the alloy 
is sufficiently low in toughness so that the fracture behavior of the sharply 
notched specimen is dominated by A,,,, then it may be possible to arrive 
at a measure of fracture resistance from the screening test that is inde
pendent of specimen diameter. Thus, the data in Fig. 9 have been replotted 
in Fig. 11 with the notch strength converted to a Kf^j value by use of the 
theoretical linear elastic relationship for the stress intensity in a cylindrical 
bar with a circumferential crack, namely 

AfjT — <TNTS(T£>)''''0.240 (2) 

where the constant 0.240 corresponds to d/D = 0.500 [7]. Using this 
formalism has resulted in ANĴ /CT̂ YŜ  ratios that are essentially independent 

ALLOY 

.5 1 
SPECIMEN DI A.. D-in. 

FIG. 11—Influence of sharp notch specimen diameter on the ratio between a formally 
calculated Kyyj- and the tensile yield strength showing the specimen diameter necessary to 
produce a ratio of 1.3 (see Table la. for alloy code) (inch = 25.4 mm). 
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of specimen diameter for the two most brittle alloy conditions at diame
ters of 0.5 in. (13 mm) or larger. The dotted line represents the value of 
D which would be required to produce a sharp notch strength ratio below 
1.3 as a function of K^^^/a^^. Data for the toughest alloy conditions 
lie to the left of this line and show a rising trend in K^i'-Za^^ with increas
ing specimen diameter which appears to be fading out as a notch strength 
ratio of 1.3 is approached. 

Influence of Fatigue Cracks as Compared with Sharp Notches 

Data have been assembled in Table \b which permit comparison of 
the effects of fatigue cracks with those of sharp (radius = 0.2 mils; 0.05 
mm) machined notches on the fracture behavior of several of the aluminum 
alloys tested in this investigation. In addition, the results from bend tests 
may be compared with those from tension tests. 

Fatigue cracks in sharply notched cylindrical tension specimens were 
produced using a lathe as a fatigue machine. One end of the specimen was 
held in a collet in the head stock and an extension rod fastened to the op
posite end. This rod contained a center that ran in an offset tail stock, 
thereby providing bending loads to the specimen. A spring scale was used to 
measure the bending load necessary to displace the extension rod center 
to the tail stock. From this bending load the initial K value in fatigue was 
computed [7\. This value ranged from 4 to 6 ksiin'^' (4 to 7 MPam^O 
and decreased as the crack grew. For the 2014-T651 plate stock D equalled 
1 in., and the crack depths varied among the specimens from 0.020 to 
0.038 in. (0.51 to 0.97 mm). For 7075-T651 rod stock D equalled 0.75 
in. (19 mm), and the corresponding variation in crack depth was from 
0.008 to 0.025 in. (0.20 to 0.64 mm). The uncracked areas were slightly 
elliptical. Among the 2014-T651 specimens, the largest ellipticity expressed 
as the ratio of minor to major axes was 0.967. The corresponding value 
for 7075-T651 rod stock was 0.991. The maximum eccentricity (distance 
from the center of the ellipse to the longitudinal axis of the specimen) 
was 4 mils (0.10 mm) with values for most specimens being less than 2 
mils. 

The results in Table \b have been expressed in terms of formally cal
culated K values. Thus, K^x for the cracked tension specimens and ATNT 
for the sharply notched tension specimens were computed from conven
tional stress intensity expressions [7] using the notch strengths and the ap
propriate geometry. For the sharply notched bend specimens, the K^^ 
values were obtained following the procedures of ASTM Method E 399-
74. Table \b shows the "crack size factors" from these K values and 
the corresponding yield strengths. 

With the exception of tests on Material A, fatigue cracked specimens 
always gave significantly lower values of the crack size factor than did 
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the sharply notched specimens. Material A was tested in the short trans
verse (ST) direction, and the crack size factors obtained from the ASTM 
Method E 399-74 Ki^ tests were essentially no different from those ob
tained from the sharply notched tension specimens. However, the sharply 
notched bend specimens gave slightly higher values for this material. The 
observation that sharp notches and fatigue cracks yield nearly the same 
crack size factors for tests in the ST direction is probably explained by 
the fibering of this high strength aluminum alloy which acts to establish 
low fracture energy crack paths. For the remainder of the alloy conditions 
shown in Table lb crack size factors for the fatigue cracked specimens 
are distinctly lower than those obtained from the sharply notched speci
mens even though the plane-strain fracture toqghness of these conditions 
is not greatly different from that of Material A. The crack size factors 
obtained from the notched tension specimens are slightly lower than those 
obtained from the notched bend specimens. This difference is probably 
associated with the fact that the notch tension specimen "selects" the 
lowest toughness crack propagation direction for a given crack plane ori
entation. 

Conclusions and Recommendations 

The following conclusions regarding the influence of testing variables 
on the sharp notch strength of cylindrical specimens and the recommenda
tions concerning modification of the ASTM Tentative Method E 602-76T 
for these specimens are based on the results obtained for certain com
monly used high-strength aluminum alloys. While the absolute values of 
sharp notch strength will be different for other aluminum alloys, we be
lieve the data presented represent typical trends for high-strength com
mercial aluminum alloys. 

1. The sharp notch strength can decrease continuously with decreasing 
notch radius at a rate which could contribute significantly to the scatter 
in notch strength values if the present maximum of 0.7 mils appearing in 
the Tentative Test Method is retained. We would recommend reducing 
this limit to 0.5 mils. 

2. Below 10 percent bending, the sharp notch strength can be reduced 
almost in direct proportion to the percentage bending measured with the 
verification specimen. Thus, the maximum of 10 percent specified in the 
Tentative Test Method could result in a significant contribution to the 
scatter in notch strength values if the bending varied randomly from test 
to test between essentially zero and 10 percent. We suggest that the maxi
mum permissible value be reduced to 5 percent which is not difficult to 
achieve with properly designed axial loading fixtures. 

3. The sensitivity of the sharp notch to yield strength ratio to changes 
in fracture toughness decreases with decreasing specimen diameter, and 
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it appears that the larger (IKs in. diameter; 27 mm) notch specimen speci
fied in the Tentative Test Method will be necessary for adequate control 
of plane-strain fracture toughness in most commercial applications. How
ever, the present upper limit of 1.3 on the sharp notch to yield strength 
ratio specified in the Tentative Test Method appears to be overly conser
vative, and possibly a value of about 1.5 would be adequate for specimen 
sizes above 1 in. However, we would proceed cautiously in this direction 
depending on the experience gained in application of the Tentative Test 
Method over the next few years. 

4. Fatigue cracks produced in accordance with the recommendations 
of ASTM Method E 399-74 can give strength values for notched cylindri
cal specimens which are considerably lower than those obtained using 
extremely sharp (0.1 mil radius; 0.03 mm) notches. 

PART II: APPLICATIONS IN ALUMINUM ALLOY QUALITY ASSURANCE OF 
FRACTURE TOUGHNESS 

Correlating K,e with NYR for Use in Quality Control 

The heart of the usefulness of the notch tension test for quality control 
of fracture toughness is the reasonably good correlation between notch 
yield ration (NYR)* and the plane-strain fracture toughness, /T,, (ASTM 
Method E 399-74). Representative data from plane-strain fracture tough
ness tests and '/2-in.-diameter notch tension tests for alloys (2024 and 
2124) and for alloys (7075 and 7475) have been previously tabulated and 
summarized [4] and are shown in Figs. 12 and 13, respectively. For both 
Vi and IMs-in.-diameter notch tension specimens, Ki^ versus NYR data 
for alloy 2124-T851, are shown in Fig. 14. The influence of notch tension 
specimen size on NYR correlation with Â ,,. will be discussed later. In all 
cases for which data are shown, the Ki^ and notch tension tests were made 
of each lot of material, with both types of specimens taken from identical 
locations through the original plate thickness. The tests were conducted 
in strict accordance with the respective ASTM Methods (E 399-74 and E 
602-76T). 

Several potential problems in applying these data to quality control 
are illustrated by the relationships shown in Figs. 12 to 14. Most obvious, 
the relationships are bands rather than single lines which would be ex
pected. Furthermore, the two fracture tests are subject to greater variability 
than regular tension tests. Width of the band is relative not only to in
herent scatter in the two tests (for example, alignment, crack, or notch 
tip control) but, as will be demonstrated, the width may edso be sensitive 

*NYR = (notch tensile strength/tensile yield strength) = <'NTS^''YS 
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FIG. 12—Correlation of plane-strain fracture toughness and notch-yield ratio (from 
'A-in.-dia notch tension specimens) for 2024 and2124plate [4]. 

H 
S5 30 

NOTCH-YIELD RATIO, CT„„/Crv, 

FIG. 13—Correlation of plane-strain fracture toughness with notch-yield ratio (from 
'A-in.-dia notch tension specimens) for 7075 and 7475 plate [4]. 

to Other factors such as grain orientation. In addition, the notch-tension 
specimen samples a smaller section of material than the fracture tough
ness test. An added problem, illustrated in Figs. 12 and 13, is the manner 
in which NYR relationship suffers a loss of sensitivity to K^^ associated 
with more general yielding as NYR increases beyond 1.3 for the Vi-in.-
diameter specimen. 

Scatter illustrated in the NYR versus A',, relationships of Figs. 12 to 14 
suggest that NYR is not a very useful parameter for determining an ab-
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FIG. 14—Correlation of plane-strain fracture toughness with notch yield ratio ('A and 
1 'At-in.-dia specimens) for2124 T851 [4]. 

solute value of Ki^ associated with a given value of NYR. However, it is 
practical to suggest for quality assurance purposes a limiting (lowest) 
value of NYR that will provide high assurance that the K^^ is equal to or 
greater than a previously established minimum value. Thus, the provision 
of a reliable and cost effective quality control plan for a given alloy re
quires that a good functional relationship between K^^ and the correlating 
parameters be developed. Moreover, in any material acceptance plan 
which is to be cost effective, reasonable tolerance limits must be established 
from this relationship which provides the required level of assurance and 
yet affords replacement of more expensive Ki^ tests by less expensive 
notch tension tests. 

As illustrated by the shaded area of Fig. 15, to assure toughness above 
a minimum level of Ky^, it may not be practical within a given lot accep
tance plan to totally replace A'jj tests by notch tension tests for all lots of 
materials nor would it be recommended. Periodic Ky^ tests with accom
panying notch tension tests should be used to maintain an unbiased data 
bank and as a means of verifying conformance to process and testing 
standards. However, it is here that the width of the tolerance limits band 
becomes important, for an increase in minimum NYR necessary to pro
vide specified assurance that minimum ATî  is exceeded implies an increase 
in the number of lots requiring a Ky^ test. That is, the notch tension test 
by itself may not be discriminating enough. In order for the use of the 
notch tension test to be cost effective for lot release it is necessary that a 
high percentage of lots be passed solely on the basis of the notch test. 
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FIG. 15—Typical K,^ versus NYR relationship. 

Effect of Notch Tension Specimen Diameter on Correlations 

For high toughness alloys increased notch tension specimen diameter 
eliminates some of the problems associated with general yielding. As il
lustrated by data of Fig. 14, the larger lM6-in. diameter specimen pro
vides a more uniform (linear), and more discriminating, relationship 
which covers a broader range of NYR variation and extends to higher 
levels of toughness. The latter aspect is important when employing a 
correlation model to controlled toughness high-strength alloys (namely, 
2124, 7475, and 7050) promoted specifically for their use in fracture criti
cal components. This is especially true when considering fracture tough
ness in the L-T grain orientation, which is typically the most fracture 
resistant orientation in these alloys. 

For the data shown in Fig. 14 for aluminum alloy 2124-T851 statistical 
analysis supports overall improvement in NYR correlation to A",,, with use 
of the larger IMe-in.-diameter specimen. Consequently, subsequent dis
cussion and regression analysis of the correlation of NYR to Ki^ will uti
lize the 1 i<6-in.-diameter 2124-T851 data base to establish statistical in
ferences. 

Regression Analysis ofNYR/Kj^ Correlation 

A factor which influences the width of a statistically defined tolerance 
band is the number of data points used in establishing that band. When 
too few data are available for meaningful statistical analysis, the lower 
limit of the band is traditionally established by "eyeball" fitting of a line 
to the lower Umit of available data in which varied grain orientations, 
product forms, and tempers of the given alloy system are present. Such 
limits-are shown in Figs. 12 and 13. Though useful, the level of assuremce 
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provided by these judged limits for any one product is impossible to 
quantify. Moreover, limits judged from data encompassing a variety of 
alloys, tempers, product forms, different fabrication practices, K^^ speci
men sizes, etc., may result in the setting of limits so wide that cost effec
tive replacement of the A",, test by the less expensive notch tension test is 
not economically attractive within a viable quality assurance plan. 

On the other hand, an all too common trait of correlations based on 
limited data is that they are initially judged surprisingly good, only to find 
that with additional data, initial limiting bands are no longer appropriate. 
In the following it will be demonstrated that in order to develop a mean
ingful correlation for a cost effective quality assurance plan, emphasis 
must be placed upon identifying and removing sources of systematic 
variation within data population employed in determining the correlation 
relationship. The requirements on notch control and alignment, there
fore, become obvious. Where sufficient data for meaningful statistical 
analysis exist, partitioning variables such as alloy, temper, product form, 
grain orientation, and specimen size can also become important and, in 
fact, may be necessary. • 

Modification to fabrication practices may occur with time or vary 
among metal producers. It is, therefore, important to recognize this as a 
potential source of variability to both the correlating relationship and the 
resulting tolerance limits. For this reason it is recommended that corre
lating relationships for quality control purposes be adopted only when 
fully qualified on fabrication practices that are well established and fixed. 
Periodic monitoring of Ki^ with accompanying notch tension tests would 
also be recommended for assessment of conformance of process, test 
methods, and correlating relationships. 

Effect of Crack Orientation and Product Form on Correlations 

The following illustrates how regression analysis might be applied to 
develop improved correlation models between notch tension data and AT,̂  
for quality assurance purposes. To accomplish this, first a good func
tional relationship involving Â ,̂  and NYR must be established, and, 
second, tolerance limits for the functional relationship must be calculated. 
Notch tension (IMs-in.-diameter specimen) and A",, data employed in this 
example were obtained from over 90 lots of commercial alloy 2124-T851 
plate. These data, shown in Fig. 16 and separated by grain orientation 
(L-T, T-L, S-Ly, provide 148 paired observations. (Every lot was not 
tested in all three orientations). 

'Correlation was based on using fracture toughness and notch tension specimens from 
corresponding locations; that is, L-T and L, T-L and LT, and S-L and ST. For evaluation 
of NYR, yield strength (0.2 percent offset, ASTM Method E 8-69) was determined for cor
responding orientations of each lot from material both adjacent and at identical locations 
through the plate thickness as the notch tension and K^^ test specimens. 
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FIG. 16—Fracture toughness, Kj^ versus notch yield ratio, NYR (VAi-in.-dia threaded 
end notch tension specimens), for 2124-T851 plate. 

The result of a simple linear regression (SLR) of the data in Fig. 16 
employing an expression of the following form is given in Table 2.* 

log,o/ir,e = b,+ b, NYR (3) 

Results of the SLR appear encouraging; however, there is much more 
information in the data. A multiple least squares linear regression (MLSR) 

TABLE 2—Simple linear regression ofK,c versus NYR data of Fig. 16. 

Regression equation: logioA"],, = ig + *, NYR (units Ki^: IcsiVin.). 

Estimates of Least Squares Fit 

Parameter 

Constant 
NYR 

Coefficient (b,) 

1.0628 
0.3712 

Standard Deviation of 
Coefficient" 

0.011 
0.0113 

/-Ratio * 

99.05 
32.81 

Total number of observations (N) = 148 
Multiple correlation coefficient squared (R^) = 0.881 
Degrees of freedom (DP) = 146 
Standard error of estimate (Se) = 0.0205 

"The estimated standard error of the coefficient = \/var (ft;). 
The /-ratio is calculated as /, = coefficient (ft,)/standard deviation coefficient. 

'The statistical significance of each coefficient is given by the /-ratio. A /-ratio greater 
than two typically indicates that the coefficient 6, is significantly different from zero at the 
95 percent confidence level. 

*Both log Ky,. and A'ĵ  were considered in the SLR of Eq 3 with almost identical results. 
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including the variables product thickness, yield strength, NYR, and orien
tation was performed according to the following equation 

log,o/ir„ = bo+ 6,THK + b^NYR + b3TYS + b4 0TL + bjOSL (4) 

where 

Kf^ = plane-strain fracture toughness, ksi\/lir, 
THK = product thickness, in., 
NYR = notch yield ratio = NTS/TYS, 
NTS = notch tensile strength, ksi, 
TYS = tensile yield strength, ksi, and 

OTL and OSL = the effect of T-L and S-L orientation, respectively, to 
the following scheme:' 

OTL OSL 
0 0 = L-T orientation 
1 0 = T-L orientation 
0 1 = S-L orientation 

and where A',̂ , NYR, NTS, and TYS were determined from correspond
ing orientations and locations for each lot of material. 

Significant size effects are noted for high toughness alloys with rapidly 
rising resistance curves [8.9] suggesting that all Ki^ data should, where 
possible, be generated from single specimen sizes or from specimen geom
etries large enough to satisfy the recommended minimum size require
ments suggested [70].'" For the L-T and T-L orientation all A",,, data of 
Fig. 16 was obtained from single size compact specimens {B = 1.5 in., 
W = 3.0 in.) The S-L K,^ data were all generated from single size com
pact specimens {B = 1.0 in., W = 2.0 in.). Since all Kj^ specimens were 
selected to exceed the recommended size requirement [70] at minimum 
property (/r,̂  and ô yj values, specimen size was assumed to be a con
trolled parameter and, therefore, not considered in the MLSR analysis. 

Resuhs of the MLSR of Eq 4 given in Table 3 shows that effects of 
grain orientation are significant. Figures 17 and 18 show the residuals 
(logio/Tic observed minus logioAr,̂  predicted from Table 3 plotted versus 
thickness, NYR, and yield strength, respectively. Residual patterns for 

'This essentially chooses L-T as the standard orientation and measures change from the 
L-T attributed to the T-L or S-L orientation. 

'"The recommended minimum thickness and crack length shall be 5{^ |C/JYS)^ twice the 
absolute minimum called for in ASTM Method E 399-74. 
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TABLE 3—Least squares multiple linear regression of data in Fig. 16. 

Regression equation: logio/Tic = bo+ b\ THK + ft^NYR + A3TYS + i4 0TL + ftjOSL 
(units K^^: ksiv/iiT). 

Estimates of Least Squares Fit 

Parameter Coefficient (61) 
Standard Deviation 

of Coefficient /-Ratio 

Constant 
THK, in. 
NYR 
TYS, Icsi 
OTL 
OSL 

N = 148, R^ = = 0.892, 

0.11824 X 10' 
-0.75588 X 1 0 - ' 

0.30640 
-0.69136 X 10"' 
-0.24363 X 1 0 - ' 
-0.23434 X 1 0 - ' 

DF = 142, Se = 0.0198 

0.125 
0.264 X 10-^ 
0.270 X 1 0 - ' 
0.162 X 10-2 
0.786 X 10-2 
0.122 X 1 0 - ' 

9.45 
-0 .29 
11.23 

-0 .43 
-3 .10 
-1 .93 

2.80 3.20 3.60 4 0 0 4.40 4.80 5.20 

PRODUCT THICKNESS ( INCHES ) 
5.60 6.00 

FIG. 17—Standardized residuals from multiple least squares regression (Eg 4) versus 
product thickness. 

NYR and yield strength. Figs. 18 and 19, are dispersed randomly and, 
therefore, suggest no systematic error in the correlation attributed to 
these variables. 

However, although thickness does not show a significant coefficient in 
the MLSR of Table 3, the residual pattern of Fig. 17 suggested a defi
ciency in description of the thickness variable rather than absence of a 
thickness effect. 

Because correct tolerance limits were desired on the final relationship 
which requires both normally distributed error patterns and lack of sys-
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FIG. 19—Standardized residuals from multiple least squares regression (Eq. 4) versus 
yield strength. 

tematic errors, it was imperative that better understanding of thickness 
and orientation effects be pursued. 

Table 4 presents a summary of existing Ki^ information generated from 
a large number of lots of commercial 2124-T851 plate. This summary 
incorporates data of Fig. 16 and includes data from additional lots where 
companion notch tension data were not obtained. When separated by 
orientation and product thickness, comparison of average A",,, from each 
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TABLE 4—K,^ distributions for 2124-T85] plate versus product thickness." 

Product Thickness * Product Thickness * 
< 4.0 in. (102 mm) >4.0 in. (102 mm) 

L-T Orientation 
No. of tests '^ 
Average Ki^ (ksi \/in^)'' 
Standard deviation 
Skewness coefficient 

T-L Orientation 
No. of tests ' 
Average Â jj. (ksi ̂ In7) 
Standard deviation 
Skewness coefficient 

S-L Orientation 
No. of tests'' 
Average A',;, (ksi vTiT) 
Standard deviation 
Skewness coefficient 

"This summary incorporates data of Fig. 16 plus data of additional lots where companion 
notch tensile data were not obtained. 

*A11 basic elements of fabrication practice for the two product thickness ranges noted 
(that is, <4.0 and >4.0 in.) are identical with exception to minor modification in rolling 
practice. 

"̂ Only data representing valid Ki,. tests per ASTM Method E 399-74 and only one test per 
lot of material are used in this tabulation. 

<'l ksi\/inr= 1.1 M P a ^ 

distribution show distinct Ki^ variability with orientation and product 
thickness in the L-T and T-L orientations." 

The orientation effect can be studied by partitioning the correlation 
into three problems separated on orientation. Table 5 gives results of 
three separate regression on data of Fig. 16. These results show the coeffi
cient on NYR (the main variable of interest) to be closely identical for the 
T-L and L-T orientations but not for the S-L orientation. 

Employing data from those lots where AT,;, is available in more than one 
orientation show a significant correlation between A",, in the L-T and T-L 
orientations. Fig. 20, and a significant, though noticeably weaker, corre
lation between the S-L and T-L orientations in Fig. 21. For quality as
surance purposes these relationships between orientation are encouraging 
for they suggest that acceptable toughness in one orientation implies 
acceptable toughness in a second orientation, thereby permitting a notch 
tension screening test in one orientation to clear additional orientations 

"For quality assurance purposes, thickness effects could be handled by establishing 
separate minimum values associated with two thickness ranges (for example, <4 or > 4 in.. 
Table 4. This separation was assumed reasonable because of a minor modification to rolling 
practice for plate thicknesses beyond 4 in. 
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TABLE 5—Least squares multiple linear regression of data in Fig. 16 
separated by orientation. 

Regression equation: log,oA:,c = bo+ ^iTHK + ftjNYR + bjTYS 
(units A",;.: k s i ^ ^ ) 

Estimate of Least Squares Fit 

Orientation 

L-T 

N = 77, R2 = 

T-L 

N = 50, R2 = 

S-L 

N = 2 1 , R 2 = 

Parameter 

constant 
THK, in. 
NYR 
TYS, ksi 

0.707, DF = 

constant 
THK, in. 
NYR 
TYS, ksi 

0.594, DF = 

constant 
THK, in. 
NYR 
TYS, ksi 

0.173, DF = 

73, 

46, 

17, 

Coefficient 

0.11891 X 
-0.37938 X 

0.31750 
-0.10001 X 

Se = 0.0202 

0.10741 X 
-0.51863 X 

0.33271 
0.27374 X 

Se = 0.0180 

0.13556 X 
0.44117 X 
0.15642 

-0.23691 X 

Se = 0.173 

10' 
lo--" 

lO--! 

10' 
10-5 

10-5 

10' 
10-^ 

10-2 

Standard Deviation 
of Coefficient 

0.167 
0.392 
0.366 
0.212 

0.200 
0.403 
0.492 
0.271 

0.441 
0.831 
0.901 
0.673 

X 
X 
X 

X 
X 
X 

X 
X 
X 

10-2 
1 0 - ' 
10-2 

10-2 
10 - ' 
10-2 

10-2 
10 - ' 
10-2 

f-Ratio 

7.14 
-0 .10 

8.67 
-0.47 

5.36 
-0.13 

6.76 
0.10 

3.07 
0.53 
1.74 
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for lot release. For example, based on current perscribed 2124-T851 
minimum Jf,,. values of 18, 20, 24 ksivTnl in the S-L, T-L, and L-T orien
tations, respectively. Figs. 20 and 21 indicate that A',c> 20 ksi\/Tir in the 
T-L orientation will likely guarantee that A",̂  exceeds minimum values in 
the L-T and S-L orientations.'^ 

Residual (logigKi,. observed - log|oAr,c predicted) versus NYR from the 
regression of Table 5 for the T-L and L-T orientations considered sepa
rately are shown in Fig. 22. In general, scatter of residuals about the 
mean in the T-L orientation was less than scatter observed in the L-T 
orientation. Fig. 22. The S-L orientation was excluded from consideration 
because of its noticeably weaker correlation of NYR to A",;,. Although the 
regression coefficients (Table 5 on NYR for both the T-L and L-T orien
tations are nearly equal, the differences in variance (standard error of 
estimate) noted for both problems suggest that tolerance limits be estab
lished separately by orientation. '̂  Moreover, since the T-L orientation has 
the best correlation (least variance), this orientation would be the best 
candidate for a control orientation in a cost effective quality control plan. 

'̂ Regression of data of Figs. 20 and 21 is confounded since K^^ values recorded represent 
both valid (per ASTM Method E 399-74) and meaningful (near valid per ASTM Method 
E 399-74) determinations of Ki,.. This conclusion, therefore, represents a reasonable engi
neering judgment and is not based on statistical regression of data from these figures. In 
principle, however, the approach of correlating critical values of NYR in one orientation to 
Â ic minima in alternate orientations should still apply. 

"An alternate approach to calculating tolerance limits would be by weighted regression. 
However, this approach is markedly more difficult than nonweighted regression, that is, 
consideration of separate problems. 
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FIG. 22—Standardized residuals versus NYR for regression of T-L and L-T orientations 
considered separately. 

Establishing Tolerance Limits 

Tolerance limits for regressions must deal with the uncertainty con
cerning the regression model, as well as uncertainty of the estimated 
population variance [77]. To reduce the relative uncertainty about the 
regression, a transformation process [77-7^] called 53H TWICE was em
ployed. The transformation process accentuated underlying patterns in the 
data by reducing effects of outliers without introducing significant sys
tematic patterns not already present in the data. The resultant regression 
for the T-L orientation is clearly better with smaller standard error about 
the regression and higher R ,̂ Table 6. Modified tolerance Umits trans
formed back to the coordinates of interest {Ki^ versus NYR) along with 
normal tolerance limits are shown for the T-L and L-T orientations, 
respectively, in Figs. 23 and 24.'* Modified limits represent more accep
table Umits than those generated by normal regression of the actual data 
(not transformed by 53H TWICE) which are shown to be overly conser
vative in the T-L orientation, as well as for the L-T and S-L orientations 
(not shown). Further details on the modified regression analysis of these 
data are provided [77]. The significant benefit derived by tightening of 
tolerance limits from the improved regression technique is that it affords 
significant reduction in criticeil NYR necessary to guarantee a minimum 
level of Ki^, thereby making the quality control plan more cost effective. 

'*The one observation out of 50 that falls below the 75 percent confidence line is not 
bothersome at this level of confidence. 
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TABLE 6—Modified versus normal regression for K,^ in the T-L orientation. 

Regression equation: log,oA'|c = bo+ b^ NYR (units A'lj.: ksivTrT.) 

Modified Regression 

Parameter Coefficient (b ̂ ) 
Standard Deviation 

of Coefficient /-Ratio 

Constant 
NYR 

0.9842 
0.4572 

0.011 
0.013 

50, R 2 = 0.962, OF = 48, Se = 0.0054 

90.26 
34.91 

Normal Regression 

Parameter Coefficient (b ̂ ) 
Standard Deviation 

of Coefficient /-Ratio 

Constant 
NYR 

1.0861 
0.3364 0.040 

N = 50, R 2 = 0.593, DF = 48, Se = 0.0176 

32.62 
8.37 

I 1 I I I 1 

2 1 2 4 - T 8 5 1 PLATE 

95-99% MODIFIED TOLERANCE LIMIT 

75 99% MODIFIED TOLERANCE LIMIT 

75-99% NORMAL TOLERANCE LIMIT 

' / 

17 LJ_J_LJ_LJ—I—I—1-1—1—i_i_j_L I, I I I 
0 70 0 80 0 90 TOO 1,10 

NOTCH YIELD RATIO 

(LONG TRANSVERSE) 

FIG. li—Modified and normal tolerance limits for 75 or 95 percent confidence that 99 
percent of K/^ values in T-L orientation lie above line. 
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Example Quality Control Plan 

Minimum variance in the A ,̂/NYR relationship for the T-L orientation 
suggests this orientation be chosen as the control orientation for initial 
screening of AT,,, of 2124-T851 plate in all three grain orientations. Figures 
20 and 21 show that on the basis of available data, material which meets 
the present 2124-T851 minimum level of toughness in the T-L orientation, 
(20 ksi\/IiiL) most likely will meet minimums presently specified in the 
L-T (24 ksi\/in!) and S-L (18 ksis/IrT) orientations. A simplest quality 
control plan would specify that a lot of alloy 2124-T851 be considered ac
ceptable if a critical NYR from the long transverse test direction is met 
which guarantees Â ,, above the minimum value for the T-L orientation. 
Should the lot fail to meet the critical NYR, then a AT,,, test should be 
performed either in the T-L or the most critical orientation for the par
ticular application. If the Â î  tests meets minimum requirements for the 
orientation tested, then the lot is accepted. If AT,̂  does not meet minimum 
requirements, then the lot is rejected. If warranted minor modification to 
this plan to accommodate uncertainty in correlation of AT,,, minima for 
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paired orientations can be introduced to this plan with little added com
plexity. 

Assuming the notch tension test to have cost of unity and the Ki^ test 
cost some multiple of the notch tension test, then cost effectiveness of the 
proposed quality assurance plan for critical values stated in Table 7 can 
be estimated from past experience. The experience related in this table is 
based on recent 2124-T851 data of fixed commercial fabrication practice. 
Estimated cost effectiveness of various quality control requirements are 
summarized in Figs. 25 and 26. For specific minimum Ki^ guarantees at a 
given level of confidence, screening fracture toughness by notch tension 
testing would be cost effective whenever the dashed line {QA plan which 
utilizes notch tension test) falls below the solid Une (cost of running one 
Ki^ test). From Figs. 25 and 26 the notch tensile plan proves to be cost 
effective in all cases illustrated except for Case B of Fig. 25; and for this 
case only when the notch tension test cost is greater than one third the 
cost of the Â ,,. test." 

TABLE 7—Suggested quality control plans for 2I24-T851 plate and related experience. 

Control test direction: T-L 

Tolerance Limit 
Percent (Fig. 23) 

Product thickness. 
in." 

Kit guarantee, 
ksiv/TiT" 

Critical NYR * 
No. tests 
No. passing 
% passing 

< 4 

20 
0.82 

19 
17 
89.5 

95-99 

>4 

20 
0.82 

31 
11 
35.5 

>4 

19 
0.78 

31 
22 
71.0 

<4 

20 
0.79 

19 
18 
94.7 

75-99 

>4 

20 
0.79 

31 
20 
64.5 

>4 

19 
0.75 

31 
26 
83.9 

NOTE—If lot fails to meet critical NYR for long transverse direction, K^^ test should be made 
in T-L or alternate most critical direction. The cost units required to comply with 
this plan are given by: 

NO. lots tested/No. lots meeting critical NYR 
cost units = 1 + ( I X r 

No. lots tested 

where the notch tension test equals one cost unit, and r = cost of A'lj. test/cost of 
notch tension test. It is assumed that the tensile yield strength needed to determine 
NYR is always required in any quality assurance plan. 

"1 in. = 25.4 mm, 1 ksiyTnT = 1.1 MPa\/nr 
*The long transverse control NYR is that value along the modified tolerance limit (Fig. 23 

which corresponds to the K^^ minimum. 

"One very important cost consideration ignored in this analysis is cost due to the delay in 
making an acceptance decision. This is a very real and sizeable cost if the delay is long, 
but, unfortunately, it is difficult to quantify. However, by virtue of its simplicity the above 
plan for quality assurance minimizes decision making steps, thereby permitting greater cost 
saving potential. 
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FIG. 15—Cost effectiveness of tentative quality control plan for 2124-T8S1 plate. 

The tolerance limit is most important for that portion of data which 
neighbors the critical K^^ value. Since data points having associated A',c 
values near the current K^^ minimum (20 ksix/uT) lie well above tolerance 
limits of Figs. 23 and 24, further reduction in critical notch yield values 
and, hence, greater cost effectiveness may be attainable pending addi
tional data plus analysis. 

Summary 

Significant economy in fracture toughness quality control testing costs 
is possible in cases where useful correlations between /Tĵ  and notch yield 
ratio (NYR) can be established. 

For high toughness alloys like 2124-T851 the I'/s-in.-diameter notch 
tension specimen provides better overall correlation with K^^ than the 
'/2-in.-diameter specimen. 

Meaningful statistical interpretation and definition of reliable and tight 
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FIG. 26—Cost effectiveness of tentative quality control plan for 2124-T851 plate. 

tolerance bands on the A^j/NYR correlation require identification and 
removal of possible sources of systematic variation. A modified regres
sion approach was introduced which improves the regression and estab
lishes tighter tolerance limits for the A',(./NYR correlating relationship. 
The tighter tolerance limits enables a minimum level of A'ĵ  to be guaran
teed by a lower critical NYR value, thereby making quality control based 
on notch tension data more cost effective. Review of existing data for 
2124-T851 alloy shows that more meaningful correlation requires analysis 
separated by grain orientation and that the A^i/NYR correlation is best 
for the T-L orientation. Correlation of K^^ in the T-L orientation with 
K^^ in both the S-L and L-T orientations allows acceptance criteria for 
all three orientations to be based on assurance that minimum Ki^ value is 
exceeded in the T-L orientation. Therefore, lot acceptance can be based 
on exceedence of minimum NYR for one orientation. By employing this 
rationale, a simple quality assurance plan for fracture toughness guaran
tee of alloy 2124-T851 was postulated and demonstrated to be cost effec
tive based on available test data and past experience. 
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Investigation of Some Problems in 
Developing Standards for 
Precracked Charpy Slow Bend Tests 

REFERENCE: Succop, George, Bubsey, R. T., Jones, M. H., and Brown, W. F., 
Jr., "Investigation of Some Problems in Developing Standards for Precracked Charpy 
Slow Bend Tests," Developments in Fracture Mechanics Test Methods Standardiza
tion, ASTM STP 632, W. F. Brown, Jr., and J. G. Kaufman, Eds., American So
ciety for Testing and Materials, 1977, pp. 153-178. 

ABSTRACT: Precracked Charpy slow bend tests and plane-strain fracture toughness 
(K\^) tests were made on the following alloys: (1) 4340 and 18Ni maraging steels heat 
treated to a wide range of strength levels; (2) several 2000 and 7000 series aluminum 
alloys; and (3) a metastable beta titanium alloy, Ti-8Mo-8V-2Fe-3Al. Load-deflec
tion records for the precracked Charpy specimens were obtained from measurements 
of tensile machine screw rotation and directly from the specimen deflection. It was 
shown that records obtained from screw motion measurements contained large ex
traneous components of deflection arising primarily from elastic strains in the tensile 
machine. The magnitude of these components will be a function of the compliance 
of the testing machine and, depending ̂ n the method of record analysis, can have a 
substantial influence on the derived W/A values. Load-deflection record analysis 
procedures are presented which minimize the effects of these extraneous deflections. 
If the deflections are obtained from measurements made directly on the specimen, 
the influence of the tensile machine compliance for practical purposes may be neglec
ted, and a simplified method of record analysis can be used which does not involve 
graphical integration of the load-deflection trace. 

Relations between WE/Aa^^ and the crack size factor K^^/a^^ are presented for 
the alloy conditions investigated. In all but a few cases there was a general upward 
trend in the Charpy energy values with increasing crack size factor. Va some cases, 
excellent correlation was obtained. Where relatively large scatter was observed, the 
Charpy derived values in a few cases did not follow the trend of the crack size factor. 
Apparently no generalizations can be made concerning the degree of correlation 
that can be expected between precracked Charpy energies and plane-strain fracture 
toughness. Correlations can be useful but should be established carefully over the 
complete range of toughness of interest. 

The authors recommend that an ASTM test method be developed for the slow bend 
precracked Charpy test and believe there is sufficient information available to do this 
now. Some suggestions along these lines are presented in this paper. 

'Research engineers and chief. Fracture Branch, respectively, NASA-Lewis Research 
Center, Cleveland, Ohio 44135. 
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KEY WORDS: fracture properties, toughness, precracked Charpy, Ki^, screening tests 

Nomenclature 

Qg Initial crack length 
a,a^ Crack length at some point during the test 

A Initial uncracked area = B{W - a„) 
A^ Uncracked area at some point during the test = BiW 

B Specimen thickness 
E Young's modulus 
F Load per unit thickness 
8 Strain energy release rate with crack extension or crack 

extension force 
K Stress intensity factor associated with a crack in a 

linear elastic body 
Ki^ Plane strain fracture toughness as defined in ASTM 

Method E 399-74 
P.PQ.P„P,.P^,, AppUed load 

S Span in bend test 
_ W Specimen width 
W, W^ Work determined from integration of load versus de

flection plot 
Y Coefficient of the dimensionless stress intensity factor 

in ASTM Method E 399-74 
b,h^ Specimen deflection in a bend test 

a,ag,a^ Relative crack length = a/W, aJW, and aJW 
ffys 0.2 percent tensile yield strength 

Symbols for statistical analysis are defined in Appendix I. 

Metric Conversions 

Symbol 

W 
A",, 
W/A 
Ku'/'^y.' 
WE/A<y^,^ 

U.S. Customary Units 

ksi 
in. (Ibf) 
ksi (in.)'̂ = 
Ibf/in. 
in. 
in. 

Multiply By 

6.90 
0.1130 
0.001107 

175 
0.0254 
0.0254 

S.I. Units 

MPa 
Nm 
MPam'^= 
Nm-i 
m 
m 
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Plane-Strain fracture toughness tests made in accordance with ASTM 
Test for Plane-Strain Fracture Toughness of Metallic Materials (E 399-74) 
are now used widely for characterization of high-strength alloys, in mate
rial specifications, and to furnish design data for fracture control pro
grams. The resulting Ki^ values serve as reference standard measures of an 
alloy's resistance to fracture. Determination of the Â î  value, however, 
requires specimen dimensions which increase in proportion to A'jj.Vô ŷ ^̂  
and consequently relatively large amounts of specimen stock are required 
for the tougher alloys. The size requirements constitute a limitation of 
the application of ASTM Method E 399-74 test procedures in alloy de
velopment programs and in some product quality control programs. The 
ASTM E-24 Committee on Fracture Testing of Metals recognizes this 
limitation of the ASTM Method E 399-74 and has established three task 
groups concerned with the development of fracture toughness screening 
tests, the results of which might correlate with Ki^. One of these tests em
ploys a precracked Charpy specimen tested in slow bending or impact. 

Specimens of this type were proposed by Orner and Hartbower [7]̂  
over a decade ago for evaluation of sheet alloys. In this early work, at
tention was given to converting Charpy results to critical values of the 
crack extension force 9 • An analysis presented by Brown and Srawley [2] 
showed this procedure involved dubious assumptions concerning the 
material behavior in the precracked Charpy test. More recently, Tetelman 
and co-workers [3] have proposed that Ki^ values can be obtained from 
precracked Charpy specimens for a wide range of material behavior from 
small-scale yielding to general yielding. Again, assumptions are made 
concerning fracture behavior of the Charpy specimens that are not sup
ported by experimental evidence. 

We do not believe that there is any satisfactory method presently avail
able for deriving /T,,, values directly from Charpy specimens unless the 
size requirements and other specifications of ASTM Method E 399-74 are 
met. However, we do believe that under some circumstances useful 
empirical correlations can be developed between precracked Charpy energy 
values and plane-strain fracture toughness, provided that standardized 
test procedures are established for the precracked Charpy specimen. It 
seems reasonable to expect that a better correlation would be obtained 
between slow bend precracked Charpy test results and Â .̂ than between 
Charpy impact values and K,^ since the ASTM E 399-74 test method in
volves loading rates that are slow relative to those associated with the 
Charpy impact test. Furthermore, data on a variety of high-strength al
loys reported by Hartbower [4] show that the slow bend precracked 
Charpy test can reveal embrittlement not revealed by testing similar speci
mens of these alloys in impact. 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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A recent National Materials Advisory Board (NMAB) report [5] reviews 
the literature on the use of Charpy specimens in fracture toughness test
ing. Included are the published results obtained by Ronald et al [6] and 
Rich [7] on precracked specimens tested in slow bending as well as related 
unpublished results by Ronald. The same review reports results from 
standard Charpy V-notch impact tests and impact tests on precracked 
specimens. With few exceptions there was an upward trend of the Charpy 
derived toughness values with increasing plane-strain toughness. Generally, 
the correlation did not appear to be better for the precracked Charpy im
pact specimens than for the standard V-notch Charpy impact tests. In all 
cases considerable scatter was present so that the correlations would be 
useful only if gross differences in Ki^ were of interest. However, we would 
not rule out the possibiUty of developing more useful correlations be
tween precracked Charpy slow bend specimen results and plane-strain 
toughness on the basis of the data so far available. Thus, there are a num
ber of factors which probably contribute to the scatter: (1) the reported 
AT,, values are not always valid according to ASTM Method E 399-74; (2) 
with few exceptions the alloys involved in a given correlation are of widely 
different types (for example, aluminum, titanium, and iron base); and (3) 
there are no generally accepted standards for conducting precracked 
Charpy slow bend tests, and we would expect the results to be sensitive 
to a number of factors including the sharpness of the fatigue crack, the 
loading system used, and the method of analyzing the load displacement 
records. 

In an attempt to develop procedures which would be useful in standard
izing a test method for the precracked Charpy slow bend specimen we 
undertook an investigation of the problems involved in testing these speci
mens and in analyzing the test records. A number of alloys were studied 
for which valid Ki^ values have been established. In several cases these 
represented sets of data covering wide variations of toughness in a single 
alloy system. 

Materials and Procedure 

The alloys investigated are listed in Table 1 which gives their Ki^ values 
determined at room temperature in accordance with ASTM Method E 
399-74 using bend specimens. These values represent the average of three 
determinations for the crack plane orientations indicated. Three precracked 
Charpy specimens (Fig. 1) were prepared for each alloy condition. Their 
dimensions corresponded to those recommended by Aerospace Materials 
Division of the Society of Automotive Engineers (SAE) several years ago. 
The crack plane orientation in the precracked Charpy specimens was the 
same as that in the if,̂  specimens. In all but one case the Charpy blanks 
were cut from the broken Â ,̂  specimens. The one exception was 2124T851, 
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FIG. \—Precracked Charpy slow bend specimen. 

and in this case the Charpy blanks were removed from a near surface 
sHce of the 3-in. plate. 

Fatigue cracks were produced by reversed cantilever bending (/? = -1) 
and in accordance with the specifications of ASTM Method E 399-74 
regarding the maximum stress intensity level and the length of the crack 
extension beyond the starter notch. The specimens were tested in three-
point bending in an Instron tensile machine. Provision was made for the 
support rollers to rotate freely. The bending fixture was mounted on a 
heavy steel plate (of negligible compliance compared with the specimen) 
attached to a load cell. Specimen deflection was measured directly by 
means of a specially designed deflectometer (Fig. 2) which employed the 
ASTM Method E 399-74 clip gage as the sensing element. The contact 
surface of the deflectometer spanned the notch. This method of sensing 
the specimen deflection does not give the true load point displacement; 
however, the disparity is negligible for the present purposes. In addition, 
to the X-Y record of load versus deflection, the recorder on the Instron 
machine was used to obtain corresponding information. The Instron re
corder produces a plot of load versus "crosshead motion" through a 
mechanism which senses the loading screw rotation. This mechanism will 
provide a close approximation to the actual crosshead motion when there 
is no load on the machine. Under load, elastic deflections and component 
clearances will result in the actual crosshead movement being less than 
that indicated by the screw rotation. As will be discussed later, the de
flections obtained from the Instron recorder contain extraneous com
ponents which are a function of the compUance of the testing machine 
and the test fixtures. 

The initial crack lengths were determined from the broken specimens 
using a toolmaker's microscope. For all but a few specimens, the cracks 
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/ 

FIG. 2—Deflectometer with ASTM Method E 399-74 clip gage in place. 

met the straightness requirements of ASTM Method E 399-74. There was 
no indication that deviations from this requirement contributed to the 
data scatter. 

General Considerations in Interpreting Load Versus Deflection Records 

The results from slow bend precracked Charpy tests are expressed as 
W/A, where W presumably represents the work done in fracturing the 
specimen and A represents the original uncracked area of the specimen. 
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The value of W is obtained by integrating the area under the load deflec
tion diagram which constitutes the test record. If the load point deflec
tion could be accurately measured to the end of the fracturing process, 
the value of W would represent the total fracture work. However, in 
actual practice problems arise because of extraneous deflections in the test 
record associated with strains in the tensile machine and fixturing, and 
because, except for the most brittle condition, there is no unambiguous 
way of determining the end of the fracturing process. Thus, the value 
W can depend on the method of sensing deflection and the method of 
test record analysis. While the literature on slow bend precrack Charpy 
testing does not treat these problems, a resolution of them is necessary 
if satisfactory progress is to be made in standardization of the test. What 
follows will describe the influence of material toughness and the method 
of deflection sensing and recording on the characteristics of load deflec
tion records and will give some suggestions for record analyses procedures 
that may be useful in standardization. 

Characteristics of Load-Deflection Records 

Two types of load deflection records are shown in Fig. 3 as obtained 
from the X-Y recorder and from the Instron recorder. These records are 
typical of testing situations where the compliance of the testing machine 
and fixturing is not negligible in comparison with that of the specimen. 
We assume that precracked Ch£u-py specimens would most often be tested 
under these conditions. Type I records are typical of relatively brittle 
materials (for example, 4340 steel tempered at 600 °F), and Type II re
cords are typical of very tough behavior (for example, 18Ni maraging 
steel aged at 700 °F). The general features of these records are associated 
with the combined effects of the method of sensing and recording deflec
tions and the toughness of the material. 

Effects of Sensing and Recording Methods 

Deflections recorded on the X- Y plotter are sensed by the deflectometer 
mounted under the specimen. The actuator of the deflectometer spans 
the starter notch which opens during specimen deformation, and this re
sults in somewhat less deflection than the true motion of the load point. 
On the other hand, the recorded deflections include extraneous com
ponents resulting from deformation of the support rollers and the sur
faces which they contact. The result of these two effects is relatively small 
as indicated by the observation that moduli computed from the initi£d 
slopes of the X-Y records were at most 10 percent lower than the average 
of the tension and compression moduU. 

Deflections on the Instron machine record are related to the crosshead 
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FIG. 3—Types of load deflection records obtained with the X-Y recorder used in conjunc
tion with the deflectometer and from the Instron tensile machine recorder. Type I: relatively 
brittle behavior. Type II: very tough behavior. 

motion of the machine through a system which senses the rotation of 
the loading screws. This system will provide a close approximation to 
the crosshead motion when the load is not changing. However, during 
rising load elastic strains in the tensile machine, components and test fix
tures introduce extraneous deflections into the Instron test record. This 
results in calculated moduh that are from one half to one third the aver
age of the tension and compression moduli. Therefore, the initial slope of 
the Instron record is much less than that of the X-Y record. When the 
applied load is decreasing (maximum load is passed) the specimen deflec
tion results in part from relaxation of strains in the tensile machine and 
fixtures. When the crack growth and resulting drop in load are rapid (see 
Fig. 3, Type I behavior), this relaxation is accompanied by negligible ro
tation of the loading screws, and consequently the Instron record exhibits 
a much steeper slope on unloading than the A'-7 record. 

Effects of Material Toughness 

Records of Type I exhibit indications of large bursts of crack extension 
following maximum load, and the illustration in Fig. 3 shows one such 
indication between points A and B on the X-Y record and C and D on 
the Instron record. The size and number of these indications will depend 
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on the toughness of the material as well as the compliance of the testing 
machine and fixtures. Other things being equal, their size and number 
will decrease with increasing toughness of the alloy. When a burst of 
crack extension occurs, one observes that the pens on the X-Y recorder 
move rapidly on both axes. The result may be a discontinuity in the re
cord due to lack of a trace or the production of some shape that may not 
be related to the true path of the load deflection curve. Three possibilities 
are illustrated in Fig. 3 between points A and B. The shape produced will 
depend on the relative response speeds of the pens on the X- Y recorder. 
For the same specimen behavior the Instron trace is quite different. When 
a burst of crack extension occurs the load drops abruptly between points 
C and D with negligible load screw motion. Both the Instron and the X-Y 
records exhibit long tails following crack arrest at points B and D. These 
tails are only partly associated with crack extension but are primarily the 
result of plastic hinging of the unbroken ligament which allows the deflec
tion to continue indefinitely at gradually decreasing load. 

Records of Type II show a smooth continuous trace and broad load 
maximum that characterize very tough materials. The transition between 
Type I and Type II occurs progressively with increasing toughness. The 
differences between X-Y and Instron Type II records arise from the same 
causes as corresponding differences in their Type I counterparts. It should 
be noted that the tail on Type II records develops very gradually and is 
associated with a much larger portion of the total work than in Type I 
records. 

Analysis of Test Records 

As mentioned previously, if the load-point deflection could be accurately 
measured to the end of the fracturing process, the area under the load 
deflection diagram would represent the total fracture work. This value 
could be closely approximated if the end of the fracturing process on the 
test record could be identified and if this point occurred at a sufficiently 
low load that essentially all the elastic strains stored in the tensile machine 
components and fixtures were absorbed by the specimen. The basic prob
lem is that there is no unambiguous way of selecting a point correspond
ing to the end of the fracturing process. However, what follows will de
scribe three methods of treating the Instron and X-Y records in a way 
that circumvents this difficulty. 

Graphical Integration 

Two methods of selecting the test record area to be integrated were in
vestigated. One was based on record cutoff at an arbitrarily selected 
point and the other on a formal fracture mechanics analysis. 
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The first method is based on integrating a truncated area of the load-
displacement record. Thus, the area is truncated by constructing a vertical 
line,_P£' in Fig. 4, at a selected fraction of the maximum load. The value 
for W is then obtained by measuring the area OP^^^PEO. Several record 
cutoff points were chosen at specified percentages of the maximum load 
for both X-Y and Instron records of 18Ni maraging steel aged to two 
widely different toughness levels. The truncated areas were measured 
using a Hewlett-Packard 9100A computer in conjunction with a 9107A 
digitizer. As mentioned previously, the X-Y trace for relatively brittle 
materials may show varying behavior when a large burst of crack exten
sion occurs (see Fig. 3). We treated such cases by drawing a straight line 
between the point of crack burst initiation and crack arrest (points A and 
B in Fig. 3). Where the drop in load between the points A and B was less 
than 10 percent, we used the actual recorder trace if it was present. In 
cases involving bursts of crack extension Instron records did not present 
a problem because the indicated deflection changed very little when the 
load dropped andthe record could be integrated as drawn by the recorder. 

The ratios of W/A values from the Instron records to those from the 
X-Y records are shown in Fig. 5 as a function of the selected cutoff point 
P for the 18Ni 250 grade maraging steel. The W/A ratios for the two 
toughness levels are essentially the same for the range of cutoffs investi
gated. As might be expected these ratios decrease as the cutoff point 
moves to a decreasing percentage of maximum load and is about 1.03 
for a cutoff point of 10 percent of maximum load. We selected this cut
off point for the remainder of our investigation. 

The method based on linear elastic fracture mechanics is illustrated in 
Fig. 6 which shows a test record and the associated quantities. The pro
cedure involves the calculation of WJA^ values corresponding to each of 
a series of apparent crack advances (a^ - Og) across the Ugament {W 

rtcFLCcr/ON 

FIG. 4—Schematic of X-Y test record showing method of truncating the area by cutoff 
at various percentages of maximum load. 
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FIG. 5—Ratio o/W/A values obtained from the Instron recorder to those obtained from 
the X-Y recorder as a function of a record cutoff in terms of percent maximum load for a 
low and a high toughness condition of ISNi maraging steel. 

- a„) where W^ is determined by graphical integration of the area 
OPgPfi. The W/A value for the specimen is then taken as the limit of 
WJA^ as X approaches zero where 

X = 
1 - a„ 

where a, = a J Wand a„ = aJW. Thus 

W limitf 1 { / 
A "'-'l W{<x,- a„)B \ j^ ^'^" 2 

K p 5 

The relation 3 between the secant slope P^/S^ and the corresponding ap
parent crack length is given in terms of a^ as follows 

5, (1 - aJMl + «„) (2 - «„) 5„ 

where a^> 0.4 and Pg/^o is the initial elastic slope. 
For the purposes of record analysis we selected values of X between 

0.1 and 0.5 and plotted the corresponding values of W^/A^ against X. 

'This relation was developed by integration of a suitable function representing the stress 
intensity factors as a function of a for three-point bend specimens (span/width = 4) de
veloped by Srawley (unpublished) and fitting the known asymptotic end points for a = 0 
and a = 1 as given by Tada [*]. The relation is a truncation of a more complex expression 
[75] which covers the range 0 < a < 1 and should not be used for a < 0.35. 
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FIG. 6—Schematic of X-Y test record showing quantities involved in record analysis 
based on linear elastic fracture mechanics considerations. 

W/A was then determined by extrapolation to A" = 0. Examples of these 
plots are shown in Fig. 7 for 4340 steel specimens heat treated to several 
different toughness levels. The relation between WJA^ is not linear; how
ever, for practical purposes, the extrapolated values appear to be well 
established. This method is rather tedious and was applied only to the 
X-Y records obtained for the various tempered conditions of 4340 steel. 
As will bê  shown later, it does not appear to provide better correlation 
between W/A and fracture toughness than the method based on record 
cutoff at 0.1/»„„,. 

Triangle Method 

This method involves the integration of a triangular area constructed 
so as to approximate the area obtained when the record is cut off at 0.1 
P,aax- This empirical procedure is illustrated in Fig. 8 for an Jf-y test rec
ord. The best straight Une OA is drawn through the initial linear portion 
of the record, and a second straight line is drawn through the points 0.9 
and 0.5 P âx on the decending load portion of the record. The value of 
W is then taken simply as the area of the triangle OABO. Records con
taining large bursts of crack extension were handled as described in the 
previous section. 

Comparison of "W/A from Instron and X-Y Records 

The ratio of W/A determined from the Instron test records to W/A 
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FIG. 7—Determination of W/A for several tempered conditions of 4340 steel by extra
polation of a selected function of a/W to a value representing complete fracture of the speci
men. 

DCFLELCr/ON 

FIG. 8—Schematic of X-Y test record showing the procedure for analysis by the triangle 
method. 

determined from X- Y test records is shown in Fig. 9 as a function of the 
crack size factor for 18Ni maraging steel and 4340 steel. The ratios in 
Fig. 9a were determined by graphical integration using a 0.j_ P̂ ax cutoff. 
The data scatter about a horizontal line representing a W/A ratio of 
about 1.03. Thejnaximum scatter about this line is less than 10 percent. 
In contrast the W/A ratios obtained using the triangle method (Fig. 9b) 
trend upward as the crack size factor decreases. This effect is associated 
with the extraneous deflections incorporated into the area of the triangle 
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FIG. 9—Ratio of W/A values obtained from the Instron test record to those obtained 
from the X-Y test record as a function of crack size factor for 18Ni maraging steel and 
4340 steel using two methods of record analysis: (a) 0.1 percent P„„^ cutoff method and 
(b) triangle method. 

constructed on the Instron record. These deflections will increase with 
decreasing crack size factor. We conclude from the results presented in 
Fig. 9 that correlation between W/A and fracture toughness obtained 
using the triangle method would likely be different depending on the 
method of sensing and recording deflections. 

Results 

The results have been assembled in Figs. 10 to 16 which show log-log 
plots of WE/Air^^ versus the crack size factor K^^/u^^ for the various 
alloys investigated. In these representations the W/A values were derived 
from the A'-y records, although, as was discussed in the previous section, 
essentially the same results would be obtained from the Instron records 
using the 0.1 P^^ cutoff method. Each figure shows a correlation coef
ficient R and a "calibration line" determined by linear regression analysis. 
The caUbration line provides a relation between W/A and the crack size 
factor which could be useful in predicting K^^ from precracked Charpy 
test results. In addition, the 95 percent confidence bands for these lines 
are shown where we judged there was sufficient information to make such 
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FIG. 10—Relation between results obtained from slow bend precracked Charpy tests and 
the plane-strain crack size factor for 4340 steel using three different methods of analyzing 
the Charpy load-deflection records. 
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the plane-strain crack size factor for several aluminum alloys using the triangle method of 
analysis and showing the linear regression line, correlation coefficient R, and the 95 percent 
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FIG. 16—Relation between results obtained from slow bend precracked Charpy tests and 
the plane-strain crack size factor for a beta titanium alloy using the triangle method of 
analysis and showing the linear regression line, correlation coefficient R, and the 95 percent 
confidence bands for the line. 

an analysis meaningful. A discussion of the significance of the statistical 
analysis is presented later, and details of the statistical treatment are given 
in Appendix I. 

Comparison of Record Analysis Methods 

The 4340 steel data (Fig. 10) and the combined data for the several 
aluminum alloys (Fig. 11) were selected for the purpose of comparing the 
record analysis methods. Both sets of data cover a wide range of tough
ness levels and represent a variety of record types between the extremes 
previously illustrated in Fig. 3. The records for 4340 steel were analyzed 
by all three methods, but the method based on linear elastic fracture me
chanics (LEFM) was not used for the aluminum alloys. 

As might be expected, the best fit straight lines in Figs. 10 and 11 are 
somewhat different depending on the analysis method. However, the cor
relation coefficients in all cases are high and for 4340 steel very close to 
unity. The data scatter appears to be essentially unaffected by the analysis 
method and is very low for the 4340 steel. On the basis of these observa
tions, we chose the triangle method of record analysis for examination 
of correlations between precracked Charpy results and plane-strain frac
ture toughness data. 
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Relations Between W/A and Crack Size Factor 

Plots of WE/A(Ty,^ versus crack size factor K^^/a^^ are shown in Figs. 
12 to 16 for A'-y record analysis by the triangle method. As seen from 
inspection of these figures, the data for all the alloys are fit well by a 
straight line on log-log j:oordinates; and, in general, there is a strong cor
relation between the W/A values and the crack size factor. However, 
the scatter varies considerably among the various alloy data sets. Re
markably low scatter is exhibited by 4340 steel, while the data for both 
the 18Ni 250 grade maraging steel and the several aluminum alloys ex
hibit considerable scatter about the regression line. Information for the 
7X75 aluminum alloys and for the titanium alloy is insufficient to permit 
characterization of the scatter in comparison with the other materials. 

In practice, linea£ regression analysis might be used to establish calibra
tion lines relating W/A to crack size factor for the purpose of estimating 
/Tic from precracked Charpy data. While the data of this investigation 
were not obtained specifically for that purpose, it is instructive to con
sider the regression lines in Figs. 12 to 14 as calibration relations for the 
two steels and the several aluminum alloys. If the crack size factor is esti
mated from the calibration lines, its true value will lie within the confi
dence bands 95 out of 100 times. For the 4340 steel, these bands are 
quite narrow and define limits on the crack size factor of about ± 12 per
cent of the value determined by the calibration line. For both 18Ni 
maraging steel and the aluminum alloys, the confidence bands are rela
tively broad. For example, for the aluminum alloys they define limits 
on the crack size factor of about ± 35 percent of the value determined 
from the calibration line. 

Recommendations and Precautions 

Based on the results of this investigation it is possible to make some 
recommendations concerning the elements of a standard test method for 
the precracked Charpy slow bend test. What follows describes these 
recommendations as well as certain precautions that should be observed 
in conducting the test and in interpreting the correlations between pre
cracked Charpy data and the results of plane-strain fracture toughness 
tests. 

Specimen Design and Test Procedure 

A subthickness Charpy specimen was used in our investigation, and 
this size would be convenient where the amount of test material is limited. 
However, we would recommend that a test method specify a range of 
specimen sizes including the standard Charpy thickness. We would also 
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suggest that the a/W value be increased from 0.37 to 0.50 to be consistent 
with the ASTM Method E 399-74 specimen geometry. A straight across a 
45 deg V-notch with a 0.003-in.-max root radius appears to be a satis
factory crack starter. Fatigue cracking times will be substantially shortened 
if reversed bending is used. We used an R ratio of minus one. Controls 
on the length of the fatigue crack and its straightness could follow the 
specifications of ASTM Method E 399-74. However, experience may 
show that these requirements can be relaxed for the precracked Charpy 
specimen. 

Specimens should be tested in a fixture which minimizes the effects of 
pin friction such as the free support roller arrangement described in 
ASTM Method E 399-74. A fixture of this design worked well in our pro
gram. The fixture and its support plate should be sufficiently rigid and 
well mated that deflections due to these members are negligible compared 
with those of the specimen. We recommend that specimen deflections 
be sensed using the specially designed deflectometer (see Fig. 2) and re
corded against the signal from a load cell using an X-Y recorder. This 
method of sensing and recording deflections has two important advan
tages: (1) for practical purposes the resulting W/A values will be inde
pendent of the compliance of the testing machine regardless of the 
method of record analysis employed and (2) a standard deflection sensing 
device, the ASTM Method E 399-74 cUp gage, is used. Load and displace
ment measurement accuracy of ± 1 percent of the largest values measured 
should be sufficient. The necessary precision of displacement readout 
can be obtained with a magnification factor of about 330. 

We recognize that the extraneous deflections associated with sensing 
the Instron tensile machine head motion did not appear to be a problem 
when the Instron test records were analyzed by truncation at 0.1 /•„,„. 
However, we suggest that further experience be accumulated with a variety 
of tensile machines before head motion is accepted generally as an alterna
tive to direct sensing of the specimen deflection. 

Record Analysis 

The results of this investigation indicate that analyses of_A'-y records 
using the triangle method yields correlations between WE/Aa^^ and 
Kx^/<Ty^ that are not significantly different from those obtained using the 
more elaborate methods which depend on integration of the test record. 
Therefore, we would recommend that the triangle method be incorporated 
in any interlaboratory study that would precede the final formulation of 
a standard method of test for the precracked Charpy specimen. However, 
the triangle method of record analysis should not be used in cases where 
the record contains significant amounts of extraneous deflections arising 
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from the compliance of the tensile machine. We would suggest that the 
record be tested for extraneous deflections by calculation of the modulus 
from its initial linear portion in a test where linearity is well established. 
This calculation is outlined in Appendix II. If the calculated modulus 
differs from the average of the accepted values for the tension and com
pression moduli by more than 10 percent, the test setup should be ex
amined for the sources of error. If the calculated value is too low, extran
eous displacements are present. 

If the elastic energy released to the specimen is in excess of that neces
sary to cause complete fracture, the test record will not exhibit a crack 
reinitiation point. Under these circumstances a W/A value cannot be 
determined by the record analyses procedures we used which depend on 
the existence of crack arrest. We did not encounter this behavior even for 
the most brittle metal conditions investigated. If it does occur, a A",, value 
can be calculated directly using the expression given in section 9.1.3 of 
ASTM Method E 399-74 and taking PQ = P„,,. It should be noted that 
the resulting AT,, if converted to W/A (K^E = S = ^/A) will not fall 
on the correlation line established by tests on tougher specimens which 
do exhibit crack arrest. 

Comments on Relation Between W/A and Crack Size Factor 

The practical value of a calibration relation between slow bend pre-
cracked Charpy data and the results from plane-strain fracture toughness 
tests will depend strongly on its intended use. Confidence bands such as 
those shown in Figs. 12 to 14 can serve as a basis for judgment in this 
respect. The width of these bands will depend in part on the number of 
data points and the range of toughness levels covered by the data. While 
the information we have permits some pertinent observations, it should 
be emphasized that calibration relations should be developed for specific 
applications. 

In the case of 4340 steel. Fig. 12, the confidence bands are quite narrow, 
and the calibration relation represented by the regression line should be 
useful for many purposes. On the other hand, the confidence bands for 
the maraging steel. Fig. 13, and the aluminum alloys. Fig. 14, are rela
tively broad, and, for these materials, the Charpy data in some cases do 
not correlate with the crack size factor. For example, this situation is 
noted for the two lowest toughness conditions of the aluminum alloys. 
This reversal may be associated with a difference in crack orientation be
tween specimens from the two plates of 7075-T6 tested. In the case of the 
18Ni maraging steel, the three highest strength level conditions have dis
tinctly different crack size factors but essentially the same value of 
WE/A<ry^^. In this case the lack of correlation may be associated with 
the complex aging reaction which develops in the temperature range be-
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tween 850 and 1000°F. It should be noted that if the underaged condi
tions (700 to 800 °F) were considered separately, the scatter of these data 
about a linear regression line would be considerably less than observed 
in Fig. 13 for all the 18Ni steel data. 

On the basis of the information obtained in this investigation it is ap
parent that useful relations between precracked Charpy slow bend results 
and crack size factors can be obtained under some circumstances. How
ever, as yet, we do not know what controls these circumstances. We sus
pect the best correlations will be obtained from tests on a single alloy hav
ing relatively simple aging or tempering reactions and where a single 
crack orientation is involved. 

APPENDIX I 
Statistical Treatment of tlie Data 

When considering relations between precracked Charpy specimen data and in
formation derived from ASTM Method E 399-74 plane-strain fracture toughness 
tests, it is advantageous to treat the data by standard statistical procedjires. We 
used linear regression analysis to establish a "calibration line" relating WE/Aoy^ 
to Ki^/Oy^ and the 95 percent confidence bands for these lines. Correlation coeffi
cients were also determined. In the statistical treatment we made use of the pro
cedures outlined by Mandel [9] with certain modification necessary because of the 
nature of our test program. It is not possible to associate a given Charpy value 
directly with a specific K^^ result because fracture is a local process and the same 
local area cannot be sampled by two specimens. Therefore, the Â ic values for a 
given alloy condition were averaged and that condition was labeled with this 
average toughness. Each condition was characterized by at least three Ki^ tests. 
The result of any one of these did not differ from the average by more than ± 5 
percent. 

The statistical analysis requires the selection of̂ a fitting function. It seems rea
sonable to assume that as K^^ approaches zero W/A should also approach zero. 
The simplest function in terms of the crack size factor is 

WE I K^^\» 
= 7 >1 V 

Transforming to logarithmic form gives the following linear equation for the cali
bration line 

where 

y = 

y = a + 0X 

WE 
= log J A" = log - u = logY 
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and 

P = — a = 

u N 

where /3 and a are estimates of /3 and a for the calibration hne and where 

p = NP- S^S, 

and 

u = NU - S,2 

where N is the number of (X,y) pairs where each Charpy value for a given alloy 
condition is paired with the Ki^ value characterizing that condition and 

Sx = SA' Sy= ly 

U = XX^ W =Xy^ P = i:Xy 

The correlation coefficient R is given by 

S(X - ^X^- - y) 
R = 

[zix- xyj:(y -yyV'^ 

where 

A- = —^ J = _2_ 
N N 

The confidence limits for the calibration line are represented by the following 
hyperbola 

r 1 N(x - xyy^^ 
y - a - ^X = ±K\ 1 + — + — 

I N u ] 

where 

K = [t.^Vm^^^ 

where tc is the critical value of the student's / at 0.05 level of significance (95 per
cent level of confidence) and 

K(3) = j j ^ L[y-{a + ^X)V 
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APPENDIX II 
Determination of tlie Modulus from Load Deflection Records Obtained 
from Precracked Charpy Slow Bend Specimens 

The elastic modulus can be derived from the slope P/& of the load deflection 
record in the initial linear range (for example, the line OP„ in Fig. 6). In the 
absence of frictional effects of extraneous deflection, the modulus so derived 
should agree well with the accepted values of the average of the tension and com
pression moduli. 

The dimensionless displacement for the three-point loaded bend specimen is 
E&/F where F is the load per unit thickness, & the load point deflection, and E the 
elastic modulus. Then 

F^d(Eb/F) F^d(Eb/F) 
K^= E^ = ^ = ^ (1) 

2 da 2Wd{a/\V) 

where a is the crack length and W the specimen width. The expression for K may 
be obtained from ASTM Method E 399-74 as 

FS 
^ = - 7 7 , ^ (2) 

where S is the span and Y is the polynominal in section 9.1.3. This polynominal 
represents the analytical results of Gross and Srawley [72] within one percent for 
0.25 < a/W< 0.60. Combining Eq 1 with Eq 2 and rewriting as follows 

d{E&/F) = 2(S/WY Y^dia/W) (3) 

Integration of Eq 3 will give ES/Fasa function of a/lV. Thus 

Eh/F - (E5/F)„^o = 2{S/Wf I Y^d{a/W) 
Jo 

The value of Ei/F at a/JV = 0 is obtained from the beam equation with a shear 
correction added to give 

Taking F = P/B where P is the load on the specimen and B the specimen thickness, 
the following expression for the dimensionless displacement is obtained 

2 .a/W 

ms/p = I (sm^ + 1 ( 1 ) ^ ' ( I ) I '^'^"''^ ^^^ 
Taking the right side of Eq 4 = jR and S/W = 3.8 we have 

E = {P/dB)P 
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The following table is obtained by evaluation of the integral in R: 

a/W R 

0.25 21.87 
0.30 24.83 
0.35 28.66 
0.40 33.64 
0.45 40.20 
0.50 49.02 
0.55 61.21 
0.60 78.51 
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ABSTRACT: The Committee on Rapid Inexpensive Tests for Determining Fracture 
Toughness of the National Materials Advisory Board recently recommended that 
action be taken by the American Society for Testing and Materials to standardize 
the slow bend precracked Charpy test for the purpose of providing an index of plane-
strain fracture toughness based on the nominal strength of the Charpy specimen. 
This paper reports results of an investigation to explore the possibility of using 
nominal strength values for this purpose. Precracked Charpy specimens were cut 
from plate stock having well established Ki^. values. The alloys investigated were 
4340 steel, 18Ni maraging steel, several high-strength aluminums, and a titanium 
alloy. For each alloy a range of toughness levels were tested. Nominal strength values 
from the Charpy specimens were calculated from their maximum loads, and the ratio 
between these strength values and the tensile ultimate strength <r„, was correlated with 

The results show that the range of plane-strain toughness over which a useful rela
tion between Charpy strength ratios and Â ĵ  can be established is limited by excessive 
plasticity in the Charpy specimens at high-toughness levels. The effect of this plasticity 
is to cause a gradual loss of sensitivity of the Charpy strength to changes in K^^. The 
Green and Hundy limit developed for a nonstrain hardening rigid plastic material 
is useful in estimating the sensitivity limits. If the toughness range is suitably restric
ted to avoid this loss of sensitivity, it appears that the Charpy strength ratio is a 
useful index of /ir[j_and can be used to estimate A"];, with confidence equal to that as 
obtained by using W/A values derived from the same specimens. 

KEY WORDS: fracture properties, fracture strength, toughness, mechanical proper
ties, cracks, plastic properties 

The need for rapid and inexpensive fracture tests to estimate plane-
strain fracture toughness levels is discussed in a recent National Materials 

'Research engineer and chief. Fracture Branch, respectively, NASA-Lewis Research Cen
ter, Cleveland, Ohio 44135. 
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Advisory Board (NMAB) report [1].^ Such "screening tests" would be 
especially useful in alloy development and quality control where large 
numbers of tests must be made and where the amount of test material 
may be limited. Of the various screening tests that have been proposed 
the simplest are those requiring only a measurement of maximum load 
and the initial dimensions of the specimen. Three such tests have been in 
use for several years, namely, the double sharp edge notch and center 
cracked sheet specimens described in ASTM Sharp-Notch Tension Testing 
of High-Strength Sheet Materials (E 338-68) and the sharply notched 
cylindrical specimen described in ASTM Sharp-Notch Tension Testing 
with Cylindrical Specimens (E 602-76T). The fracture toughness index 
derived from these tests is the ratio of their notch strength to the smooth 
specimen tensile yield strength, where the notch strength is based on the 
maximum load divided by the net area of the specimen. Results from 
tests on sharply notched or cracked sheet specimens were not intended to 
correlate with Kj^ but to serve as an index of mixed mode fracture tough
ness. The circumferentially notched cylindrical specimen provides high 
constraint to plastic flow, and, as might be expected, notch strength of 
these specimens does correlate with the plane-strain fracture toughness 
providing the cylindrical specimen size is sufficient. 

An important disadvantage of the notched cylindrical tension specimen 
is the sensitivity of its notched strength to bending stresses which arise 
from eccentricity of loading. Unless precision machined fixtures are used 
the eccentricity will vary from test to test, and this variation can result in 
a substantial contribution to the data scatter [2]. Fatigue cracking of 
notched cylinders is seldom attempted because of the great difficulty in 
producing cracks which are concentric with the specimen axis. If the 
material is highly directional in its mechanical properties, circular fatigue 
cracks cannot be produced. In contrast, the notch bend specimen has 
none of these disadvantages and should be less expensive to machine. 

The ASTM Test for Plane-Strain Fracture Toughness of Metallic Mate
rials (E 399-74) K,^ requires that the specimen strength ratios be reported 
for tests on both bend and compact specimens. These are designated as 
Rst, for the bend specimen and R,^ for the compact specimen. These 
nominal strength ratios are analogous to the strength ratios for notched 
cylindrical tension specimen and may correlate with Ki^. However, we are 
not aware that such correlations have been attempted. 

In this paper we report strength ratios derived from slow bend tests on 
0.25-in.-thick precracked Charpy specimens of steels, aluminum alloys, 
and a titanium alloy for which valid AT,, values have been established. The 
strength ratios are used to develop calibration curves typical of those that 
could be useful in estimating Ki^ for the purposes of alloy development or 

^The italic numbers in brackets refer to the list of references appended to this paper. 
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quality control. It should be noted that W/A information for these same 
specimens is given in another paper [5]. 

Materials and Procedure 

The alloys investigated are listed in Table 1 which gives their A",̂  values 
determined at room temperature in accordance with ASTM Method E 
399-74 using bend specimens. These values represent the average of three 
determinations for each crack plane orientation indicated. Triplicate pre-
cracked Charpy specimens (Fig. 10 of Appendix I) were prepared for each 
edloy condition with their crack plane orientations corresponding to those 
of the Â ,(. specimens. In all but one case, the Charpy blanks were cut 
from the broken K^^ specimens. The one exception was 2124T851, and, 
in this case, the Charpy blanks were removed from a near surface slice 
of the 3-in. plate. Details of fatigue cracking and testing have been de
scribed previously [5]. 

The maximum load values were determined from the load indicator 
of the tensile machine. Load was converted to the nominal strength a^ 
by the following relation based on bending of an elastic beam 

OK, = 
" IB (W - ay 

where 

m̂ax = maximum load, 
S = span, 
B = thickness, 
W = specimen width, and 
a = crack length. 

Results and Discussion 

The following section describes relations observed between slow bend 
precracked Charpy strength ratios and a dimensionless plane-strain tough
ness parameter as compared with that expected on the basis of linear 
elastic behavior. Included is a limited amount of information on the thick
ness effect. In addition, a previously described [3] statistical analysis was 
used to illustrate how precracked Charpy strength ratios might be em
ployed to estimate plane-strain fracture toughness for the purpose of al
loy development or quality control. We wish to emphasize that this statisti
cal analysis is presented only as an example and to provide a relative mea
sure of the performance of the precracked Charpy strength ratio in esti
mating plane-strain toughness for the alloys investigated. Working rela-
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tionships between Charpy strength ratios and toughness should be estab-
Hshed for specific applications, and the statistical analysis should be ap
propriate to the application. 

Relations Between Strength Ratios and Toughness 

Specimen strength ratios can be based on either the ultimate tensile 
strength or the tensile yield strength. It has beem common practice to 
select the tensile yield strength because of its generally accepted signifi
cance in certain fracture mechanics calculations. However, for the present 
purposes we based the strength ratios on the ultimate tensile strength be
cause in this way the Green and Hundy limit [4] can be used for an upper 
bound on the data. We found that neither data correlations nor /if,, esti
mates were improved by using the tensile yield strength as a base. Plots 
of ô N̂ /'̂ ut̂  versus the average value of the dimensionless toughness param
eter i(r,//o-y(2 ]^ determined from triplicate A",, tests, are shown in Figs. 1 
through 5. Also shown in these figures is the theoretical relation between 
the Charpy strength ratio and the toughness parameter that would be 
expected for Unear elastic behavior (see Appendix I for derivation of this 
relation). This elastic line is terminated at the Green and Hundy limit 
which represents the maximum bending moment for a specimen of a non-
strain-hardening rigid plastic material containing a deep sharp notch (see 
Appendix II). 
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FIG. 1—Strength ratios from 0.25-m.-thick precracked Charpy slow bend specimens as 
a function of a dimensionless plane-strain fracture toughness parameter for 4340 steel. 
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(250 grade) steel. 
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FIG. 3—Strength ratios from 0.25-in.-thick precracked Charpy slow bend specimens as 
a function of a dimensionless plane-strain fracture toughness parameter for various aluminum 
alloys. 

The scatter of strength ratios among replicate tests of the precracked 
Charpy specimens is quite small and in most cases completely encompassed 
by the plotted points. Where the scatter exceeded the extent of the points 
the range is indicated by a vertical line. The strength ratios follow the 
trend of the elastic line at low and intermediate values of the toughness 
parameter, but at higher values of toughness the strength ratios should 
gradually lose sensitivity to changes in toughness. This complete range of 
behavior is seen only for the 18Ni maraging steel (see Fig. 2) but could 
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FIG. 5—Strength ratios from 0.25-in.-thick precracked Charpy slow bend specimens as 
a function of a dimensionless plane-strain fracture toughness parameter for a beta titanium 
alloy. 

be expected for the other alloys if sufficiently tough conditions had been 
tested. 

For the materials tested the theoretical elastic relation represented the 
data surprisingly well provided the strength ratios were sufficiently less 
than the Green and Hundy limit. This behavior might lead to the specula
tion that the elastic line would be useful as a means for estimating K,^ 
directly from the strength ratios. However attractive this idea may seem, 
we wish to emphasize that both the elastic Une and the Green and Hundy 
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limit represent idealized material behavior. For real materials the corre
spondence between their behavior and that established by linear elastic 
fracture mechanics will depend on the thickness of the Charpy specimen 
and the material crack growth resistance characteristics. Furthermore, the 
toughness level above which the strength ratios lose useful sensitivity to 
changes in toughness will not be usefully set by the Green and Hundy 
limit but must be determined by conducting a sufficient number of A",̂  
and precracked Charpy tests at very high toughness levels where unfor
tunately the size requirements are most severe. 

Thickness Effect 

The difference between the observed precracked Charpy strength ratios 
and those calculated assuming linear elastic behavior will depend on the 
combined effects of plastic zone development and cracking. Plastic zone 
development tends to raise the notch strength while cracking acts to re
duce it. If the bend specimens are sufficiently thin, plastic flow will 
dominate the deformation, and the strength ratios will lie above the 
elastic line at intermediate values of toughness. Increasing the thickness 
can result in a balance between the strengthening effect of plasticity and 
the weakening effect of cracking so that the strength ratios lie on the 
elastic hne even though the specimens may be subject to large-scale yield
ing. 

These behaviors are illustrated in Fig. 6̂  which combines the strength 
GREEN & HUNDY LIMIT FOR CHARPYS-
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FIG. 6—Strength ratios for several sizes of cracked slow bend specimens as a function 
of a dimensionless plane-strain fracture toughness parameter. 

'The a/IV values for the precracked Charpy specimens and the Â î  bend specimens are 
not the same. Therefore, the strength ratios plotted in Fig. 6 have been normalized with 
respect to the relative crack length of the ATĵ  specimens (a/W = 0.5). 
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ratio data for Charpy specimens of 18Ni maraging steel (see Fig. 2) with 
that obtained by Srawley [5] for the same thicknesses. Precracked Charpy 
data for 4340 steel (see Fig. 1) has been added to this figure. The strength 
ratios for the 0.25-in.-thick Charpy specimens lie above the elastic line 
at intermediate values of the dimensionless toughness parameter but fall 
well below this line as the Green and Hundy limit is approached. The data 
for the 1.8-in.-thick specimens fall on the elastic line as might be expected 
since the P^^JPQ ratio for these specimens was very close to unity at all 
the toughness levels investigated. However, it will be noted that the 
strength ratios for the 0.5-in.-thick specimens fall on the elastic line even 
though the specimens did not meet the validity requirements of ASTM 
Method E 399-74 and exhibited pronounced shear lip development. 

Estimation of K/^ from Strength Ratios 

Linear regression analysis was used to establish "calibration lines" re
lating <̂yv̂ /ffuî  to KicV<r̂ „2ff for 4340 steel, 18Ni maraging steel, and the 
various aluminum alloys. The 95 percent confidence bands were deter
mined for these lines. This information and the correlation coefficients 
are shown in Figs. 7 to 9. We judged there was insufficient data to per
mit a meaningful statistical treatment of the results for 7X75 aluminum 
and the titanium alloy. For the purpose of the regression analysis it was 
necessary to make a selection of a cutoff point in terms of the dimension-
less toughness parameter in order to confine the analysis to the range of 
toughness where the strength ratio data are strongly dependent on the 
changes in toughness. The cutoff was selected at the intersection of the 
Green and Hundy limit with the line representing linear elastic behavior 
(Ki^VaJ W = 1.2). This resulted in excluding data for the 700 and 725 °F 
aged conditions for the ISNi maraging steel but included all the data for 
the 4340 and the various aluminum alloys. 

The correlation coefficients are designated by the R values shown in 
Figs. 7 to 9. These are all quite high as might be expected from the over
all distribution of data about the calibration lines. However, it should 
be noted that for certain alloy conditions, namely, the highest strength 
levels in the ISNi maraging steel and the two toughest conditions of 7X75 
aluminum, substantial changes in the dimensionless toughness parameter 
were not accompanied by significant changes in the corresponding strength 
ratios. The lack of correlation in the case of the aluminum alloy may be 
associated with differences in the testing direction between the two tough
est conditions and in the case of the steel associated with a complex aging 
reaction that occurs in the 18Ni maraging steels. If the dimensionless 
toughness parameter is estimated from a single value of the precracked 
Charpy strength ratio, its true value will lie within the confidence bands 
95 out of 100 times. For 4340 steel these bands are quite narrow and de-
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FIG. 1—Correlation coefficient R, calibration line and 95 percent confidence bands for 
4340 steel. 
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FIG. 8—Correlation coefficient R, calibration line and 95 percent confidence bands for 
18Ni maraging (250 grade) steel. 

fine limits of about ± 10 percent of the value determined by the calibra
tion line. This would represent a ±5 percent change in K^^. For both the 
18Ni maraging steel and the various aluminum alloys, the confidence 
bands are relatively broad. For example, at their extremes they define 
limits on the toughness parameter of about 33 percent of the value de-
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FIG. 9—Correlation coefficient R, calibration line and 95 percent confidence bands for 
various aluminum alloys. 

termined from the calibration line. This would represent a ± 18 percent 
change in A',;.. It is interesting to note that the position of the confidence 
bands with respect to the calibration lines in Figs. 7 to 9 is essentially_the 
same as observed when the calibration lines were based on the W/A 
values rather than strength ratios [3]. 

General Comments 

When W/A values are to be derived from a precracked Charpy slow 
bend test, the amount of instrumentation and record analysis required is 
for practical purposes equal to that necessary for an_A.STM Method E 
399-74 Ky^ test. The use of strength ratios rather than W/A values greatly 
simplifies the procedure and reduces the cost. However, a price must be 
paid for these advantages. The range of toughness values over which a 
useful relation between Charpy strength ratio and Ki^ can be established 
is Umited by excessive plasticity in the bend specimen at high-toughness 
levels. The effect of this plasticity is to cause a gradual loss in sensitivity 
of the Charpy strength ratio to changes in Ki^. If the toughness range is 
suitably restricted to avoid this effect we found that the strength ratios 
c^uld be used to estimate Ky^ with the same confidence as obtained using 
W/A values derived from the same specimen. However, at the present 
time this restriction can only be established arbitrarily by inspection of 
the data over a wide range of toughness values. We did not find a similar 
limitation on the toughness level when investigating relations between 
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W/A values and plane-strain fracture toughness for the same materials 
as reported in this paper. On the otherhand, we did encounter metal 
conditions where neither the W/A values nor the strength ratios correla
ted with changes in K,^. 

The required confidence for estimation of Kf^ from Charpy slow bend 
tests will depend on the application, and it is not now possible for us to 
make judgements in this respect. However, we do believe that in some 
circumstances precracked Charpy slow bend strength ratios derived from 
test methods standardized as to specimen size and test procedure can serve 
as useful indexes of plane-strain fracture toughness. These circumstances 
should be better defined by further research. Based on the information 
available at this time, it appears that certain factors will tend to reduce 
the confidence with which A ,̂, can be estimated. These include situations 
where the calibration relations are based on a mixture of alloy types from 
the same alloy class, where variations in crack orientation with respect 
to the fiber are included in the sample and where complex metallurgical 
changes are influencing the variations in fracture toughness. 

APPENDIX I 

Linear Elastic Relation Between the Nominal Strength Ratio for a Cracked Bend 
Specimen and the Plane-Strain Fracture Toughness of That Specimen 

The relation between the nominal stress <T„ in a cracked three-point bend speci
men and the crack-tip stress intensity factor will depend on the width of the speci
men and the relative crack length. An appropriate expression for the stress in
tensity factor obtained from Srawley and Gross [7] is 

4KB{W - a)''' ^ (1) 
PS 

where K is the stress intensity factor and y is a function of a/W. The other terms 
are defined in Fig. 10. 

The net stress in the specimen is given by 

3 PS 
" 2B(W - af 

Solving Eq 2 for P and substituting in Eq 1 gives 

(2) 

^ = y (3) 
<r„(W - a) 1/2 
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W-0.394 

FIG. 10—Precracked Charpy specimen. 

Squaring and rearranging terms 

lO _ ^ „ \ \ - a/Wf-
36 

(4) 

Dividing Eq 4 by the ultimate tensile strength o-̂ , squared and substituting the 
nominal strength <T̂  based on maximum load for <T„ and Ki^ for K gives the de
sired relation. 

^ic' V ( l - a/mY' 

"JW 

For the precracked Charpy specimen we used (1 - a/W) 
3.69 giving 

(5) 

0.60 and F = 

(6) 

APPENDIX II 
Limiting Nominal Stress for Three-Point Loaded Notcli Bend Specimens 

Slip line field theory has been used by Green and Hundy [4\ to calculate yield 
point loads from the tensile yield strength for slow bend tests on standard V-notch 
Charpy specimens (ASTM E 23 Type A). The theory assumes a nonstrain harden
ing rigid plastic material, plane-strain deformation, and a notch sufficiently deep 
that the deformation cannot reach the opposite surface {a/W > 0.30). With the 
exception of the last condition these assumptions are not realized completely in 
tests on engineering materials using specimens of commonly encountered propor
tions. However, Green and Hundy obtained surprisingly good agreement between 
calculated and experimentally determined yield loads for slow bend tests on V-
notch Charpy specimens of a mild steel which has a definite yield point. Green 
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[8] found good agreement between the theoretical yield loads and those measured 
for V-notched annealed copper specimens with small width to thickness ratios 
(W/B = 0.078) subjected to pure bending (four-point loading). 

In a more recent paper McClintock [9] suggested that plastic instability (maxi
mum) loads for notched specimens might be approximated using slip Une field 
theory if the ultimate tensile strength ffm is used in the calculation rather than the 
tensile yield strength. 

We used the theoretical results of Green and Hundy for three-point bending of 
V-notch Charpy bars to determine an upper bound on the notch strength of our 
precracked Charpy specimens from the ultimate tensile strength, Green and Hundy 
[7] give the following expression for the load per unit net area of the Charpy bend 
specimen 

P/B{W - a) = 0.484 k (7) 

where k is the maximum shearing stress (see Fig. 10 for other symbols). 
Equation 7 may be rewritten in terms of the moment applied to our precracked 

Charpy specimen as follows 

AM/\.5B{W - a) = 0.484 k (8) 

The nominal stress in a notch bend specimen is 

<T„ = (,M/B(W - of (9) 

Combining Eq 8 with Eq 9 and substituting CT„,/2 for k gives the desired ex
pression for the notch strength 

•̂ n = -̂ max = 2 .31 <r„, (10) 

Equation 10 was used to establish an upper bound on the specimen strength 
ratios obtained from the precracked Charpy specimens. 

We realize that our specimen proportions and material characteristics do not 
conform at all well to the assumptions made in the slip line field analysis of the 
notched bend specimen. However, as can be seen from Fig. 2 the limit established 
by Eq 10 appears to be a reasonable upper bound on the data for the maraging 
steel. Whether or not it would serve as well for other materials cannot be deter
mined without additional tests. 
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ABSTRACT: This paper ia a report of ASTM Task Group 
E24.01.05 on Part-Through Crack Testing. It includes recom
mendations for the design, preparation, and static fracture testing 
of surface crack specimens based on the current state of the art. 
The recommendations are preceded by background information in
cluding discussions of stress intensity factors, crack opening dis
placements, and fracture toughness values associated with surface 
crack specimens. Cyclic-load and sustained-load tests are discussed 
briefly. Recommendations for further research are included. 

KEY WORDS: fracture tests, surface defects, cracks, fracture 
properties, fracture strength, toughness, mechanics 

Early in 1920, A. A. Griffith reported [1] that "In the course 
of an investigation of the effect of surface scratches on the 
mechanical strength of solids, some general conclusions were 
reached which appear to have a direct bearing on the problem 
of rupture. . . . " Although he was originally concerned with 
problems of surface defects, Griffith used the more tractable 
analytical model of a through-thickness crack to develop his 
theory. As amended by Irwin [2] and Orowan [S], this theory 
became the foundation of modern linear elastic fracture me
chanics. 

In 1959 an ASTM special committee was formed [4] to assist in 
solving fracture problems involving high strength solid rocket 
motor cases. Although these fractures were often traceable to 
small surface cracks, the committee, like Griffith nearly 40 

' Chairman of ASTM Task Group E24.01.05 on Part-Through Crack 
Testing and research engineer, NASA Lewis Research Center, 21000 
Brookpark Rd., MS 49-3, Cleveland, Ohio 44135. 
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years earlier, (urned to more tractable analytical models and 
test specimens. Since 1959 the ten-member special committee has 
become ASTM Committee E 24 on Fracture Testing of Metals 
and has developed several ASTM test methods and recommended 
practices. The committee has also formed Task Group 5 on 
Part-Through Crack Testing of Subcommittee 1 on Fracture 
Mechanics Test Methods to develop guidelines for the evaluation 
of fracture characteristics of materials through tension tests of 
specimens containing part-through cracks. This is a report of 
that task group. 

The primary purpose of this report is to propose uniform pro
cedures for the design and static testing of surface crack speci
mens based on the current state of the art. This report is also 
intended to note the areas where further systematic research is 
needed to more fully understand the problem and to develop 
more definitive test methods. A secondary purpose is to en
courage the taking of experimental measurements which are 
not directly useful now but which are expected to be so in the 
near future. 

The scope of this report will be limited to the residual strength 
test. The object of such a test is to determine the residual tensile 
strength of a homogeneous sheet or plate specimen containing a 
semielliptical surface crack of specific diniensions or, by means of 
a series of such tests, to determine residual strength as a function 
of crack size and shape. The specimen and instrumentation to 
be described will be usable (within certain limitations) for 
cyclic-load or sustained-load tests as well, but these will be 
discussed only briefly. 

Background 

Historical Milestones 

The history of the surface crack specimen includes a number of 
milestones in testing and analysis. These serve to identify 
significant steps toward the solution of the problem and to place 
them in historical perspective. 

The first surface crack specimen tests to be reported were run 
independently and concurrently at the Naval Research Labora
tory [6,6] and at the Douglas Aircraft Co. [7,8] around 1960. 
Randall [9] in 1966 studied the effect of crack size and shape on 
apparent plane strain fracture toughness (Ku) values. He also 
used crack opening displacement measurements as qualitative 
indicators of crack tip deformation phenomena. In 1968, Com 
[10] attempted to characterize the natural shape tendencies of 
surface cracks propagating under cyclic loading. Hall [11] in 
1970 compared apparent Ku values from surface crack speci
mens with those obtained from other specimen types. 

The analysis of surface crack data according to fracture 
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mechanics principles was made possible by Irwin [IZ] in 1962. 
From an earlier work by Green and Sneddon [13] he derived the 
stress intensity factor for an elliptical crack embedded in an 
infinite solid and estimated the maximum stress intensity factor 
for a semielliptical surface crack in a plate. Paris and Sih [14] in 
1964 attempted to improve the applicability of Irwin's estimate 
to plates of finite thickness by means of analogies to existing 
two-dimensional solutions. In 1966, F. W. Smith [16] solved the 
problem of a semicircular surface crack in a finite thickness plate 
by a numerical method. Ayres [16] applied a finite difference 
elastoplastic solution to one semielliptical surface crack geometry 
in 1968. In 1970, Miyamoto and Miyoshi [17] and Levy and 
Marcal [18] presented finite element analyses, again for specific 
geometries. Marrs and Smith [19] presented a method of deter
mining stress intensity factors in plastic models by three-
dimensional photoelasticity in 1971. In 1972, Cruse [20] ana
lyzed a semicircular surface crack using boundary integral 
equations. 

Stress Intensity Factors 

As yet there is no exact stress intensity solution for the general 
problem of a semielliptical surface crack in a plate of finite 
dimensions. Irwin [12] presented an exact solution for the ellipti
cal crack embedded in an infinite soUd under tension. He also 
gave an approximate expression for the maximum stress intensity 
factor for a semielliptical surface crack in a plate, which was 
based on an analogy to the problem of an edge crack in a half 
plane. He assumed that his approximation would provide a 
useful stress intensity estimate for a < c and a < t/2, where a 
is crack depth, c is half crack length, and t is thickness (see 
Fig. 1). Indeed, his estimate did provide fairly constant fracture 
toughness values from tests of small surface cracks in relatively 
brittle, high strength rocket motor case steels [6,S1]. 

A number of investigators [14,16,22-29] have attempted to 
extend the appUcability of Irwin's approximation to surface 
cracks deeper than half thickness. Each method involves some 
kind of analogy to an alternate crack configuration which has 
some physical similarity and for which a solution is available. 
These approximate methods differ one from another, and in 
some cases the calculated stress intensity factors differ con
siderably [29,30]. Several methods have been compared [27-29,31] 
on the basis of their ability to produce constant fracture tough
ness values from selected sets of experimental data, but no one 
approximation has yet been shown to be clearly superior. 

Attempts to develop three-dimensional solutions have pro
duced only limited results. Smith's numerical solutions for the 
semicircular [16] and circular segment [28] surface cracks are 
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MMTT 
Section A-A 

a = crack depth 
c = half crack length 

L = test section length 
t = thickness 

W = test section width 
FIG. 1—Typical surface crack specimen {grip details omitted). 

thought to be fairly accurate (except near the intersection of the 
crack and the cracked surface). Other numerical methods 
[16-18,£0] have treated only specific geometries, and their 
accuracies are restricted by computational limitations. 

Most of the solutions and approximations just discussed 
consider only the cracked plate under uniform tensile load. Only 
a few [16,84,86,89] have considered the case of linearly varying 
(bending) stress, and none have yet considered higher order 
variations. 

Crack Opening Displacement 

Experimenters have learned that valuable information can be 
obtained from crack opening displacement (COD) measure
ments on surface crack specimens. The term "COD" is used 
herein to denote the displacement of the crack faces on the 
cracked surface at the midpoint of the crack (see Fig. 2); the 
same term is sometimes used by others to denote displacement 
at the crack tip. Randall [9] was apparently the first to measure 
surface crack COD. His specimens were instrumented primarily 
to observe possible pop-in behavior, but from the load-COD 
records he was able to infer the presence of significant crack tip 
plastic flow. Tiffany et al [S8] used COD measurements as 
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qualitative indicators of subcritical crack growth. Collipriest 
[33,34] and Ehret [3S] have attempted to make quantitative use 
of COD measurements, and some recent COD data are included 
in Ref 36. 

Examples of COD trends for several possible fracture phe
nomena are shown in Fig. 2. Straight-line segments (OB, DC, GJ) 
indicate elastic deflections, and their slopes are functions of 
crack size and shape. Nonlinearities (AC, AF, JL) may be due to 
crack growth, crack tip plastic flow, or a combination of both. 
The cause of the nonlinearity can sometimes be determined by 
unloading the specimen prior to fracture; a change in slope 
(unloading versus loading) is indicative of actual crack growth 
and zero offset is indicative of crack tip plastic flow. Path OBH in 
Fig. 2 represents the classic Griffith type of brittle fracture. 
With real materials, several other paths are possible. Crack tip 
plastic flow, subcritical crack growth, or a combination of both 
may result in the nonlinear path AC. If the crack is sufficiently 
deep and the material sufficiently tough so that the crack tip 
plastic zone penetrates the thickness prior to fracture, a path 
such as AF may result. Or, the crack may pop in (AD) to a new 
stable shape (DC). Once an instability point (C, B, or F) has 

COD 

FIG. 2—Surface crack opening displacement {COD) trends for several 
possible fradure phenomena. 
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been reached, the crack may then propagate catastrophically 
(CH, BH, or FH) or it may arrest (G) as a through-thickness 
crack; with further loading the specimen behaves (GJL) as a 
through-crack specimen. 

Figure 3 shows an actual load-COD record from Ref 34, and a 
photograph of the fracture face is inset. The first major load 
cycle exhibits Unear behavior on loading, nonlinearity due to 
crack growth and plasticity, change in slope on unloading, and 
zero offset. The specimen was then load cycled at a low stress to 
produce a visible marking band on the fracture surface. The 
process was then repeated three more times before the specimen 
failed. The marking bands are clearly visible on the fracture 
surface (inset) and delineate the four regions of stable sub-
critical growth. 

Quantitative analysis of COD measurements from surface 
crack specimens is hampered by several factors. One is the lack of 
an elastic solution for COD as a function of crack size and shape. 
Green and Sneddon [13] give the complete displacement solution 
for the elliptical crack in an infinite body, and Smith [15] gives 
an approximate COD value for the semicircular surface crack 
in a half space. There are no other analytical expressions avail
able, but one empirical expression [34,55] has been developed. 
Another problem is that the effect of measurement-point gage 
length has not been identified. Analyses have shown that COD 
for the center crack [37] and the three-point bend [38] specimens 
are functions of gage length, but there is no corresponding analy
sis for the surface crack. This problem can be minimized by 
making the gage length as near zero as possible. 

It is hoped that this report will point out the need for more 
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FIG. 3—Load-COD record and fracture face {Ti-6Al-4V»olution treated 
attd aged, }i in. or 6.38 mm thick, [341). 
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analytical and experimental work in this area. In the meantime, 
experimenters should not be discouraged by the lack of analytical 
tools. COD measurements can provide valuable quaUtative 
insight into fracture phenomena. If test records are preserved 
and adequately documented, they may be analyzable in the near 
future. 

Fracture Toughness 

The basic concept of fracture toughness has undergone con
siderable evolution. Originally it was hoped that the critical 
strain energy release rate (gc) would be a unique material 
property that would characterize all sharp-crack fractures. It 
soon became apparent [£1] that fracture toughness (based on 
maximum load) decreases with increasing specimen thickness, 
reaching a nearly constant minimum value as conditions of plane 
strain are approached. The designation Ku was given to this 
lower limit. Brown and Srawley [39] pointed out that crack tip 
plasticity must be highly constrained in order to properly 
simulate a state of plane strain. In order to provide such con
straint they suggested certain empirically developed size require
ments for bend and compact specimens. These size require
ments became the foundation of the ASTM Test for 
Plane-Strain Fracture Toughness of Metallic Materials (E 
399-74), which now provides an operational definition of Ku. 

The application of fracture toughness concepts to surface 
crack specimen testing has also been evolving. The second report 
of the ASTM special committee [SI] suggested that Kic could be 
determined from surface crack specimen tests, and the fifth 
report [40] suggested that Ku values could be used to predict 
failure loads for surface-cracked structural components. These 
suggestions were based on the very limited data available and 
on the concept of Ku as a vaguely defined lower limit. Subse
quent studies have indicated that they represent idealizations 
of what can be a very complex fracture process. 

Randall [9] studies the effect of crack size and shape on 
apparent fracture toughness values from surface crack specimens 
of D6AC steel and of Ti-6A1-4V. He concluded that apparent 
fracture toughness was nearly independent of crack size and 
shape for these two materials in their high strength conditions, 
but not for the same materials in much tougher heat treatment 
conditions. Shortly thereafter the concept of a plane strain size 
requirement was advanced [39], which at least partly explains 
some of Randall's results. Tougher materials require larger 
specimens to provide the same degree of plane strain simulation, 
but Randall's specimens were all the same size. It appears that 
his specimens were not large enough to simulate plane strain 
conditions for the tougher materials. 

The size requirements of ASTM E 399-74 were developed 
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specifically for the bend and compact specimens. Hall [11] 
attempted to determine empirically size requirements for 
surface crack specimens. In his tests, calculated fracture tough
ness was reasonably constant as long as the crack depth a and 
the uncracked ligament depth {t — a, Fig. 1) were both greater 
than about 0.5 {KiE/<ry,y, where o-ys is the material yield strength. 
The designation KIE is customarily given to apparent toughness 
values obtained from surface crack specimens, as distinguished 
from Ku values determined according to ASTM E 399-74. The 
tests reported in Ref 41 support at least part of Hall's findings. 

It is not a simple, straightforward matter to obtain a constant 
fracture toughness value (or to correlate fracture stress with 
crack dimensions, which is equivalent) over a wide range of 
crack size and shape. One impediment to analysis is the inter
action between the stress intensity analysis and the failure 
criterion, both of which have particular uncertainties when 
appUed to real materials. It is often difficult to determine 
whether fracture data trends are due to inexactness of the stress 
intensity calculation or to deficiencies in the failure criteriofa. 
In addition to the basic Irwin criterion, several semiempirical 
failure criteria [4^-4S] have been advanced. These methods show 
varying degrees of ability to produce constant toughness values 
from selected sets of data, but none has vet proven to be uni
versally applicable. Another complicating factor is stable sub-
critical crack growth. When stable crack growth occurs, the 
stress intensity factor associated with instability (fracture 
toughness) will vary with absolute crack size and also with 
crack size relative to specimen dimensions [46]. Also, if the crack 
grows a significant amount it may no longer be semielliptical, 
which further confounds analysis. 

Hall [11] also compared KIE values from surface crack speci
mens with Ku values determined from bend and compact speci
mens according to ASTM E 399-70T. The specimens were 
machined from thick plate so that all cracks propagated in the 
thickness direction. Although encouraging, Hall's results were 
not conclusive nor entirely consistent. Actually, one should not 
expect KiE and Ku values to be identical, since they are dif
ferently defined. KIE values are based on maximum load, while 
Ku values are based on the load corresponding to 2% crack 
extension. This consideration was pointed out earlier by Colli-
priest [33]. 

In summary, the concept of fracture toughness associated with 
surface crack specimens is still evolving. It appears that, if 
uncertainties associated with the stress intensity analysis can be 
minimized, apparent fracture toughness KJE will be fairly 
constant, provided that the crack depth and the ligament depth 
are both greater than 0.5 (KiE/ffy») .̂ At present, KIE is vaguely 
defined as the limiting value of toughness that is reached as 
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specimens are made larger and larger. It also appears that, 
under directly comparable test conditions, KIE and Ku va;lues 
may be numerically similar, even though they are not (and 
should not be expectfed to be) identical. It should be noted that 
these summary statements are based on limited data and should 
be considered as tentative. 

Recommendations 

Rationale and Test Planning 

Surface crack specimens were originally chosen because they 
were very good models of the types of flaws found in service. But 
because the surface crack sf)ecimen is such a realistic model, it is 
subject to the same complicated phenomena that often occur 
with natural cracks in real structures. In spite of these obstacles 
the original rationale is still valid, even if (or especially when) 
linear elastic fracture mechanics considerations are not appli
cable. That is, surface crack specimens can be used in a simple 
modeling test even if fracture stresses are above yield or if the 
specimen thickness is not large enough to simulate plane strain. 
However, one should not attempt to generalize such test data, 
for example, for crack sizes or shapes or material thicknesses 
outside the test range. 

It is reasonable to choose the surface crack configuration most 
closely resembling the type of flaw likely to occur in service. 
For example, lack of penetration in a one-pass weldment might 
best be modeled by a long shallow surface crack, or a small 
fatigue crack grown from an etch pit by a nearly semicircular 
surface crack. The range of crack size and shape that must be 
covered will depend on the ultimate purpose of the test. A crack 
size range which results in a fracture stress range from near 
ultimate tensile strength to about 80% of hardware operating 
stress will generally be adequate for design purposes. 

Specimen Design 

A typical surface crack fracture specimen and the notation and 
conventions used herein are shown in Fig. 1. Grip details have 
been omitted, since grip design may depend on specimen size and 
the available test fixtures. Small specimens (width W < i in. 
or 10 cm, approximately) are usually loaded through a single 
pin and clevis on each end. Larger specimens are usually bolted 
(using a multiple-hole pattern) to adapter plates, which in turn 
are loaded through large single pins. In general, the only re
quirements are that the gripping arrangements be strong 
enough to carry the maximum expected load and that they allow 
uniform distribution of load over the specimen cross section. 
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Since surface crack specimens are usually tested to model a 
flaw in an actual or intended structure, the specimen thickness 
should be the same as in the intended application. The specimen 
test section should be long enough and wide enough to simulate 
an infinite plate, since corrections for finite length and width are 
not available. If the specimen is too narrow, the stress distribu
tion around the crack will be altered and the fracture stress will 
usually be lowered. However, being overly conservative may 
drastically increase testing machine load requirements. Un
fortunately, only a few systematic tests have been reported 
[35,36,47]- These tests suggest that a specimen width five times 
the crack length will be adequate for practically all surface 
crack tests. Earlier recommendations [39,40], based on analogy to 
through crack specimens, are probably inadequate. Test section 
length is seldom a practical problem, and no systematic mini
mum length tests with surface crack specimens can be found in 
the literature. However, a test section length twice the section 
width is generally considered sufficient. 

In summary, the following criteria should ensure a valid 
simulation of an infinite plate with a surface crack: t = service 
thickness, W > 5 X 2c, and L >2 X W. Specimens somewhat 
shorter or narrower may provide equally valid simulations. 
However, there are not enough systematic test data to provide 
accurate guidelines, and the burden of proof must necessarily 
rest on the experimenter. Should these width and length criteria 
exceed the actual service dimensions, then of course the service 
dimensions should be used, but one should not then attempt to 
generalize data from such tests. 

Specimen Preparation 

Here the object is to produce a fatigue crack whose con
figuration is regular (that is, a half ellipse or a segment of a circle), 
whose depth and length are fairly close to predetermined target 
values, and whose subsequent fracture behavior will not be 
influenced by any detail of the preparation process. Regularity 
of crack configuration is primarily a function of material homo
geneity and fatigue load uniformity. The former is usually 
beyond control but the latter is straightforward. 

Although crack starters can be produced in some materials by 
arc bums [9], or by locaUzed hydrogen embrittlement [5], 
machining methods are preferred today because they ofTer 
better dimensional control and can be used on almost all ma
terials. Slitting with thin jewelers' saws of various diameters and 
electrical discharge machining (EDM) with shaped electrodes 
are the most popular methods. 

Fatigue crack size and shape control is more of an art than a 
science at present. While the crack length can be monitored 
visually, the crack depth cannot. Different experimenters have 
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each developed their own techniques, generally based on a con
siderable history of trial and error. However, there appear to be 
basically two techniques. 

One approach is to vary the starter size and shape or the stress 
field or both to achieve the desired final configuration. For 
example. Corn [10] determined "preferred propagation paths" 
(plots of crack depth against crack length) for cracks grown in 
axial tension or in bending fatigue from small starters. Cracks 
(or starters) not on these paths should tend to approach them 
with further cycling. In axial tension, cracks grown from simu
lated point defects tend to remain nearly semicircular as they 
grow; in bending, the ratio o/2c tends to decrease with increasing 
cyclic propagation. The propagation path for a given starter 
configuration can be determined experimentally by alternately 
fatigue cycling and marking (low stress cycling). Then the 
specimen is broken and points on the propagation path are 
obtained by measuring the marking bands on the fracture face. 
When propagation paths have been determined for several 
starter configurations, the starter size which should give the 
desired final size and shape can be selected and the crack depth 
inferred fairly closely from measurements of the crack 
length. 

The other approach to crack size and shape control is to use a 
very sharp starter of very nearly the desired final dimensions. 
If the fatigue crack is then grown only a short distance, the 
crack shape will not change very much. Although this approach 
would seem to be simpler, its proper use required considerable 
experience. The fatigue crack is sometimes resistant to initiation 
around the entire periphery of the starter. If a circular segment 
starter is extended only a short distance, the fatigue crack will 
usually be a segment of a circle rather than a semiellipse, and 
this may introduce additional uncertainties into the data 
analysis. 

It should be noted that crack propagation paths may be-
material dependent even if the materials are isotropic, and will 
be width dependent if the specimen is not wide enough to simu
late an infinite plate. It should also be noted that compliance 
measurements [33-36] and ultrasonic measurements [48,49] may 
be used to give at least a quaUtative real-time indication of 
crack depth change. 

For most through-crack fracture specimens the procedures 
that must be followed to produce an effective sharp fatigue 
crack are well established. Analyses and experiments have 
defined the maximum permissible envelope within which the 
fatigue crack and its starter must lie. Experiments have estab
lished the maximum allowable stress intensity factor during 
fatigue cracking Ki as a fraction of the plane strain fracture 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



204 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

toughness Ku or as a function of the elastic modulus E, and 
also the amount of fatigue crack extension needed to eliminate-
the influence of the starter geometry. Stress intensity factor 
analyses {K calibrations) provide the basis by which these 
findings can be transferred from one specimen type to another. 
Unfortunately, there has been no comparable effort to determine 
proper crack preparation procedures for surface crack specimens. 
Thus, we must rely wherever possible on procedures developed 
for through crack specimens. Certain requirements from ASTM 
E 399-74 should, in principle, be applicable to surface crack 
specimens as well, and these (with the appropriate section 
number in parentheses) are paraphrased in the following. 

1. The fatigue crack and its starter must lie entirely within an 
imaginary 30-deg wedge whose apex is at the crack tip (7.2.2). 

2. The fatigue crack extension shall be not less than 5% of the 
final crack length and not less than 0.05 in. (1.3 mm) (7.2.3). 

3. Fatigue cracking shall be conducted with the specimen 
fully heat-treated to the condition in which it is to be tested (7.4). 

4. Fatigue cracking by cantilever bending is prohibited (7.4.1). 
5. The value of Kt shall be known with an error of not more 

than 5% (7.4.1). 
6. For at least the final 2.5% of the final crack length, the 

ratio K(/E shall not exceed 0.002 in."^ (0.00032 m^^). Further
more, Kt must not exceed 0.6 X Ku (7.4.2). 

7. The load ratio ft = K̂ minZ-̂ max should not exceed 0.1 (7.4.3). 
8. When fatigue cracking is conducted at a temperature Ti 

and testing at a different temperature T'2, then {Ks/ay,)^ must 
not exceed 0.6 X {Kic/(ryg)Ti (7.4.4). The requirement on 
Kt/E is presumably unchanged, probably since elastic moduli 
are seldom as sensitive to temperature as are yield strengths. 

Items 1 and 2 should probably be applied around the entire 
periphery of the surface crack. The first requirement of Item 2 
is feasible, but the second can be applied only when the crack 
depth is to be greater than about 0.06 in. (1.5 mm). Items 3 
and 7 can be applied directly to the surface crack specimen. 
Since cantilever bending does not present a crack planarity 
problem with surface cracks, Item 4 need not apply. Item 5 and 
the first requirement of Item 6 cannot be strictly applied at 
present for lack of a rigorous elastic stress intensity analysis, 
but an estimate of Kf can be made using the best approximate 
analysis currently available. Item 8 and the second requirement 
of Item 6 cannot be applied for lack of an unequivocal opera
tional definition of Ku (or KIE) for surface crack specimens. 

From the preceding discussion the following guidelines for 
fatigue cracking of surface crack specimens can be extracted. 

1. Fatigue crack with the specimen in the heat treatment 
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condition in which it is to be tested. Axial tension or cantilever 
bending are the most common modes of loading. 

2. Whenever it is physically possible, the crack should be 
extended at least 0.05 in. (1.3 mm); in any event the fatigue 
crack extension must not be less than 5% of the final crack 
length, and the crack and its starter must lie entirely within an 
imaginary 30-deg wedge whose apex is at the crack tip.- These 
two-dimensional descriptions shall apply around the entire 
crack front, that is, in all planes normal to tangents to all points 
on the crack periphery (see Fig. 4). 

3. The load ratio R shall not be greater than 0.1. 
4. For at least the final 2.5% of the total crack depth, the i 

ratio K,/E should not exceed 0.002 in."' (0.00032 m"'). Until 
more exact stress intensity solutions are available, use the best 
approximations currently available (such as Ref 28 for circular 
segment cracks or Ref 29 for semielUptical cracks) and document 
the fatigue cracking loads and crack dimensions. 

Instrumentation 

An instrumentation system for surface crack COD measure
ments should meet the following general requirements. System 
gain, resolution, and stability must be sufficient to provide an 
interpretable test record. If COD measurements during cyclic 
loading of the specimen are anticipated, the system gain should 
not change nor should the zero setting shift significantly for the 
duration of the test or between recalibrations. Gage length 
should be as small as possible. The method of attaching the gage 
(or clips) to the specimen must not alter either the material 
properties in the vicinity of the crack tip or the specimen 
compliance. 

The clip gagê  described in ASTM E 399-74 should be an 
adequate transducer. Modern d-c amplifiers can supply more 
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FIG. 4—Fatigue crack and atarier details. (.Note: Section A-A refers to 
the plane normal to any tangent to the crack periphery and containing the 
point of tangency.) 
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than enough gain, and stability should be adequate if the strain 
gage excitation level is properly chosen [50]. If this clip gage is to 
be used cyclically, some attention should be given to the fatigue 
life of the strain gages [51]. In order to make the gage length as 
small as possible, small brackets or clips (Fig. 5) with integral 
knife edges are often micro spot welded to the specimen as near 
as possible to the crack; the effective gage length is then the 
distance between the spot centers. If the crack is large enough, 
knife edges can sometimes be machined into the cracked face of 
the specimen itself [11]. The knife edge geometry specified in 
ASTM E 399-74 should be appropriate. While other transducers 
and attachment methods are possible, the clip gage and spot-
welded bracket are currently the most popular. 

An experimentally determined parameter which is considered 
useful in the analysis of nuclear reactor pressure vessels is the 
gross strain crack tolerance. Gross strain is defined as the strain 
at the crack location, normal to the crack plane, that would 
exist if the crack were not there. Methods of measurement and 
application are described in Refs 5S and S3. 

Propagation of a surface crack entirely through the specimen 
thickness (breakthrough) under either monotonic or cyclic load 
is often an event of interest. If the test is conducted in room air, 
visual observation under oblique lighting is sometimes sufficient. 
But for most environmental tests (that is, in cryogenic liquids or 
aggressive fluids), remote reading instrumentation is necessary. 
One approach is to bond a frangible wire to the back face of the 
specimen immediately behind the crack and connect it to a simple 
continuity circuit. Another method is to clamp a pressure or 
vacuum chamber to the back face; when breakthrough occurs, 
pressure or vacuum is lost, causing a sensitive pressure switch to 
be actuated. 

Cll)>gage 

Fig. 5—Typical experimental itt for COD meaturement. 
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Test Procedure 

Customary test procedure today is similar to good conven
tional tensile testing practice. Examples of such practice may be 
found in the ASTM Methods for Tension Testing'of Metallic 
Materials (E 8-69) and for Sharp-Notch Tension Testing of 
High-Strength Sheet Materials [E 338-68 (1973)]. There appar
ently has been no systematic study of the effects of load train 
misalignment on subsequent surface crack fracture behavior. 
Thus, it is important to align the specimen as carefully as 
possible. Universal joints or other self-aligning devices in the 
load train are desirable. When testing large specimens with 
multiple-bolt grips it is sometimes helpful to temporarily 
attach an extensometer to each edge of the specimen to verify 
uniformity of loading. 

There is no clear-cut preference for either load control or dis
placement control in testing, nor any indication to date of a 
significant difference in test results. However, it seems reasonable 
to use the type of control more closely resembling the antici
pated service conditions. Load or cross head rates are customarily 
chosen so that failure occurs within one to three minutes after 
the start of loading. 

In postfracture examinations, polarized lighting [64] often 
brings out subtle details of crack growth history on the fracture 
face. Optical micrometers (traveling microscopes) are often used 
to measure crack dimensions, or enlarged photomacrographs of 
the fracture face can be measured with a precision scale if the 
magnification is accurately known. If an irregular crack (that is, 
one having a shape other than a half ellipse or a segment of a 
circle) is not photographed, enough dimensional measurements 
should be taken so that the crack front contour can be recon
structed. 

Ancdysia and Reporting 

A specific method of data analysis cannot be recommended at 
present since, as discussed eariier, the analysis of surface crack 
fracture data is far from a closed issue. A plot of gross fracture 
stress against some measure of crack size is the simplest and 
most generally useful way to display data. In most cases the 
parameter o/*" (where * is a dimensionless function of crack 
ellipticity [12,13]) is as good a measure of crack size as any. For 
tests involving deep cracks in thin sections, it is sometimes useful 
to plot gross fracture stress against crack length [41]-

In reporting test results, analysis of the data is not nearly as 
important as the reporting of all pertinent information. At the 
present time, analysis of the data is essentially optional. As a 
minimum, the following should be reported: 
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(1) Material and heat treatment. If the toughness of the 
material is known to be sensitive to heat-treatment parameters 
such as quench rate (D6AC steel) or annealing history (titanium 
alloys),, these should be described in detail. 

(2) Crack and load orientation with respect to material grain 
direction. 

(3) Conventional tensile properties and elastic modulus using 
specimens from the same lot of material (if the material is 
uncommon, a full stress-strain curve is desirable). 

(4) Crack starter depth, length, shape, and method of 
production. 

(5) Type of loading for fatigue cracking, maximum load or 
stress, R ratio, and cyclic frequency. 

(6) Initial (starter plus fatigue) crack depth, length, and 
shape. 

(7) Width, length, and thickness of specimen test section. 
(8) Test temperature, environment, and method of control. 
(9) Maximum load or corresponding gross section stress. 
(10) Estimated precision and accuracy of the measurements 

above and of all major instrumentation. 

If the following information is available, it should also be 
reported: 

(11) Chemical analysis of material and source of analysis. 
(12) Number of fatigue-cracking cycles from first visible 

microcrack to finished size. 
(13) Elastic compliance (COD -;- load) for each test, COD 

gage length, and at least "typical" load-COD curves. If space or 
other considerations prohibit the presentation of all available 
load-COD curves, the curves should be preserved and thoroughly 
documented for future reference. 

(14) Loads or stresses corresponding to observed significant 
events such as pop-in and breakthrough. 

(15) Gross strain to fracture and measurement gage length. 
(16) Miscellaneous measurements such as hardness and 

Poisson's ratio. 

Other Tests Using Surface Crack Specimens 

As stated earlier, the specimen configuration, preparation, 
and instrumentation that have been described are usable for 
other than residual strength tests. However, certain constraints 
are peculiar to each test. 

Surface crack specimens have been used to determine crack 
propagation characteristics under sustained load in both benign 
and aggressive environments [32,55,56], The maximum cyclic 
load (or stress intensity) during fatigue cracking must be 
substantially less than that to be sustained during the test; 
otherwise, an erroneously high apparent threshold will be 
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indicated. Also, if the material exhibits any stable crack growth 
on rising load, the sustained test load should be applied with the 
specimen already in the test environment. If the specimen is 
loaded in air and then introduced to the environment, a higher 
threshold may be indicated. 

Surface crack specimens have also been used to determine 
crack propagation characteristics under cycUc load. A major 
problem in such testing is that the parameter of interest is the 
change in crack depth, which usually cannot be measured directly. 
Ultrasonic [48] and compliance derivative [34] methods have been 
used to infer the depth of a propagating crack in real time. Note 
that the specimen size requirements discussed earlier should be 
established based on the largest final surface crack size of interest. 

Recommended Further Research 

Further systematic studies to determine minimum test section 
width and length are desirable. Additional studies of surface 
crack shape change during fatigue cracking would greatly 
reduce the amount of trial and error needed by experimenters new 
to the field. Experimental determination of the maximum crack 
starter envelope and the minimum fatigue crack extension would 
also be valuable. The maximum fatiguB cracking load (or Kf/E) 
needs to be determined, and the effect of load train misalign
ment needs to be examined. 

An exact stress intensity and displacement solution for the 
semielliptical surface crack in a finite plate would be extremely 
beneficial. Until such is available, a series of fracture tests cover
ing a wide range of crack size and shape in a brittle metal might 
allow the endorsement of one of the available stress intensity 
approximations. Further analytical* and experimental com
pliance studies would be most valuable. The maximum allowable 
COD gage length must be determined, and alternate transducers 
and methods of attachment should be considered. 

Finally, the phenomenon of stable crack growth under rising 
load deserves concentrated study. It is possible that some of the 
B-curve concepts [57] developed for thin sheet testing can be 
applied to surface crack specimens. 
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APPENDIX I 

Designation: E 338 - 68 (Reapproved 1973) American National Standard Z260.1-1973 
Approved March 29, 1973 

By American National Standards Institute 

Standard Method of 

SHARP-NOTCH TENSION TESTING OF 
HIGH-STRENGTH SHEET MATERIALS' 

This Standard is issued under the fixed designation E 338; 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. 

1. Scope 

1.1 This method covers the determination 
of a comparative measure of the resistance of 
sheet materials to unstable fracture originat
ing from a very sharp stress-concentrator or 
crack. It relates specifically to fracture under 
continuously increasing load and excludes 
conditions of loading that produce creep or 
fatigue. The quantity determined is the sharp-
notch strength of a specimen of particular 
dimensions, and this value depends upon these 
dimensions as well as the characteristics of 
the material. The sharp-notch strength: yield 
strength ratio is also determined. 

1.2 This method is restricted to one speci
men width which is generally suitable for 
evaluation of high-strength materials (yield 
strength-to-density ratio above 700,000 
psi/lb • in."' or (18 kgf/mm^)/(g/cm')).The test 
will discriminate differences in resistance to 
unstable fracture when the sharp-notch 
strength is less than the tensile yield strength. 
The discrimination increases as the ratio of 
the notch strength to the yield strength de
creases. 

1.3 This method is restricted to sheet mate
rials not less than 0.025 in. (0.64 mm) and not 
exceeding 0.2S in. (6 mm) in thickness. Since 
the notch strength may depend on the sheet 
thickness, comparison of various material 
conditions must be based on tests of speci
mens having the same nominal thickness. 

1.4 The sharp-notch strength may depend 
strongly upon temperature within a certain 
range depending upon the characteristics of 
the material. The method is suitable for tests 
at any appropriate temperature. However, 

comparisons of various material conditions 
must be based on tests conducted at the same 
temperature. 

NOTE 1—Further information on background and 
need for this type of test is given in the first report 
by the ASTM Committee on Fracture Testing of 
High-Strength Sheet Materials." 

NOTE 2—The values stated in U.S. customary 
units are to be regarded as the standard. The metric 
equivalents of U.S. customary units may be approx
imate. 

2. Significance 
2.1 The method provides a comparative 

measure of the resistance of sheet materials to 
unstable fracture originating from the pres
ence of cracks or crack-like stress concentra
tors. It is not intended to provide an absolute 
measure of resistance to crack propagation 
which might be used in calculations of the 
strength of structures. However, it can serve 
the following purposes: 

2.1.1 In research and development of mate
rials, to study the effects of the variables of 
composition, processing, heat-treatment,.etc.; 

2.1.2 In service evaluation, to compare the 
relative crack-propagation resistance of a 
number of materials which are otherwise 
equally suitable for an application, or to elim
inate materials when an arbitrary minimum 
acceptable sharp-notch strength can be estab
lished on the basis of service performance cor-

' This method is under the jurisdiction of ASTM Com
mittee E-24 on Fracture Testing of Metals. 

Current edition effective Nov. 15, 1968. Originally is
sued 1967. Replaces E 338 - 67. 

' "Fracture Testing of High-Strength Sheet Materials," 
ASTM BuUelin, ASTBA, No. 243, 1960, pp. 29-40; ibid.. 
No. 244, I960, pp. 18-28. 
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relation, or some other adequate basis; 
2.1.3 For specifications of acceptance and 

manufacturing quality control when there is a 
sound basis for establishing a minimum ac
ceptable sharp-notch strength. Detailed dis
cussion of the basis for setting a minimum in 
a particular case is beyond the scope of this 
method. 

2.2 The sharp-notch strength may decrease 
rapidly through a narrow range of decreasing 
temperature. This temperature range and the 
rate of decrease depend on the material and 
its thickness. The temperature of the speci
men during each test shall therefore be con
trolled and recorded. Tests shall be conducted 
throughout the range of expected service tem
peratures to ascertain the relation between 
notch strength and temperature. Care shall be 
taken that the lowest and highest anticipated 
service temperature are included. 

2.3 Limited results suggest that the sharp-
notch strengths of stable high-strength steels 
are not appreciably sensitive to rate of loading 
within the range of loading rates normally 
used in conventional tension tests. Where very 
low or high rates of loading are expected in 
service, the effect of loading rate should be 
investigated using special procedures that are 
beyond the scope of this method. 

2.4 The precision of sharp-notch strength 
measurement should be equivalent to that of 
the ordinary tensile strength of a sheet specv-
men since both depend upon measurements of 
load and of dimensions of comparable magni
tude. However, the sharp-notch strength is 
more sensitive to local flaws than the tensile 
strength and normally shows more scatter. 
The influence of this scatter should be reduced 
by testing duplicate specimens and averaging 
the results. 

3. DcscriptHMi of Term 

3.1 Sharp-Nolch Strength of an appropri
ate specimen, as described below, is a value 
determined by dividing the maximum load 
sustained in a slow tension test by the initial 
area of supporting cross section in the plane of 
the notches or cracks. This calculation of 
notch strength takes no account of any crack 
extension which may occur during the test. 
The sharp-notch strength is thus analogous to 
the tensile strength of a standard tension test 

E338 

specimen which is based on the area of the 
specimen before testing. 

4. Apitaratus 

4.1 The test shall be conducted with a ten
sion testing machine that conforms to the re
quirements of ASTM Method E 4, for Verifi
cation of Testing Machines.^ 

4.2 The devices for transmitting load to the 
specimen shall be such that the major axis of 
the specimen coincides with the load axis. A 
satisfactory arrangement incorporates clevises 
carrying hardened pins which pass through 
holes in the ends of the specimen, the diame
ter of the pins being only slightly smaller than 
that of the holes. Spacing washers of the nec
essary thickness shall be used to center the 
specimen in the clevises. A typical arrange
ment is shown in Fig. 1. 

4.3 Temperature Control—VOT the tests at 
other than room temperature, any suitable 
means may be used to heat or cool the speci
men and to maintain a uniform temperature 
over the region that includes the notch or 
crack. The ability of the equipment to provide 
a region of uniform temperature shall be es
tablished by measurements of the temperature 
at positions on both faces of a specimen as 
shown in Fig. 2. The temperature surveys 
shall be conducted either at each temperature 
level at which tests are to be made, or at a 
series of temperature levels at intervals of SO 
F (30 C) over the range of test temperatures. 
The test temperature shall be held within 
±2'/2 F ( i l ' / j C) during the course of the 
test. At the test temperature the difference be
tween the indicated temperatures at any two 
of the four thermocouple positions shall not 
exceed 5 F (3 C). 

NOTE 3—A convenient means of heating or cool
ing flat specimens consists of a pair of flat copper or 
brass plates which contact the surfaces of the speci
men. The plates are fitted with heating or cooling 
devices designed to maintain uniformity of temper
ature of the contact surfaces. Thermocouples may 
be permanently incorporated with their junctions at 
the contact surfaces. Such devices have been found 
convenient and reliable for temperatures from that 
of liquid nitrogen to at least 600 F (330 C).' The use 
of liquid baths for heating specimens shall be 
avoided unless it can be established that the-liquid 

'Annual Book of ASTM Simdartts, Parts 10,14, 32, 33, 
and 41. 

•Srawley, J. E., and Beachem, C. D., NRL Rtpon 
5127. NRLRA, April 9, 1958. 
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has no effect on the sharp-notch strength of the 
material. 

4.4 Temperature Measurement—The tem
perature of the specimen during any test at 
other than room temperature shall be meas
ured at one, or preferably more than one, of 
the positions shown in Fig. 2. The junctions of 
the thermocouples shall be in good thermal 
contact with the specimen. The thermocouples 
and measuring instruments shall be calibrated 
and shall be accurate to within ±2'/2 F 
( i l ' / j C ) . 

5. Test Spcdmens 
5.1 Suggested designs for a standard 3-in. 

(7S-mm) wide machined sharp edge-notch test 
specimen, EN, and a fatigue center-crack 
specimen, CC, are shown in Figs. 3 and 4. 
The dimensions of the notched or cracked re
gions shall be as indicated and pin loading 
shall be used. It will be noted that the length 
of the standard specimen is specified as 12 in. 
(300 mm) with the provision that, where una
voidable due to material limitations, a sub
standard length (8 in., 200 mm) specimen may 
be used. However, for identical test conditions 
on the same material the 8-in. specimen will 
give a different strength value than the stand
ard specimen. For this reason comparisons of 
various material conditions must be based on 
tests conducted with the same length speci
men. Specimens with parallel sides are shown, 
and these will fracture in the notched section 
for the great majority of materials. However, 
for exceptionally tough conditions where the 
notch strength exceeds the yield strength, 
fracture may occur at the pin hole unless suit
able head reinforcing plates are provided. A 
suggested design for such plates is shown in 
Fig. 5. One plate is used on each side of the 
specimen heads, and loads are transmitted to 
the plates by three hardened '/»-in. (6-mm) 
diameter pins having a length that will permit 
them to enter the slot in the loading clevises 
(see Fig. 1). If the plates are Vs in. (3 mm) 
thick and made of a material having a 
200,000-psi (1380 MPa) minimum yield 
strength, they may be used in any test covered 
by this method. 

5.2 The sharpness of the machined notches 
is a critical feature of the sharp edge-notched 
specimen, EN, of Fig. 3 and special care is 

E338 

required to prepare them.'' Finish machining 
of the notch may be completed either before 
or after final heat treatment. For each speci
men the notch root radii and notch location 
with respect to the pin-hole centers shall be 
measured prior to testing, and specimens that 
do not meet the requirements of Fig. 3 shall 
be discarded or reworked. 

5.3 Center-cracked specimens having high 
notch acuity have been prepared by machin
ing with sharp tools and by electric discharge 
methods. However, fatigue cracking of a pre--
notched sample is preferred and shall be used 
in this method. The production of fatigue 
cracks requires the machining of a suitable 
crack starter (see Appendix Al). A preferred 
technique for generating the fatigue cracks is 
given in Appendix A2. Fatigue cracking may 
be done either before or after full heat treat
ment. Specimens that do not meet the re
quirements of Fig. 4 shall be discarded. 

6. Procedure 
6.1 Dimensions—Measure the thickness, h, 

to the nearest 0.0005 in. (0.013 mm) at not 
less than three positions between the ma
chined notches or between the crack tips and 
specimen edge, and record the average value. 
If the variation in thickness about the average 
is greater than ±2 percent record a survey of 
the thickness. Measure the distance between 
notch roots of specimen EN, the net section 
width, to the nearest 0.01 in. (0.25 mm) and 
the notch root radii to the nearest 0.00025 in. 
(0.006 mm), and record. In the case of speci
men CC, measure the width of the specimen 
before testing to the nearest 0.001 in. (0.025 
mm) and record, and measure the over-all 
crack length, from the most advanced point of 
one fatigue crack to the most advanced point 
of the other, after testing to the nearest 0.001 
in. (0.025 mm), and record. The width minus 
the over-all crack length is the net section 
width. 

6.2 Testing—Conduct the test in a similar 
manner to that of an ordinary tension speci
men except that no extensometer is required. 
It is recommended that a suitable lubricant. 

March, J. L., Ruprecht, W. J., and Reed, George, 
"Machining of Notched Tension Test Specimens," ASTM 
Bullelin, ASTBA, No. 244, I960, pp. 52-55. 
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such as MoSz, be used on the loading pins 
and on the spherical seat in the heads of the 
tension testing machine to assist in alignment. 
No staining fluids shall be introduced into the 
notches or cracks in order to define slow crack 
extension, unless it has been proven that the 
substance used will not influence the notch 
strength. The speed of testing shall be such 
that the rate of increase of nominal stress on 
the notched or cracked section shall not ex
ceed 100,000 psi (690 MPa)/min at any 
stage of the test. Record the maximum load, 
P, reached during the test, to the smallest 
change of load which can be estimated. 

6.3 Sharp-Notch 5/reng»A—Calculate the 
sharp-notch strength as /"/(A X net section 
width). 

6.4 Fracture Appearance—The appearance 
of the fracture is valuable subsidiary informa
tion and shall be briefly noted for each speci
men. One common type of fracture is shown 
in Fig. 6{a). This consists of a central flat 
band, transverse to the specimen axis, and 
bordered by relatively narrow oblique bands. 
If the oblique bands are fairly uniform, meas
ure the average width, b, of the transverse 
band and record the ratio (h — b)/h as the 
proportion of oblique fracture per unit thick
ness, or oblique fraction. In the case of test 
specimen EN, the measurement b shall be at 
a point within the middle third of the speci
men width. For specimen CO, make measure
ments on each side of the center slot at points 
not closer than one plate thickness to the edge 
nor farther than Vie in. (8 mm) form the edge. 
Average these measurements to obtain the 
oblique fraction. Generally, this fraction can
not be determined to better than the nearest 
0.05 for either specimen. If the oblique bor
ders are comparatively broad they will gener
ally be irregular, as in Fig. 6(b). The fracture 
appearance may then be recorded as "Pre
dominantly Oblique." If the flat transverse 
fracture is conflned to well-defined triangular 
regions at the notch roots, as in Fig. 6(c), the 
fracture appearance may be recorded as "Full 
Oblique." In some cases the fracture appear
ance does not correspond with these classifica-
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tions. For instance, fractures having a rough 
laminated appearance sometimes occur. In 
such cases a short descriptive notation such as 
"Laminated" may be recorded. Typically, the 
fracture appearance and the sharp-notch 
strength will undergo concomitant changes 
with variation in some parameter such as test 
temperature, thickness, or a heat-treatment 
variable. There is often a quite abrupt in
crease in sharp-notch strength as fracture 
appearance changes from predominantly 
transverse to full oblique over a restricted 
range of the parameter. 

6.5 Sharp-Notch Strength/Yield Strength 
Ratio—The ratio of sharp-notch strength to 
tensile yield strength is of significance. Pre
pare standard tension test specimens' of the 
same stock and process together with the 
sharp-notch specimens so that this ratio can 
be determined without ambiguity in relation 
to the processing of the material. 

7. Report 
7.1 At least two sharp edge-notched or fa

tigue center-cracked specimens shall be tested 
for each distinct set of values of the controlled 
variables (material factors, thickness, temper
ature). For the purpose of calculating the 
sharp-notch strength/yield strength ratio at 
other than room temperature, the yield 
strength may be interpolated from values at 
temperatures not more than 100 F (50 C) 
above and below the temperature at which the 
sharp notch test is performed. 

7.2 The report shall include the following 
information for each sharp-notch specimen 
tested: type of specimen (EN or CC), length, 
thickness, width, notch depth or crack length, 
notch root radii, temperature, maximum 
load, oblique fraction, and sharp-notch 
strength. The tensile ultimate and yield 
strength corresponding to each set of con
trolled variables used for the notch test should 
also be reported along with the sharp-notch 
strength/yield strength ratio. 

' See Section 4 of ASTM Methods E 8, Tension Testing 
of Metallic Materials iAnnual Book of ASTM Standards, 
Parts 6, 7, and 10). 
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Specimen 

Space for heod reinforcing 
plates and centering 
washers. 

FIG. 1 Spccimn Loadinf Oevis witli Hinkacd Pia. 

|075 (20) 

075 (20) 

Points B on 

opposite face 

from points A 

3.0 75) 

NOTE—Dimensions in inches with millimeter dimen
sions in parentheses. 

FIG. 2 PositioiHofTiKrnMKOupleJBDCtiain 
for TeMpcrature Surveys. 
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iSlf E338 

1AO pS) dia rtf. 0.003 p.OS) max. 
ctearoncs with loading pin. 

Surfoces must be lymmctric to contar line within 0.002 PJ05] 

A=» within t0.00S |tO.)3) 

*Thii dimeniion i> 2.2S |56| for the subitondord length ipecinen 

NOTE—Dimensions in inches with millimeter dimensions in parentheses. 

n C . 3 MicMMd Skaip E<te-No<ck %e<M«i, EN. 

Edges must be equidistant from iongitudinol 

centerline within O.OOS p.ISj 

1 AC PSj dio eel. 0.002 (0.0S| inox. clearance 

with loading pin 

{ 1.0 P5| detoil—(J-V 
Fig. Ai \ y 

-— i75 (106)* _ - 4 * " * * 
^^ 1 Ml 

12.0 |300| or 8.0 (200) 

T 

0.25(61 
mox.""^ 

•This dimension is'2.25 (56| for the substandard length specimen 

NOTE—Dimensions in inches with millimeter dimensions in parentheses. 

FIG. 4 FMigiM CcBlcr-CiMk SfccsMH, CC. 
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# E 338 

3 holt>, 0 J S |6) dia r*(. 0.010 p.2S) mox. 

^cUaranc* with pint 

1.00 |25) dia r*(. speciman holt six* 

3.0 75) 

NOTE—Dimensions in inches witli millimeter dimensions in parentheses. 
FIG. 5 Reiiiforciiv Ptate fee Spcdan Hod. 

Notch 

V 

or 

(a) (b) (c) 
(h-b)/h 

Oblique Predominonll/ Full 
Fraction Oblique Oblique 

FlC. * CeauMM Types of Fractwc AppcemKC. 
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E338 

APPENDIXES 

A l . FATIGUE C R A C K S T A R T E R 

A 1.1 Various types of crack starters may be 
employed provided they have a sufficiently high 
stress concentration to produce fatigue cracks in a 
reasonable number of cycles at the nominal stress 
level specified below, and provided the fatigue crack 
extension is sufficient to avoid the stress field pro
duced by the starter tip. A tip width of 0.008 in. (0.2 
mm) maximum at the end of a 0.7-in. (18-mm) long 
starter will provide a sufficiently high stress concen
tration. Fatigue crack extension from each tip 
should be at least twice the tip width. Fig. Al shows 

a suggested design for the crack starter consisting of 
a 0.25-in. (6-mm) center hole extended by saw cuts 
terminated in narrow slots having a maximum 
width of 0.008 in. (0.2 mm). In many materials the 
narrow slots can be produced by a jeweler's saw. A 
narrower slot can be produced by electrical dis
charge machining methods. Alternative crack 
starter designs may be used but must lie within the 
envelope defined by the 30-deg included angles hav
ing their apexes at the ends of the fatigue cracks. 

A2. P R O D U C T I O N O F FATIGUE C R A C K S 

A2.1 Fatigue cracks at the starter tips shall be 
produced by cyclic tension-tension stressing, pin 
loading in the same manner as used in tension test
ing. Again lubrication of the pins with M0S2 is rec
ommended to minimize any tendency for cracking 
at the pin holes. The minimum and maximum loads 
should be selected by experience so that fatigue 
crack extension can be readily observed and con

trolled. The nominal net stress at the maximum 
load may be typically 10 to 40 percent and should 
not exceed 50 percent of the yield strength. If the 
maximum tension stress is excessive, post fracture 
examination may reveal the fatigue crack obviously 
does not lie in a plane perpendicular to the speci
men surface. In such cases the test result should be 
discarded. 

0.2310.03 i6i0.8| dio 
Specimen loading hole center-line 

I / - Envelope—Note 1 

90° + S ° / / - Note 3 

Note 4 

NOTE I—Starter slot configuration must lie within the envelope that has its apexes at the end of the fatigue cracks. 
NOTE 1—A = B within 0.010 in. (0.25 mm). 
NOTE 3.—Maximum width of crack starter slot at its tip = 0.008 in. (0.2 mm). 
NOTE 4—Fatigue crack must extend from each crack starter slot a distance of at least two times the slot tip width. 
NOTE 5—Dimensions in inches with millimeter dimensions in parentheses. 

FIG. Al S«ggcstc4 Design for Center Fatigue Crack SUrter. 

By publication of this standard no position is taken with respect to the validity of any patent rights in connection there
with, and the American Society for Testing and Materials does not undertake to insure anyone utiliiing the standard 
against liability for infringement of any Letters Patent nor assume any such liability. 
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APPENDIX n 

Designation: E 399 - 74 American National StandariJ Z260.2 
American National Standards Institute 

Standard Test Method for 

PLANE-STRAIN FRACTURE TOUGHNESS OF 
METALLIC MATERIALS' 

This Standard is issued under the fixed designation E 399; 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 reapprovat. 

1. Scope 

1.1 This method covers the determination 
of the plane-strain fracture toughness {Kic) of 
metallic materials by a bend or a compact 
test of a notched and fatigue-cracked spec
imen having a thickness of 0.25 in. (6.4 mm) 
or greater. 

NOTE 1—Plane-strain fracture toughness tests of 
thinner materials that are sufficiently brittle (see 
6.1) can be made with other types of specimens (1).̂  
There is no standard test method for testing such 
thin materials. 

1.1.1 The bend specimen is a single-edge 
notched beam loaded by three-point bending. 

1.1.2 The compact specimen is single-edge 
notched and pin loaded in tension. 

1.2 The specimen size required for testing 
purposes increases as the square of the ratio 
of toughness to yield strength of the material, 
therefore a range of proportional specimens is 
provided. 

1.3 This method also covers the determina
tion of the specimen strength ratio {R,c for a 
bend specimen, or Rac for a compact speci
men), which is a function of the maximum 
load that the specimen can sustain, its dimen
sions, and the yield strength of the material. 
This ratio is a useful comparative measure of 
the toughness of materials when the speci
mens tested are of the same form and size, 
and when the size is sufficient that the max
imum load results from pronounced crack 
extension prior to plastic instability, even 
though the size may be much less than suffi
cient for a valid fC,c determination. 

NOTE 2—The values stated in U.S. customary 
units are to be regarded as the standard. 

2. Applicable Documents 

2.1 ASTM Standards: 
E 8, Tension Testing of Metallic Materials" 
E 337, Determining Relative Humidity by 

Wet- and Dry-Bulb Psychrometer* 
E 338, Sharp-Notch Tension Testing of 

High-Strength Sheet Materials' 

3. Summary of Method 

3.1 The method involves tension or three-
point bend testing of notched specimens that 
have been precracked in fatigue. Load versus 
displacement across the notch at the specimen 
edge is recorded autographically. The load 
corresponding to a 2 % increment of crack ex
tension is established by a specified deviation 
from the linear portion of the record. The K,c 
value is calculated from this load by equations 
which have been established on the basis of 
elastic stress analysis of specimens of the types 
described below. The validity of the determina
tion of Kjc value by this method depends upon 
the establishment Q[ a. sharp-crack condition at 
the tip of the fatigue crack, in a specimen of 
adequate size. To establish a suitable crack-
tip condition, the stress intensity level at which 
the fatigue precracking of the specimen is con
ducted is limited to a relatively low value. 

' This method is under the jurisdiction of ASTM Com
mittee E-24 on Fracture Testing of Metals. 

Current edition approved April 29, 1974. Published 
July 1974. Originally published as E 399 - 70 T. Replaces 
E 399 - 72. 

*The boldface numbers in parentheses refer to the re
ports and papers appearing in the list of references at the 
end of this method. 

'Annual Book of ASTM Standards, Parts 6, 7, and 10. 
* Annual Book of ASTM Standards. Parts 20, 32, and 41. 

221 
Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



222 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

4. Significance 

4.1 The property Kic determined by this 
method characterizes the resistance of a mate
rial to fracture in a neutral environment in the 
presence of a sharp crack under severe tensile 
constraint, such that the state of stress near 
the crack front approaches tritensile plane 
strain, and the crack-tip plastic region is 
small compared with the crack size and spec
imen dimensions in the constraint direction. A 
Kic value is believed to represent a lower lim
iting value of fracture toughness. This value 
may be used to estimate the relation between 
failure stress and defect size for a material in 
service wherein the conditions of high con
straint described above would be expected. 
Background information concerning the basis 
for development of this test method in terms 
of linear elastic fracture mechanics may be 
found in Refs (1) and (2). 

4.1.1 The Kic value of a given material is a 
function of testing speed and temperature. 
Furthermore, cyclic loads can cause crack 
extension at K, values less than the Kic value. 
Crack extension under cyclic or sustained 
load will be increased by the presence of an 
aggressive environment. Therefore, applica
tion of Kic in the design of service compo
nents should be made with awareness to the 
difference that may exist between the labora
tory tests and field conditions. 

4.1.2 Plane-strain crack toughness testing 
is unusual in that there can be no advance 
assurance that a valid Kic will be determined 
in a particular test. Therefore it is essential 
that all of the criteria concerning validity of 
results be carefully considered as described 
herein. 

4.1.3 Clearly it will not be possible to de
termine Kic if any dimension of the available 
stock of a material is insufficient to provide a 
specimen of the required size. In such a case 
the specimen strength ratio determined by this 
method will often have useful significance. 
The specimen strength ratio will depend on 
the form and size of the specimen as well as 
on the material. It is significant as a compar
ative measure of material toughness when 
results are compared from specimens of the 
same form and size, and when this size is suf
ficient that the limit load of the specimen is a 
consequence of pronounced crack extension 
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prior to plastic instability (although it might 
be much less than sufficient for a valid Kic 
determination). 

4.1.3.1 The strength ratio for precracked 
specimens tested in uniaxial tension may be 
determined by Method E 338.' 

4.2 This method can serve the following 
purposes: 

4.2.1 In research and development to es
tablish, in quantitative terms, significant to 
service performance, the effects of metallur
gical variables such as composition or heat 
treatment, or of fabricating operations such 
as welding or forming, on the fracture tough
ness of new or existing materials. 

4.2.2 In service evaluation, to establish the 
suitability of a material for a specific applica
tion for which the stress conditions are pre
scribed and for which maximum flaw sizes 
can be established with confidence. 

4.2.3 For specifications of acceptance and 
manufacturing quality control, but only when 
there is a sound basis for specification of min
imum Kic values, and then only if the dimen
sions of the product are sufficient to provide 
specimens of the size required for valid Kic 
determination. The specification of Kic values 
in relation to a particular application should 
signify that a fracture control study has been 
conducted on the component in relation to the 
expected history of loading and environment, 
and in relation to the sensitivity and reliability 
of the crack detection procedures that are to 
be applied prior to service and subsequently 
during the anticipated life. 

5. Definitions 

5.1 stress-intensity factor, Ki (FL""')—a 
measure of the stress-field intensity near the 
tip of an ideal crack in a linear elastic me
dium when deformed so that the crack faces 
are displaced apart, normal to the crack plane 
(opening mode or mode I deformation). AT, is 
directly proportional to applied load and de
pends on specimen geometry. See Ref (3), on 
"Stress Analysis of Cracks." 

5.2 plane-strain fracture toughness, Kic 
(FL""^)—the material-toughness property 
measured in terms of the stress-intensity 
factor Ki by the operational procedure speci
fied in this test method. 

5.2.1 In this method, measurement of Kic 
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<i8Ib 
is based on the lowest load at which signifi
cant measurable extension of the crack oc
curs. Significant measurable extension is de
fined in terms of a specified deviation from 
linearity of the load-displacement curve as 
described in 9.1. In some instances this may 
coincide with the maximum load, but fre
quently the specimen will sustain a higher 
load than that at which significant crack ex
tension occurs. 

6. Apparatus 
6.1 The procedure involves testing of 

notched specimens that have been precracked 
in fatigue. Load versus displacement across 
the notch is recorded autographically. Testing 
may be done in various machines having suit
able load sensing devices for instrumenting to 
an autographic recorder or recording device. 

6.2 Bend-Test Fixture—The bend-test fix
ture must be designed to minimize errors 
which can arise from friction between the 
specimen and the supports. The friction effect 
can be virtually eliminated if the test fixture is 
designed to allow the support rolls to rotate 
and move apart slightly, thus permitting roll
ing contact to be maintained. A recommended 
fixture design is shown in Fig. 1. The support 
rolls are allowed limited motion along plane 
surfaces, but are initially positively positioned 
against stops by low tension springs (such as 
rubber bands). 

6.3 Grips and Fixtures for Compact Test— 
The general gripping arrangement for testing 
of compact K,c specimens is shown in Fig. 2. 
A clevis and pin arrangement is employed at 
both the top and bottom of the specimen to 
allow rotation as the specimen is loaded (4). 

6.3.1 The critical tolerances and suggested 
proportions of the clevis and pins are given in 
Fig. 2. These proportions are based on speci
mens having W/B = 2 for B > 0.5 in. (12.7 
mm) and W/B = 4 for fi 5 0.5 in. (12.7 
mm). If a 280,000-psi (1930-MPa) yield 
strength managing steel is used for the clevis 
and pins, adequate strength will be obtained 
for testing the specimen sizes and OYS/E ra
tios given in 7.1.3. If lower-strength grip ma
terial is used, or if substantially larger speci
mens are required at a given OYS/E ratio than 
those shown in 7.1.3, then heavier grips will 
be required. As indicated in Fig. 2, the clevis 
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corners may be cut off sufficiently to accom
modate seating of the clip gage in specimens 
less than 0.375 in. (9.5 mm) thick. 

6.3.2 Careful attention should be given to 
achieving as good alignment as possible 
through careful machining of all auxiliary 
gripping fixtures (see 8.4). 

6.4 Displacement Gage—The displacement 
gage output shall indicate very accurately the 
relative displacement of two precisely located 
gage positions spanning the crack notch. 
Exact and positive positioning of the gage of 
the specimen is essential, yet the gage must be 
released without damage when the specimen 
breaks. A recommended design for a selfsup-
porting, releasable gage is shown in Fig. 3 and 
described in the Annex. Figure 3 also shows the 
manner in which the gage is mounted on the 
specimen; for this purpose, the specimen must 
be provided with a pair of accurately machined 
knife edges. These knife edges can either be 
machined into the specimen itself, or they can 
be separate pieces which are fixed to the speci
men with screws (see Fig. 7 and 7.2). It is not 
the intent of this test method to exclude the use 
of other types of gages or gage fixing devices 
providing the gage used meets the require
ments listed below and providing the gage 
length does not exceed the limits given in 7.2.5. 

6.4.1 Each gage shall be checked for line
arity using an extensometer calibrator or 
other suitable device; the resettability of the 
calibrator at each displacement interval 
should be within -t-0.000020 in. (0.00050 mm). 
Readings shall be taken at ten equally 
spaced intervals over the working range of the 
gage. This calibration procedure should be 
performed three times, removing and rein
stalling the gage in the calibration fixture 
between each run. The required linearity shall 
correspond to a maximum deviation of 
H-O.OOOl in. (0.0025 mm) of the individual 
displacement readings from a least-squares-
best-fit straight line through the data. The 
absolute accuracy, as such, is not important 
in this application, since the test method is 
concerned with relative changes in displace
ment rather than absolute values (see 9.1). 

7. Specimen Configuration, Dimensions, and 
Preparation 

7.1 Specimen Size: 
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7.1.1 In order for a result to be considered 
valid according to this method it is required 
that both the specinien thickness, B, and the 
crack length, a, exceed 2.5 (KIC/OYSV, where 
(TYS is the 0.2 % offset yield strength of the ma
terial for the temperature and loading rate of 
the test (1,5,6). 

7.1.2 The initial selection of a size of spec
imen from which valid values of K,c will be 
obtained may be based on an estimated value 
of Kic for the material. It is recommended 
that the value of K,c be overestimated, so that 
a conservatively large specimen will be em
ployed for the initial tests. After a valid K,c 
result is obtained with the conservative-size 
initial specimen, the specimen size may be 
reduced to an appropriate size [a and B ^ 2.5 
{Ku/a^s)'] for subsequent testing. 

7.1.3 Alternatively the ratio of yield 
strength to Young's modulus can be used for 
selecting a specimen size that will be adequate 
for all but the toughest materials: 

C Y S / C 

0.0050 to 0.0057 
0.0057 lo 0.0062 
0.0062 to 0.0065 
0.0065 to 0.0068 
0.0068 to 0.0071 
0.0071 to 0.0075 
0.0075 to 0.0080 
0.0080 to 0.0085 
0.0085 to 0.0100 
0.0100 or greater 

Minimum Recommended 
Thickness and 
Crack Length 

in. 

3 
21/2 

2 
1% 
[1/2 

\V, 
1 

% 
'/2 

'/< 

mm 

75 
63 
50 
44 
38 
32 
25 
20 
121/2 
6'/2 

When it has been established that 2.5 (KiJ 
aysV is substantially less than the minimum 
recommended thickness given in the preceding 
table, then a correspondingly smaller spec
imen can be used. On the other hand, if the 
form of the available material is such that it 
is not possible to obtain a specimen with both 
crack length and thickness greater than 2.5 
{K,c/a\s)', then it is not possible to make a 
valid K,c measurement according to this rec
ommended method. 

7.2 Standard Specimens—The geometry 
of standard specimens is shown in Fig. 4, bend 
specimens, and Fig. 5, compact specimens, 
with notch details in Fig. 6. 

7.2.1 The crack length, a, is nominally 
equal to thickness, B, and is between 0.4S and 
0.55 times the depth, W. 
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7.2.2 The crack-starter slot configuration 
must lie within the envelope, shown in Fig. 6, 
that has its apex at the end of the fatigue 
crack. 

7.2.3 The length of the fatigue crack shall 
be not less than 5 % of the length, a, and not 
less than 0.05 in. (1.3 mm) (see Fig. 6). 

7.2.4 To facilitate fatigue cracking at a low 
level of stress intensity (see 7.5) the notch 
root radius should be 0.003 in. (0.08 mm) or 
less. However, if a chevron form of notch is 
used, as shown in Fig. 6b, the notch root ra
dius may be 0.01 in. (0.25 mm), or less. 

7.2.5 Attachable or integral knife edges for 
fixing the clip gage to the specimen shall be 
provided as shown by the suggested designs in 
Figs. 7(a) and 7(6) respectively. The displace
ments will be essentially independent of the 
gage length for the bend specimen providing 
the gage length is equal to or less than ^ / 2 . 
For the compact specimen the displacements 
will be essentially independent of the gage 
length for any length up to 1.2 W. A design 
for attachable knife edges is shown in Fig. 
7(a). This design is based on the gage length 
requirement for the bend specimen and a 
knife edge spacing of 0.2 in. (5.1 mm). The 
effective gage length is established by the 
points of contact between the screw and hole 
threads. For the design shown the major di
ameter of the screw has been used in setting 
this gage length. A No. 2 screw will permit 
the use of attachable knife edges for speci
mens having (f ^ 1 in. (25 mm). 

7.3 Alternative Specimens—The form of 
available material may be better adapted to 
alternate specimen shapes than to the 
standard specimen with B = 0.5 fV. 

7.3.1 Alternative bend specimens may have 
B = 0.25 W to W. 

7.3.2 Alternative compact specimens may 
haveB = 0.25 fftoO.S W. 

NOTE 3—The Manjoine WOL design of compact 
specimen is widely used for monitoring long term 
irradiation damage in nuclear reactors. When such 
specimens are prepared and tested in accordance 
with the procedure of this test method the validity 
of the results can be judged on the same basis as for 
specimens of standard geometry, that is, as speci
fied in 9.1.1, 9.1.2, and 9.1.5. In reporting results 
for such specimens the appropriate expression for 
calculation of KQ from load and specimen dimen
sions should be stated and its origin cited (5). 

7.3.3 Crack length, a, shall be 0.45 to 0.55 
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<i81f 
fV, the same as for the standard specimen. 

7.3.4 The support span, S, for the bend 
specimen shall be 4 (f, the same as for the 
standard specimen. 

7.3.5 The size requirements of 7.1 shall be 
met, as for the standard specimens. 

7.4 Fatigue Cracking—The fatigue crack
ing shall be conducted with the specimen fully 
heat treated to the condition in which it is to 
be tested (Note 4). The fatigue crack is to be 
extended from the notch at least 0.05 in. (1.3 
mm) and sufficiently far to meet the require
ments of 7.2 or 7.3. To determine when this 
requirement has been met in practice, it is 
usually sufficient to observe the traces of the 
crack on the side surfaces of the specimen. To 
ensure that the fatigue crack will be suffi
ciently sharp, flat, and normal to the spec
imen edge, the following conditons of fatigue 
cracking shall be met: 

7.4.1 The equipment for fatigue cracking 
shall be such that the load distribution is 
symmetrical with relation to the notch in 
planes normal to the thickness direction, and 
the maximum value of the stress intensity in 
the fatigue cycle shall be known with an error 
of not more than 5 %. The fixtures recom
mended for testing (Figs. 1 and 2) are also 
suitable for fatigue cracking, and K calibra
tions for specimens loaded through these fix
tures are given in 9.1.3 and 9.1.4. If different 
fixtures are used the appropriate K calibra
tion should be determined experimentally with 
those fixtures (7). In particular, if the fatigue 
cycle involves reversal of load, the K calibra
tion is quite sensitive to the distribution of the 
clamping forces necessary to grip the spec
imen. 

7.4.2 During the final stage of fatigue 
crack extension, for at least the terminal 2.5 
% of the over-all length of notch plus crack, 
the ratio of the maximum stress intensity of the 
fatigue cycle to the Young's modulus, 
^ / (max)/£, shall not exceed 0.002 in." 
(0.00032 m**). Furthermore, ^,(max) must 
not exceed 60 % of the K^ value determined in 
the subsequent test if KQ is to qualify as a 
valid Kic result (see 9.1). 

7.4.3 The stress-intensity range should be 
not less than 0.9 Ar/(max). 

7.4.4 When fatigue cracking is conducted 
at a temperature T, and testing at a different 
temperature Ti, K,{ma\) must not exceed 
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0.6 (<fysi/<fysj)^«> where CTYS, and CTYS, are 
the yield strengths at the respective tempera
tures r , and T j . 

NOTE 4—Some materials are too brittle to be 
fatigue cracked without fracturing. These materials 
are outside the scope of the present standard test 
method. 

NOTE 5—The fC calibration is the relationship of 
stress-intensity factor K to load and specimen di
mensions (I). For example, see 9.1.3 and 9.1.4. 

8. Procedure 

8.1 Number of Tests—It is recommended 
that at least three replicate tests be made. 

NOTE 6—Information on variability of test re
sults will be found in Ref (1) and Ref (8). 

8.2 Specimen Measurement—All specimen 
dimensions shall be within the tolerances 
shown in Figs. I, 2, and 3. 

8.2.1 Measure the thickness, B, to the 
nearest 0.001 in. (0.025 mm) or 0.1 %, which
ever is larger, at not less than three positions 
between the fatigue-crack tip and the un-
notched edge of the specimen, and record the 
average value. 

8.2.2 For a bend specimen, measure the 
depth, W, and the crack length, a, from the 
notched edge of the specimen to the far edge, 
and to the crack front, respectively. For a 
compact specimen, measure these dimensions 
from the plane of the centerline of the loading 
holes (the notched edge is a convenient refer
ence line but the distance from the centerline 
of the holes to the notched edge must be sub
tracted to determine W and a). Measure the 
depth, W, to the nearest 0.001 in. (0.025 mm) 
or 0.1 %, whichever is larger, at not less than 
three positions near the notch location, and 
record the average value. 

8.2.3 After fracture measure the crack 
length to the nearest 0.5 % at the following 
three positions: at the center of the crack front, 
and midway between the center and the end of 
the crack front on each side. Use the average 
of these three measurements as the crack 
length to calculate K^ (see 9.1.3 and 9.1.4). If 
the difference belwtin any two of the crack 
length measurements exceeds 5 % of the aver
age, or if any part of the crack front is closer 
to the machined notch root than 5 % of the 
average crack length, or 0.05 in. (1.3 mm) min
imum, then the test is invalid. Also, if the 
length of either surface trace of the crack is 
less than 90 % of the average crack length, as 
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defined above, the test is invalid. 
8.2.4 The' crack plane shall be parallel to 

both the specimen width and thickness direc
tions within ±10 deg. 

8.3 Bend Testing—Set up the bend test fix
ture so that the line of action of the applied 
load shall pass midway between the support 
roll centers within 1 % of the distance between 
these centers (for example, within 0.04 in. (1.0 
mm) for a 4-in. (100-mm) span). Measure the 
span to within 0.5 % of nominal length. Locate 
the specimen with the crack tip midway be
tween the rolls to within I % of the span, and 
square to the roll axes within 2 deg. Seat the 
displacement gage on the knife edges to main
tain registry between knife edges and gage 
grooves. In the case of attachable knife edges, 
seat the gage before the knife edge positioning 
screws are tightened. Load the specimen at a 
rate such that the rate of increase of stress 
intensity is within the range 30,000 to 150,000 
psi in."Vmin (0.55 to 2.75 M P a m " V s ) , cor
responding to a loading rate for the standard 
(B = 0.5 W) 1-in. thick specimen between 4000 
and 20,000 Ibf/min (0.03 to 0.15 kN/s). 

8.4 Compact Testing—Eliminate friction 
effects, and also eccentricity of loading intro
duced by the clevis itself, by adherence to the 
specified tolerances for the specimen clevis 
and pins shown in Fig. 2. Eccentricity of 
loading can also result from misalignment 
external to the clevis, or from incorrect posi
tioning of the specimen with respect to the 
center of the clevis opening. Obtain satisfac
tory alignment by keeping the centerline of 
the upper and lower loading rods coincident 
within 0.03 in. (0.76 mm) during the test and 
by centering the specimen with respect to the 
clevis opening within 0.03 in. (0.76 mm). Seat 
the displacement gage in the knife edges to 
maintain registry between the knife edges and 
the gage groove. In the case of attachable 
knife edges, seat the gage before the knife 
edge positioning screws are tightened. Load 
specimens at a rate such that the rate of in
creased of stress intensity is within the range 
30,000 to 150,000 psi-in."Vmin (0.55 to 2.75 
M P a ' m " * / s ) , corresponding to a loading 
rate for the standard (B = 0.5 W) 1-in. thick 
specimen between 4500 and 22,500 Ibf/min 
(0.034 to 0.17 kN/s). 

8.5 Test Record—Make a test record con
sisting of an autographic plot of the output of 
the load-sensing transducer versus the output 
of the displacement gage. The initial slope of 
the linear portion shall be between 0.7 and 1.5. 
It is conventional to plot the load along the 
vertical axis, as in an ordinary tension test 
record. Select a combination of load-sensing 
transducer and autographic recorder so that 
the load, PQ, (see 9.1) can be determined 
from the test record with an accuracy of ±1 
%. With any given equipment, the accuracy of 
readout will be greater the larger the scale of 
the test record. 

8.5.1 Continue the test until the specimen 
can sustain no further increase in load. In 
some cases the range of the chart will not be 
sufficient to include all of the test record up 
to maximum load, /"max • In any case, read 
the maximum load from the dial of the testing 
machine (or other accurate indicator) and 
record it on the chart. 

9. Calculation and Interpretation of Results 

9.1 Interpretation of Test Record and Cal
culation of K,c—In order to establish that a 
valid K,c has been determined, it is necessary 
first to calculate a conditional result. Kg, 
which involves a construction on the test re
cord, and then to determine whether this re
sult is consistent with the size and yield 
strength of the specimen according to 7.1. The 
procedure is as follows: 

9.1.1 Draw the secant line OPt shown in 
Fig. 8, through the origin of the test record 
with slope (P/v), = 0.95 (P/v)„, where (P/v)„ 
is the slope of the tangent OA to the initial 
linear part of the record (Note 7). The load PQ 
is then defined as follows: if the load at 
every point on the record which precedes Ps is 
lower than P, then /», is P, (Fig. 8, Type I); 
if, however, there is a maximum load pre
ceding Pi which exceeds it, then this max
imum load is Pd (Fig. 8, Types II and III). 

NOTE 7—Slight nonlinearity often occurs at the 
very beginning of a record and should be ignored. 
However, it is important to establish the initial 
slope of the record with high precision and there
fore it is advisable to minimize this nonlinearity by 
a preliminary loading and unloading with the max
imum load not producing a stress intensity level 
exceeding that used in the Hnal stage of fatigue 
cracking. 
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9.1.2 Calculate the ratio Pmat/Po, where 

/"ma, is the maximum load that the specimen 
was able to sustain (see 8.5.1). If this ratio 
does not exceed 1.10 proceed to calculate KQ 
as in 9.1.3 for a bend specimen or 9.1.4 for a 
compact specimen. If P„,,xlP<) does exceed 
1.10 then the test is not a valid K,c test be
cause it is then possible that KQ bears no rela
tion to K,c. In this case proceed to calculate 
Rst as in 9.1.6 for a bend specimen, or R^ as 
in 9.1.7 for a compact specimen. Also, if pos
sible, prepare and test additional specimens 
with dimensions at least 1.5 times the dimen
sions of the specimen for which Pmn/Pg ex
ceeded 1.10. 

9.1.3 For the bend specimen calculate KQ 
in units of psi-in."^ as follows: 
A:, = (P9S/BtV"')l2.9(a/wy" - 4.6 (a/W)"' 

+ 21.8 ia/WY" - 37.6 (a/Wy 
+ 38.7 ia/W)'"] 

where: 
PQ = load as determined in 9.1.1, Ibf, 
B = thickness of specimen, in., 
S = span length, in., 
IV = depth of specimen, in., and 
a = crack length as determined in 8.2.3, in. 

(Note 8). 
9.1.3.1 When using SI units with PQ in 

newtons and dimensions in millimetres the 
above expression for KQ should be multiplied 
by 0.001107 to give AT̂  in units of M P a m " ' 
(note that 1 m m " ' = 0.03162 m " ' ) . 

9.1.3.2 To facilitate calculation of KQ, 
values of the power series given in brackets in 
the above expressions are tabulated in the fol
lowing table for specific values of a/W. 

Bend Specinwns 

a/IV f{a/W) a/W /(a/W) 

0.450 2.28 0.500 2.66 
0.455 2.32 0.505 2.70 
0.460 2.35 0.510 2.75 
0.455 2.39 0.505 2.79 
0.470 2.42 0.520 2.84 
0.475 2.46 0.525 2.89 
0.480 2.50 0.530 2.94 
0.485 2.54 0.535 2.99 
0.490 2.58 0.540 3.04 
0.495 2.62 0.545 3.09 

0.550 3.15 

NOTE 8—The expression given above was formu
lated to represent a/W in the range between 0.45 
and 0.S5 and should not be used outside that range. 
Stress intensity factors for a wide range of a/W 
values are given in Ref (11). 

9.1.4 For the compact specimen calculate 
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KQID units of psi-in." 'as follows: 
Kg = {Pg/BW"')l29Ma/Wy" - 185.5 (a/W)'" 

+ 655.7 (A/wy - 1017.0 {a/wy" 
+ 638.9 (a/wy^ 

where: 
PQ = load as determined in 9.1.1, Ibf, 
B = thickness of specimen, in., 
fV - width of specimen, in., and 
a = crack length as determined in 8.2.3, in. 

(Note 8). 
9.1.4.1 When using SI units with PQ in 

newtons and dimensions in millimetres the 
above expression for KQ should be multiplied 
by 0.001107 to give KQ in units of MPa.m** 
(note that 1 m m " = 0.03162 m**) 

9.1.4.2 To facilitate calculation of'AT,,, 
values of the power series given in brackets in 
the above expressions are tabulated below for 
specific values of aj W. 

Conpact SpeciBens 
a/W n-/IV) a/W Aa/W) 
0.450 8.34 0.500 9.60 
0.455 8.45 0.505 9.75 
0.460 8.57 0.510 9.90 
0.465 8.69 0.515 10.05 
0.470 8.81 0.520 10.21 
0.475 8.93 0.525 10.37 
0.480 9.06 0.530 10.54 
0.485 9.19 0.535 10.71 
0.490 9.33 0.540 10.89 
0.495 9.46 0.545 11.07 

0.550 11.26 

9.1.5 Calculate 2.5 (A:e/<TYs)' where <TYS = 
yield strength in tension (offset = 0.2 %) (see 
Methods E 8). If this quantity is less than both 
the thickness and the crack length of the speci
men, then KQ is equal to K,c • Otherwise it is 
necessary to use a larger specimen to deter
mine K,c in order to satisfy this requirement. 
The dimensions of the larger specimen can be 
estimated on the basis of KQ , but should be at 
least 1.5 times those of the specinien that failed 
to meet this requirement. 

9.1.6 For the bend specimen, calculate the 
specimen strength ratio (which is dimension-
less and has the same value in any consistent 
system of units): 

/?» = 6F„„ W/B(W-ay<,ys 

where: 
^max = maximum load that the specimen 

could sustain (8.5.1), 
B = thickness of specimen, 
tV = width (depth) of specimen, 
a = crack length as determined in 8.2.3, 
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and 
(TYS = yield strength in tension (offset = 0.2 

%) (see Methods E 8). 
9.1.7 For the compact specimen, calculate 

the specimen strength ratio (which is dimen-
sionless and has the same value in any con
sistent system of units): 

where symbols are defined as in 9.1.6. 
NOTE 9—The specimen strength ratio R,j or 

R„, unlike Kir, is not a concept of linear elastic 
fracture mechanics, but is a useful comparative 
measure of the toughness of materials when the 
specimens are of the same form and size, and that 
size is insufficient to provide a valid Kic determina
tion, but sufficient that the maximum load results 
from pronounced crack extension prior to plastic 
instability (see 4.1.3). 

9.2 Crack Plane Orientation—The frac
ture toughness of a material usually depends 
on the orientation and direction of propagation 
of the crack in relation to the anisotropy of 
the material, which depends, in turn, on the 
principal directions of mechanical working or 
grain flow. The orientation of the crack plane 
should be identified wherever possible in ac
cordance with the following systems (10). In 
addition, the product form should be identified 
(for example, straight rolled plate, cross rolled 
plate, pancake forging, etc.). 

9.2.1 For rectangular sections the refer
ence directions are identified as in Figs. 9 and 
10 which give examples for a rolled plate. The 
same system would be useful for sheet, extru
sions, and forgings with nonsymmetrical grain 
flow. 
L = direction of principal deformation (max

imum grain flow), 
T = direction of least deformation, and 
5 = third orthogonal direction 

9.2.1.1 Using a two letter code, the first 
letter designates the direction normal to the 
crack plane, and the second letter the expected 
direction of crack propagation. For example, 
in Fig. 9 the T-L specimen has a fracture plane 
whose normal is in the width direction of a 
plate and an expected direction of crack prop
agation coincident with the direction of maxi
mum grain fiow or longitudinal direction of 
the plate. 

9.2.1.2 For specimens which are tilted in 
respect to two of the reference axes. Fig. 10, 
the orientation is identified by a three-letter 
code. The code L~TS, for example, means 

that the crack plane is perpendicular to the 
direction of principal deformation (L direc
tion), and the expected fracture direction is 
intermediate between T and 5. The code TS-L 
means the crack plane is perpendicular to a 
direction intermediate between T and 5, and 
the expected fracture direction is in the L direc
tion. 

9.2.2 For certain cylindrical sections where 
the direction of principal deformation is par
allel to the longitudinal axis of the cylinder, 
the reference directions are identified as in 
Fig. 11 which gives examples for a drawn bar. 
The same system would be useful for extru
sions or forged parts having circular cross sec
tion. 
L = direction of maximum grain flow, 
R = radial direction, and 
C = circumferential or tangential direction. 

9.3 Fracture Appearance—The appearance 
of the fracture is valuable supplementary in
formation and shall be noted for each spec
imen. Common types of fracture appearance 
are shown in Fig. 12. For fractures of Typws 
(a) or (b), measure the average width, / , of 
the central flat fracture area, and note and 
record the proportion of oblique fracture per 
unit thickness (B - f)IB. Make this measure
ment at a location midway between the crack 
tip and the unnotched edge of the specimen. 
Report fractures of Type (c) as full oblique 
fractures. 

10. Report 
10.1 The report shall include the following 

for each specimen tested: 
10.1.1 Thickness, B, 
10.1.2 Depth, W, 
10.1.3 Fatigue precracking conditions in 

terms of: 
10.1.3.1 Maximum stress intensity, A ,̂<n\ax) 

and number of cycles for terminal fatigue 
crack extension over a length at least 2.5 % of 
the over-all length of notch plus crack, and 

10.1.3.2 The stress intensity range for ter
minal crack extension, 

10.1.4 Crack length measurements, 
10.1.4.1 At center of crack front, 
10.1.4.2 Midway between the center and 

the end of the crack front on each side, and 
10.1.4.3 At each surface. 
10.1.5 Test temperature, 
10.1.6 Relative humidity as determined by 
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10.1.7 Loading rate in terms of ^ ; (change 
in stress intensity factor per unit time) 
(Ref(2)). 

10.1.8 Load-displacement record and asso
ciated calculations, 

10.1.9 Crack plane orientation, 
10.1.10 Fracture appearance. 

E 3 9 9 

10.1.11 Yield strength (offset = 0.2 %) as 
determined by Methods E 8, 

10.1.12 K,c, or KQ followed by the paren
thetical statement: "invalid according to sec-
•tion(s) of ASTM Method E 399", and 

10.1.13 R,i for a bend specimen, or /J,c for 
a compact specimen. 

10.1.14 P^.JP^. 
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NOTE 1—Dimensions are in inches. 
NOTE 2—For l-in. and 2-ln. deep specimens: proportion accordingly for other specimen sizes. 
NOTE 3—Roller pins and specimen contact surface of loading ram must be parallel to each other within 0.002 W. 

in. 

0.2 
0.3 
0.6 
0.75 
0.998 
1.0 
1.002 
1.10 
1.495 

Metric 

mm 

5.1 
7.6 
15.0 
19.1 
25.35 
25.0 
25.45 
27.9 
37.97 

Equivalents 

in. 

1.5 
1.505 
2.0 
2.6 
3.495 
3.505 
3.6 
4.0 

mm 

38 
38.23 
51 
66 
88.77 
89.03 
91 
100 

FIG. I Bead T« t Fixtare Design. 
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-Loading Rod Thd 

D 

•6.3.1 

NOTE I—Dimensions are in inches (0.005 

l i _ _ 

.25W 

_ _ i J 

.5W 
"1.005W 

.5W+.or5>v4^.25Wk 

s(0. 
+ 0.0 

0.13 mm) 

A - Surfaces Must Be Flat, In-Line and 
Perpendicular, As Applicable, to 
Within 0.002 in. TIE 

NOTE 2—Pin diameter - 0.24 Wti'S'w. For specimens with <rvs>200ksi (l379MPa) the holes may be 0.3 w *'••"" 
diameter and the pin diameter 0.288 W t8;SS,V ° °°° 

FIG. 2 Tension Tesliag Clevis. 
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OPTIONAL 
INTESRAL-MACHINEO 
KNIFE EDGE 

FOIL RESISTANCE 
STRAIN GAGE * 

\ 

V^BI ® 

SOD OHM GAGES WILL 
PROVIDE GREATER 
S E N S I T I V I T Y THAN 
120 OHM GAGES 

NOTE—Gage details are given in the Annex. 
nC. 3 DGBHC CuMna Clip-h DhflaCMMM Cagt —t Mttkai of Mautii«. 

CNYeiOfC or STAHTCK 
fJOrCH Pi us CfACK 

61 

B'^-.o/o A^ 

NOTE I—A surfaces shall be perpendicular and parallel as applicable to within U.OOI W TIR 
NOTE 2—Crack starter shall be perpendicular to specimen length and thickness to within ± 2 deg. 
NOTE 3—Integral or attachable knife edges for clip gage attachment to the crack may be used (see Fig! 7 and 7.2.5). 

Metric Equivalents 

0.002 
0.05 

0.005 
0.13 

0.010 
0.25 

FIG. 4 BcadSfcctaMB—SlaalurdProfWtiMMiuriTahnuKMdottwarkiatdnwial). 
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ZHOt.CS 

eNh/SiOfiE or STAKTcn NOTCH 
fius CKACK (sec fid 6 

[-• \A/±.OOS\A/ • 

— t.zsw-t.oiow 

NOTE I —A surfaces shall be perpendicular and parallel as applicable to within 0.002 H' TIR. 
NOTE 2—The intersection of the crack started tips with the two specimen faces shall be equally distant from the top and 

bottom edges of the specimen within 0.0005 W. 
NOTE 3—Integral or attachable knife edges for clip gage attachment to the crack mouth may be used (see Fig. 7 and 

7.2.5). 

Metric Equivalents 

0.002 
0.05 

0.005 
0.13 

0.010 
0.25 

FIG. 5 Conpact Tcnsioa Specimen—Slindird Proportiou aad ToleraiKcs (not • worUag drawiag). 

_ Bend Speciiiien Edge or Conpact 
Specimen Loading Hole Centerline 

_ Required ̂ nvetô e 
ii - ?;ote ? vr\ "","--•, 

a îi.<sii>i).s;w 
Fatigue Crack 

tMBmiK \ f'ote 1 
Chevron (see Fig.6b) U i j 

2 ^ 

SIrilqmiiKu 

^ KeiticHe 

" 1 

NOTE 1—Fatigue crack shall be not less than 0.05 a, 
no* less than 0.05 in. (1.3 mm). 

NOTE 2—N need not be less than V\b in. (1.5 mm) but 
must not exceed H /̂IO. 

FIG. 6(a) Eaieiopc for Crack-Slarter Notckes aad 
Fatigae Cracks with Exaaiples oT Varioas Types of Notches 

Tipped with Fatigue Cracks. 

V 

V 

NOTE \—A - B to within 0.010 W 

NOTE 2—Cutter tip angle 90 deg max 
NOTE 3—Radius at notch bottom shall be 0.010 in. 

(0.25 mm) or less 
NOTE 4—Crack starter shall be perpendicular to speci

men length and thickness to within ±1 deg. 

FIG. 6(k) Ckerroa Notck Crack Starter. 
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. ^ O L 
.06 

s-Specimen 

Notch Centerline 

• ~ l \ Knife Edge Width 
= ClipGage Arm Width, min 

Screw Hd Dia 

k. 
.032 in. min 

NOTE I—Dimensions arc in inches. 
NOTE 2—Effective gage length - 2C + Screw Thread Diameter < •*'/2. 
NOTE 3—Dimension shown corresponds to clip gage spacer block dimension in Annex AI 

Metric Equivalents 

0.032 
0.81 

0.06 
1.5 

0.07 
1.8 

0.100 
2.54 

0.125 
3.18 

FIG. 7|a| Exinple of Attachable Knife Edge Design Based on the Gage Length Requirements for the Bend 
Specinen (see 7.2.5). 
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Envelope of Star ter Notch 
plus Crack (See Fig. 6(a)) 

li5° « e « 60° 

« • « 90° 

06 
OS 

^ H Note 2 
1 u.<:uO< 

NOTE 1—Dimensions are in inches. 
NOTE 2—Gage length shown corresponds to clip gage spacer block dimensions shown in Annex A I, but see 7.2.S also. 

Metric Equivalents 

0.050 
1.3 

0.060 0.200 
1.5 5.1 

0.250 
6.4 

FIG. 7(k) litcfral Kaifc Edges. 
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FIG. 8 Priacipal Types of Lonl - DispliceBcat Records. 
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FIG. 9 Crack HuK OricalitiM IJealificatiMi Code for RolM Plile. 

' ^ - - ' 
FIG. 10 Crack P I M K OricaUdoa Mcotincalim Cmle for SpeciaoB T U M witk Htsftci to RcfercKC Direction. 
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FIG. 11 Cruk PltK OrieatatiM IdcutifkaliM Code for Dram Bars. 
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Types of Fractare Appcaraacc. 
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E 399 

ANNEX 

AI. DOUBLE CANTILEVER CLIP-IN DISPLACEMENT GAGE 

A 1.1 The gage consists of two cantilever beams 
and a spacer block which are clamped together with 
a single nut and bolt, as shown in Fig. 3. Electrical-
resistance strain gages are cemented to the tension 
and compression surfaces of each beam, and are 
connected as a Wheatslone bridge incorporating a 
suitable balancing resistor. The material for the 
gage beams should have a high ratio of yield 
strength to elastic modulus, and titanium alloy 13V-
1 rCr-3A I in the solution treated condition has been 
found very satisfactory for this purpose. If a mate
rial of different modulus is substituted, the spring 
constant of the assembly will change correspond
ingly, but the other characteristics will not be af

fected. Detailed dimensions for the beams and 
spacer block are given in Figs. AI and A2. For 
these particular dimensions the linear range is from 
0.15 to 0.30 in. (3.8 to 7.6 mm) and the recom
mended gage length is from 0.20 to 0.25 in. (5.1 to 
6.3 mm). The clip gage can be altered to adapt it to 
a different gage length by substituting a spacer 
block of appropriate height. As discussed in 6.4.1 
the precision of the gage corresponds to a maxi
mum deviation of ±0.0001 in. (0.0025 mm) of the 
displacement readings from a least-squares-best-fit 
straight line through the data. Further details con
cerning design, construction and use of these gages 
are given in Ref(9). 
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>/«4 MILL F0« 
t-it NC SCREW 

0.041 
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\ T 
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NOTE—Dimensions are in inches. 
Metric Equivalents 

0.0»» 
oToiS 

0.004 
0.006 
0.010 
0.019 
0.020 
0.021 
0.025 
0.030 
0.039 
0.041 

0.10 
0.15 
0.25 
0.48 
0.51 
0.53 
0.64 
0.76 
0.99 
1.04 

0.060 
0.055 

%. 
0.186 
0.188 
0.370 
0.373 
0.375 
1.620 
1.625 

1.52 
1.65 
3.6 
4.72 
4.78 
9.40 
9.47 
9.52 

41.15 
41.28 

FIG. AI Beaan for Double-Cantiltwr Displicenenl Gage. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



240 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

flSIf E 399 

t />4 DRILL FOR 
t - } t NC SCREW 

NOTE—Dimensions are in inches 
Metric Equivalents 

Ŝ ! 
0.045 
0.050 
5t4 
0.087 
0.093 
0.125 
X. 
0.186 
0.188 
0.190 

0.80 
I .U 
1.27 
2.00 
2.21 
2.36 
3.18 
3.60 
4.72 
4.78 
4.83 

0.195 
0.205 
0.373 
0.375 
0.376 
0.378 
0.400 
0.402 
0.490 
'A 
0.500 

4.95 
5.21 
9.47 
9.52 
9.55 
9.60 

10.16 
10.21 
12.45 
12.70 
12.70 

FIG. A2 Spacer Block for Doiible<:antUcvcr Diaplacerocnt Gage. 

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted 
in connection with any item mentioned in thb standard. Users of this standard are expressly advised that determination of the 
validity of any such patent rights, and the risk of infringement of such rights, is entirely their own responsibility. 
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APPENDIX m 

Designation: E 561 - 76 T 

Tentative Recommended Practice for 
f}-CURVE DETERMINATION' 

This TenMtive Recommended Practice has been approved by the sponsoring committee and accepted by the Society in 
accordance with established piocedures, for use pending adoption as standard. Suggestions for revisions should be 
addressed to the Society at 1916 Race St., Philadelphia, Pa. 19103. 

1. Scope 
1.1 This recommended practice covers the 

determination of resistance to fracturing of 
metallic materials by /{-curves using either the 
center-cracked tension panel (CCT), the com
pact specimen (CS), or the crack-line-wedge-
loaded specimen (CLWL), to deliver crack-
extension force to the material. An /{-curve is 
a continuous record of toughness develop
ment in terms of /CR plotted against crack 
extension in the material as a crack is driven 
under a continuously increased stress intensity 
factor, K. 

1.2 Materials that can be tested for R-
curve development are not limited by 
strength, thickness, or toughness, so long as 
specimens are of sufficient size to remain pre
dominantly elastic throughout the duration of 
the test. 

1.3 Specimens of standard proportions are 
required, but size is variable, to be adjusted 
for yield strength and toughness of the materi
als. 

1.4 Only three of the many possible speci
men types that could be used to develop R-
curves are covered in this recommended prac
tice. 

2. Applicable Documents 
2.1 ASTM Standards: 
E 338, Sharp-Notch Tension Testing of 

High-Strength Sheet Materials* 
E399, Test for Plane-Strain Fracture 

Toughness of Metallic Materials' 

3. Summary of Ptactice 
3.1 During slow-stable fracturing, the de

veloping crack growth resistance, K^, is equal 
to the crack-extension force, K (Note 1), ap

plied to the specimen. The crack is driven 
forward by increments of increased load or 
displacement. Measurements are made at 
each increment for calculation of K values 
which are individual data points lying on the 
/{-curve for the material. 

NOTE 1—Extension force may be expressed in 
terms of G if desired throudi the following conver
sion: C ==" K'/E. The use of A is presently preferred. 

3.2 The crack starter is a low-stress-level 
fatigue crack. 

3.3 Methods of measuring crack growth 
and of making plastic-zone corrections to the 
physical crack length are prescribed. Expres
sions for the calculation of crack-extension 
force are shown. 

4. Significance 
4.1 /{-curves characterize the resistance to 

fracture of materials during incremental slow-
stable crack extension and result from growth 
of the plastic zone as the crack extends from a 
sharp notch. They provide a record of the 
toughness development as a crack is driven 
stably under increasing crack-extension 
forces. They are dependent upon specimen 
thickness, temperature, and strain rate. 

4.2 For an untested geometry, the/{-curve 
can be matched with the crack-extension force 
curves to estimate the load necessary to cause 
unstable crack propagation. (See Fig. 1 (1)'.) 
In making this estimate, /{-curves are re-

' This recommended practice is under the jurisdiction of 
ASTM Committee E-24 on Fracture Testing of Metals. 

Current edition approved Nov. 28,197S, and April 30, 
1976. Published July 1976. OrigimdW published as a pro
posed recommended practice in 1974. 

• Annual Book of ASTM Standards, Part 10. 
' The boldface numbers in parentheses refer to the list 

of references appended to this recommended practice. 
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^81b 
garded as though they are independent of 
starting crack length, OQ, and the specimen 
configuration in which they are developed. 
They appear to be a function of crack exten
sion, Aa, only (2). To predict crack instability 
in a component, the i?-curve may be posi
tioned as in Fig. 1 so that the origin coincides 
with the assumed initial crack length, Oo-
Crack-extension force curves for a given con
figuration can be generated by assuming ap
plied loads or stresses and calculating crack-
extension force, K, as a function of crack 
length using the appropriate expression for K 
of the configuration. The unique curve that 
develops tangency with the K-curve defines 
the critical load or stress that will cause onset 
of unstable fracturing. 

4.3 If the K-gradient (slope of the crack-
extension force curve) of the specimen chosen 
to develop an /{-curve has negative character
istics (Note 2), as in the crack-line-wedge-
loaded specimen of this method, it may be 
possible to drive the crack until a maximum or 
plateau toughness level is reached (3, 4). 
When a specimen with positive K-gradient 
characteristics (Note 3) is used, the extent of 
the i?-curve which can be developed is termi
nated when the crack becomes unstable. 

NOTE 2 —Fixed displacement in crack-line-
loaded specimens results in a decrease of K with 
crack extension. 

NOTE 3 —With load control, K usually increases 
with crack extension. 

S. Deflnitions 
5.1 R-curve — a plot of crack growth resist

ance in a material as a function of physical or 
effective crack extension. 

5.2 ^R—the crack growth resistance ex
pressed in units corresponding to K (ksi-v/iiT.) 
(MN-m-"=). 

5.3 stress intensity factor, K (FL""̂ ) —a 
measure of the stress-field intensity near the 
tip of an ideal crack in a linear-elastic solid 
when the crack surfaces are displaced in the 
opening mode, Mode I (5). 

5.4 plane-stress fracture toughness, K^ — the 
value of Kft at the instability condition deter
mined from the tangency between the W-curve 
and the critical crack-extension force curve of 
the specimen. 

5.5 fixed load or fixed displacement crack-
extension fi)rce curves —car/es obtained from 
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a fracture mechanics analysis for the test con
figuration; assuming a fixed applied load or 
displacement and generating a curve of K ver
sus the effective crack size with crack size as 
the independent variable. 

5.6 displacement, v —the distance that a 
chosen measurement point on the specimen 
displaces normal to the crack plane. Total 
displacement as measured by clip gages or 
other devices spanning the crack is defined as 
2v. Measurement points on CLWL and CS 
specimens are identified as locations VI and 
V2. 

5.7 effective crack length factor, Oe —the 
physical crack length, including extension by 
stable growth, plus plastic-zone adjustment. 

5.8 crack length, a—a generalized crack 
size factor used in computations of K. The 
effective crack size factor, a^, is taken as equal 
to a in the expressions for K given in this 
method. In CS and CLWL specimens, a is 
measured from the line connecting the bear
ing points of opposing loads. In center-
cracked panels, a is one half the total crack 
length and is referenced from a line normal to 
and bisecting the central crack. 

6. Apparatus 
6.1 Grips and Fixtures for CCT Speci

mens—In the center-cracked tension tests, the 
grip fixtures are designed to develop uniform 
load distribution on the specimen. To ensure 
uniform stress entering the crack plane, the 
length of the specimen between the innermost 
loading pins shall be at least two specimen 
widths, 2W. For panels wider than 12 in. (305 
mm), multiple-pin grips are mandatory and 
the requirement is relaxed to 1.5W. A typical 
grip arrangement shown in Fig. 2 has proven 
useful. Pin or gimbal connections are located 
between the grips and loading machine to aid 
the symmetry of loading. If extra-heavy-gage 
ultra-high-strength materials are to be tested, 
the suitabiUty of the grip arrangement may be 
checked using the AISC Steel Construction 
Manual. 

6.2 Grips and Fixtures for Compact Speci
mens—Tiie grips and fixtures described in 
Method E 399 are recommended for W-curve 
testing where CS-type specimens are loaded in 
tension. 

6.3 Fixtures for Crack-Line-Wedge-Load
ing (CLWL): 
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m 
6.3.1 Where wedge loading is used, a low-

taper-angle wedge with a polished finish and 
split-pin arrangement shown in Fig. 3 is used. 
Sketches of a segmented split-pin system 
which has proved effective for maintaining the 
load line independent of rotation of the speci
men arms are provided in Fig. 4. It has been 
found convenient to use a wedge whose in
cluded angle is 3 deg. With proper lubrication 
and system alignment a mechanical advantage 
of five can be expected. Thus, a loading ma
chine producing Vs the maximum expected 
test load will be adequate. The wedge must be 
long enough to develop the maximum ex
pected crack-opening displacement. The max
imum required stroke can be calculated from 
the maximum expected displacement 2v, us
ing the EB2v/P values found in Table 2, the 
maximum expected K level in the test, and the 
wedge angle. 

6.3.2 The wedge-load blocks which drive 
the load sectors are constrained on top (not 
shown) and bottom to restrict motion to a 
plane parallel to the plane of the specimen. 
This allows the load to be applied or released 
conveniently without driving the load blocks 
and sectors out of the hole in the specimen. 
The wedge-load blocks are designed so that 
line contact exists between the wedge-load 
block and the load sector at a point that falls 
on the load line of the specimen. This enables 
the load sectors to rotate as the wedge is 
driven and the original load line is main
tained. Any air- or oil-hardening tool steel 
will be suitable for making the wedge and 
wedge-load blocks. A maraging 300-grade 
steel should be used for the load sectors. The 
diameter of the sectors shall be slightly 
smaller (nominally '/32 in. (0.79 mm)) than 
the diameter of the drilled hole in the speci
men. 

6.4 Face Plates to Prevent Sheet Buckling — 
Buckling may develop in unsupported speci
mens depending upon the sheet thickness, 
material toughness, crack length, and speci
men size. Buckling seriously affects the valid
ity of a ^ analysis and is particularly trouble
some when using compliance techniques to 
determine effective crack length. It is there
fore required that rigid face plates be affixed 
to the CCT, CS, and CLWL specimens in 
critical regions. A procedure for the detection 
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of buckling using autographic records is de
scribed in 8.6. 

6.4.1 For the CCT specimen, the buckling 
restraints shall be attached to the central por
tion of the specimen. The plates shall be so 
designed to prevent sheet kinking about the 
crack plane and sheet wrinkling along the 
specimen width. 

6.4.2 For CS and CLWL specimens, the 
portion of the specimen arms and back edge 
which are in compression should be restrained 
from buckling. For sheet specimens it is con
venient to use a base plate and cover plate 
with ports cut in the cover plate at appropriate 
locations for attaching clip gages and for crack 
length observations. 

6.4.3 Lubrication shall be provided be
tween the face plates and specimen. Care shall 
be taken to keep lubricants out of the crack to 
avoid possible crack acceleration due to ag
gressive attack. Sheet TFE-fluorocarbon or 
heavy oils or both can be used. The initial 
clamping forces between opposing plates need 
not be excessive, but of the order of a few 
pounds. 

6.5 Displacement Gagei — Displacement 
gages are used to accurately measure the 
crack-opening displacement across the crack 
at a preselected location and span. In testing 
small CLWL and CS specimens, the gage rec
ommended in Method E 399 may have a suf
ficient linear working range to be used. How
ever, in testing larger specimens where W is 
larger than 5 in. (127 mm), displacements 
may be of such a magnitude that gages with 
greater working ranges of the type shown in 
Fig. 5 are needed. The use of point contacts 
eliminates error in the readings from the 
hinge-type rotation of CS and CLWL speci
mens. The precision of all types of gages shall 
be checked in accordance with the calibration 
procedure outlined in 6.4.1 of Method E 399. 
In addition, absolute accuracy within 2 % 
over the working range of the gage is required 
for use with compliance measurements. The 
gages shall be recalibrated periodically. 

6.5.1 A recommended gage for use with 
CCT panels with a No. 13 drilled hole at the 
midpoint of the crack is shown in Fig. 6 (6), 
and a detail of components is shown in Fig. 
6a. Proper construction techniques and re
quired electronic procedures are specified in 
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Method E 399. 
6.5.2 Other types of gages used over dif

ferent gage spans are equally acceptable pro
vided the precision and accuracy requirements 
are retained. The conventional clip gage of 
Method E 399 may be used with screw attach
ments spanning the crack at a chosen interval, 
2Y. In CCT tests, it is necessary to be cautious 
in choosing the proper compliance calibration 
curve to go with such arrangements because 
displacement is a function of YfW. 

6.6 Optical Equipment—\i the material 
being tested is sufficiently thin so that the 
crack-tip contour does not vary significantly 
firom surface to midthickness, crack growth 
can be followed by surface observations using 
optical equipment. If load is sustained at given 
increments so that the crack stabiUzes, crack 
length can be determined within 0.01 in. (0.2 
mm) using a 30 to SO-power traveling-stage 
microscope. A movie camera recording sys
tem may be useful. A common technique is to 
record simultaneously load and crack growth 
using two synchronized cameras. 

6.7 Other Equipment—Other methods of 
measuring crack length are available, such as 
eddy-current probes, which are most useful 
with nonferrous material, or electrical-resist
ance measurements, where the extension of 
the crack is determined from electrical poten
tial differences. 

7. Specimen Conligiinilion, Dimensions, and 
Pieparalion 

7.1 Specimen Size —In order for the K 
analysis to be valid, the specimen ligaments in 
the plane of the crack must be predominantly 
elastic at all values of applied load. 

7.2 For the CCT panel, the net section 
stress based on the effective crack size must be 
less than the yield strength of the material. 
The CCT panel width, IV, is optional provided 
the requirement of 7.1 is observed. The 
needed width to be below material yield may 
be estimated from the maximum expected 
plastic-zone size, ry (see 9.1.4), which is di
rectly proportional to the square of the mate
rial toughness-to-yield strength ratio. As a 
guide, a specimen 27rY wide and Vj notched is 
expected to fail at a net section stress equal to 
the yield strength (7). It therefore is desirable 
to have an estimate of the maximum K ex-
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pected in the test before designing the speci
men. As an aid, the following table lists mini
mum recommended CCT sizes for assumed 
'̂ max-to-yield strength ratios. 

Width, in. 2a,, in. Length, in. 
K^vy (mm) (mm) (mmf 

0.5 3.0(76) 1.0(25) 9(229)» 
1.00 6.0(152) 2.0(51) 12(305) 
1.50 12.0(305) 4.0(102) 24(610) 
2.00 20.0(508) 6.7(170) 30(762) 
3.00 48.0(1219) 16.0(406) 72(1829) 

* Specimen length between grips of CCT specimens is 
nominally 21^ with W less than or equal to 12 in. (305 
mm), and 1.5W for all W greater than 12 in. 

* Pin-loaded specimen of Method E 338. 

7.3 The recommended CS specimen is 
shown in Fig. 7a. Crack-opening displacement 
is measured at a point 0.1576W ± 0.00061^ 
in advance of the center line of the loading 
pins. Alternative location of the gage is per
mitted but displacement values must be lin
early extrapolated to the load line or to 
0.1576W in order to use the values given in 
Table 2 for compliance measurement. Span of 
the gage is not critical so long as it is less than 
W/4. 

7.4 The recommended (DLWL specimen is 
shown in Fig. 7b. Hole size is proportioned 
according to specimen size. Some small 
amount of specimen brinelling at the hole can 
be tolerated. Clip gage placement is restricted 
to 0.1576W ± 0.0006W in fi-ont and 0.303W 
± 0.0006W behind the load line. Recom
mended gage span varies with specimen size 
as shown in the figure. 

7.5 In order for a result to be considered 
valid for CS and CLWL specimens in accord
ance with this recommended practice, it is 
required that the remaining imcracked liga
ment at the end of the test be at least equal to 
4/ir (/knutt/fv)* where Km»x is the maximum K 
level in a test and cry is the 0.2 % offeet yield 
strength of the material. The initial crack 
length in CS and CLWL specimens shall be 
between 0.35 to 0.45 times specimen width. 

7.6 Starting Notch—The machined starter 
slot for any of the recommended specimens 
may be made by electrical-discharge machin
ing, end milling, or saw cutting. 

7.6.1 For the CCT specimen, the ma
chined notch shall be 30 to 35 % of W and 
shall be centered with respect to specimen 
width within 0.002W. It is advisable to have 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



APPENDIXES 245 

root radii at the ends of the slots of 0.003 in. 
(0.08 mm) or less to facilitate fatigue crack
ing. The starter slot must be extended by 
fatigue cracks not less than 0.05 in. (1.3 mm) 
in length (see Note 4). The slot must lie within 
an envelope described by Fig. 8. 

7.6.2 For the CS specimen. Fig. 9 shows 
the allowable notch types and envelope sizes. 
The machined slots must be extended by fa
tigue cracks not less than 0.05 in. (1.3 mm) in 
length. 

NOTE 4 —Fatigue cracks may be omitted only if 
it can be shown that the machined notch root radius 
effectively simulates the sharpness of a fatigue 
starter crack. 

7.7 In fatigue cracking, the minimum-to-
maximum load ratio can be chosen through 
experience. In CCT specimens, the maximum 
stress in the net section shall not be greater 
than 50 % of the yield stress. In CS and 
CLWL specimens, the maximum load in fa
tigue shall not develop strength ratios greater 
than 0.5 as calculated in accordance with 
9.1.7 of Method E 399. Typically, maximum 
nominal stresses in fatigue cracking should be 
between 10 to 40 % of material yield 
strength. 

8. Procedure 
8.1 Measurements — Measure material 

thickness, fi, to ± 1 % of B at four locations 
near the crack plane. Measure specimen 
width, W, accurate to ± 0.5 % of W. 

8.2 Number of Teste — Replicate /{-curves 
can be expected to vary as do other properties 
in mechanical tests such as Charpy-V energies 
or tensile properties. A curve plotted from a 
single determination may be a smoothly in
creasing function of crack extension, giving 
the impression that the single determination is 
an accurate representation. This is not neces
sarily so; make at least one additional con
firming test. 

8.3 Loading Procedure—Load the CCT, 
CS, and CLWL specimens incrementally, al
lowing time between steps for the crack to 
stabilize before measuring load and crack 
length (see Note 5). Cracks stabilize in most 
materials within seconds of stopping the load
ing. However, when stopping near an instabil
ity condition, the crack may take several min
utes to stabilize, depending upon the stiffness 
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of the loading frame and other factors. 
NOTE S —If autographic instrumentation is used, 

it is permitted to monitor load versus crack exten
sion continuously under monotonic loading. Load 
rate must be slow enough so as not to introduce 
strain rate effects into the /?-curve. Static Kg cannot 
be determined when the crack is steadily creeping 
or accelerating at or near instability. 

8.3.1 Number of Data Points-V/hils R-
curves can be developed with as few as four or 
five data points, ten to fifteen give improved 
confidence, and tougher materials usually re
quire more data points. 

8.4 Physical Crack-Length Measurement — 
Measure the physical crack length accurately 
to 0.01 in. (0.2 mm) at each step using suita
ble measuring devices described in 6.6 and 
6.7. Physical crack length can also be mea
sured with compliance techniques by partial 
unloading of the specimen after each incre
ment, a technique described in 10.4. Adjust 
the physical crack length for plastic-zone, ry, 
to obtain effective crack length for calculating 
K. 

8.4.1 In CLWL tests where the physical 
crack length is measured, determine the ap
plied load or K from the relationship of Table 
2 using an ry adjustment to crack length to 
enter the table. Since ry is a fimction ofK, an 
iteration procedure may be necessary. 

8.5 Effective Crack-Length Measurement— 
Comphance measurements, 2v/P, made dur
ing the loading of specimens, can be used to 
determine effective crack length, 0^, directly. 
The crack is automatically plastic-zone cor
rected and these values can be used directly in 
the expressions for K. 

8.5.1 Effective crack length can be deter
mined directly in CS and CLWL specimens 
using a double compUance technique. By de
termining the displacements at two different 
locations, VI and V2, along the crack line, as 
shown in Fig. 7b, an effective crack length-to-
width ratio, aJW, can be found from the dis
placement ratio 2vl/2v2 using Table 1. It is 
convenient to plot autographically 2vl versus 
2v2 on an X-Y recorder at lOOx and 200x, 
respectively. The load, P, can be calculated 
using Oe and displacement at VI in conven
tional compliance relationships appearing in 
Table 2. In continuous X-Y plots, the wedge 
direction or load can be reversed at appropri
ate intervals to determine return slope 2avl / 
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2Av2, which corresponds to physical crack 
length, using Table 1. In wedge systems, use a 
restraining jig to prevent withdrawal of the 
split pins along with the wedge. 

8.6 Detection of Buckling—If compliance 
instrumentation is used, it is possible to deter
mine when the specimen has developed unde
sirable buckling. The detection technique in
volves periodic partial unloading of the speci
men as is shown schematically in Figs. 10 and 
11. The initial part of the test record should 
have a linear portion which can be substan
tially retraced upon partial unloading. Like
wise, should buckling or friction problems de
velop at some later stage in the test, the un
loading and reloading slopes will tend to di
verge. If the slopes differ by more than 2 % or 
if one or both have no linear range, then 
buckling or friction is present which is suffi
cient to cause significant error in compliance 
indicated crack lengths. Added confidence 
can be obtained by comparing the crack 
lengths predicted from return slopes, to physi
cal crack length indicated with other more 
direct measurement methods. 

8.7 Difficulties in the interpretation of test 
records will be encountered if the specimens 
are not flat prior to testing and if the plates 
contain regions of residual stress that are not 
negligible on a thickness average basis. 

8.8 CCT Specimen Testing-CateMly 
align the specimens in the testing machine to 
eliminate eccentricity of loading. Misalign
ment can result in uncontrolled or spurious 
stress distribution in the specimen, which 
could be troublesome, particularly if compli
ance measurements are used to determine ef
fective crack length. Fixtures for measuring 
crack growth may be affixed to the specimen 
after applying a light preload. Starting crack 
length in a CCT specimen is nominally 30 to 
35 % of W, as established in 7.6.1. Measure 
this to the nearest 0.01 in. (0.2 mm). 

8.9 CS and CLWL Testing- Starting crack 
length in a CS and CLWL specimen is nomi
nally 35 to 45 % of W, as set forth in 7.5. The 
stress distribution in these crack-line-loaded 
types of specimens is such that the crack could 
deviate away from the original notch direction 
as the crack is driven (8). This is usually ob
served in materials that have appreciable ani-
sotropy of toughness and where the crack is 
driven in the tougher direction. Accuracy of 

the elastic displacement relationships de
creases with deviation from the crack line; 
discard the data at deviation angles greater 
than 10 deg. 

9. Calculation and Interpretation 
9.1 To develop an i?-curve, generate and 

use crack length and load data to calculate 
crack-extension force, K. 

9.1.1 For the center-cracked tension speci
men use either of the two following and 
equally appropriate expressions: 
K = (P/WB) vS"-

[1.77 - 0.177 (2a/W) + 1.77 (la/Wf] 
or 

K = (PIWB) (na sec (na/W))* 

where: 
P = applied load, 
B = material thickness, 
W = width of specimen, and 
a = plastic-zone corrected half-crack length. 

9.1.2 For the CS and CLWL specimens, 
determine K as follows: 

K = {P/BW") [29.6 (a/W)'" - 185.5 (a/W)'" 
+ 655.7 (a/Wf" - 1017.0 (a/W)'" 
+ 638.9 (a/W)'"] 

where; 
a = plastic-zone corrected crack length 

measured from the load line, and 
W = specimen width measured from the load 

line. 
9.1.3 Alternatively, values appearing in 

Table 2 may be used to calculate JC. 
9.1.4 The crack length used in the expres

sions of 9.1.1 and 9.1.2 is the effective crack 
length, which is the total physical crack length 
plus a correction for plastic zone, ry. Correct 
physically measured crack lengths as follows: 

a, = (aj + Aa + r-,) 

where: 
a„ = starting half-crack length in a CCT test 

or crack length in CS and CLWL tests, 
iiO = physical crack growth at one crack tip, 

and 
ry = plastic-zone adjustment 

ry = (l/2w)(A:«/<ry») 

9.1.5 The expression of 9.1.4 for ry is most 
accurate for high-strength materials of yield 
strength-to-density ratios above 700 000 psi/ 
Ibin.- ' (174 kPa/kg-m"'). Lower-strength, 
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high-toughness materials require increasing 
reliance on compliance methods to correct for 
plastic-zone effects. 

10. Compliance Methods 

10.1 Determination of Effective Crack 
Length —The compliance technique uses elas
tic-spring characteristics of the specimen cali
brated over varied crack lengths (9). A cali
bration curve may be developed experimen
tally by elastically loading specimens of varied 
crack sizes and determining the elastic recip
rocal spring constant or reciprocal slope of 
load versus displacement record. Normalize 
these reciprocal slopes for material thickness 
and elastic modulus and plot against crack 
length-to-specimen width ratio. An analyti
cally developed expression for the compliance 
of the CCT specimen, which can be used in
stead of an experimentally developed curve 
(10) is as follows: 

E[2v] 
<TW 

= 2{(™/W)/sin (™/W)}" 

f 2W ^ , /coshiry/W\ 
\ cos na/W I TTY V COS TTfl/W 

1 + M 
+ M fl'/W [ /s in ira/W y i " ! 

Vsinh7rF/wJ J 
/ 2a Y 
I valid for 0.2 < — < 0.8; — s 0 W W ' ) 

where: 
E = Young's modulus, 
2v = center-opening displacement at center 

hole, 
cr - gross stress, P/BW, 
P = load, 
B = sheet thickness, 
W = sheet width, 
Y = half span of gage, 
a = effective half-crack length, and 
/J, = Poisson's ratio. 

10.2 The compliance calibration curve for 
a 16-in. (405-mm) wide CCT panel using 
near-zero gage span is presented in Fig. 12. 
Note that the accompanying analytical curve 
for compliance was developed for a specific 
gage half-span-to-specimen width ratio, Y/W. 

10.3 In testing to develop an i?-curve, the 
test record of load versus clip-gage displace
ment for the CCT and CS test, or the 2vl 
versus 2v2 record for the CLWL test, will 

E561 

have an initial linear portion, the slope of 
which should correspond to the starting crack 
length in the specimen. 

10.3.1 In CCT and CS tests, compare the 
crack length predicted from the initial slope of 
the test record to the initial crack length. If 
they differ by more than 0.003W, treat the 
initial slope and actual crack length as a single 
compliance calibration point and vertically 
adjust the position of the compliance calibra
tion curve to pass through this point using an 
overlay having the calibration curve shape. 
Alternatively, this operation may be done 
arithmetically. Determine all subsequent 
crack lengths from this transposed curve. 

10.3.2 To develop an R-cnr/e for either a 
CCT or a CS test, draw secants to the test 
curve from the origin to arbitrarily selected 
points on the test record (load versus displace
ment) as shown in Fig. 13. The reciprocal 
slopes of these secants correspond to effective 
crack lengths at their points of intersection 
with the test record. Normalize the reciprocal 
slopes for elastic modulus and material thick
ness and enter the calibration record to deter
mine aJW. 

10.4 In CCT and CS tests, partial unload
ing at any given point in the test will result in a 
return slope different from the secant dis
cussed in 10.3.2. The unloading slopes corre
spond to the physical crack length. This load 
reversal shall be only enough to establish the 
return slope accurately from which the physi
cal crack length can be determined. Should 
the test record not return linearly immediately 
upon unloading, factors other than material 
behavior are influencing the test record and 
return slope measurements should be suspect. 

10.5 In a CLWL test record (11), the ini
tial linear relationship between displacements 
at locations VI and V2 corresponds to the 
starting physical crack length in the specimen, 
and should be accurate within 0.0051V. The 
VXIVl double compliance calibration curve 
cannot be shifted as with the CCT and CS 
specimen single compliance relationships. De
spite possible error in prediction of initial 
crack length, a„, the ability to determine in
crements of crack growth should remain un
impaired. However, if the starting crack 
length is in error by more than 3 % of «», the 
data shall be discarded and the test equipment 
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checked for conformance to the requirements 
of this recommended practice. Increments of 
crack growth are indicated by subtracting the 
compHance-indicated initial crack length from 
the crack lengths determined in succeeding 
increments. 

10.6 Calculate K in accordance with 
expressions in 9.1.1 or 9.1.2 using compli
ance-determined effective crack lengths. 

11. Report 

11.1 The report shall include the follow
ing: 

11.1.1 Type and size of specimen used, 
11.1.2 Crack propagation direction (see 

Method E 399 for coding system), 
11.1.3 Material thickness, 
11.1.4 Yield strength, 
11.1.5 Fatigue precracking data, and 
11.1.6 Percent oblique fracture (of value 

as supplementary information only). 
11.2 The i?-curve may be plotted in terms 

of either physical or effective crack extension. 
The legend shall contain the following infor
mation: (a ) the method of plastic-zone ad
justment to the physical crack length, and (b) 
whether the abscissa is given in terms of physi
cal or effective crack extension. Instability 
predictions can be made only from effective 
crack-extension plots. 
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TABLE 1 Doabk Coaplnce Ebidc Calbntioa Caive-CS (Ml CLWL Spedmeni 
-Applicable only to the VI and V2 locations shown in Fig. 7(6). 

alw 

0.350 
0.355 
0.360 
0.365 
0.370 
0.375 
0.380 
0.385 
0.390 
0.395 
0.400 
0.405 
0.410 

2vmv2' 

CLWL 

4.74 
4.54 
4.36 
4.24 
4.09 
3.97 
3.85 
3.74 
3.64 
3.55 
3.47 
3.39 
3.33 

CS 

5.56 
5.25 
5.00 
4.78 
4.62 
4.47 
4.33 
4.22 
4.11 
4.01 
3.91 
3.82 
3.75 

alw 

0.415 
0.420 
0.425 
0.430 
0.435 
0.440 
0.445 
0.45O 
0.455 
0.460 
0.465 
0.470 
0.475 

2vl/2v2' 

CLWL 

3.27 
3.22 
3.16 
3.11 
3.06 
3.02 
2.97 
2.93 
2.89 
2.85 
2.82 
2.79 
2.76 

CS 

3.67 
3.59 
3.53 
3.46 
3.39 
3.33 
3.27 
3.22 
3.17 
3.13 
3.08 
3.04 
3.00 

alw 

0.480 
0.485 
0.490 
0.495 
0.500 
0.505 
0.510 
0.515 
0.520 
0.525 
0.530 
0.535 
0.540 

2>'l/2v2'' 

CLWL 

2.72 
2.70 
2.67 
2.64 
2.62 
2.59 
2.57 
2.54 
2.52 
2.50 
2.48 
2.46 
2.44 

CS 

2.96 
2.92 
2.88 
2.85 
2.81 
2.78 
2.74 
2.71 
2.68 
2.66 
2.63 
2.60 
2.58 

afw 

0.545 
0.550 
0.555 
0.560 
0.565 
0.570 
0.575 
0.580 
0.585 
0.590 
0.595 
0.600 

2vl/2v2'' 

CLWL 

2.42 
2.40 
2.38 
2.36 
2.34 
2.32 
2.31 
2.29 
2.27 
2.25 
2.24 
2.23 

CS 

2.56 
2.53 
2.50 
2.48 
2.46 
2.44 
2.42 
2.40 
2.38 
2.36 
2.35 
2.33 

'* 2v\l2vl is moderately affected by clip gage span with less than Vi % error introduced by using 0.8-in. (20.3-mm) span 
instead of measurements on the crack Une. 

TABLE 2 DtaenaioileasSlKnMcnityFKlonuidCompliDceti Fine Slrc» for Ike RecoaunemledCS and CLWL 
Spcdaiau 

NOTE-H/W = 0.6. 

VI at 0.1576H'. 

tt/w 

0.350 
0.355 
0.360 
0.365 
0.370 
0.375 
0.380 
0.385 
0.390 
0.395 
0.400 
0.405 
0.410 
0.415 
0.420 
0.425 
0.430 
0.435 
0.440 
0.445 
0.450 
0.455 
0.460 
0.465 
0.470 
0.475 

KBW"'/P 

6.50 
6.57 
6.65 
6.73 
6.81 
6.89 
6.97 
7.06 
7.14 
7.23 
7.32 
7.42 
7.51 
7.61 
7.70 
7.80 
7.91 
8.01 
8.12 
8.23 
8.34 
8.45 
8.57 
8.69 
8.81 
8.93 

EB2vl/P 

CLWL 

22.83 
23.35 
23.88 
24.43 
24.99 
25.57 
26.16 
26.76 
27.38 
28.02 
28.67 
29.33 
30.01 
30.71 
31.42 
32.15 
32.90 
33.67 
34.45 
35.25 
36.08 
36.93 
37.80 
38.69 
39.61 
40.55 

CS 

25.82 
26.33 
26.85 
27.38 
27.94 
28.50 
29.08 
29.68 
30.29 
30.91 
31.55 
32.21 
32.88 
33.57 
34.27 
34.99 
35.73 
36.49 
37.27 
38.07 
38.89 
39.73 
40.60 
41.49 
42.40 
43.34 

tt/w 

0.480 
0.485 
0.490 
0.495 
0.500 
0.505 
0.510 
0.515 
0.520 
0.525 
0.530 
0.535 
0.540 
0.545 
0.550 
0.555 
0.560 
0.565 
0.570 
0.575 
0.580 
0.585 
0.590 
0.595 
0.600 

KBW"'/P 

9.06 
9.19 
9.33 
9.46 
9.60 
9.75 
9.90 

10.05 
10.21 
10.37 
10.54 
10.71 
10.89 
11.07 
11.26 
11.46 
11.66 
11.87 
12.08 
12.30 
12.54 
12.77 
13.02 
13.28 
13.54 

£«2vl /P 

CLWL 

41.52 
42.52 
43.55 
44.61 
45.70 
46.83 
47.99 
49.18 
50.42 
51.70 
53.02 
54.38 
55.79 
57.24 
58.75 
60.31 
61.92 
63.60 
65.32 
67.12 
68.97 
70.89 
72.88 
74.94 
77.07 

CS 

44.31 
45.30 
46.33 
47.38 
48.48 
49.60 
50.76 
51.95 
53.19 
54.47 
55.78 
57.15 
58.56 
60.01 
61.52 
63.08 
64.70 
66.37 
68.10 
69.89 
71.74 
73.66 
75.65 
77.72 
79.85 

Polynomial expressions fit to the above compliance values are; 
Compact Specimen: EB2vVP = 103.8 - 930.M.alw) + 3610 (alwf - 5930.S(alwy + 3979(a/iv)«. 
CLWL: EB2vUP = 101.9 - 948.9(o/>v) + 3691.5 {a/wf - 6064.0(a/»')' + 4054 (a/wf. 
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FIG. 1 Schematic Representation of il-Curve and Crack-Extension Force Curves Superposed on One Plot. 
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FIG. 2 Center-Cracked Tension Panel Test Setnp. 
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FIG. 3 Crack-Line-Loaded Specimen with Displacement-Controlled Wedge Loading. 
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FIG. 9 Envelope for Cnick-SUirtcr Notches and Examples of Notches Exteaded with Fattgae Cncks. 

Noih \—N need not be less than '/,̂  in. (1.6 mm) but 
must not exceed W'/IO. 

NOTt 2—The intersection of the crack-starter tips with 
the two specimen faces shall be equidistant from the lop and 
bottom edges of the specimen within 0.005 Ĥ . 

DISPLACEMENT 2v-in. 
FIG. 10 Detection of BncfcUng from CompMance Test Records of CCT and CS Spednei 
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DISPLACEMENT v 

n c 13 SchemiUc Teat Record for CCT or CS 
SpedmeH. 
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of the validity of any such patent rights, and the risk of infringement of such rights, is entirely their own responsibility. 
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APPENDIX IV 

Designation: E 602 - 76 T 

Tentative Method for 
SHARP-NOTCH TENSION TESTING WITH CYLINDRICAL 
SPECIMENS' 

This Tentative Method has been approved by the sponsoring committee and accepted by the Society in accordance with 
established procedures, for use pending adoption as staiidard. Suggestions for revisions should be addressed to the Society 
at 1916 Race St., Philadelphia, Pa. 19103. 

1. Scope 

1.1 This method covers the determination 
of a comparative measure of the resistance of 
thick-section materials to fracture under 
plane-strain conditions originating from a very 
sharp stress-concentrator or crack (Note 1). 
The quantity determined is the sharp-notch 
strength of a specimen of particular dimen
sions, and this value depends upon these di
mensions as well as the characteristics of the 
material. The sharp-notch strength-to-yield 
strength ratio is also determined. 

NOTE I —Direct ineasurements of the plane-
strain fracture toughness may be made in accord
ance with Method E 399, Test for Plane-Strain 
Fracture Toughness of Metallic Materials.' Com
parative measures of resistance to fracture for sheet 
and thin plate may be obtained in accordance with 
Method E 338, Sharp-Notch Tension Testing of 
High-Strength Sheet Materials.'' 

1.2 This method is restricted to sharp ma
chine-notched specimens (notch tip radii less 
than or equal to 0.0007 in. (0.018 mm)), and 
applies only to those materials (for example, 
aluminum and magnesium alloys) in which 
such sharp notches can be reproducibly ma
chined. 

1.3 This method is restricted to cylindrical 
specimens of two diameters as shown in Fig. 
1. The 1 1/16-in. (27.0-mm) diameter speci
men extends the range of application of this 
method to higher toughness levels than could 
be accommodated by the 0.5-in. (12.7-mm) 
diameter specimen. 

1.4 This method is restricted to materials 
equal to or greater than 0.5 in. (12.7 mm) in 
thickness. Since the notch strength depends 
on the specimen diameter and, within certain 
limits, on the length, comparison of various 

material conditions must be based on tests of 
specimens having the same nominal diameter 
and a test section length sufficient to prevent 
significant interaction between the stress field 
of the specimen heads and that of the sharp 
notch (see Fig. 1). 

1.5 The sharp-notch strength may depend 
strongly upon temperature within a certain 
range depending upon the characteristics of 
the material. This method is suitable for tests 
at any appropriate temperature. However, 
comparisons of various material conditions 
must be based on tests conducted at the same 
temperature. 

NOTE 2 —Further information on background 
and need for this type of test is given in the Fourth 
Report of ASTM Committee E-24 (1)^ on Fracture 
Testing, as well as other committee documents (2, 
3 , 4 ) . 

NOTE 3—The values stated in U. S. customary 
units are to be regarded as the standard. 

2 . Applicable Documents 

2.1 ASTM Standards: 

B 5 5 7 , Tension-Test ing Wrought- and 

Cast-Aluminum and Magnesium Alloy 
Products^ 

E 4, Verification of Testing Machines^ 
E 8, Tension Testing of Metallic Materials* 
E 139, Recommended Practice for Con-

' This method is under the jurisdiction of ASTM Com
mittee E-24 on Fracture Testing. 

Current edition approved Dec. 31, 1976. Published 
June 1977. Originally published as information only No
vember 1974. 

' Annual Book of ASTM Standards, Part 10. 
' The boldface numbers in parentheses refer to the list 

of references appended to the method. 
< Annual Book of ASTM Standards, Part 7. 
^Annual Book of ASTM Standards, Parts 10, 14, 32, 

35. and 41. 
' Annual Book of ASTM Standards, Parts 6, 7, and 10. 
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ducting Creep, Creep-Rupture, and 
Stress-Rupture Tests of Metallic Materi-
alŝ  

3. Significance 
3.1 The sharp notch-to-yield strength ratio 

provides a comparative measure of resistance 
to plane-strain fracture originating from 
cracks or crack-like discontinuities. However, 
at sufficiently high values, the notch-to-yield 
strength ratio progressively loses sensitivity to 
changes in plane-strain fracture toughness. 
Available data indicates that useful sensitivity 
is maintained up to a value of about 1.3. At a 
given level of toughness the notch-strength 
ratio decreases with an increase in notch spec
imen size. Therefore, when the notch-to-yield 
strength ratio of the 0.5-in. (12.7-mm) diame
ter specimen exceeds 1.3, the 1 1/16-in. 
(27.0^mm) diameter specimen is recom
mended. The sharp notch-to-yield strength ra
tio is not intended to provide an absolute 
measure of resistance to crack propagation 
which might be used in calculations of the 
strength of structures. However, it can serve 
the following purposes: 

3.1.1 In research and development of ma
terials, to study the effects of the variables of 
composition, processing, heat-treament, etc. 

3.1.2 In service evaluation, to compare the 
resistance to plane-strain fracture of a number 
of materials that are otherwise equally suita
ble for an application, or to eliminate materi
als when an arbitrary minimum acceptable 
sharp-notch strength can be established on the 
basis of service performance correlation, or 
some other adequate basis. 

3.1.3 For specifications of acceptance and 
manufacturing quality control when there is a 
sound basis for establishing a minimum ac
ceptable sharp-notch strength or ratio of 
sharp-notch strength to tensile yield strength. 
Detailed discussion of the basis for setting 
minimum values in a particular case is beyond 
the scope of this method. 

3.2 The sharp-notch strength may vary 
with temperature. The temperature of the 
specimen during each test shall, therefore, be 
controlled and recorded. Tests shall be con
ducted throughout the range of expected ser
vice temperatures to ascertain the relation be
tween notch strength and temperature. Care 
shall be taken that the lowest and highest 

anticipated service temperature are included. 
3.3 Limited results suggest that the sharp-

notch strengths of aluminum and magnesium 
alloys at room temperature (5) are not appre
ciably sensitive to rate of loading within the 
range of loading rates normally used in con
ventional tension tests. At elevated tempera
tures, rate effects may become important and 
investigations should be made to determine 
their magnitude and establish the necessary 
controls. Where very low or high rates of 
loading are expected in service, the effect of 
loading rate should be investigated using spe
cial procedures that are beyond the scope of 
this method. 

3.4 The sharp-notch strength is a fracture 
property and like other fracture properties 
will normally exhibit greater scatter than the 
conventional tensile or yield strength. In addi
tion, the sharp-notch strength can be influ
enced by variations in the notch radius and by 
bending stresses introduced by eccentric load
ing. In order to establish a reasonable esti
mate of the average fracture properties it is 
recommended that replicate specimens be 
tested for each metal condition to be evalu
ated. 

4. Description of Terms 
4.1 Sharp-Notch Strength —As determined 

by this method, a value determined by divid
ing the maximum load sustained in a tension 
test of an appropriate specimen by the initial 
area of supporting cross section in the plane of 
the notch. This calculation of notch strength 
takes no account of any crack extension that 
may occur during the test. The sharp-notch 
strength is thus analogous to the tensile 
strength of a standard tension test specimen 
that is based on the area of the specimen 
before testing. 

5. Apparatus 
5.1 Tension-Testing Machine conforming 

to the requirements of Methods E 4. 
5.2 Loading Fixtures — Any loading fixture 

may be used provided that it meets the re
quirements of Section 7 for percent bending. 
Axial alignment fixtures for threaded end 
specimens (6) have been designed which ex
ceed these requirements. Tapered seat grips 
incorporating a quick operating feature have 
been proposed for testing smooth specimens 
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(7). These have also been used in tests of 
sharply notched cylindrical specimens (5).-It 
has been shown (8) that these grips can meet 
the bending requirements of Section 7 if load
ing rod aligners are used and if the component 
parts of the loading train are so positioned 
that bending introduced by one component is 
cancelled by that introduced by another. 

NOTE 4—The apparent strength of sharply 
notched cylindrical specimens can be reduced by 
bending stresses resuhing from displacement be
tween a Une normal to the center of the notch plane 
and the load line. These misalignments can arise 
from errors in machining the specimen but more 
frequently are associated with the relative fits and 
angular relationships between the mating parts of 
the loading train components including attachments 
to the tensile machine. Generally, these misalign
ments will vary in a random manner from test to test 
and thereby contribute to the scatter in the notch 
strength values. The effect of misalignment on the 
notch strength will depend on its magnitude and the 
toughness of the material with the toughest metal 
conditions showing the smallest effects. Misalign
ments can be reduced to neghgible levels by proper 
design of the loading train components which incor
porate devices to provide isolation from misahgn-
ments inherent in the tensile machine. To function 
effectively these components must be designed to 
close tolerances and precision machined so that very 
low bending stresses will be encountered regardless 
of the relative position of the various components of 
the loading train. 

5.3 Temperature-Control Systems —for 
tests at other than room temperature, any 
suitable means may be used to heat or cool the 
specimen and to maintain a uniform tempera
ture over the region that includes the notch. 
The ability of the equipment to provide a 
region of uniform temperature shall be estab
lished by measurements of the temperature 
directly on the specimen in the region of the 
notch. A temperature survey shall be con
ducted either at each temperature level at 
which tests are to be made, or at a series of 
temperature levels at intervals of 50°F (30°C) 
over the range of test temperatures. At least 
three thermocouples shall be utilized in mak
ing the survey, one in or at the notch and one 
at each end of the reduced section. The tem
perature shall be held within ± 2'/2°F (± 
l'/2°C) during the course of the test. At the 
test temperature, the difference between the 
indicated temperatures at any of the three 
thermocouple positions shall not exceed 5°F 
(3°C). 

NOTE 5 — Use of liquefied gases as coolants for 
tests below room temperature is generally satisfac

tory, but the use of liquid baths for heating speci
mens shall be avoided unless it can be established 
that the liquid has no effect on the sharp-notch 
strength of the material. 

5.3.1 Calibrated Thermocouples —Tem-
perature shall be measured with calibrated 
thermocouples used in conjunction with po
tentiometers or millivoltmeters. Such meas
urements are subject to various errors and 
reference should be made to Recommended 
Practice E 139 for a description of these er
rors. Thermocouple beads should be formed 
in accordance with the "Preparation of Ther
mocouple Measuring Junctions," which ap
pears in the "Related Material" section of this 
publication. Base metal thermocouples used 
at elevated temperatures can be subject to 
errors on re-use unless the depth of immersion 
and the temperature gradients of the initial 
exposure are reproduced. These immersion 
effects should be very small at the tempera
tures of interest for the testing of aluminum 
and magnesium alloys. However, when ther
mocouples are re-used it is desirable to occa
sionally check them against new thermocou
ples. For further information on the use of 
thermocouples, see Ref (9). 

5.3.2 The temperature of the specimen 
during any test at other than room tempera
ture shall be measured at one, or preferably 
more than one, position within the uniform 
temperature region during the test. The only 
exception to this would involve liquefied 
gases, where it is shown by a temperature 
survey that constant temperature can be 
maintained following an initial holding pe
riod. The thermocouples and measuring in
struments shall be calibrated and shall be ac
curate to within ± 2'/2°F (± I ' / aX) . 

5.3.3 The method of temperature meas
urement must be sufficiently sensitive and re
liable to ensure that the temperature of the 
specimen is within the limits specified in 5.3. 

5.3.4 The temperature-measuring appara
tus should be calibrated periodically against 
standards traceable to the National Bureau of 
Standards. An overall calibration accuracy of 
± 2'/2°F (± li/2°C) of the nominal test tem
perature should be readily achieved. 

5.3.5 It should be appreciated that the 
strength of some alloys will be altered by suffi
ciently long soaking periods at elevated tem
perature with or without load. For this reason 
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heating and soaking times should be consid
ered in analyzing the results. 

6. Test Specimens 
6.1 The two recommended designs of 

notch-test sections are shown in Fig. 1. The 
test section of the '/i-in. (12.7-mm) diameter 
specimen shall have a minimum length L = 1 
in. (25.4 mm). The test section of the 1 Vie-
in. (27.0-mm) diameter specimen shall have a 
minimum length L = 2'h in. (55.0 mm). 

6.2 Specimen Heads —The notched test 
sections may be loaded through tapered heads 
(5, 7, 8) or threads (6) or any other type of 
fastening that will not exceed the maximum 
bending requirements of Section 7. Examples 
of typical specimens with tapered heads and 
threaded heads are shown in Figs. 2 and 3 
respectively. 

6.3 The sharpness of the machined notches 
is a critical feature of the specimen and special 
care is required to prepare them (10). In par
ticular, the final cuts shall be light and slow, to 
avoid the introduction of significant residual 
stresses. For each specimen, the notch-tip ra
dius shall be measured prior to testing and any 
specimen that does not meet the 0.0007-in. 
(0.018-mm) limit in Fig. 1 shall be discarded 
or reworked. (See Section 8.) 

6.4 Because it is necessary to minimize 
bending stresses during testing, particular care 
should be taken to machine the notched speci
mens with minimum run-out. Cylindrical sur
faces and specimen heads shall be machined 
with an eccentricity with respect to the notch 
not exceeding 0.001 in. (0.025 mm). Nor
mally the specimens will be machined be
tween centers and where possible, all machin
ing should be completed in the same setup. If 
this is not possible the centers used in the first 
operation should be retained and care should 
be taken to keep them free from dirt or dam
age. 

6.5 It is recommended that replicate speci
mens be tested for each distinct set of values 
of the controlled variables (material factors, 
thickness, and temperature; see 3.4). 

7. Verification 

7.1 The purpose of the verification proce
dure is to demonstrate that the loading fixture 
can be used by the test operator in such a way 

E602 

as to consistently meet the limitation on per
cent bending specified in 7.3.1. Thus, the 
verification procedure should involve no more 
care in setup than will be used in the routine 
testing of the sharply notched cylindrical spec
imens. For example, if aligners are to be used 
in the notch tests these devices should be 
employed in exactly the same way during the 
verification procedure. The bending stresses 
under tensile load shall be measured using the 
verification specimens of the design shown in 
Fig. 4. These measurements should be re
peated whenever (/) the fixtures are in
stalled in a different tensile machine, (2) a 
different operator is making the notch tests, 
or (3) damage is suspected. The verification 
specimen must be machined very carefully 
with attention to all tolerances and concen
tricity requirements. This specimen shall be 
carefully inspected with an optical comparator 
before strain gages are attached in order to 
ensure that these requirements are met. After 
the gages are applied, it will no longer be 
possible to meaningfully inspect the specimen, 
so care should be exercised in its handling and 
use. 

7.2 The verification specimens shall be in
strumented with four foil resistance strain 
gages mounted at 90-deg positions around the 
circumference of the specimen at the center of 
the length of the reduced section. These gages 
should be as narrow as possible to minimize 
strain averaging. Gages having a width of 
0.010 in. (0.25 mm) and a length of about 0.1 
in. (2.5 mm) are commercially available and 
have been used in this application (6). 

7.3 Details of the verification procedure 
and reduction of the strain gage data have 
been described (6) and the reader is referred 
to this information before proceeding with the 
measurements. For the present purposes two 
cases can be recognized: (/) a case in which 
the fixtures have been specially designed to 
provide low bending stresses and are expected 
to give satisfactory results without the use of 
any special precautions during their service 
life, and (2) a case in which the fixtures have 
been designed for some less rigorous applica
tion and are to be adapted to tests on sharply 
notched cylindrical specimens. 

7.3.1 Case 1 —Install the verification speci
men in the upper portion of the loading fix-
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tures and take zero readings on all four gages. 
Connect the lower fixtures and reference all 
rotatable components of the loading train in a 
common line. Load the assembly to produce 
30-ksi (205-MPa) stress in the reduced section 
of the verification specimen and record the 
readings of all four gages. Unload the speci
men and rotate any selected component of the 
loading train (except the specimen) 90 deg, 
reload to the previous load, and record the 
readings of all four gages. Repeat this proce
dure, rotating the selected component in 90-
deg increments in order to find the rotational 
position giving the highest percent bending. 
The component should remain in that position 
and the same procedure followed for the re
maining components, one at a time, each 
being retained in the position giving the high
est bending. If the bending is less than 10 % 
at all times, rotate each loading train compo
nent 360 deg so that the same rotational posi
tions are maintained but different thread en
gagement is produced, and repeat the gage 
readings. If the bending is still less than 10 %, 
remove and reinstall the verification specimen 
three times, maintaining the same relationship 
between the components of the loading train. 
After the last installation, remove the lower 
portion of the loading fixtures and repeat the 
zero readings on all four gages. These should 
agree with the original zero readings within 20 
(u.in. (0.5 ixm). If the bending at all stages of 
the verification procedure is less than 10 %, 
the fixture and tensile machine combination 
can be assumed to be satisfactory for the test
ing of sharply notched cylindrical specimens 
with no attention being given to the relative 
rotational position of the components of the 
loading train. If the maximum bending is 
greater than 10 % at any stage of the verifica
tion procedure, the strain gage data should be 
examined to determine the misalignment con
tribution of the various components. A proce
dure for doing this has been described (6). 
Based on the information obtained from this 
examination the fixture should be reworked 
or treated as in Case 2. 

7.3.2 Case 2 — Proceed as in Case 1, except 
retain the component parts of the loading 
train in the positions giving minimum bend
ing. If an arrangement can not be found that 
yields less than 10 % bending, the fixtures 

should not be used for testing sharply notched 
cylindrical specimens. If an arrangement can 
be found that yields less than 10 % bending, 
the components should be marked in a com
mon line to reference this position. Each com
ponent should then be rotated 360 deg and 
the strain gage readings repeated. If the maxi
mum bending is still less than 10 %, the verifi
cation specimen should be removed and rein
stalled three times with the strain gage read
ings repeated each time. If the bending re
mains below 10 % the fixture may be used for 
testing sharply notched cylindrical specimens 
in accordance with this method. However, 
care shall be taken to always maintain the 
same relative rotational positions of the com
ponents of the loading train, and if for any 
reason the loading train is disassembled, the 
percent bending shall be redetermined. 

7.4 The percent bending stress is defined 
as follows: 

PBS = ^(TJ(T„ X 100 

where: 
Ao-„ = difference between the maximum 
outer fiber stress and the average stress, <T„, in 
the specimen. 

7.4.1 The following relationships may be 
used to calculate percent bending: 

PBS = [(Ag,,3)̂  + (iig.^YV" 100/«„ 
where: 
Agi,3 = (gi - go) - (g3 - go)/2 = (g, - g3)/2, 
-^4,2 = (g4 - go) - (g2 - go)/2 = (g4 - g2)/2, 

and 
go = gl + g2 + g3 + g4/4 
where: 
giig2,g3. andg4 are the strain gage readings in 
microinches per inch, and compressive strains 
are considered to be negative. 

7.4.2 The reliability of the gage readings 
may be checked by comparing the average 
readings of each pair of opposite gages; they 
should agree within 1 %. 

7.5 For a satisfactory test setup, the per
cent bending stress, PBS, shall be no greater 
than 10 % at 30 ksi (205 MPa) average ten
sile stress. 

8. Procedure 
8.1 Dimensions— '^\\\i the specimen 

mounted between centers, use an optical com
parator with a magnification of at least 50 to 
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determine the total run-out at the notched 
section, along the barrel and at the heads. If 
the specitnen has threaded ends, run-out 
measurements should be made on the root 
diameter of the threads, following cleaning 
with a brush and acetone or a similar quick 
drying solvent. If the total run-out at any of 
these sections exceeds 0.002 in. (0.05 mm) 
the specimen should be rejected. Conform
ance to the notch radius specification can be 
determined on the comparator by matching 
the projected notch contour against circles of 
known radius. If, when rotating the specimen, 
the notch radius at any point exceeds 0.0007 
in. (0.018 mm) the specimen should be re
jected. Caution: It is necessary that the notch 
be free from dirt or fluids which could obscure 
the true contour at the root. Careful cleaning 
is essential. This may be accomplished by 
washing with acetone or a similar solvent to 
remove cutting oil and loose foreign matter. 
Following this washing, dry compressed air or 
a clean dry camel's hair brush, or both, can be 
used to remove the remaining foreign matter. 
The notch diameter d and the barrel diameter 
D can be measured on the comparator. Alter
natively, the notch diameter can be measured 
with chisel micrometers provided the chisel is 
sharp enough to bottom in the notch and care 
is taken not to brinell the notch root. The 
barrel diameter may be measured with con
ventional micrometers. Reject specimens that 
do not meet the cylindrical dimension toler
ances shown in Fig. 1. 

8.2 Testing — Conduct the test in a manner 
similar to a conventional tension test except 
that no extensometer is required. Control the 
testing speed so that the maximum stress rate 
on the notched section does not exceed 100 
ksi (690 MPa)/min at any stage of the test. 
Record the maximum load P reached during 
the test to the smallest increment of load that 
can be estimated. 

9. Calculation 
9.1 Sharp-Notch Strength-CalcuUte the 

sharp notch strength as follows: 

SNS = 4P/ir d' 

9.2 Sharp-Notch Strength-to-Yield Strength 
Ratio: 

9.2.1 The ratio of the sharp-notch strength 
to the 0.2 % offset tensile yield strength 
(NSR) is of significance as a comparative in
dex of plane-strain fracture toughness (11). 
Prepare standard tension specimens from the 
same stock that was used to prepare the 
sharply notched cylindrical specimens. The 
orientation of these tension specimens with 
respect to the major deformation direction 
should be identical to the orientation of the 
notched specimens, and the location of the 
tension specimens in the stock should be as 
close as possible to that of the notched speci
mens. If heat treatment is involved, process 
the tension and the notched specimens to
gether. Test the tension specimens in accord
ance with Methods E 8 and B 557, 

9.2.2 For the purpose of calculating the 
sharp-notch strength-to-yield strength ratio at 
other than room temperature, the yield 
strength may be interpolated from values at 
temperatures not more than 100°F (50°C) 
above and below the temperature at which the 
sharp-notch test is performed. 

10. Report 
10.1 The report shall include the following 

information for each specimen tested: 
10.1.1 Test section length (/), 
10.1.2 Major diameter (£)), 
10.1.3 Notch diameter (rf), 
10.1.4 Notch root radius (r), 
10.1.5 Temperature, 
10.1.6 Maximum load (f) , and 
10.1.7 Sharp-notch strength (SNS). 
10.2 The tensile ultimate and 0.2 % offset 

yield strength corresponding to each set of 
controlled variables used for the notch tests 
shall also be reported, along with the sharp-
notch strength-to-yield strength ratio (NSR). 
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NOTE 1 — Dimensions are in inches and (millimetres). 
NOTE 2—d must be concentric with D within 0.001 in. 

(0.025 mm). 

Nominal 
Size D L, mini

mum 

'/! in. 0.500 ± 0.005 
(12.7 ± 0.13) 

0.353 ± 0.005 
(8.96 ± 0.13) 

1.00 
(25.4) 

I '/itin. 1.060 ± 0.005 
(26.9 ± 0.13) 

0.750 ± 0.005 
(19.0 ± 0.13) 

2.13 
(54.1) 

FIG. 1 SUndard Test SectioDs. 
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NOTE 2—A surfaces must be concentric with each other to within 0.001 in. (0.025 mm). 

FIG. 2 TypkiU Tapered-Head Notched Tension Specimen. 
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FIG. 3 Typical Threaded-End Notched Tension Specimen. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



268 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

E602-

0.50 

NOTE 1 — Dimensions are in inches and (millimetres). 
NOTE 2—D,d and specimen heads must be concentric 

with each other within 0.001 in. (0.025 mm). 

Nominal 
Size, in. 

V2 

l V l 6 

D 

0.500 
(12.7) 

1.060 
(26.9) 

d 

0.353 
(8.96) 

0.750 
(19.0) 

L, maximum 

1.50 
(38.1) 

2.63 
(66.8) 

NOTE 3-AH 0.000 dimensions ± 0.005 in. (0.13 mm). 
NOTE 4—Total specimen length must not exceed the 

length of the shortest notched specimen. 
FIG. 4 Verifkatkn Spedmcns. 

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted 
in connection with any item mentioned in this standard. Users of this standard are expressly advised that determination 
of the validity of any such patent rights, and the risk of infringement of such rights, is entirely their own responsibility. 
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Summary 

The papers in this symposium volume review selected developments in 
the American Society for Testing and Materials (ASTM) fracture me
chanics test method standardization from the viewpoint of recent activities 
of the ASTM Subcommittee E24.01 on Fracture Mechanics Test Methods. 
These papers may be divided into two general categories: (1) application 
of elastic mechanics to the direct measurement of values that have been 
proposed to quantitatively characterize the fracture resistance of metallic 
materials, and (2) the development of tests using small specimens (screen
ing tests) which can provide a ranking of materials in terms of their 
fracture toughness and whose results can be correlated with quantitative 
measures of fracture toughness. Included in this latter category is the sur
face crack specimen which has found direct application in fracture control 
programs as a means for simulating the effect of flaw geometries some
times encountered in service. 

In addition to the technical papers, this volume also contains copies of 
the following ASTM standards: (1) E 399-74 Method of Test for Plane-
Strain Fracture Toughness of Metallic Materials, (2) E 338-68 (1973) 
Standard Method of Sharp-Notch Tension Testing of High-Strength Sheet 
Materials, (3) E 602-76T Tentative Method of Test for Sharp-Notch 
Tension Testing with Cylindrical Specimens, and (4) E 561-76T Tentative 
Recommended Practice for R-Curve determination. The symposium 
papers contain information that will serve as a basis for modification of 
these standards and for the development of new standards in fracture 
toughness testing. 

Direct Measurements of Fracture Toughness 

Included under this heading is information relating to modifications of 
the ASTM E 399-74 Method of Test for Plane-Strain Fracture Toughness 
of Metallic Materials, the development of a Jic test method, and to the 
formulation of the ASTM E 561-76T Tentative Recommended Practice 
for R-Curve Determination. These standards attempt to provide a 
quantitative measure of the crack propagation resistance that can be used 
to evaluate the loading carrying capacity of structures in terms of some 
characteristic measure of fracture toughness. 

269 
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E 399 Kic Test Method 

The ASTM E 399 Ku Test Method has been in existence for over six 
years, and during that time a considerable amount of experience has been 
gained from its use in the metal production and fabrication industries. 
This experience is reviewed in the paper by Kaufman who is presently 
Chairman of E-24. While the data presented relate to aluminum alloys, 
the problems discussed are common to the application of ASTM Method 
E 399-74 in the steel and titanium industries. A frequently heard com
plaint against ASTM Method E 399-74 concerns its numerous validity 
criteria (14 in all), and the degree of sophistication needed in the 
instrumentation. These problems are reviewed by Kaufman with the 
object of examining the possibility of reducing the cost and complexity of 
the test method. 

Specifically, he points up that while the Pmax/Pg limit of 1.10 helps to 
ensure the constancy of Ku with variation of W/B or specimen size, 
"good data" are sometimes rejected by this limitation. He proposes that 
the limitation on Pmia/PQ be a function of the W/B ratio and suggests a 
"calibration relation." Data for the influence of precracking K level on 
the subsequently measured Âic values are presented for several 
unidentified aluminum alloys. These data indicate that this limitation 
might be increased from the present value of 0.60 ^ic to 0.80 /Cic. Kauf
man points up that the requirements on fatigue crack front straightness 
are sometimes impossible to meet because of variation in the metal prop
erties through the thickness of the specimen. He presents data for paired 
specimens of unidentified aluminum alloys with one specimen of each pair 
meeting and one failing the crack straightness requirements. The results 
are shown as a function of "crack front curvature" where this value rep
resents the maximum percent difference between the middle three crack 
length measurements on a given specimen. On the basis of these results, 
there seems to be no systematic trend of ^ic values with increasing curva
ture up to about 20 percent. 

In a discussion to Kaufman's paper, Jones and Brown advance the 
argument that ASTM Method E 399-74 should be considered as a 
reference test method applicable to a wide variety of materials even 
though this formulation can lead to inefficiencies in application to specific 
materials. For example, they point up that the variation of ^ic with W/B 
observed for tougher materials could be eliminated by restricting the W/B 
ratio to two. This restriction would also eliminate the need to provide 
"calibration relations" between Pmix/Pg and W/B as shown in Fig. 4.' In 
the opinion of these discussers, ASTM Method E 399-74 should not be 
elaborated with special relief procedures designed to broaden its 

'Unless otherwise noted, figure, equation, and reference numbers refer to those in the 
author's paper. 
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applicability to specific material conditions. Rather, such procedures 
should be incorporated in the appropriate ASTM standards relating to 
material specifications. However, they point up that a change in the crack 
front straightness requirements should be made because the present 
requirements based on crack length permit increasing curvature at the 
center of the thickness as W/B increases from one to four. This effect 
can be substantially reduced by basing the requirements on the thickness 
rather than the crack length. 

Several years ago Kendall and Hussian (Ref 2) suggested the use of a C-
shaped specimen for determining the fracture toughness of tubular stock 
where the crack plane was normal to the tangential direction of the tube. 
Applications include the testing of gun barrel forgings or heavy walled 
tubing. The ASTM E24.01.01 Task Group on E 399-74 is in the process 
of incorporating the C-shaped specimen into that test method. The papers 
by Underwood and Kendall and by Gross and Srawley give stress intensity 
factor calibrations for the specimen. In addition, Underwood and Kendall 
present some essential features of a Ku test method using two designs of 
the C-shaped specimen and discuss the application of this type of 
specimen to Tic tests and to fatigue crack growth rate determinations. 
Both papers report the results of K calibrations obtained using boundary 
value collocation techniques. These are expressed in terms of the 
dimensionless stress intensity factor KBW'^'/P as a function of the radius 
ratio {Rf)/R^), the relative crack length {a/W), and the loading hole 
position in relation to the crack mouth (X/W) (for example, see Gross and 
Srawley, Fig. 2). The results reported by Gross and Srawley apply to both 
internal and external cracks and are formulated in such a way that K 
values for a wide range of specimen geometries can be obtained by 
superposition of solutions for two special cases, one for net section 
tension and the other for net section bending. The K calibrations reported 
by Underwood and Kendall agree well with those of Gross and Srawley 
for the range of specimen geometries that will be incorporated into ASTM 
Method E 399-74. 

An expression for the dimensionless stress intensity factor is given by 
Underwood and Kendall (Eq 1) in terms of a/W, X/W, and ri/n (Ro/R\ 
of Gross and Srawley). It should be noted that while this expression is 
stated to apply over the entire range of radius ratios between one and 
infinity, it is probably not appropriate for very large values of this ratio. 
The limiting case is a disk specimen (radius ratio of infinity), and Eq I 
would apply only if the crack tip extended beyond the center of the disk 
by some undetermined amount. It would seem better to treat the disk 
specimen by a separate analysis, and this has been recently done by 
Gross.^ In this analysis, the definition of crack length and specimen width 

^Gross, B., "Analysis of a Cracked Circular Disk Subjected to a Couple and a Force," 
NASA TM 73692, National Aeronautics and Space Administration, Washington, D.C., 1977. 
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are consistent with those used for the compact specimen which is 
obviously a close relative of the disk specimen. 

Jic Testing 

Landes and Begley provide a thorough review of the J-integral concept 
as it relates to development of a fracture criterion for situations where 
the amount of crack-tip plasticity is well beyond that permitting the 
application of linear elastic mechanics (that is, ^ic testing). They discuss 
the essential features of a proposed Jic test method being considered by 
ASTM E24.01.09 and some of the problems that have been encountered 
during its evolution. It is evident from their review that a considerable 
amount of research must be completed before we have a Ju test method 
that can give fracture toughness values having the precision and breadth 
of application that now characterize K\c. 

The authors point up that in the case of plastic behavior where 
deformation is not reversible (as compared with linear or nonlinear 
elastic), / loses significance as a crack driving force since it is no longer a 
measure of energy available at the crack tip for crack extension. The justi
fication for using / as a fracture criterion Hes in its interpretation as a 
crack-tip stress-strain field intensity parameter based on an analysis (Refs 
10, 11) which assumes power law hardening. The hypothesis is that J 
provides an adequate description of the plastic zone surrounding an 
intensely deformed fracture process zone. Providing this zone is 
sufficiently small in comparison with the plastic zone and the planar 
dimensions of the specimen, crack initiation should take place at a critical 
value of J independent of the geometry. This concept leads to the need 
for size requirements for 7ic tests. At the present time these have not been 
well established. The following guidelines are suggested by Landes and 
Begley: b,a,B > a /ic/<̂ now where, a is the crack length, b the uncracked 
ligament, and B the specimen thickness. The requirement on B is 
necessary to ensure that plane-strain fracture conditions are maintained. 
The coefficient a may have values between 25 and 50 depending on the 
material. The average of the tensile ultimate and the 0.2 percent offset 
yield strength is taken as n̂ow. 

The presently accepted method of obtaining J from a specimen where 
the uncracked ligament is subjected to bending makes use of Eq 10 which 
represents a situation where the crack is sufficiently deep that plastic 
deformation is confined entirely to the ligament and the total 
displacements are essentially equal to those due to the crack. This 
represents a limiting case that may or may not be approached by the 
actual specimen behavior. However, determinations of J in /k testing are 
based generally on the total displacement of the specimen load point. 
Attempts to explore the implications of this procedure have involved 
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analyses of the ASTM Method E 399-74 bend and compact specimens 
(Refs 18. 19, 20). For the bend specimen (Ref 18), it has been shown that 
the coefficient 2 in Eq 10 applies to rigid perfectly plastic behavior (where 
crack and total displacements are equal) at all values of a/W and to the 
total displacements for linear elastic behavior at a/W values above 0.5. 
The observation that the same coefficient applies to these two extremes of 
material behavior lends confidence to the use of this coefficient for the 
ASTM Method E 399-74 three-point bend specimen geometry. An 
analysis of the compact specimen (Ref 20) leads to a modification of Eq 
10 which indicates that the use of Eq 10 with a coefficient of two for the 
ASTM Method E 399-74 compact specimen could underestimate 
substantially the value of J. The same analysis indicates that the use of 
total displacements for the compact specimen will not lead to significant 
errors at a/W values greater than 0.45. 

The proposed Ju test method focuses attention on the onset of crack ex
tension as determined from a /i resistance curve. This curve represents the 
trend of data on a plot of 7r versus crack extension. The data are 
generated from tests on several specimens loaded to progressively higher 
values of displacement and then unloaded and broken open to determine 
the amount of crack extension that had occurred. Following unloading, 
the crack advance is marked by heat tinting or some other suitable 
procedure. The 7, value at the unloading load is computed using the 
appropriate expression for / . If everything goes right, the points will de
fine a curve which is nearly linear at small crack advances. This curve is 
then extrapolated to the "blunting line" (see Fig, 4) and the /i value at 
the intersection taken as Ju. Experience has shown that this method of 
determining Jic while providing a direct measurement of crack extension, 
in some cases, leads to uncertain values due to scatter in the data which 
establish the Ji resistance curve. Landes and Begley discuss other methods 
of obtaining /ic including sensing of crack extension from measurements 
of compliance, electric potential, and ultrasonics. These methods have the 
potential of permitting the determination of /ic from a single specimen, 
however, as yet there is insufficient experience with them to permit a 
meaningful comparison with the multiple specimen technique of the 
proposed test method. Landes and Begley recommend the compact 
specimen of ASTM Method E 399-74 for Jic tests with a modification that 
permits the clip gage to sense the displacement on a line connecting the 
loading pin centers. However, as the specimen deforms this measurement 
does not represent the true load point displacement. Calculations show 
that the errors can become significant for specimens close to the size 
requirements.' 

'Donald, K., "Rotational Effects on Compact Specimens," presented at ASTM E24.01.09 
Task Group Meeting, 24 March 1977, Norfolk, Va. 
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Landes and Begley caution against using the maximum load from a test 
on a single specimen to calculate 7,̂ . While it is possible that under 
some circumstances the maximum load values agree with those deter
mined by the proposed test method, such agreement is fortuitous. In 
many cases, large differences are encountered (for example, Fig. 15) with 
the maximum load values being higher than the J\c values determined 
according to the proposed test method. 

It is probably too early to clearly define various applications of / . 
However, Landes and Begley mention several, including the character
ization of fracture originating from a blunt notch, the description of 
crack extension under corrosive conditions, the correlation of fatigue 
crack growth rates, the determination of the load carrying capacity of a 
structure containing a defect surrounded by a well-developed plastic 
region, and the determination of Ku by conversion of Jic. In addition, 
they discuss a modification of the J-integral for application to crack-
growth rate correlations under high-temperature steady-state creep 
conditions. For all of these applications, considerable additional data will 
be required to permit a judgment of their practical value. An application 
which is illustrated by experimental data in the author's paper is the 
conversion of /ic to Ku. Here the practical value lies in the considerable 
reduction in specimen size that would be, in theory, realized for very 
tough materials. However, this conversion is complicated by the fact that 
different measurement points are used in the 7ic than in the K\c test pro
cedure. Thus, 7ic relates to the onset of crack extension while ̂ ic relates to 
2 percent "effective" crack extension. Depending on the steepness of the 
Ji resistance curve, the Ki<: determined by conversion of J\c may under
estimate substantially the value of Kh determined directly. This is 
illustrated in Fig. 12 and also in a paper by Underwood.* Attempts to 
"correct" for this difference by computing /ic at 2 percent crack 
extension from the resistance curve are complicated by the fact that the 
^ic measurement point does not represent necessarily an actual crack 
extension of 2 percent but rather a change in the crack mouth 
displacement that would correspond to 2 percent crack extension under 
ideally elastic conditions. In reality, a portion of this change in crack 
mouth displacement can be due to plastic flow at the crack tip. Therefore, 
in some cases a conversion based on a 7,,. value taken at 2 percent actual 
crack extension may overestimate Ku. 

Landes and Begley mention areas which they consider important for 
future study. These may be summarized as follows: (1) better definition 
of the /ic test specimen size requirements; (2) comparison of 7ic results 
from different types of specimens; (3) the use of J in an instability 

*Underwood, J. H., "JIQ Test Results from Two Steels," Cracks and Fracture, ASTM 
STP 601, American Society for Testing and Materials, 1976, pp. 312-329. 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SUMMARY 275 

analysis of structures; and (4) means of reducing the conservatism in J\c 
values as they apply to actual structural behavior. Added to these might 
be studies directed toward developing a consistent measuring point for Jic 
and ^ic tests and the further development of single specimen methods of 
measuring /ic. 

Crack Growth Resistance Curves in Terms of K 

ASTM E 561-76T Tentative Recommended Practice for R-Curve Deter
mination requires the determination of an "effective crack length" equal 
to the initial crack length plus the directly measured (or physical) crack 
growth plus a plastic zone adjustment (/v = v/l IC-/<J^?), The effective 
crack length may be alternatively determined from displacement 
measurements on the specimen and the use of a compliance calibration re
lation which gives the dimensionless displacement in terms of the relative 
crack length a/W. Three specimen types are incorporated into the recom
mended practice; center cracked tension (CCT), compact tension (CS), 
and crack line wedge loaded (CLWL). The paper by McCabe and Sha 
presents compliance calibrations for these three types of specimens 
determined by both analytical and experimental techniques. 

The authors reproduce displacement results for each of the specimen 
types obtained by Newman using boundary value collocation (Ref 70). 
These results apply to measurements at the centerHne of the CCT 
specimen over several gage lengths and to measurements on the crack line 
at four locations for the CT and CLWL specimens. Comphance 
calibrations based on these results include all the information necessary to 
reduce the displacement measurements specified by the tentative 
recommended practice to effective crack lengths. The authors compare 
these analytical results with experimental compliance measurements for 
the CT and CLWL specimens and find excellent agreement. For the CCT 
specimen, a limited number of finite element results obtained by the 
authors are presented and shown to be in good agreement with the 
boundary value collocation information. Experimental compliance 
measurements for the CCT specimen obtained by the authors for a single 
gage length over a range of a/W values between 0.05 and 0.6 are 
compared with finite element results and with an expression proposed by 
Estis and Liebowitz (Ref 12). The agreement appears to be satisfactory 
among these three compliance calibrations for the CCT specimen. 

The information in the paper by McCabe and Sha has been used in a 
revision of the Proposed Recommended Practice for R-Curve Determina
tion to produce the ASTM E 561-76T Tentative Practice. The major 
changes were concerned with corrections to the compliance calibration 
Tables for the CS and CLWL specimens and the use of Eq 2 in Section 10 
in place of a less accurate expression in the Proposed Recommended 
Practice. 
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Screening Tests 

There has been increasing interest in the development of so called 
screening tests which could provide rapid and relatively inexpensive 
indexes of fracture toughness. A review of the applications of such tests 
and of the various types that have been proposed is available in a recent 
NMAB Report.' The ASTM E-24 Committee on Fracture Testing of 
Metals is responding to the need for such tests through the activities of 
task groups charged with the responsibility of developing test methods for 
three types of specimens, namely, a plate tension specimen, a sharply 
notched cylinder, and a precracked Charpy. It should be noted that the 
ASTM standards now contain two test methods for fracture toughness 
screening tests. One is the ASTM Method E 338-68(1973) for Sharp-Notch 
Tension Testing of High-Strength Sheet Materials, and the other is a 
Proposed Method for '/« in. (16 mm) Dynamic Tear Test of Metallic 
Materials. The former is limited to sheet less than 1/4 in. (6.4 mm) thick 
and the latter requires a relatively large amount of material. It is not 
anticipated that the new test methods will supplant these established 
methods but rather supplement them. 

Plate Tension 

The paper by Shannon et al reports data from an investigation intended 
to optimize the design of a plate tension specimen (DENC specimen) 
having double edge notches with one notch being fatigue cracked. 
Minimum length dimensions were determined by photoelastic studies and 
by tests on maraging steel at several strength levels. A systematic 
investigation was made of the influence of specimen width and thickness 
for a variety of high-strength alloys having well-estabUshed ASTM 
Method E 399-74 K\z values. The results from plate specimens are 
presented as ratios of the nominal crack strength to the 0.2 percent offset 
tensile yield strength (<rc/<T,y) as a function of the specimen thickness or 
width. As might be expected, increasing thickness continuously lowers the 
ratios for the toughest alloys and has no influence on the brittlest material 
conditions. Behavior between these extremes is noticed for alloys of inter
mediate toughness. The influence of increasing width is to reduce the 
crack strength ratio with the low toughness alloys following the inverse 
square root relationship with crack length. The influence of specimen 
width and thickness on the crack strength ratio are interrelated in that the 
thickness effect for the tougher alloys appears to be reduced as the width 
decreases. 

'"Rapid Inexpensive Tests for Determining Fracture Toughness," NMAB Report 328, 
National Materials Advisory Board, The National Research Council, Washington, D.C. 
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Based on ordinal ratings, the results show that the correlation between 
crack strength ratio and Kic improves as the DENC specimen width to 
thickness ratio decreases. This is probably explained by the fact that 
plastic zone development at maximum load is reduced as the width 
decreases or the thickness increases. Satisfactory correlations were 
obtained using DENC specimens having a width of 1 in. and a thickness 
of Vi in. 

The DENC specimens were provided with crack mouth displacement 
gages so that KQ values could be obtained from each test. The influence 
of crack length and thickness on KQ was in agreement with that previously 
reported (Ref 2). However, while the largest specimens appeared to satisfy 
all the requirements of ASTM Method E 399-74, the KQ values were about 
10 percent lower than the corresponding Kc values. This effect is possibly 
due to a slightly unsymmetrical stress field in the DENC specimen. 

Sharply Notched Cylinder 

ASTM E 602-76T Tentative Method for Sharp-Notch Tension Testing 
with Cylindrical Specimens specifies two sizes of notched cylinders (Vi in., 
13 mm and l!̂ * in., 27 mm diameter) having notches with a maximum root 
radius of 0.0007 in. (0.018 mm) which remove 50 percent of the cross-
sectional area. The sharp-notch strength (nominal strength at maximum 
load) is the single quantity determined from the test. The ratio of the 
sharp notch strength to the 0.2 percent tensile yield strength designated as 
the notch yield ratio (O^NTS/̂ YS or NYR) is used as an index of K^^. It is 
well known that eccentricity of loading can give rise to bending stresses 
which will reduce the notch strength and that if these vary from test to test 
the result will be a contribution to the scatter. The method therefore 
specifies an upper limit on the percent bending (determined using a special 
verification specimen) of 10 percent. The paper on the sharply notched 
cyUndrical tension specimen is divided into two parts; Part I by Jones et 
al describes the influence of fundamental testing variables on the sharp 
notch strength of several high-strength aluminum alloys, and Part II by 
Bucci et al describes the statistical analysis of correlations between the 
notch-yield strength ratio (NYR) and A"ic for various lots of 2124-T851 
aluminum alloy plate. 

The investigation of fundamental testing variables included the effect of 
variations in the notch root radius and eccentricity of loading on the 
notch strength. In addition, the influence of specimen diameter on the 
notch yield ratio was investigated for a wide range of A'lc values. The results 
show that variations in notch root radius and eccentricity of loading 
within the range permitted by ASTM E 602-76T can contribute 
significantly to the scatter observed in relations between the ffNTs/o^vs and 
^ic. The authors suggest that the tentative test method be revised to 
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reduce these effects. Thus, it is proposed to decrease the root radius limit 
to 0.0005 in. (0.013 mm) and the bending permitted to 5 percent. 

As might be expected, the notch yield ratio loses sensitivity to changes 
in Kic for sufficiently tough metal conditions. The upper limit of useful 
sensitivity decreases with decreasing specimen diameter. On the basis of 
the results obtained by Jones et al, it is doubtful that the Vi in. (13 mm) 
diameter specimen will provide a useful index of K\c for the new high 
toughness aluminum alloys. However, it does appear that the upper limit 
of 1.3 placed on the notch yield ratio by the test method is overly 
conservative and could be increased to 1.5 without loss of useful 
sensitivity of the ratio to changes in K\^. 

The aluminum industry has gained experience in the use of the sharply 
notched cylindrical specimen for material lot release when minimum 
values of Ki^ are specified. The paper by Bucci et al gives examples of 
how this specimen is used in a quality assurance program. Results are 
presented for 90 lots of 2124-T851 plate of different thicknesses tested 
using ASTM Method E 399-74 bend and compact specimens to obtain 
valid Ki^ values and using the V/M in. (27 mm) diameter notch specimen 
of E 602-76T to obtain corresponding NYR values. In most cases, A',̂  
was determined for three crack orientations (S-L, T-L, and L-T). A multiple 
least squares linear regression analysis was made of these data which 
included the variables of plate thickness, 0.2 percent offset tensile yield 
strength, crack orientation, notch strength, NYR, and K^^. The results 
of this analysis show that only crack orientation and plate thickness are 
significant in affecting a correlation between NYR and K^^. The orienta
tion effect was further studied and the suggestion made that the T-L orien
tation would be suitable as a control for the other orientations. 

The authors refine their regression model using special statistical 
techniques to determine tolerance limits that could be used in estabUshing 
a lower bound on the relation between K\^ and NYR useful for setting 
values of the notch yield ratio corresponding to minimum acceptable 
values of K\c. They further show that a quality assurance plan based on 
the notch yield ratio could effect a considerable cost savings as compared 
with one based on direct determination of K\c. 

Precracked Charpy Specimens 

Charpy V-notch specimens precracked before testing have been 
employed by various investigators for several years in the evaluation of 
the "fracture toughness" of high-strength alloys. Both slow bend and 
impact tests have been used in these evaluations. Originally, some 
investigators thought that Ku or "A ĉ" values could be directly derived 
from the results of these tests. However, it is now generally accepted that 
while this is not possible, useful correlations may exist between K\z and 
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the results of precracked Charpy tests. ASTM E24.03 Subcommittee on 
Dynamic Testing has established task groups having the responsibility of 
drafting test methods for precracked Charpy slow bend and impact tests. 
As part of this activity, a statistically designed large test program is 
underway to assess the influence of notch preparation and precracking 
variables on the results obtained from precracked Charpy tests. This 
program includes several alloys and involves both slow bend and impact 
tests. 

While the results of this program may prove ultimately to be quite 
useful, it was thought desirable to proceed as rapidly as possible in 
standardization of the slow-bend precracked Charpy test using 
appropriate information from ASTM Method E 399-74 as a guide in 
specimen preparation. The two papers by Succop et al present 
information that will be helpful in this standardization process. 

The first of these two papers (Succop, Bubsey, Jones, and Brown) is 
concerned with determination of fracture work per unit of original 
uncracked area (W/A) from precracked Charpy specimens. The authors 
point up that if the load point deflection could be accurately measured to 
the end of the fracturing process, W would represent the total fracture 
work. However, in practice problems can arise because of extraneous 
deflections which contaminate the measured displacements, and because, 
except for very brittle metal conditions, there is no way of unambiguously 
determining the end of the fracturing process from the test record. Thus, 
the value of W can depend on the method of sensing deflection and the 
method of record analysis. The authors suggest some ways to solve these 
problems based on analysis of load-deflection records from a number of 
materials having a wide range of A'lc values. 

Precracked Charpy specimens !4 in. (6.4 mm) thick were cut from 
broken Ku specimens of two steels heat treated to a wide range of strength 
levels, from several high-strength aluminum alloys and from a titanium 
alloy. These specimens were prepared and tested in accordance with the 
specifications of ASTM Method E 399-74. Load-deflection records were 
obtained from measurements of the tensile machine loading screw 
rotation and directly from the specimen deflection. Elastic moduli 
computed from selected load-deflection records were compared with the 
average of the tension and compression moduli. These comparisons 
showed that records obtained from screw rotation contained large 
extraneous deflections arising primarily from elastic strains in the tensile 
machine. On the other hand, moduli computed from direct measurement 
of specimen deflection agreed with the average of the tension and 
compression moduli within 10 percent. The authors show that, by 
truncating the load-deflection record beyond mjiximum load at a 
deflection corresponding to 10 percent of maximum load, the effects of 
the extraneous deflections on the W/A values is greatly reduced. A 
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simplified method of determining iv is presented that does not involve 
graphical integration of test record but which can be used only if the 
specimen deflection is measured directly. 

A statistical analysisis presented of the relations between the crack size 
factor K^^/oy^ and WE/Aa^^ for each alloy investigated. The results 
are shown on log-log plots in terms of "calibration lines" which could be 
used to predict /T,, from the precracked Charpy data. These plots also con
tain the correlation coefficient and the 95 percent confidence bands. On 
the basis of this analysis, the authors conclude that useful relations be
tween W/A and Ky^ can be obtained for some materials; however, the 
degree of confidence with which K^^ can be predicted from W/A will 
vary depending on the alloy conditions incorporated in the correlation. It 
is suggested that the best correlations will be obtained from tests on a sin
gle alloy having a relatively simple aging or tempering reaction and where a 
single crack orientation is involved. 

The second paper (Succop and Brown) explores the possibility of using 
the nominal strength, a^, of the precracked Charpy specimen (based on 
the maximum load and initial uncracked area) in formulation of 
correlations with Kic. This analysis involved the same specimens as were 
used to determine the W/A values just discussed. Data were plotted as 
dimensionless ratios, ^t^/'^Mx versus K-^^/aJW, on log-log coordinates. 
Here W is the specimen width. The ultimate strength, tr̂ „ was selected 
rather than the yield strength in order to better use the Green and Hundy 
limit load in computing an upper bound for the data. Thus, for 
sufficiently tough metal conditions, the nominal strength will be 
determined not by fracture but by plastic instability in the ligament. The 
data on these plots fall surprisingly close to the elastic relation between 
if^ and K^^ (for example. Fig. 6), but for the toughest metal conditions 
gradually deviate from this line to approach a nearly constant value at the 
Green and Hundy limit. The authors believe this way of plotting the data 
helps to establish the useful range of correlation between the Charpy 
strength ratios and ATic. Calibration lines were determined by a linear 
regression analysis. Correlation coefficients and 95 percent confidence 
bands were established for each plot. The results of this analysis were 
essentially the same as the one based on W/A values providing the 
toughness range of the correlations was restricted to avoid the loss in 
sensitivity of a^ to changes in ATic at high toughness levels. 

The authors conclude that strength ratios from precracked Charpy 
specimens can provide useful correlations with K\„ for some materials and 
that the use of strength ratios rather than W/A values greatly simplifies 
the test procedure and reduces the cost. The previously mentioned NMAB 
Report on Rapid Inexpensive Tests for Determining Fracture Toughness 
recommends that a precracked Charpy test to provide strength ratios be 
standardized. The ASTM E24.03.03 Task Group has this as their first 
priority. 
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Surface Crack Specimens 

The paper by Orange is a report of the ASTM E24.01.05 Task Group 
on the Surface Crack Specimen. It provides the background information 
necessary to draft a recommended practice for testing of surface crack 
specimens. These specimens have been widely used to determine the 
influence of "service type" flaws on the residual strength of metallic 
alloys. They are not specimens suitable for determination of ^ic values 
although they are sometimes used for this purpose. A basic problem in 
obtaining quantitative measures of fracture toughness from the surface 
crack specimen is the lack of a generally accepted stress analysis that 
would permit the determination of stress intensity factors for a range of 
crack shapes, depths, and specimen widths. Obtaining the necessary 
information involves the solution of an extremely difficult problem in 
three dimensional elasticity. Detailed interpretation of surface crack 
data is hampered by the fact that measurements of change in visible crack 
length during a test do not provide direct information on concurrent 
changes in shape or depth. Attempts to use crack mouth opening 
measurements to obtain such information are complicated by the absence 
of an elastic solution for crack mouth displacement as a function of 
elliptical crack size and shape. 

In spite of these difficulties, the author points up that the surface crack 
specimen can indeed furnish valuable information concerning the fracture 
behavior of metallic alloys providing the specimen is thought as modeling 
a flaw in an actual or intended structure. Thus, the thickness of the 
specimen should be the same as that of the structure at the point where 
the flaw is assumed to exist and the test section should be wide and long 
enough that infinite plate conditions are closely approached. On the basis 
of experience, the specimen width should exceed 5 times the surface crack 
length, and the test section length should be at least twice the specimen 
width. The author points up that the control of crack size and shape 
during fatigue cracking is an art and that considerable experience may be 
required before cracks of some desired shape and size can be produced. 
At present, there is no information from surface crack tests that would 
serve as a guide regarding the maximum stress intensity to be used in pro
ducing the fatigue crack nor regarding the minimum extension of the fa
tigue crack beyond the starter notch. It is suggested that the requirements 
of ASTM Method E 399-74 concerning fatigue cracking be followed when 
possible. It is recommended that a record be obtained of crack mouth dis
placement versus load for each test. This record can furnish quahtative 
information regarding the initiation of crack extension and the presence 
of large amounts of crack-tip plasticity. 

No specific method of data analysis is recommended. A plot of gross 
fracture stress (residual strength) versus some measure of crack size is a 
direct way of displaying the results. In most cases, the parameter a/<i>^ is 

Copyright by ASTM Int'l (all rights reserved); Mon Dec 21 11:23:28 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



282 FRACTURE MECHANICS TEST METHODS STANDARDIZATION 

as good a measure of crack size as are more elaborate parameters which 
attempt to correct for plasticity. It is most important to report pertinent 
information concerning the material tested, the specimen design, and all 
details of specimen preparation and testing procedure. 

While there are still many gaps in our understanding of the surface 
crack specimen, it would be most helpful to those using this specimen 
type to have the benefit of guideUnes contained in a recommended 
practice. Based on presently available information, it should be possible 
to produce a document that would be helpful in reducing the scatter often 
observed in surface crack data and increasing the general utility of 
information obtained from surface crack specimen tests. 

W. F. Brown, Jr. 
Chief, Fracture Branch, NASA-Lewis Re

search Center, Cleveland, Ohio 44135; 
coeditor. 
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