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ABSTRACT 

The applicability of the J-integral to sse in the elastic-

plastic range is investigated by using precracked cantilever 

beam specimens of low carbon steel in 6N H2S04 solution. The 

correlation of J-integral with the incubation time suggests 

the existence of a threshold value of J. . . 
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QZET 

J-Entegrali'nin elastik-plastik call~ma arallglnda GKK'na 

(Gerilmeli Korozyon Klrllmasl) uygulanabilirligi ara~tlrlldl. 

Call~mada dli~lik karbonlu celik'ten on catlakll konsol kiri~ 

numuneler ve korosif olarak 6N H2S04 cozeltisi kullanlldl. 

J-Entegrali il~ kulucka zamanl degerlerinin korrelasyonu J'nin 

bir e~ik degeri oldugunu gostermektedir. 
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I, INTRODUCTION 

The purpose of this work is to investigate, to an extent, 

the applicability of the J-integral l developed by Rice, as a 

parameter controlling the time to failure of components sub­

ject to see. The successful application of LEFM (Linear elas-

tic fracture mechanics) to see in linear elastic conditi~ns 

has led us to consider and investigate whether the tools of 

elastic plastic fracture mechanics would, in a similar way, 

bring simplicity to see analysis in the elastic plastic range. 

Design oriented researchers have not been interested, as 

yet, to such an approach and therefore there are very few 

references ll,2) on this subject. The reasons of this may be 

summarized as below 

(a) Failure is quite rapid for stress corrosion cracking 

when stresses reach the yield value. Thus one does never inten­

tionally design to work in this range. At stress levels well 

below the yield value, which is the usual range of operation, 

stress intensity factor has been used successfully. 

(b) The thicknesses of the components, which see problems 
J 

are confined to, are generally large enough to establish plane-

strain linear elastic conditions. 
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(c) Deter~ination of the J~integral values for different 

crack configurations is a difficult practice. 

Nevertheless, the J-integral has shown promising progress 

and it is interesting,with an academic point of view, to in­

vestigate whether it can also be used in see problems. 



II. GENERAL REVIEW OF THE PROBLEM 

OF STRESS CORROSION 

2.1 CRACK INITIATION VS. CRACK PROPAGATION 

3 

SCC has been analysed in two distinct phases, namely; crack 

initiation, and crack propagation. This distinction is similar 

to that between safe-life and fail safe analyses in fatigue. 

While crack initiation studies involve the initiation of a 

crack on a smooth surface, crack propagation involves a damage 

tolerant analysis which assumes the presence of pre-existing 

cracks and uses the tools of fracture mechanics. These two 

phases are often thought, not as complementary to each other 

but as two distinct cases and are treated sep~rately. The com­

mon practice in crack initiation studies,is to define a thres­

hold stress, for a given set of environmental conditions, under 

which stress corrosion crack initiation does not occur. 

The fracture mechanics approach does not take into account 

that cracks can initiate in the absence of defects and thus 

fa~lure may occur below the threshold value (KISCC) dictated by 

fracture mechanics. Therefore fracture mechanics and smooth 

spe~imen data must be combined in a composite diagram that 
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describes ~he SCC resistance' in the presence or absence of a 
-

precrack. Such a diagram is shown in Figure 2.1 200r---------------______________________________ ~ 
150 

I- 2e -I 
~ 

fOO a/2e ::: 0.5 

'':;; 
~ 

vi' 50 

'" " ~ .... 
en 
"0 

Kfscc ::: 1.24 0'0112 ::: 2.5 kSi 
III 

Do 
Q. 
<t 

Crack def~h (in) 

10 
.01 .05 0.1 .S 1.0 

FIGURE 2.1 Composite diagram (Ref. 3) 

2.2 MECHANISMS OF STRESS CORROsiON CRACKING 

The mechanisms of stress corrosion cracking are not yet 

fully comprehended. Depending on the material-environment pair 

and the applied stresses cracking may be intergranular, trans-

granular or a combination of the two. 

Logan(4) has taken up the subject in some detail and has 

noted the following : 

(a) Stress corrosion cracking has one of the character is-

tics of brittle fracture, it occurs with very little elongation 

of the material. 

(b) Stress corrosion cracking occurs only if there are 

effective components of tensile stress acting on the structure. 

(c) Pure metals are generally considered to be immune to 

(scc. 



5 

(d) The presence of oxygen is necessary for see to occur. 

(e) A vast majority of authors have accepted that a 

specific corodent is necessary to produce see in a given 

alloy. 

Although not yet universally accepted, it is widely be­

lieved that the film rupture/metal dissolution model is basic 

to see in many cases of interest. According to this model the 

protective film at the crack tip breaks down by the application 

of stress and an electrochemical current is induced between 

the crack tip and the surrounding material thus gradually ca­

using the crack to propagate. Garud and Gerber(S) point out 

that the driving force for the film rupture/metal dissolution 

process is the strain rate rather than the strain itself, and 

that even in constant load tests the controlling parameter for 

see appears to be the strain rate due to creep. 

Vermilyea and Diegle(6) propose two conditions for strain-

enhanced see : (1) The mechanism must produce a crack which 

lengthens much faster than it widens, and (2) each increment 

of strain must cause sufficient crack advance by corrosion to 

produce another equal increment of strain. They formulate their 

first condition as, 

. 
a 
£ 

>20 P (1) 

where p'is the crack tip radius, While the second condition is 

closely related to the steepness of the strain gradient in the 

vicinity of the crack tip. Vermilyea and Diegle further propose 
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that for these two conditions to be met the ratio of the crack 

tip corrosion rate to the crack tip strain rate must exceed a 

critical value infuerange of 2.10-7 cm to 10-5 cm depending 

on the strain gradient ahead of the crack tip. 

Herbsleb and schwenk(7) state that lithe importance of 

strain rate has implications not only for the evaluation of 

in-service parameters but also for establishing the guidelines 

for laboratory testing. In relation to the latter there is 

'strong tendency to keep all of the influencing factors as 

constant as possible except for those being investigated.For 

this reason the see susceptibility of a given system (material 

and corrodent constitute a corrosion system) may remain unno-

ticed if the itrain rate happens to be below a critical value 

~1(see Figure 2.2)11 

wMitivity 
cosec 

l no ktiwllton 0' CJkki 

t, 

FIGURE 2.2 Influence of strain rate on sensitivity to see (Ref.7) 



II I. APPLICATION OF FRACTURE'.MECHANICS 

TO SCC 

3.1 THE STRESS INTENSITY FACTOR APPROACH 

7 

The idea of finding a threshold stress intensity factor 

under which str~ss corrosion crack propagation does not occur 

has been the subject of many. researches. Rolfe and Barsom (8) 

have resumed the findings of significant researches on this 

field. It was observed that similar to the plane strain critical 

stress intensity factor KIC, there exists a thresh01dstress 

intensity factor KISCC, which is a property of the material-

corrodent system. As long as plane~strain linear elastic con-

ditions prevail KISCC remains independent of .specimen geometry 

k f · t' M test methods have been dev~se(9 ,10,11) and crac con ~gura ~on. any • d 

in an attempt to determine KISCC. In KISCC tests the specimens 

are loaded to an initial stress intensity factor(Ki) and the 

.variation of K with time is observed. Figure 3.1(a) and Figure 

3.1(b) show the variation of K as time progresses for constant 

load and constant displecement tests respectfully. The stress 

intensity factor increases with time for constant load tests 

and decreases with time for constant displacement tests. The 
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time corresponding to the points at w~ich the stress intensity 

factor starts to increase or decrease depending onfue type of 

test, is the incubation time. While for. constant displacement 

tests crack propagation stops when the stress intensity fac-

tor decreases to its threshoJ.d value, for constant load tests 

the increase in K continues until mechanical failure occurs. 

Figure 3.l(c) shows the variation of the incubation time tinc. 

and time to failure, tf with K. 

Ki. 

Kc~----~---~---~· 

~/ 
Kc 

Ke 

_t __ 

-}--- --

ca) 

(c) 

1... en t.r,·n 
"l;11It.. 

I , -- .. 
1. "" .. -_ ... _ ... - .. - .............. '" 
3 ~ -"':' .. 
-----------~' .. -.. ................ .... 

, .... -:-"'::.. ........ 

(b) 

FIGURE 3.1 variation of K with tinc for 
(a) constant load tests, 
(b) constant displacement tests and 
(c) tinc and tf as a function of K 
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The stress intensity factor approach is attractive for 

design engineers because of the simplicity of the analysis. 

For this reason several attempts have been made recently to 

t d th I · tIt' d . t . 'N k (12 ) ex en e ana YS1S 0 non pane s raln con 1 lons. ova 

has worked on the sec of ASTM A36, AS?2 and ASI? Grade F 

structural steels in salt water. He classified threshold 

stress intensity factors for three distinct behaviours as 

Krsee, refering to elastic behaviour, "Krsee", refering to 

elastic plastic behaviour, and "Krsee*" refering to fully 

plastic behaviour .. His results showed that the threshold 

stress intensity factor for elastic plastic behaviour was 

"somewhat dependent" on geometry and therefore had "mixed 

validity" as a parameter expressing the crack tip stress-

strain fields, and that for fully plastic behaviour was "fully 

dependent" on geometry and was "100% invalid". Another recent 

attempt was to define an effective crack length ae , which 

is equal to the actual crack length a, plus the radius,ry, 

of the plastic zone. Namely; 

ae = a + ry 

f3 = 

.B = 

I 

21T 

I 

61T 

for plane stress 

for plane strain 

(2) 



10 . 

where Sy is the yield strength. To what extent this approxi­

mation has been successful is not stated. 

3.2 THE J-INTEGRAL APPROACH 

3.2.1 General 

The attempts to find a single parameter capable of 

characterizing the entire crack tip field under elastic plas­

tic conditions has lead to the development of the J-integral, 

the general definition of which is given by(14) 

J = f (Wn1 
r 

(3) 

where W is the strain energy density and is a function of the 

strain, n is the outward unit normal to a contour r, encircling 

the tip of the crack in a counterclockwise direction,. and tit 

is the displacement vector. The J-integral has been proved to 

be path-independent, if deformation theory of plasticity is 

assumed. 

by (lS) 
The alternative definition of J is expressed 

1 dU 
J=-13~ 

Il= const. 

(4) 

where U is the potential energy, B is the thickness of the 

specimen, a is the crack length and Il is the load-line 

displacement. It can be shown that for the elastic case J is 

equal to the energy release rate G. 
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(16) . .. 
Liu and Zhuang have pOlnted out that ln orde~ for 

a single parameter to be capable of characterizing the entire 

crack tip field, the plots of any component of (J ij, E ij or 

Ui ina given direction versus the distance from the crack 

tip r, normalized by ry f)., or (J/Sy) should fallon the same 

curve for all geometries. The plots of Figure 3.2 show that 

single parameter characterization is indeed possible for plane 

stress conditions. All of the curves for four different speci-

men geometries fallon top of each other. That is to say, at 

any given J value, the crack tip fields in these four different 

specimen geometries are the same. While this promising obser-

vation makes way for further research on the J-integral, it is 

not yet possi~le to say whether J characterization will still 

be independent of geometry when a corroding environment is 

introduced. Another question, as far as sec is concerned, is 

whether a threshold value of J, namely JISee, exists in a 

manner similar to KISee. If botl:l of the above requfrements are 

met, the J-integral can be used as a governing parameter in 

. sec analysis. References (14-20) provide fundamental information 

about elastic - plast~c fracture mechanics and the J-integral. 

" 
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3.0 
3.0 

----SEC 
------TPB 
-'-'-OEC' 

----SEC 
------TPB 
-'-DEC -CCp 
-CCP ZD 

1.0 ' 1.0 

fo9C"yy/tTy 

0.0':7'---:~-_...L-__ .:L:==-'-"::"-L_ 0.0 ~'t..~~.:. I 
-4.0 -2.0 -1.0 '0.0 - 4.0 -3D -2.0 -'.0 0.0 

'09 r/rp k>9 r/rp 

(a) (b) 

FIGURE 3.2 Oyy and Eyy plane stress characteristic crack tip fields 
of all four types of specimen geometries : Single Edge 
Cracked, Three Point Bend, Double Edge Cracked, and 
Center Cracked Panel. 
HY - 80 steel 
(a) e = a deg 
(b) e = 45 deg. 
(Ref 16) 

3.2.2 Empirical Determination of J. 

The most suitable expresion for the empirical determination 

of J, proposed by Rice-et alf is based on eq.(4). This expression, 

developed specifically for deeply cracked bars in bending, is as 

follows; 

J = 2Uc 

Bb 
(5) 

where Uc is the total energy UT, minus the energy Unc that would 

normally exist in the specimen if the specimen did not have a 

crack, B'is the thickness, and b is the uncracked ligament. 

Srawley (21) points out that the error in eq. (5) increases 

as a/w decreases and converges to zero as a/w approaches one, 
f 

while the use of total energy UT instead of Uc provides a faster 



13 

convergence to a negligible error (Figure 3.3). Therefore, 

it is actually more suitable to replace Uc by UT in eq.(S). 

Noting that UT is the area, A, under the, load vs. displacement 

curve of the specimen, eq. (5) can be rearranged as 

2A 
J = 13i) 

FIGURE 3.3 

5 

4 

3 

IlIFor Displacemenl "Due 10 Crack"l 

." Energy Due 10 Crack 

IlIFor Tolal Dlsplacemenll 
• Total Energy 

.2 .4 .6 
alw 

.8 1.0 

(6 ) 

Values of the nondimensional coefficient 8 as used in the 
form J=8U/Bb within the elastic range for a three point 
bend specimen (Ref.21J 
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IV. EXPERIMENTAL WORK 

4.1 MATERIAL, SPECIMEN AND ENVIRONMENT SELECTION 

The material and environment selection in this study was 

not done to serve a specific application, but rather to provide 

fully plastic conditions and reasonable experiment times. The 

material is a low carbon steel with mechanical properties as 

shown in Tabid 4.1 

TABLE 4.1 Mechanical Properties of The Low Carbon Steel 
Used in the Study. 

Yield 
(MPa) 

Strength 

250 

Tensile %E1ongation 
(MPa) 

Strength 

299 30 

6 N. H
2

S0
4 

solution, which is highly . agressive to steel 

is used as the corrodent in order to avoid excessive duration 

times of experiments. 

The specimens are bend type (Figure 4.1) all cut out of 
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the same plate in the ST orientation. _ 

/IS ( 

rr ~ 0 
~ L ·1 

FIGURE 4.1 Details of the bend specimen used in the experiments. 
B = 8.5 mm. W = 17 mm, L = 118 mm 

4.2 EXPERIMENTAL PROCEDURES 

The bend type specimens are first precracked in a servo-

valve controlled MTS machine in 3-pt bend configuration within_-

a load range of 50-400 kg. The maximum load is set so that lar­
(22) 

ge scale plasticity is avoided. A previous study done by A.Koru 

showed that large scale plasticity caused prolonged incubation 

times. The 3-pt bend loading configuration is shown in Figure 

4.2 

~ ______ 64m~ ______ ~ 

FIGURE 4.2 3-Pt bend loading configurationbr fatigue precracking 
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After precracking the see tests are performed on a can­

tilever beam test set up, shown in Figure 4.3, with the fol­

lowing procedure : 

(a) Specimen is mounted and the cup. carrying the corro­

dent is raised so that the specimen is fully embedded in the 

solution. 

(b) Loading is done manually by the application of two kg. 

and 500 g. weights until the desired load is attanied. Mean­

while the load-line displacement is recorded at each weight 

addition by use of a dial gage in order to construct the load 

vs displacement curve. 

(c) Displacement vs time data are recorded until a pre­

determined load-line deflection rate is attained. 

(d) After the test the specimens are cooled below their 

ductile to brittle transition temperature in dry ice and fract­

ured. The initial crack length ao is measured by use of a 

travelling microscope (10 X) and the fracture surface is examin­

ed to note any evidence of see crack growth. If no see has 

taken place the next test is stopped when a higher deflection 

rate is attained. In this manner the deflection rate at which 

crack propagation by stress corrosion begins is sought. 
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Corroc!~n~ 

FIGURE 4.3 sec test set up 
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V. RESULTS AND EVALUATION 

5-. 1. F.~SUM~ 

Table 5.1 summarizes. the outcome of the experiments done 

in this study. The controlling parameter for the start of 

crack propagation due to stress corrosion is assumed to be the 

strain rate and hence the deflection rate. Therefore, the ex­

periments are stopped at various load-line deflection rates in 

order to determine at which point of the load-line deflection 

vs. time curve the incubation is complete. As seen from Table 

5.1 stress corrosion cracks are observed when the experiments 

are stopped at a deflection rate value above 0.1 rom/min. It 

is observed on a typical deflection vs. time curve, shown in 

Figure 5.1 that this point does not correspond, as expected,to 

the point where the deflection rate begins to increase above 

its steady state value (point P on Figure 5.1). This is indeed 

surprizing because any increase of the deflection rate above 

its steady state value can only be attributed to crqck extension 

due to s~ress corrosion. It can be.argued, however, that stress 

corrosion cracks do initiate at point p (Figure 5.1) but acer­

tain time is necessary for these to become through-thickness 

cracks. In this study it is assumed that incubation is complete 
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TABLE 5.1 OUTCOME OF THE SCC EXPERIMENTS 

Specirren ~/W p 
max (kg) time to deflection evidence 

conclusion rate attained of see 
test '(um/min) --- -------- ------, 

12 0.41' , 15 180 min 'V 0.025 NO 

13 O.AO ,- 14 26.75 hrs 'V 0.025 NO 

14 0.37 14 70.50 hrs 'V 0.120 YES 

(6 cO max =0 .3rnm 

15 0.42 ' 14.5 255 min 'V 0.07 NO 
1 
16' 0.40 13.5 71 hrs NO 

, .,18 0.39' 13 Fractured 
during 

I loading I 

19 0.45 ' 14.5 36 hrs 'V 0.06 NO 

20 0.43 ' 14 180 min 'V 0.06 NO 

21 40 
I 
I 

22 - 0.4_./1 .' 14 263 min 'V 0.32 YES 
(lla) .:: 

max 0.98nun 

23 0.46 14.5 26.75 hrs 'V 0.15 I YES 

ella) .:: 0.S9nun max 

I, YES 
24- 0.52 -: 13.5 10 hrs 'V 0.21 

U~a)m - 0.50nun . I ax 

~ 

25 0.46 14 245min 'V 0.21 YES 

( 

'V 0.24 YES 
! 26 0.43 . 13 235 min 

(lla) ~ . - I max 0.59nun 
-_. 
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TABLE-S.l (Cant". ) 

Specimen ao/W p 
rnax(kg) time to deflection evidence 

conclusion rate attained of sec 
of test (nun/min) 

27 0.'A6 12.5 30.6 hrs 0.18 YES 

, lI~=O .59 nnl. 

28 O. ",43 10.5 197 hrs '" 0.022 NO 

conculded 

beacuse 

of the bad 

state 

of the tes:: 

set up 

30 0.42 12 14.5 hrs "'0.08 NO 
~.---- .--- - , ... _--"-._- --.. -

I 
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only when through cracks appear, therefore the time corres-

ponding to a deflection rate of 0.1 rom/min can be taken as 

the incubation time. 

~ 
c: 
" E 
" u 

" .... 
a... 
\I) 
'-a 

'imin . 
..... -- ---1 ;.-- I 

I 
I 
I , 

FIGURE 5.1 Typical ~-t curve showing the point of incubation 

To be able to use the data of specimens 19 and 20, .wi th 

which deflection rate value of 0.06 mm/min was attained,when 

p1o~ting the J-integra1 vs incubation time· curve, the incu­

baiton time for all specimens is taken arbitrarily as the time 

at which the deflection rate reaches the value 0.06 rom/min. 

I 

The data show that the time for the deflection rate to 

increase from 0.06 rom/min to 0.1 mm/min is orund 30 minutes 

and almost the same for all specimens. Therefore, this choice 

of the incubation time is not misleading. Furthermore~ the 

curvature of the deflection vs. time curves are approximately 

the same once the deflection rate is above a value of 0.02 rom/mi 
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Relying on this observation .. ' the !J. -t curves for specimens 

12 and 13, for which the attained deflection rate was around 

0.025 mm/min, were extended to the assumed deflection rate 

value of 0.06 mm/min to determine their incubation times. 

5.2 J-INTEGRAL VS. INCUBATION TIME 

A typical load vs load-line deflection curve is shown in 

Figure 5.2. The area under this curve for each specimen is 

determined by use of a planimeter and substituted into eq. 

(6) along with the geometric parameters Band b, to determine 

the J-integra1 values. Table 5.2 shows the J-integra1 and in-

cubation time 'va1ues for all the specimens. The plot of J-in-

tegra1 vs. incubation time on linear, ?emi--log, .and log-log 

scales are showri in Fi<jures'5.3,5.4, and 5.5 respectively. 

~ 
d o 
.J 

Amo)(. 0 isplacement 

FIGURE 5.2 Typical P-!J. curve 

All raw data and graphs obtained from the experiments are 

prEsented in APPENDIX 1. 



TABLE 5.2 J-Integral and Incubation Time Values For the Specimens 23 

-
'* 

t.** Speci.nen C3a/W Pmax(kg) J (kg/nan) (min) log (tind lnc 
-

12 0.41 15 1.45 210 2.32 

13 0.40 14· 1.08 1610 3.21 

14 0.37 .. 14 0.94 4200 3.62 

too much 
15 0.42 . 14.1,5 error in 255 

P-l\curve 

***-.16 0.40, 13.5 0.78 4260' - 3.630' 

19 0.39 14.5 1.01 2160 3.33 

20 0.45· 14 1.48 180 2.25 

22 0.43 14 1.16 233 2.37 

23 0.40 . 14.5 1.01 1572 3.20 

24 0.44. 13.5 1.21 579 2.76 

25 0.46 . 14 1.21 190 2.28 

26 - Ob2 13 1.47 175 2.24 

27 0.46 12.5 0.89 1818 3.26 
I 

*** 28 0.43· 10.5 0.77 11820 .- 4.07 0 

30 . 0.42. 12 0.64 8640 3.94 

* 
, Bend specimens have W = 17:· mm and B =8.5 mm 

** tinc = to.06· to.06 is the time at which the deflection rate is 0.06 mm/mi. 
*** No Incubation 
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FIGURE 5.3 J-Integral vs. tine Linear scale 

o 

tnr:.. (min) 

FIGURE 5.4 J-Integral vs. tine Semi-log scale. 

24 



25 

,--
c 

E 
'--' 

...; 
Ql c 
r-; 

-4J III 
0 

-'" !I} 

bl 
0 

r-; 
I 
bl 
0 

- i- i- c-'- I-
r-; 

I 0 s:: 
I en -'i 

a .I-J . 
~ 
r-; 
III 

~ 
Ql 
.I-J 
s:: 

"'i 
I 

I-) 

1.l) . 
I-

1.l) 

til 
[3 
tCJ 

1---I-- ~ 
IE: 

1-1- --l-
i 

1-

ml q If' 
""-
I-, 

BOGAZici UNivERSiTESi KOTUPHANESi -- , 



26 

It can b~ observed from Figs. 5.3 and 5.4 that the curve 

tends towards a possible threshold. Longer experimental peri-

ods lead to excessive deterioration of the specimen due to 

homogeneous and pitting corrosion. Therefore, the range beyond 

10000 min. canno~ unfortunately, be observed. 

The low carbon steel used in this study shows extensive 

creep at room temperature. Especially for specimens with high 

a/w ratios there is a considerable uncertainty in the load­

line displacement readings taken during loading. Table 5.3 

compares the J-integral values obtained by taking immediate 

displacement readings after each weight addition with those 

·obtained by allowing a 30 sec .period after each weight addition 

before taking the displacement readings. Figures 5.6 and 5.7(23) 

show the p-~ curves obtained in this procedure. 

TABLE 5.3 

a/W J-integral (kg/nm) % increase 

~diate delayed 

reading reading 

0.47 1.00 1.15 15 

0.55 1.51 1.75 16 
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FIGURE 5.6 P-6 curves showing the creep effect when taking 30 sec. 
delayed defleCtion readings. a/w = 0.47 (Ref. 23) 
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I I 
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1 s 

FIGURE 5. 7 P - 6 curves showing the creep effect introduced by taking 
30 sec. delayed deflection readings a/w = 0.55 (Ref.23) 
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Approximately 15% deviation' is observed between the 

J-integral values found for the two s~tuations. This means 

that one could fall into an error at the order of 15% of the 

calculated J-integral values. To see amount of error introdu-

ced, the load vs. displacement curves for some of the speci-

mens were reconstructed. First compliance calibration experi-

ments were done and t~e compliance calibration curve on Figure 

5.8 was constructed. Then, four specimens at a/w ratios of 0.38, 

0.40, 0.43 and 0.45 were loaded to 15 kg with small weight 

increments and meanwhile the deflection readings were taken 

immediately after each weight addation. The p-~ curves for 

these four specimens are shown in Figs. A2 .l',-A2 .4,. The maximum 

displacement ~max corresponding to each of the Pmax values on 

Table 5.2 was _ noted from each of the curves on Figs. A2 .~:-A2 .4,. 

Figure 5.9 shows the plot of a/w vs. ~ at each P value. max max 

Load vs. displacement curves for those specimens on Table 5.2 

with a/w ratios falling between 0.38-0.45 was then replotted 

by combining the relevant compliance, ~ , and P values. max max 

These plots are shown in Figs .A15-8;The new J-integral values 

are shown in Table 5.4 and the plot of J-integral vs. incubati-

on time is seen in' Figure 5.10,. Again the same trend is observed, 

and the J-integral values are comparable so it can be concluded 

that error due to creep is insignificant within the accuracy of 
i 

the test set up. 
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FIGURE 5.B Compliance calibraiton curve 
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FIGURE 5.9 ~ as a function of a/wand P max max 
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TABLE 5.4 J-:integral values found from the re-plotted p-t:. curves 

s~c. a/W C(nun/kg) (kg) J (Kg/nrn) t. (min) 
max J.l1C 

t:. (nun) P 
max 

12 0.41 0.38 7.25 15 1.52 210- . 

13 0.40 0.38 5.80 14 1.01 1610 

14 0.37 0.36 5.70 14 0.97 4200 

15 0.42 0.39 7.15 14.5 1.40 255 

16 0.40 0.37 5.45 13.5 0.93 4260 

19 0.39 0.37 6.05 14.5 1.07 2160 

20 0.45 0.40 14 180 

22 0.43 0.40 7.00 14 1.45 233 

23 0.40 0.37 6.25 14.5 1.18 1572 

24 0.44 0.40 13.5 579 

25. 0.46 0.41 14 190 

26 0.52 0.47 13 175 

27 0.46 0.41 8.75 12.5 1818 
I 

28 0.43 0.40 4.05 10.5 0.53 11820 
... ------- -- ---

All raw data pertaining to this table are presented in 

APPENDIX-2 
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FIGURE 5.10 J-integral vs. incubation time curve with values of 
Table 5.4 

Another question·of interest is how much of the displace-

ment that takes place until the end of the test is due to 

creep. Figure 5.11 compares the ~-t curve of a see specimen 

with that of a creep specimen, both having the same a/w ratios 

and_ subjected tothe same load. The curvature of both curves is 

the same at the initial transient region, while at the steady 

state region the deflection rate of the see curve is slightly 
I 

higher and shows further rapid increase after incubation. 
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FIGURE 5.11 ~-t curve of" an see specimen (top) is compared with that of 
a creep specimen (bottom). (Both specimens have a/w=O.46 and 

Pmax=12.5 kg) 
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5.3 CONCLUSIONS 

a. The incubation time is controlled by the deflection 

rate due to creep. The appearance of through cracks are ob-

served when the deflection rate is approximately 0.1 rom/min. 

b. The correlation of J-integral with incubation time 

tends towards a possible threshold. The exact threshold can 

not be observed because experiment times exceeding 10 4 min. 

lead to excessive deterioration of the material due to pitting 

and homogeneous corrosion. 

c. This study was done with a single specimen geometry. 

Therefore to see whether J-integral characterization is in­

dependent from geometry further experimentation is required. 

5.4 RECOMMENDATIONS 

a. It is advisable to do the loading with two persons, 

one placing the 'weights and readin0' the" dial gage"after 'each' ", 

weight 'is fully applied the other rec0rding the' dictated 

ntuuber .. L~~ .' 

b. Sounder data may be obtained by using small weight 

increments during loading. It is best to start using 500 g. 
I 

weights after a load of six or at most eight kg. is attained 

by placing two kg. weights. 

c. ,The best protection of the test set up against acidic 

solutions is obtained by applying Meges KD III coating to 

,the parts of the set up which are directly in contact with the 

acid. The coating must be checked after each test and must be 
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replaced after at most 100 hours of operation in the acid. 

d. It is necessary to maintain Spare bolts and to rep­

lace them after at most 100 hours of operation in the acid. 

It is not necessary to apply coating on the bolts. 

e. If possible, it is advisable to keep the acid and 

prepare the solutions in a separate room. Acid vapor will 

lead to corrosion of the set up in the long run. 

f. Maintaining pieces 'of- cotton cloth and drying the 

components of the test set up from acid will increase the life 

of the coating. 



APPIENDIX I 

DATA AND CURVES OBTAI~ED 

FROM THE see EXPERIMENTS 

35 



TABLE ~1.1 Load vs. Displacement Data for 
Spec. 12 (a/w=O.41, P =15 kg) . max 

LOAD (kg) DISPL. (rom) 

0 0 

3 1.05 

5 1.75. 

7 2.58 

9 3.49 

11 4.42 

13 5.56 

15 Displacement 
too fast to read 

TABLE A1.2 Displacement vs. Time data for 
spec. 12 (a/w=O.41, P =15 kg) 

max 

TIME (min) DISPL. (min) 

0 0 

15 0.86 

30 1.19 

45 1.28 

60 1.51 

75 1.65 

90 1.80 

105 1.96 

120 2.12 

135 2.31 

150 2.52 

165 2.77 

180 3.11 
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TABLE Al.3 Load vs. Displacement data for spec. 
~13·(a/w=O"40,P =14 kg) 

max 

LOAD (kg) DISPL. (rom) 

0 0 

3 0.79 

5 1.45 

7 2.04 

9 2.65 

11 3.41 

12 3.90. 

13 4.60 

14 5.55 

TABLE Al.4 Displacement vs. Time data for spec. 
13 (a/w=O.40, P =14 kg) 

max 

TIME (hrs) DISPL. (mm) 

0 0 

0.5 0.54 

1 0.67 

1.5 0.75 

2 0.7.9 

2.5 0.88 

3 0.92 

3.5 0.96 

4 0.99 

·4.5 0.03 

5. 1.07 

5.5 1.10 

6 1.14 

6.5 1.16 

Continues on the next page 

37 
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TABLE A).4 (Cont. ) 
TABLE Al.S Load vs. Displacement 

. data for spec.14· 
TIME (hrs) DISPL. (mn) (a/w=O.37,P =14 kg) 

max 

7 1.20 LOAD (kg) DISPL. (rrm) 

7~5 1.22 0 0 

8 1.24 3 0.85 

8.5 1.26 5 1.45 

20.75 2.41 7 2.00 

21.25 2.44 9 2.67 

21.75 2.48 11 3.52 

22.75 2.64 12 4.10 

23.25 2.73 13 4.60 

23.50 2.78 14 5.22 

23.75 2.82 

24.25 2.92 

24.75 3.04 

25.25 3.17 

25.75 3.37 

26.25 3.72 

26.50 3.97 

26.75 4.35 
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TABLE A1.6 bisp1acementvs. Time data ,-
for spec. 14(a/w=O.37, 
P =14 kg) 

max (Cont.) 

TIME (hrs) DISPL. (rmn) TIME (hrs) DISPL. (rmn) 

0 0 34 2.93 

0.5 0.27 36.5 3.15 

1. 0.37 . 37 3.22 

2 0.50 46.50 4.48 

3 0.57 47.00 4.55 

4 0.64 47.50 4.64 

5 0.69 58.50 4.83 

6 0.74 49.50 5.05 

7 0.79 50.50 5.27 

21. 75 1.46 51.50 5.67 

22.50 1.51 52.50 5.99 

23.50 1.58 53.50 6.27 

24.50 1.66 55 6.74 

26 1.81 56 7.14 

26.50 1.87 57 7.71 

27 1.93 58 8.14 

27.50 1.99· 59 8.53 

28 2.05 60.50 9.09 

28.50 2.11 70.50 18.74 

29.50 2.26 

30 2.33 

31 2.46 

32 2.61 

33 2.78 



TABLE A1. 7 Load vs. Displacement data 

LOAD 

0 

3 

5 

7 

9 

11 

12 

13 

14 

14.5 

for spec. 15 (a/w=O.42, P =14.5 kg) 
max 

(kg) DISPL. (rom) 

0 

1.42 

2.37 

3.37 

4.47 

5.77 

6.57 

7.47 

8.67 

9.87 

TABLE A1.8 Displacement vs. Time data for spec. 
15(a/w=O.42, P =14.5 kg) 

max 

TIME (min) DISPL. (rom) 

0 0 

15 0.75 

30 1.15 

45 1.40 

75 1.75 
I 

135 2.41 

195 3.12 

210 3.34 

225 3.68 

240 4.28 

245 4.57 

250 4.88 

,255 5.23 
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TABLE Al.9 Load vs. Displacement data for 
specimen 16 (a/w=O.40, P =13.5 kg) 

max 

LOAD (kg) DISPL. (nun) 

0 0 

3 0.90 

5 1.50 

7 2.13 

9 2.82 

11 3.54 

12 3.93 

13 4~41 

13.5 4.65 

41 
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TABLE Al.~O Displacement vs. Time data for 
specimen l6(a/w=O.40 P =l3~.5 kg) . max 

TIME (hrs) DISPL. (rnn) TIME (hrs). DISPL. (nm) 

0 0 44 7.95 

1 0.79 45 8.20 

3 1.17 46.5 8.82 

4 1.28 47 9.03 

5 1.38. 47.5 9.23 

6 1.48 48 9.46 

7 1.57 48.5 9.71 

8 1.64 49 10.02 

13.5 1.91 49.5 10.37 

24.00 2.92 50 10.78 

25 3.05 50.5 11.17 

26 3.22 51 11.57 

27 3.41 51.5 11.97 

28 3.59 52.25 12.45 

29 3.78 52.5 12.61 

30 3.99 53 12.92 

31 4.23 53.5 13.22 

32 4.50 54 13.48 

33 4.79 54.5 13.69 

35 5.40 55.5 14.05 

36 5.75 56 14.19 

37 6.10 59 14.84 

37.5 6.26 60.6 15.13 

71 16.66 



TABLE Al.ll Load vs Displacement 
for specimen 19 
(a/w=O.39,P =14.5kg) _ max 

LClAD(kg) DISPL. (mn) 

0 0 

3 0.75 

5 1.25 

7 1.73 

9 2.32 

11 2.86 

12 3.35 

13 3.87 

14 4.62 

14.5 5.05 
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TABLE Al.12 Displacement vs Time 
data for spec. 19 
(a/w=O.39, P =14.5kg) . max 

TIME (hrs) DISPL. (nun) 

0 0 

1 0.27 

2 0.40 

3 0.49 

4 0.57 

6 0.70 

7.5 0.76 

8 0.78 

22 1.12 

23 1.14 

24 1.17 

25 1.20 

26 1.23 

27 1.26 

29 1.35 

30 1.40 

31 1.45 

32 1.54 

33 1.63 

35.5/6 3.82 



TABLE Al.13 Load vs Displacement data for 
Spec. 20 (a/w=0.45, P =14 kg) 

max~ 

LOAD (kg) DISPL. (nun) 

0 0 

3 1.13 

5 1.88 

7 2.63 

9 3.43 

11 4.31 

13 5.55 

14 6.85 

TABLE Al.14 Displacement vs Time data for 
Spec. 20 (a/w=0.45, P =14 kg) 

max 

TIME (min) DISPL. (nun) 

0 0 

60 1.08 

90 1.35 

120 1. 76 

150 2.43 

165 2.97 

170 3.22' 

175 3.48 

180 3.77 
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TABLE A1.15 Load vs. Disp1.data 
for spec. 22 
(a/w = 0.43, P =14kg) . max 

LOAD (kg) DISPL. (rom) 

o 0 

3 0.83 

1.38 

7 2.01 

9 2.91 

11 3.76 

13 4.96 

14 Displacerrent 
too fast to 
read 

TABLE A1.16 Displacement vs Time 
data for spec.22 

45 

(a/w=0.43, P =14 kg) 
max 

TIME (min) DISPL. (rom) 

0 0 

5 0.63 

10 0.86 

15 0.98 

30 1.25 

45 1.48 

60 1. 73 

75 2.01 

90 2.37 

130 3.60 

135 3.77 

160 4.73 

165 4.93 

180 5.57 

195 6.22 

210 2.07 

230 8.23 

240 8.97 

255 10.82 

260 11.95 

263 12.91 



TABLE A1.1? Load vs. Displacement 
data. for spec. . ·23 
(a/w=0.40,P =14.5 kg) 

. max 

LOAD (kg) DISPL. (nun) 

0 0 

3 0.89 

5 1.48 

7 2.10 

9 2.79 

11 3.55 

12 3.96 

13 4.43 

14 4.96 

14.5 5.36 
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TABLE A1.1S Displacement vsTime data 
for spec. ·23 (a/w=0.40, 
P =14.5 kg) . 

max 

TIME (hrs) DISPL(nm) 

0 0 

1. 0.35 

2 0.48 

3. 0.61 

4.5 0.77 

5 0.82 

55 0.86 

6 0.90 

7. 0.96 

8 1.01 

9.5 1.08 

10 1.11 

22 1.64 

23 1.74 

24 1.88 

25 2.12 

26 2.69 

26.75 8.63 



TABLE AI.19 Load vs Displacement 
data for spec. 24 
(a/w=0.44,P =13.5kg) 

" max 

LOAD (kg) DISPL(nm) 

0 0 

3 1.02 

5 1.70 

7 2.45 

9 3.27 

11 4.12 

12 4.68 

13 5.53 

13.5 6.13 
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'TABLE AI.20 Displacement vs.· 'Time data 
for spec. 24 (a/w=0.4.4, 
P=13.5 kg) 

max 

TIME (hrs) DISPL. (nun) 

0 0 

1 0.41 

2 0.61 

3 0.75 

4 0.89 

5 1.04 

6 1.31 

6.5 1.51 

.7 1.79 

7.5 2.04 

8 2.30 

8.5 2.62 

9 3.27 

9.5 4.48 

10 7.08 



TABLE A1.21 Loa.d vs Displacement 
data for spec~· 25 
(a/w=O.46,P =14 kg) 

max 

LOAD (kg) DISPL. (rrm) 

0 0 

3 0.78 

5 1.30 

7 1.97 

9 2.62 

11 3.37 

13 4.47 

14 5.47 
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,TABLE A1.22 Displacement vs Time data 
for spec. 25 (a/w=O.46, 
P ;'14 kg) 

max 

TIME (min) DISPL (min) 

0 0 

15 0.24 

30 0.36 

60 0.58' 

90 0.88 

120 1.23 

150 1.83 

180 2.96 

185 3.23 

190 3.52 

195 3.85 

200 4.19 

205 4.53 

210 4.98 

215 5.54 

220 6.10 

225 6.69 

235 7.85 

240 8.66 

245 9.54 



TABLE Al.'23 Load vs Displacement data 
for spec. 26(a/w=O.5~, 
P' =13 kg) 

max , 

LOAD (kg) DISPL. (Im\) 

0 0 

3 1.04, 

5 1.73 

7 2.53 

9 3.37 

11 4.26 

12 4.91 

13 6.35 
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TABLE Al.24 Displacement vs Time 
data for spec. 26 
(a/w=O.52,P =13 kg) , max 

TIME (min) DISPL(mm) 

0 0 

5 0.76 

10 1.05 

15 1.22 

30 1.57 

50 1.95 

90 2.85 

120 3.76 

150 5.08 

165 5.90 

170 6.20 

175 6.50 

180 6.81 

185 7.13 

190 7.43 

200 8.07 

205 8.40 

210 8.75 

,215 9.14 

220 9.58 

225 10.05 

230 10.65 

235 11.36 

240 12.35 



TABLE A1.25 Load vs Displacement data 
for / spec. '27 (a/w=O.4,6, 
P =12.5 kg) 

max 

LOAD (kg) DISPL. (nun) 

0 0 

3 1.05 

5 1.75 ' 

7 2.45 

9 3.28 

11 4.12 

12 4.72 

12.5 5.19 

50 

TABLE Al. 26 Displacement vs Time 
data for spec. 27 
(a/w=O.46,P =12.5 kg) 

, max 

TIME (hrs) DISPL. (rom) 

0 0 

0.5 0.20 

1 0.26 

2.5 0.42 

4 0.59 

5 0.68 

6 0.77 

7 0.84 

10 0.98 

22 1.35 

23 1.39 

24 1.44 

26 1.66 

27 1.90 

28.5 2.36 

29.5 3.01 

30 3.73 

30.5 6.16 

30.6 7.21 



TABLE AI. '2 7 Load vs Displacemen t data 
for -spec. 28 (a/w=O .43, 
P =10.5 kg) 

max ' 

Laill (kg) DISPL. (nro) 

0 0 

3 1.50 

5 2.44 

7 3.49 

9 4.60 

10 5.24 

10.5 5.59 

51 

TABLE Al.28 Displacement vs Time 
data for spec.28 
(a/w=0.43, P =10.5kg) 

max 

TIME (hrs) DISPL(nm) 

0 0 

1. 0.43 

2 0.56 

3 0.64 

4 0.71 

5 0.77 

6 0.82 

7 0.87 

8 0.90 

23 1.24 

24 1.26 

26 1.29 

27 1.39 

28 1.33 

30 1.36 

32 1.39 

35 1.41 

47.5 1.51 

52 1.54 

55 1.56 

72 ,1.68 

76 1.71 

79 1.74 

98 1.95 



5~ 

TABLE Al.28 .(Cont.) 

TIME (hrsl DISPL. (mm) TIME (hrs) DISPL. (nm) 

100 2.00 155 10.11 

102 2.06 166.5 10.71 

119 3.15 167 10.73 

169.5 10.80 
121 4.17 

173 10.95 
121.5 4.35 

176 11.21 
122.5 4.68 

178 11.44 
123 4.81 

179 11.56 
123.5 4.96 

190 12.35 
124 5.10 

193.5 12.83 
125 5.41 

197 
126 5.75 

127 6.07 

127.5 6.23 

128 6.37 

129 6.61 

129.5 6.70 

130 6.80 

131 6.96 

132 7.11 

142 8.05 

13 8.14 

147 8.76 

149 9.14 

151 9.50 

.152 9.68 



TABLE Al.29 Load vs. Displacement 
data for spec. 30 
(a/w=0.42,P =12 kg) - . max 

WAD (kg) DISPL. (rnm) 

0 0 

3 0.99 

5 1.62 

7 2.28 

9 2.97 

10 3.33 

11 3.73 

12 4.21 
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TABLE Al.30 Displacement vs. Time 
data for spec" 30 
(a/w=0.42,P =12 kg) 

. max 

TIME (hrs) DISPL. (nm) 

0 0 

1 0.27 

2 0.37 

3 0.42 

4 0.47 

7 0.56 

22 0.84 

24.5 0.89 

27 0.94 

29 0.98 

47 1.34 

51 1.43 

53 1.48 

59 1.63 

69.5 1.86 

72 1.92 

74 1.97 

78 2.10 

79 2.13 

80 2.16 

95 2.56 

100 2.70 

102 2.75 

118 3.14 

123 3.28 

142 4.03 

143 4.04 

144.5 5.08 



TABLE A1.31 Displacement vs Time curve 
for spec" 31 (creep spec. 
a/w=O.46, P =12.5 kg) . . max 

TIME (hrS) DISPL. (rrm) 

0 0 

1 1.48 

1.5 1.56 

3.5 1.88 

7 2.04 

13 2.16 

16 2.18 

18 2.19 

20 2.20 

26 2.26 

31 2.27 

40 2.29 

64 

:54 
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FIGURE Al.2l Load vs.Displacement curve for spec.25 
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APPENDIX 2 
DATA AND GRAPHS OBTAINED 

TO RE-EVALUATE THE J-INTEGRAL 
I 

VALUES 



TABLE A2.l Points of the Compliance 
calibra'tion curve on ~ 
Figure'S.B 

CEB a/w 

5.97 X 106 0.29 

6.26 X 10 6 
0.36 

6.31 X 10 6 
0.38 

6.52 X 10 6 
0.40 

6.61 X 10 6 0.43 

7.13 X 10 6 0.45 

7.70 X 10 6 0.50 
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TABLE A2.2 Load vs Displacement 
data obtained to de-
termine b. for each 
p valu~axon Table 

max 
5.2 

a/W = 0.38 

LOAD (kg) 

o 

3 

5 

7 

9 

11 

12 

12.5 

13 

13.5 

14 

14.5 

15 

DISPL. (rom) 

o 

1.13 

1.88 

2.63 

3.38 

4.18 

4.68 

4.93 

5.18 

5.43 

5.73 

6.08 

6.53 
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TABLE· A2. 3 Load vs. Displacement data 
obtained to determine 

b. for each P value 
max max 

on Table· 5.2 

a/W = 0.40 

LOAD (kg) DISPL. (rom) 

o 

3 

5 

7 

9 

11 

12 

12.5 

13 

13.5 

14 

14.5 

15 

o 

1.15 

1.91 

2.61 

3.36 

4.16 

4.61 

4.86 

5.11 

5.51 

5.81 

6.36 

6.86 



TABLE A2. 4 Load vs. Displacement 
9ata obtained to deter-
mine the ~ values . max 
for each P value 
on table 5~~x 

a/W = 0.43 

LOAD (kg) DISPL. (nun) 

0 0 

3 1.05 

5 1.75 

7 2.43 

9 3.21 

11 4.08 

12 4".66 

12.5 5.01 

13 5.41 

13.5 5.96 

14 7.16 

14.5 8.56 
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TABLE A2.5Load Vs. ~isplacement 
Data obtained to deter-
mine the ~ values for" 
each P ~~lue on Table 
5.2 max 

a/W = 0.45 

LOAD (kg) DISPL. (nun) 

0 0 

3 1.20 

5 2.03 

7 2.78 

9 3.58 

11 4.78 

12 5.78 

12.5 6.78 



Displacement (mm) 

FIGURE A2.l Load vs. Displacement curve established to 
determine 6 values at for each P value 
Table 5.2 max max 

a/W = 0.38 . 
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TABLE A2.6 6. as·a variation of a/Wand P . max . max (see Fig~5.'9) 

P(kg) a/W max (rom) 

0.38 3.95 

0.40 3.05 

10.5 0.43 4.05 

0.45 4.40 

0.38 4.90 

0.40 4.90 
12.5 

0.43 5.20 

0.45 6.80 

0.38 5.10 

'0.40 5.10 

13 0.43 5.60 

0.45 10.30 

0.38 5.40 

13.5 0.40 5.45 

0.43 6.10 

0.38 5.75 

. 14 0.40 5.80 

0.43 7.00 

0.38 6.70 

14.5 0.40 6.25 

0.43 8.70 

15 
0.38 6.50 

0.40 6.80 
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