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SUMMARY 

J-integral experiments at room temperature were performed on three point 

bend type specimens of the nuclear pressure vessel material A533B1 with 

a/w-ratios of 0.3 and 0.5. Following the ASTM-proposal for the multi-

specimen technique a value is obtained close to the value obtained in 

the HSST round robin test. On the other hand, from the measurement of the 

J -value by means of the potential drop technique there is an indication 

that a lower value of J is correct. This is in agreement with the multi 

specimen technique using linear regression lines without excluding "invalid" 

points. That is reasonable if fractographic investigations gives clear 

indications that stable crack growth has occured as is the case in this 

work. 
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ZUSAMMENFASSUNG 

J-Integral Experimente bei Raumtemperatur wurden an Dreipunktbiegeproben 

des Reaktordruckgefässwerkstoffes A533B1 mit den a/w-Verhältnissen 0.3 

und 0.5 durchgeführt. Folgt man dem ASTM-Vorschlag für die Mehrproben

technik, so erhält man einen Wert, der dicht bei dem liegt, der im HSST 

"Round-Robin Test" gefunden wurde. Andererseits findet man bei Anwendung 

des Potentialsondenverfahrens Anzeichen, dass ein tieferer J -Wert sinn

voller ist. Dieses ist in Uebereinstiramung, wenn man die Nehrproben-Nethode 

so verwendet, dass man alle Punkte berücksichtigt und die Regressionsgrade 

zu Aa gegen Null gehen lässt. Das ist sinnvoll, wenn fraktographische Un

tersuchungen klare Hinweise dafür geben, dass stabiles Risswachstum statt

gefunden hat, wie es der Fall an dem untersuchten Werkstoff ist. 
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1. INTRODUCTION 

The progress of ductile fracture from an existing sharp-tipped flaw may be 

separated into four regimes: the blunting of the initially sharp crack tip, 

initial crack growth, stable crack growth, and unstable crack propagation. 

An illustration of these regimes is given in Fig. 1 [1]. For low-toughness 

materials, the regime B (see Fig. 1) is relatively small, and essentially 

no stable growth (regime SCG according to Fig. 1) when fracture proceeds 

under plane-strain conditions. For high-toughness materials on the upper 

shelf, there is significant crack-tip blunting and substantial stable crack 

growth. More importantly, the nominal "resistance" of the material to further 

crack extension increases with increasing crack growth. Fig. 1 is a guide

line how to define brittle and ductile behaviour. 

Considerable research is being expended on the problem of describing ductile 

slow crack growth in metals experimentally. The J-integral, developed in

dependently by Rice [2, 3] and Cherepanov [4], is a fracture criterion for 

ductile materials. The J-integral has been evaluated experimentally for 

several materials [5-10], and a standard procedure for its determination 

has been proposed [ll]. In this designation a blunting line is defined by 

J = 2 • o. • (Aa ) , (1) 
X SZ 

where Aa is the effective size of the stretch zone and o. is the flow 
sz f 

stress, which is given by 

°f - i { V ° u T s } ' (2) 

where a is the yield strength and o is the ultimate tensile strength. 

The theoretical blunting line given in equation (1) is in good agreement 

with experimental data for many materials [5-7]. However, in other alloys, 

particularly materials with low strength and high strain-hardening capabi

lities, equation (1) overestimates apparent crack growth associated with 

crack tip blunting [9, 12]. Discrepancies between actua.. and theoretical 

blunting lines can give rise to erroneously high JQ values for materials 

with fairly steep J-R curves. 
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The aim of the present investigation is to determine the elastic-plastic 

fracture behaviour of a nuclear pressure vessel steel at room temperature 

and to discuss the proposed test procedure [11]. In parallel again [10], 

the investigation is aimed at comparing the applicability of the single 

specimen technique using the potential drop technique and an optical micro

scope with the multi specimen method. 

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

The material under investigation is the nuclear pressure vessel material 

A533, grade B, class 1, Charge Nr. 54979,2. The chemical composition and 

the mechanical properties are given in Table 1. The specimen type investi

gated was the three point bend type specimen with the notch direction of 

T-L according to [13]. The three point bend type specimens were prefatigued 

on a closed loop servohydraulic test machine with an R-ratio of 0.1 and a 

frequence of 10 Hz by Sulzer Brothers. Specimens of numbers higher than 60 

were prefatigued on a electromagnetic machine with a frequence of 220 Hz 

with the same R-ratio. The specimen is shown in Fig. 2. 

The J-integral testing was performed on a closed loop servohydraulic test 

machine with stroke control (velocity 0.02 mm/s). The load-line deflection 

was determined by the stroke measurement. The crack opening displacement 

was recorded via a clip gauge adapted via the notch. The clip gauge was 

isolated because of the simultaneous application of the potential drop 

technique. In agreement with the proposal of a method to determine J [5, 

11, 14], the multi specimen technique for the measurement of the J-integral 

R-curve has been applied on all the aforementioned specimens. In addition, 

the partial unloading technique was applied in each experiment. Accordingly 

the 8 precracked three point bend type specimens were stroke controlled 

monotonically loaded (with stops at different intervals for partial unloading) 

up to a maximum load-point deflection of about 5 mm. Using this procedure 

different crack extensions were observed. Having reached the maximum lead-

point deflection, the specimens were unloaded and heated to about 643 K 

(370°C) in order to mark the crack front (heat-tinting method). 
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with this method, a distinct boundary between stable tearing and final 

crack growth is obtained. After heat-tinting the specimens were broken at 

liquid nitrogen temperature (of about 77 K). 

Besides the multi specimen method and the partial unloading technique the 

potential drop technique was applied which is described in detail elsewhere 

[15, 16]. The electrodes were fixed to the specimens by screws. 

All tests were performed at 293 K (20 C). To avoid short circuits via the 

load frame the three-point bend fixture was electrically insulated. 

3. REDUCTION OF DATA 

Prior to J-integral testing a saw cut calibration curve was experimentally 

determined and a polynomial fit of 

U - U a 

- f (-) (3) 
U0 w 

a 
was obtained, f (—) is a 7th order polynomial series. U is the first po-

W 0 
tential drop from the first point via the notch starter. Than for each a 

and the first value U ^ of the material under investigation a correction 
start 

is calculated according to 

ao 
( f ( 7 ) + i ) ö 0 

Rl " • u „ ' <4> 
start 

a0 
f (IT) is calculated from the polynomial fit, where a is definitively w o 
measured after final fracture according to 

10 
1 I ao + a l l _,_ y \ 
10 \ — 2 * hi "if' 

< a o > • I? \—;— • f*. « J » <5) 

where aQ and a are the crack extension at the surface of the specimen and 

a^ characterizes the amount of crack extension in evenly spaced measurement 

points from one side of the specimen to the other across the crack front. 
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V — . 

where R. is given from equation (4) and U is the potential drop during the 

measurement of the running crack. Let 

Z: - f ( f ) - Y , (7) 

then 

dz df (|) 
* Z— • (8) 

d<a/w> d(J) 

Defining 

_ a 

then 

V - w 

z 
v
i+i " vi - I T ' {9) 

d ( f ) 

This iteration process is stopped if 

K + i " v i ' < 1 ( f 7 -

Then the crack length a is obtained by multiplying v with the width w of 

the specimen. <a > is the crack length of the ffatigue crack obtained after 

heat-tinting and final rupture. 

For the three point bend type specimen the J-integral is calculated according to 

2« F 
J - , (10) 

B« (w-a) 

where F is the area under the load versus load-point displacement record in 

energy units, B is the specimen thickness, w is the width of the specimen and 

a is the crack length. J is plotted versus th* crack extension Aa - a-a . 

From this plot the value J can be derived. 
o 
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EXPERIMENTAL RESULTS 

Test results were obtained for two different a/w ratios, a/w s 0.3 and 

a/w = 0.5. Different J-integral R-curves obtained by means of the potential 

drop technique for three point bend type specimens with a/w = 0.5 are shown 

in Figs.3 and 4. Fig. 5 shows a J vs. Aa curve for a specimen, for which 

the experiment stopped far before the load maximum in the load vs. load-

point displacement curve, see Fig. 6. Fig. 7 shows a J-Aa curve obtained 

from an experiment far beyond the maximum of the load vs. load-point dis

placement curve, see Fig. 8. Fig. 9 shows a J-integral R-curve for an a/w-

ratio of a/w = 0.3. The respective load vs. load-point displacement diagram 

is shown in Fig. 10. Another example is plotted in Fie,. 11. For the a/w = 0.5 

specimens, an evaluation procedure is performed due to [11] and the results 

are plotted in Fig. 12. Fig. 13 shows a straight line fit using all points. 

Fig. 14 to Fig. 21 shows fractographic results for some specimens of in

terest. 

DISCUSSION OF THE RESULTS 

Typical J-integral R-curves obtained for this material are plotted together 

in Figs. 3 and 4. Starting with the slope for the initial calculated J-values, 

which are plotted versus the crack extension Aa. The first deviation from a 
-2 

straight line relationship is near J, * 200 V.T* m within a very narrow 

scatterband. These different curves were obtained by the application of the 

potential drop technique. During the application of the partial unloading 

technique the first indications of crack growth were found to be near the 

maximum of the load versus crack opening displacement diagram. All the curves 

fall in a narrow scatterband and even the slopes of the J-integral R-curves 

in the regime of stable crack growth are of high reproducibility. The end-

points of the optically determined J-integral values are marked with tri

angles. In most cases the agreement between the values obtained by the appli

cation of the potential drop technique and the values obtained by optical 

measurement after final fracture is quite satisfactory. For one specimen 

with the a/w ratio of 0.5 the experiment was stopped far before the load 
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maximum of the load versus load-point displacement diagram. The respective 

J-integral R-curve and the load versus load-point displacement diagram are 

shown in Figs. 5 and 6. The initiationpoint as determined from the poten

tial drop signal is marked by an arrow in the load vs. load-point displace

ment diagram. Figs. 7 and 8 show another example of a J-integral R-curve 

and the corresponding load vs. load-point displacement diagram. Two examples 

of J-integral R-curves and one corresponding load versus load-point dis

placement diagram for specimens with an a/w =0.3 are presented in Figs. 9 

to 11. For the ratio a/w = 0.3 the same results were obtained as for a/w =0.5. 

Following the ASTM procedure for the multispecimen technique [11] drawing 

the blunting line according to equations (1) and (2) and the 0.15 mm and 

1.5 mm offset lines, than 3 points are invalid as can be seen from Fig. 12. 

5 points fall inside the area enclosed by these two parallel offset lines. 

These data are used for a linear regression analysis. The intersection of 

this linear regression line with the blunting line delivers 

J • 268 kJ • m~ . 

Within a round robin test on compact tension specimens at 422 K (149 C) a 

value of 

J • 266 kJ * m"2 

with a standard deviation of 17.4 kJ * m was obtained [17]. If one can 
o 

assume that the difference between 293 K (room temperature) and 422 K (149 C) 

is not large, the agreement with the values found in the round robin test 

and the values obtained from the multi specimen technique on three point 

bend type specimens is quite excellent. It is clear that if the same proce

dure is applied the same results must be obtained for the same material. 

But another point are the fractographic investigations (see Figs. 14 to 21). 

Figs. 14 and 15 show parts of the regions of ths prefatigued fracture sur

face. Figs. 16 and 17 show the transition regime including stretched zone 

and stable tearing. The specimen shown here is loaded far beyond the load 

vs. load-point displacement curve and an average crack extension of Aa : 1 mm 

was observed. Figs. 18 and 19 show the prefatigued region of the fracture 

surface of specimen Nr. B39, the load versus load-point displacement diagram 
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is given in Fig. 6 and the corresponding J-integral R-curve is shown in 

Fig. 5. The fracture morphology of the transition regime (stretched zone) 

can be found in Fig. 20 and clear evidence that stable tearing has taken 

place can be found in Fig. 21. Taken this into account there is no reason 

to omit some points in the J vs. Aa diagram and there is a clear indication 

that stable tearing is larger than the distance between the first point in 

Fig. 12 and the respective point of the blunting line. 

Another proposal which seems physically reasonable is to take all points 

into account and make a linear regression line which have to be extrapolated 

to Aa •+ 0. This is indicated in Fig. 13. Following this procedure, the 

following expression is obtained: 

J [kJ • m"2] - 204 [kJ • a~2] + 418 [kJ • m~2 • mm"1] Aa [mm] (11) 

Here Aa is the crack extension in mm. 

If Aa -*• 0, than one obtaines 

J • 204 kJ • m . 

From the single specimen technique obtained by the potential drop technique 

application from 11 experiments (8 with a/w : 0.5 and 3 with a/w »0.3) the 

following value is obtained: 

<J > - 200.3 kJ • r"2 

and a standard deviation of 

Sn « 9.24 kJ • m"
2 . 

This is in best agreement with the results obtained from the multispecimen 

technique as proposed in Fig. 13 -nd with a results published for a CT-type 

specimen using potential drop technique [18], who obtained a value J, » 

195 kJ « m"2. 
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6. CONCLUSIONS 

* The potential drop technique is suitable for the determination of J-inte

gral R-curves. This was derived from single specimen techniques and the 

multi specimen technique. 

* In these experiment the partial unloading technique delivered first indi

cations of crack growth near or behind the maximum of the load versus 

load-point displacement diagram. 

* Fractographic investigations gave evidence that the ASTM procedure delivers 

values which seems not to be conservative enough. Another procedure is 

proposed for the multi specimen technique: From this point of view all 

points should be taken if one is sure that stable tearing has been 

occured. 
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Table 1; Chemical Composition and Mechanical Properties 

Material Mn 

Chemical Composition (wt %) 

Si p S Cr Ni Mo 

A 5 3 3 B 1 0.19 1.38 0 .25 0.012 0 .010 0 .14 0 .60 0.54 

Material R . „/MPa 
p 0 . 2 

T e n s i l e Test Data a t 293 K 

V M P a A/% Z/% 

A 5 3 3 B 1 463 604 26 .6 66 .7 

p0 .2 

m 

Yield strength 

Ultimate tensile strength 

Percentage elongation after fracture 

Percentage reduction of area after fracture 

AJSt«n<tic grain sizes 6 according to ASTM E112 
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Fig. It Schematic diagram of load vs. crack extension. 
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Pig. 2: Three point bend type specimen, ttotch is fabricated for the clip gauge. 
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Fig. 3? J-integral R-curv«s from 3 experiments, a/w » 0.5. 



800-1 

700-

600-

500-

*E 

• 

A * . 

A • • 

\ • 

Material: A533 B1 
a/w-0.5 
A-optical 

ÖM ÖS 
i i i i i i i 

08 10 1.2 U 16 1,8 2.0 

A a/mm 

Fig. 4t J-integral R-curves from 3 experiments a/w z 0.5. 
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Fig. 51 J-intagral R-curve» for «pacinian Nr. B39, a/w • 0.5. 
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Pig. 6: Load versus load-point displacement diagram for specimen Nr. B39, 

a/w « 0.5. Initiation of stable tearing is marked with an arrow. 
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Fig. 7t J-intagral R-curva for »pacinian Mr. B33 a/w s 0.5. 
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Fig. 8: Load versus load-point displacement diagram for specimen Nr. B33, 

a/w • 0.5. Initiation of stable tearing is marked with an arrow. 
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Fig, 9» J-integral R-curve for apecimen Nr. B60, a/w «0.3. 
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Fig. 10: Load versus load-point displacement diagram for specimen Nr. B60, 

a/w «0.3. Initiation of stable tearing is marked with an arrow. 
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Fig. l i t J-intagral R-curva for »pacinian Nr. B74, a/w ' 0 , 3 . 
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Fig. 14: Region of the prefatigued fracture surface. 

Fig. 15: Detail of Fig. 14. Striations are visible. 
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17: Region of fracture surface where stable tearing has been occured. 



Fig. 18: Region of t'.e prefatigued fracture surface for specimen Nr. B39. 

Fig. 19: Detail of Fig. 18. Striation are visible. 



Fig. 20: Region of stretched zone and stable tearing for specimen Nr. B39. 

Fig. 21: Clear evidence of stable tearing can be found in this picture for 

specimen Nr. B39. 


