
, 
HEDL-SP. 2139 

c:.-D f\J \= --- ~ 00 G:. 'l 3.--- I 

A MORE BASIC APPROACH TO THE ANALYSI~ASTER 
OF MULTIPLE SPEC IMEN R-CURVES 

FOR DETERMINATION OF Jc 

K. W. Carlson and J. A. Williams · 

February 1980 

,--------DISCLAIMER---------, 

This book was prepared as an aooount of work sponsored by an agency of the United States Govemmem. 
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assuf'l"'eli any legal liabili ty or responsibility for the accuracy, 
completeness, or usefulness of any information. apparatus, product, or process disclosed, or 
represents that its use v.ould not infringe privately owned rights. Reference herein to any specific 
commercial product. process, or service by trade name. trademark, manufacturer, or otherwise, does 
not necessarily constitute or imply its endorsement. recommendation, or f8VOfing by the United 
States Government Of any agency thereof. The views and opinions of authors eKpressed herein do not 
necessarily state Of reflect those of the United States GOYefnment or any agency thereof. 

13th National Symposium en Fracture Mechanics 

June 16-18, 1980 Philadelphia, PA 

HANFORll ENGINEERING DEVELOPMENT LABORATORY 
Operated by Westinghouse Hanford Company, a subsidiary of 
Westinghouse Electric Corporation, under the Department of 

Energy Contract No. OE-AC14-76Ff02170 
P.O. Box 1970, Richland, Washington 99352 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



. ~ . • 

., 

A t10RE BASIC APPROACHro.1HE JI.Nf\LYSIS OF f.iULTiPLE SPECIMEN 

R-CURVES FOR DETERMINATION OF JC 

By 

K. W. Carlson and J. A. ~Jilliams 

ABSTRACT 

Multiple specimen J-R curves were developed for groups 
of lT compact specimens with different a/W values crrUi depth 
of side grooving. The purpose of this investigation was to 
detePmine JG (J at the onset of crack extension) for each 
group. Jvd~cious selection of points on the Load versus 
Z.oad-Zine deflection record at which to unload and heat tint 
specimens permitted direct observation of approximate onset 
of.crack extension. It was found that the present recommended 
procedure for determining Jc from multiple specimen R-curves~ 
which is being considered for standardization~ consistently 
yielded nonccnserv~tive Jc values. A more basic approach 
to analyzing multiple specimen R-curves is presented~ applied~ 
and discussed. .This analysis determined Jc values that closely 
corresponded to actual observed onset of crack extension. 

. . 



A MORE BASIC APPROACtl TO THE ANALYSIS OF MULTIPLE SPECIMEN 

R-CURVES FOR DETERMINATION OF-Jc 

By 

K. W. Carlson and J. A. Williams 

In recent years a considerable effort has been expended on the develop

ment of a ductile fracture toughness criterion to characterize the fracture 

behavior of structural materials employed at temperatures where they exhibit 

elastic-plastic behavior. This effort has focused, to a large extent, on the 

J-integ~al, first proposed by Rice [1,2]1 and later advanced as a failure 

criterion by Begley and Landes [3,4]. ·Subsequently, methodology for J-integral 

testing and analyses have evolved [5-9]. However, the optimum procedures of 

~nalyses have yet to be conclusively defined and standardized. In this 

investigation observed phenomena were used to compare the critical J integral 

values at the onset of crack extension, J , determined by both the recommended . c . 

. analysis [9] and a more basic J-R curve analysis. 

·-·Although crack initiation and crack extension is generally recognized to 

be nonlinear, the recommended procedure [9] models the crack extension process 

as a straight line; the intersection of.this line with a blunting line is 

taken as Jc. The J value can be determined (within bounds) by direct observa-c . 

tion when data near the onset of crack extension is obtained by the multiple 

specimen technique. Direct observation demonstrated that the recommended 

procedure consistently yielded high Jc values. The recommended_analysis modified 

. ' 

1The numbe~s in brackets refer to the list of references appended to this 
paper. 
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·to account for nonlinear crack initiation and crack propagation was found to 

be in much bett~r agreement with observed values~ 

The Jc value obtained by the recommended procedure is an artifact of the 

procedure itself while the J · value obtained from the modified analysis repre
c 

sents a phenom~nological event, the onset of crack extension. It is ~nticipated 
i 

that such a quantity would be more suitable as a material parameter and would 

be more useful in resolving related questions such. as size· and geometry effects. 

MATERIAL 

The material used in this investigation was ASTM A533, Grade B, Class 1 ·

steel (A533-Bsl). The material was removed from the HSST plate 02. The heat 

treatment for plate 02 consisted of normalizing at 913°C (l675°F)s austenitizing 

at 871°C (1600°F),· water quenching, tempering at 663°C {1225°F), and stress 

relieving at 607°C (1125°F). The chemical composition, given in Table 1, and 

the heat treatment were reported by Childress [10]. The specimens were removed 
' 

from between the l/4 and 3/4 thickness of the 30.48 em (12 in.) plate. Mechan

ical properties [11-13] are given in Table 2. All specimens tested for this 
. . . 

investigation were 25.4 mm thick (lT) compact specimens machined in the T-L 

orientation. 

TESTING AND ANALYSIS 

All specimens were standard lT compact spe~imens modified to permit the 

measurement of load-line deflection on the crack plane (see Fig. 1). Four 

g~oups of five to ei9ht specimens each were tested. The specimens within a 

group were machined to a single notch depth. The specimens within the various 
' groups were cut to varying notch depths so that. after fatigue precracking, 

two group~ had an a/H ra t·i o of . 5, one group had a/W = • 6, and one group had 
( 

a/w = .8. Since side grooving the remaining ligament is a commonly employed 
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means of producing straight crack fronts [14~16], one of the groups having: 
. ,. 

a/W ~ .5 was given 45° V-shaped side grooves to a total depth of 20% (10% on 

each side) of the thickness, shown in Fig. 1. To insure consistently sharp 

crack tips, all specimens were precracked in fatigue at least 2.5 mm (0.100 in.) 

at loads sufficiently low that plastic flow at the crack tip was minimized as 

recommended in Reference [9]. Precracking was completed prior to specimen 

side grooving . 

. The fracture· toughness tests were conducted at 149°C (300°F) where stable 

crack extension was controlling failure." The temperature \'laS controlled to 

approximately± 2°C in an air-circulatin~ electrically-heated furnate. The 

specimen temperature was sensed ~ith a thermocouple attached to the specimen 

surface~ The lT specimens were brought to test temperature in the furnace arid 

then allowed to soak at test temperature for at least an hour prior to testing. 

A J-integral test requires an accurate load versus load-point deflection 

record. The tests \'/ere performed on an 89.0 kN (20,000 lb) capacity closed

loop servo-controlled, hydraulic test system. The tests were conducted in 

stroke control at a rate of 0.5 mm (0.02 in) per minute. Loading clevises with 

"flat bottom'' holes were used to test the compact specimens. The load was 

monitored by the system load cell. Load-line deflection was measured \'lith 

either an electrical resistance clip gage or a pair of Linear Variable Differ

ential Transducers (LVDT's) mounted in a rigid frame. The clip gage was 

mounted on razor blades at_tached at the load-line on the crack plane. The 

LVDT fra~e was mounted in the ~arne screw holes that were used to attach the 

razor blades. The signals from the LVDT's were added to give average load-line 

displacement measurements. Note that.either one extensometer or the other was 

used for a given test. The extensometers yiel~ identical results as discussed 
-

elsewhere [17]. · The extensometers are sho\'m in Fig. 2. 
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To compute J for the compact specimens the formula developed by Rice, 

et al. [6], modified for the tensile component of load after Merkle and 

Corten [18] and shortened by the ASTfvl Task Group E24.0l.09 [9] was used. This 

equation is 

where: a = 

A = 
B = 

b = 
ao = 

. J = 2A 0_-t-_ __ci__ 
Bb~ 

area (energy) under the load deflection record 
thickness (net section thickness for side grooved 
specimens) 
remaining uncracked ligament 
initial crack· length 

(1) 

(2) 

After completion of a test, the specimen was heat tinted in a furnace at 

649°C (1200°F) and then fractured after cooling in liquid nitrogen. The blue 

oxide coating clearly delineates the fatigue crack and crack extension; these 

quantities were measured at nine equally-spaced points along the cr~ck front 

under a microscope with a vernier calibrated traveling stage at 48X magnifica-

tion. The crack extension was taken as the mean of eight points: the seven 

1nteri or measurements plus the average of the two surface measurements.· The 

initial crack length as measured on the specimen fracture surface was used to 

compute the J values. · 

To facilitate data acquisition and computation, a mini-computer system 

was used. The system consisted of a magnetic tape programmable computer, X-Y 

plotter, thermal printer, and a magnetic disk drive for data storage. The 

system was programmed to accurately record load and displacement. All data

were stored on magnetic disks. Simultaneously, the X-Y recorder was auto-· 

graphically producing the load-deflection recdrd. Upon completlon of the test 

. and subsequent crack length measurement from the broken specimen, the data 

were recalled from the magnetic disk and accurate J and 6a values were computed. 
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With all data perma~ently stored on the magnetic disks, the data were easily 

retrievable for subsequent analyses or replay. 

All test recording and measurement equipment was calibrated to NBS traceable 

standards as a normal requirement. Test machines were checked for calibration 

prior to test. Extensometers were calibrated at test temperature and for a 

defjection ~ange exceeding that required for the maximum deflection encountered 

during testing; for the extended ranges accuracy was better than one percent. 

RESULTS AND DISCUSSION 

J-R Curves 

The current recommended J-integral test procedure [9] entails determining 

the critical J value at the onset of crack extension, J , from the J-R curve, . c 

which is· a plot of J as a function of crack extension~ ~a .. The most widely used 

method of obtaining a J~R curve is the multiple specimen, heat tint method where . 
. 

a number of identical specimens (usually five to ten) are loaded to various 

points on the load-deflection record corresponding to different amounts of crack 

extension. Each specimen is unloaded, heat tinted in a furnace, and broken. 

The tinted crack extension can then be measured. The J value at the point where 

each test was halted is plotted as a function of its measured crack extension. 

The progress uf ductile fracture commencing from a sharp crack has been 

described [19] as being separable into four regimes: (1) crack-opening-~tretch 

(COS) or crack tip blunting by plastic flow at the crack tip, (2) crack growth 

initiation, (3) stable crack growth by material separation at the crack tip, and 

(4) unstable crack propaga~ion. These four events determine the shape of the 

R-curve. · Of these four regimes, crack tip blunting and stable crack extension 

predominate during the fracture process described by an R-curve. Crack initia-

tion occurs over a short interval and unstable crack propagation usually occurs 

.at some point beyond where the useful R-curve terminates (if it occurs at all). 
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In the current recommended procedure, the R-curve is analyzed by modeling 

the c~ack tip blunting regime and the stable crack extension.regime by two linear 

· relationships. The crack tip blunting line is assumed to follow the theoretical 

relationship [1] 
~a = J/2a · 

0 
(J) 

where the flow stress, a
0

, is taken as the mean of the yield and ultimate uni~ 

axial tensile stresse~ The data points utilized for the construction of the crack . 

. extension 1 i ne are recommended to be those contained in an i nterva 1 defined by 

lines parallel to the blunting line, Equation (3), but offset by O.l5 mm (0.006 in.) 

and 1.5 mm (0.060 in.) from the origin. The crack extension portion of the R-curve 

is proposed to be represented by a least squares linear regression through these 

points. This R-curve analYsis is shown schematically in Fig. 3. The intersection 

of the two straight lines is taken as the onset of crack extension and the J value 

at this point is considered Jc. 

If one test is halted during the latter stages of blunting and another test 

is halted during initiation of crack extension a reasonable determination of Jc 

can be mad~ by direct'observation. In this investigation it was found that the 

Jc va 1 ues obtai ned from the' recorrrnended analysis were consistently higher than 

"those determined by direct observation for all five R-curves generated; the mag

nitude of overestimation by the ·recommended analysis ranged from approximately 31% 

to 65%. The overestimation was observed to be an artifact of the analysis and 

not a consequence of the actual data. A modification of the recommended analysis 

(to be referred to as .. modified analysis .. ) was found to give Jc results that 

closely agreed with the direGtly observed Jc values. 

·The modified analysis recognizes that while the regime of crack initiation 

is small relative to crack tip bi~nting and stable crack growth, it is extremely 

significant in the determination of J at the onset of crack extension. As 

noted ih previous investigations [20,21], it was also observed in this study 



that crack initiation on the R-curve was ~ctually nonlinear. During this period 

of transition from crack tip blunting with its steep slope on the.R-curve to· 

stable crack growth, which has a relatively sh~llow slope, there is a gradual 

change of slope (shown schematically in Fig. 4) rather than the abrupt change 

suggested by the recomm~nded analysis. Thus, a linear regression of data collected. 

in the stable crack extension regime is not~ in general, an accurate representi-

tion of R-curve behavior in the crack initiation regime. As a consequence of this, 

Jc is often lower than the value obtained by extrapolating the .linear crack exten

sion line back to the blunting line. 

The modified analysis accommodates the nonlinear crack extension line by 

including data points from all specimens which show any macroscopic (or low power 

microscopic) crack extension; all data is ~nalyzed with a statistical curve

fitting computer program of a family regression analysis of nonlinear curves, one 

of which is a straight line. The curve equation which produces the highest corre

lation coefficient is employed in the analysis. It should be noted that some 

subjectivity must be exercised in choosing the appropriate equation; an appropriate 

equation must not exhibit an instability within the region of data used to obtain 

the fit. In other words, J and 6a must continually increase. To be effective, at 

least one datum point for an R-curve must be obtained near the onset of crack 

extension; this implies the necessity of a datum point which is to the left of the 

0.15 mm exclusion line of the recommended analysis. The intersection of the blunt

ing line and this nonlinear crack extension line is taken as Jc. Table 3 lists 

the equation forms used by the family regression program. The equation form 

Y = Ax6 (4) 

was found to give the best fit for four out of the five curves analyzed; it was 

the second best fit for the other curve. Equation form 

Y = A+ nx112 (5} 
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gave the best fit for the fifth set of data analyzed; it'was .also the second best 

fit for the first four sets of data. For consistency, th~ form of Eq. (4) was. 

used to represent the A533-B,l material in this paper. This form may not be a 

general form for all other mater1als or specimen geometries. 

~ multipl~ specimen, heat tint R-curve wa~ developed for each of the four 
' 

groups of specimens tested.· Each group had different dimensions varying the 

a/W ratio and the depth of side grooving (% SG). The groups were: 

Group 1: a/~·J = .5 % SG = 0 
Group 2: a/W = .5 % SG ::::! 20 
Group 3: a/W = .6 % SG = 0 
Group 4: a/W = .8 % SG = 0 

The results from each group will be discussed separately prior to a general 
. 

discussion of all results. 

R-Curve Analysis for Group .1: a/W = • 5; % SG. = 0 

Eight specimens were tested in this group; the relevant J-R curve data is 

listed in Table 4. The fracture surfaces are shown in Fig. 5. It was observed 

from the fracture surfaces that specimen 02JH4 had undergone only crack-opening

stretch (COS) as only a stretched zone was apparent. The specimen with the next 

largest measured ·crack extension, 02JH3, showed a considerable amount of crack 

extension. Since both specimens were consistent with the other specimens in the 

group (see Fig. 6), these two tests provide lower and upper bound values of J 
c 

for this group. Thus, strictly from direct observation it can be established that 

168 < J < 264 kJ/m2 
c 

(961 < Jc < 1510 in-lb/in2). 

The multiple specimen R-curve is shown in Fig. 6. The modified analysis crack 

extension line was obtained from the best fit.in the family regtession analy~is of 

all data points except' 02JH4 (no extension), 02GAAl-47 and 02GA593 (too much 

extensi~n). The data shows a rapidly increasing slope as the blunting line is 

\ 
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·approached. The intersection of the modified analysis crack extension line with 

the blunting line gives the result: 

·Jc = 226 kJ/m2 

{Jt = 1290 in-lb/in2). 

Also shovm in Fig. 6 is the recommended anaiysis (the dashed crack extension line). 

This ~nalysis yielded a Jc value of 309 kJ/m2 (1762 in-lb/in2). Certainly, using 

direct observation as a basis for judgment, the modified analysis gives a Jc value 

much closer to the observed Jc than does the recommended analysis. 

R-Cza>ve Analysis for Group 2: a/W = . 5, % SG = 20 

In this group six specimens were tested. The data from these tests is 

tabulated in Table 4. Fig. 7 shows the fracture surfaces for the specimens in 

this grciup. The fracture surfaces of all specimens indicated that all had 

undergone some crack extension. The test of. specimen 02JM3 was interrupted 

at the lowest load-line deflection and, consequently, it had the least amount 

of crack extension. The small amount of crack extension in 02JM3 indicates 

that onset occurred shortly before the test was interrupted. Thus, direct 

observation permits the conclusion, 

Jc < 239 kJ/m2 

{Jc ~ 1362 in-lb/in2). 

The multiple specimen R-curve for this group is shown in Fig. 8. All 

specimens in the group behaved in a consistent manner relative to one another. 

All data points were incJuded in the family regression analysis. Again the 

best fit curve was concave downward. The intersection of the blunting line 

and th~ crack extension line gave 

Jc = 205 kJ/m2 

{Jc = 1170 in-lb/in2). 

The recommended ana.lysis, on the utller hand, yielded a Jc value of 326 kJ/rn2 

{1860 ~n-lb/in2 ). Again the modified analysis gives a Jc value which is in 

better agreement with direct observation. 
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R-Curve AnaZysis for Group J: a/W = . 6, % SG = 0 . 

. The results of nine tests were available for the construction of the R-curve 

for this group. Fracture surfaces are shown in Fig. 9 (note that four specimens 

were not available for the photograph, but all four had more crack extension than 

the specimens shown). The results are listed in Table 4. Examination of fracture 

surfaces sho'lted that two specimens, 02GA605 .and 02GA613, underwent COS only;· the 

remainder shm'led crack extension. Specimen 02GA604 showed the· least amount of 

crack extension. Therefore, direct observation reveals that onset of.crack extension 

occurred at a J value between the J values for 02GA613 and 02GA604, 

147 < J < 235 ·kJ/m2 · 
(839 < J~ < 1340 in-lbiin2) 

In Fig. 10 the multiple specimen R-curve is ·shm'{n. All data points except 

02GA605 ~nd 02GA613 were used in the family regression analysis to obtain the 

crack extension line. As in the previous two R-curves the cu~ve is again 

concave downward. Using the modified analysis; it was found that 

Jc = 228 kJ/m2 

(Jc = 1300 in-lb/in2) 

The recorrme~ded analysis yielded a Jc value of 297 kJ/m2 (1697 in-lb/in2). The 

modified analysis again showed better agreement between the computed and directly 

observed Jr:. 

The data in this group lend itself to comparison with the ASTM round-robin 

results [22]. In the round robin,twelve separate laboratories tested four to 

six lT compact specimens (a/H = .6) each to generate twelve sepan.te R-curves. Then 

all the data \'Jas assembled to construct one aggragate R-curve. ·; . aggragate 

R-curve is of primary interest. In spite of a lack of data points near the 

blunting line, when all the round robin data was analyzed by the modified analysis 

(see Fig. 11), a concave dm·mv-tard curve again ·.proved to be the best fit. The 

nonlinear regression. had a cotrelation coefficient of 0.9089 compared to 0.8773 

for the linear regression. The J value obtained from the modified analysis was 
c 
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182 k~/~2 (1040 in-lb/in2). This compares with the value 6btained in Fig. 10, 

J = 228 kJ/m2 {l300 in-lb/i~2 ). The recommended analysis yielded a Jc value of 
c 

255 kJ/m2 {1456 in-lb/in2) \'lhich again appears to be an overestimate. 

R-Curve Analysis for Group 4: a/W = .8, % SG = 0 

Seven 'specimens were tested in this group. The fracture surfaces are 

seen in Fig. 12 and the results tabulated in Table 4. All specimens were 

observed to exhibit crack extension. However, specimen 02JL6 was observed to 

have very little crack extension in the form of. three or four isolated loca

tions of i ni ti ati on. . This specimen was estimated to very nearly represent 

onset of crack extension and, t~erefore, 

Jc ~ 159 kJ/m2 

(Jc ~ 906 in-lb/in2) 

The R-curve for this group is.shown in Fig. 13. The data points from all 

specimens tested in the group were used in the family regression analysis to 

obtain the best fit crack extension line. The subsequent curve was again concave 

doWnward. The intersection of the crack extension line and the blunting line 

indicate that 

Jc = 170 kJ/m2 

(J = 970 in-lb/in2) c . 
The current recommended analysis, also shown in Fig. 13, yields a Jc.value of 

281 kJJm2 (1605 in-lb/in2). 

Discussion 

A number of similarities was noted in the R-curve~developed for the various 

specimen configurations studied. In each case the recommended analysis over

estimated the observed approximate onset of crack extension. The results are 

summarized in Tab 1 e 5. On the R-curves this \'laS observed as the inability of 

the linear t~l;lgression crack extension line in the recununended analysis to 

accommodate the nonlinear behavior of that portion of the ~-curve where crack 



•. -12,-

initiation was taking place. During ~nitiation, J decreases rapidly as the. 

blunting line is approached rather than the gradual decrease predicted by the 

linear regression slope obtainedfrom stable crack extension data. By using 

care to obtain at least one datum point in the crack initiation regime and by 

emplpying a family regression analysis of data points from tests \'there crack 

extension occurred, a Jc value which agrees with observation can be determined. 

On the basis of the results obtained in this investigation, it is stiggested 

that recommended analysis of multiple specimen R-curves be modified in bm ways: 

(1) Data points which comprise the crack extension line should include at least 

one test interrupted in the crack initiation regime; (2) A familY regression 

analysis should be used to identify the best fit curve through the data for the 

establishment of the crack extension line and that the intersection of the best 

fit data curve and the blunting line be used to determine Jc. 

·a is significant that the rec.ommended analysis overestimates the critical 

J-integral at initiation by 31 to 65% for ASTM. A 533-Bl, the material on which 

the recommended analysis \'Jas largely based. Such variations, due principally to 

nonlinear R-curve behavior, can ~ontribute to confusion in the determination or 

clarification of possible size and geometry effects on J . For example, a possible c 

.effect of remaining ligament on Jc is observed for data in Table 5 when the non-

linear R-curve analysis is employed>while such an effect is obscured by the 

current recommended analysis. Alternately, analysis procedures which employ 

statistical curve fitting of the observed crack extension data points (from which 

either a linear or nonlinear analysis may result) would possibly resolve potential 

specimen materials, specimen size and specimen geometry effects on J . Nonlinear 
c-

analysis may be particularly applicable to single specimen techniques.of Jc 

determination. This is the subject of a continuing investigation. 



CONCLUSIONS 

1. The current recommended analysis of J-R curve data gave high J values . . . c . 
(nonconser~ative) while nonlinear J-R curve analysis gave values in close 

agreement with observed J · c· 

2. The nonlinearity of the crack initiation and the crack extension regime 

.was confinned by this study~ Therefore, a linear regression analysis 

thtough.data points in the stable crack extension regime is an in~ccurate 

representation of R-curve data. 

3. The reco!TlTiended analysis should be modified to yield ana.lytical Jc values 

in closer agreement with observed Jc. The modified analysis will require 

dat~ points in the crack initiation region of the R-curve and should employ 

a statistical family regression to obtain the best fit curve through the 

data points. 
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TABLE 1 
CHH1ICAL COt~POSITION OF ASTM A533-Bl 

(wt%). 

Mn · Ni Mo Si s p 

1.48 0.68 0.52 0.25 . 0.018 0~012 

TABLE 2 

STEEL (HSST PLATE 02) 

Cu Fe 

0.012 Balance· 

STRENGTH AND H1PACT f1ECHANICAL PROPERTIES OF 
ASTM A533-Bl STEEL at 149°C (300°F) 

Yield Strength = 434 MPa (63,000 psi) 

Ultimate Strength. = 579 MPa . (84,000 psi) 

Cv Energy = 126 joules (93 ft-lb) 
2 . (30.7 x 106 psi) Modulus of Elasticity, E = 2.1 x 10 GPa 



TABLE ~ 

FAMILY REGRESSION OF FUNCTIONS USED FOR 
STATISTICAL CURVE FITTING 

Y = A + Bx 

Y = A + 8/x 

1/Y = A + 8/x 

v. = A + srx 
Y = A exp (Bx) 

y = A~B 

Y = A + B in (x) 

Y = A + Bx. + Cx2 

Y = A + Bx + Cx2 + Dx3 

;o 

Y .= A + Bx + Cx2 + Ox3 + Ex4 + F~S 
+ Gx6 + Hx7 + Ix8 + Jx9 + Kx10 

where A~ 8, C ... K ?re constants, Y = J and 
x = 6a. 
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TABLE 4 
J-R CURVE RESULTS 

Specimen s a J ~a 

Number (mm) ~ a/H % SG {kJ/m2 ) (mm) 

02JH4 25"."4 27.20 .536 0 168 .1 067 
02JH3* 25.4 . 26.77. .527 o· 264 • 3251 
02JG4*+ 25.4 26.67 .525 0 361 .6655 
02G.l\614 *+ 25.4 26.52 .522 0 415 .8814 
02JG3*+ 25.4 26.68 .525 0 440 1. 0541 
02GA612*+ 25.4 27.24 .536 0 638 2.2352 
02GAAl-47 25.4 26.75 .526 0· 725 2.7254 
02GA593 25.4 27.13 .534 0 698 3.0226 

02JH3* 25.4 27.12 .533 20 239 .3048 
02JLl*+ 25.4 27.17 .530 20 360 .8357 
02JL3*+ 25.4 26.60 .523 20 396 1. 0947 
02GAAl-36*+ 25.4 26.14 . 518 20 494 2.1844 
02JG5*+ 25.4 26.73 .525 20 469 1.4249 
02JL4 *+ 25.4 26.28 .516 20 560 2.5451 

02GA605 25.4. 30.78 .606 0 91 .0533 
02GA613 25.4 ; 30.61 .603 0 147 .1270 
02GA604* 25.4 31.15 . 613 0 235 .2337 
02GA606*+ 25.4 30.74 .605 0 281 .4242 
02GA611 *+ 25.4 30.83 .607 0 396 .6655 
02GAA1-143*+ 25.4 31.24 .615 0 625 2.3952 
02GAA 1-~·JRDl*+ 25.4 31.37 .618 0 589 1. 8034 
02GAA 1-142 *+ 25.4 31.50 .620 0 524 1. 7018 
02GAA 1-1 52 *+ 25.4 32.00 .630 0 642 2. 3114 

02JL6* 25.4 41.72 .821 0 159 . 1473 
· 02JL5 * 25.4 41.03 .808 0 217 .2565 
02JH5 *+ 25.4 41.24 .812 0 333 .6096 
02JII6 *+ 25.4 41.77 .822 0 49S 1.2649 
02GAA 1-28 *+ . 25.4 43.42 .855 0 498 1. 4732 
02Jf~6*+ 25.4 42.13 .829 0 591 1. 9609 
02JG6*+ 25.4 40.70 .. 801 0 652 2.2403 

lPrivate Communication with G. A. Clarke, Westinghouse Research an~ Develop-
ment Center. 

2Reference 16. 

*Data used for.crack extension analysis 
. 

by modified procedure. 
+ 01'1 t.rt IJSNI for crack PXtPnsion analysis by. recommenrlerl rrocerlure. 

....... 



SEecimen GrouE 
a/W % SG 

.5 0 

.5 20 

.6 0 

.6 0 
'(Round Robin) 

.8 0 

TABLE 5 
COMPARISON OF Jc RESULTS 

Jc (kJ/m2) 
D1rec{ 06servaf1on Mod1f1ed Analys1s 

168 < J < 264 226 

J < 239 205 

147 < Jc < 235 228 
182 

Jc ~ 159 170 

Recommended Analys1s 

309 

326 

297 
255 

281 

·, 
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Figure 5. Fracture surfaces for group 1; a/W = .5, % SG = 0. 
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Figure 7. Fracture surfaces for group 2; a/W = .5, % SG = 20. 
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Figure 9. Fracture surfaces for group 3; i/W = .6, % SG = 0. 
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Figure 12. Fracture surfaces for group 4; a/W = .8, % SG = 0. 
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