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ABSTRACT 

The inoubation period assooiated with the advanoe 

of a stress oorrosion crack in a low carbon steel exposed 

to sulphuric acid is investi~ated. Fatigue pre-cracked 

Cantilever Beam Specimens are tested in accordance 

with Fracture Mechanics methodology. 

Regarding the fact that the application of the 

Linear-Elastic-Stress-Int~nsity-Factor K to stress 

corrosion problems has met with extended success, 

the J Integral parameter with its broader scope of 

applioation is used in the same context. Considerable 
'. 

emphasis is plaoed upon establishing an effective and 

straightforward experimental method. Results obtained 

olearly indicate-that the J Integral parameter is 

suitable forpredioting inoubation behaviour. 

-iv-



O~T 

SUlfUrlk aslt ortam1ria tabl tutulmu~ dU~Uk karbon 

oranli Qellk malzemede gerl1mell korozyon Qatla~1 olu­

~umundak1'kuluQka zaman1 ara§t1r11d1. K~rilma Mekan1~1 

metodlarina uygun olarak b1r Qent1k ve yorulma ~n-Qat-

1~1 1ht1va eden Ankastre Numuneler kullan~ld1. 

_ Dogrusal EIast1k Ger11me ~1ddet Qarpan1 K'n~n 

.,gerl1me11 korozyon problemlerine uygulanmas1nda elde 

edl1en ba~ar1Iar~n 1~1g1 alt1ndabu deta daha genl~ . 

uygulama lmkanlar1 1Qeren J-lntegra11 parametres1 

ayni amaQIa kullan11d1. B11hassa etk111 ve dogrudan 

sonuoa y~ne11k b1r deneysel y~ntem1n ge11Qt1r11mes1ne 

~1r11k ver11d1. J-1ntegra11 parametres1n1n kuluQka 

zamani davran1~1n1 be11rIed1g1n1 aQ1kQa g~steren 

sonuQIar elde ed11d1. 

-v-



TABLE OF CONTENTS 

ABSTRACT 

CHAPTER I. INTRODUCTION 

CHAPTER II. LlNEAR-ELASTIC-FRACTURE-MECHANICS 
APPLICATIONS ,IN STRESS CORROSION 

Page 

iv 

1 

CRACKING AND ITS LIMITATIONS 6 

CHAPTER III. THE J INTEGRAL PARAMETER 10 

CHAPTER IV. EXPERIMENTAL METHOD 14 

4.1 
4.2 
4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

Specimen Preparation 
Experimental Set-up 
The Compliance Calibration 
Method 
Detecting the Initiation 
of Crack Growth 
.Experimental Procedure 
for Stress Corrosion 
Tests 
Determination of J Integ­
ral Values 
Results of Stress Corro­
sion Tests 
KIC and JIC Tests 

CHAPTER V. CONCLUSIONS 

APPENDIX-A. LlNEAR-ELASTIC-FRACTURE-

14 
17 

20 

25 

30 

31 

32 
38 

42 

MECHANICS 45 

APPENDIX-B. K EXPRESSIONS FOR THE BEND 
SPECIMEN 49 

APPENDIX-C. IN SCALE DRAWING OF THE CANTI-
. LEVER LOADING FIXTURE 51 

LIST OF FIGURES 

REFERENCES 

-vi-

52 

53 



CHAPTER I 

. IN'fRODUCTION 

stress Corrosion is one of the various types of 

oorrosion problems commonly enoountered in the industrial 

utilisation of machine elements and structures. In order 

for stress oorrosion to oocur, two faotors, stress and 

a harmful environment should coexist. In other words, 

distinct from other types .,it corrosion, the application 

of stress is a prerequisite for stress corrosion. The 

problem being once limited to a few. special cases has. 

beoome commonplace with the extended use of high strength 

materials in computer-aided designs incorporating higher 

levels ot stress. Among others an illustrative example 

is the stress corrosion problems encountered in the 

landing gears of aircrafts in marine service. 

The general progress of failure due to stress 

corrosion cracking is much similar to that of fatigue 

failure. The stressed material being subjeoted to its 

typical environment (not all corrosive environments 

cause stress oorrosion failure in a typical material) 

develops stress corrosion cracks emana~ing from highly 

stressed regions on its surface. The stress raiser in 

question is commonly a notch or a machine mark or in 

other cases a orack whioh is previously introduced 

by other means. In the case of materials having perfect­

ly smooth surfaoes, oorrosion pitting is responsable 
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tor :the initiation 'of cracks. In all cases the initiation 

of the'stress corrosion crack takes up a de,finite period 

of time until the crack re~ches a size that renders it 

dete,ctable. This period of initiation is known as the' 

incubation time and in general the degree of sophis­

tication available in the method of'crack detection 

is of s,econdary concern due to the fact th~t once the 

incubation period is ,over, the rate ot ,advance ot, the 

stress corrosion cr.ack is sufficiently, high. From in.iti­

ation on, the stress corrosion crack advances with a de­

fin~te rate,ot advance provided that there is no relax­

at;l.on of atress. Upon reaching a ~rit.ical crack,size, 

sudden and total failure sets in where the critical 

crack s1ze1s determined by mechanical parameters alone. 
-

The classical approach to.stress corrosion testing 

has constituted smooth specimens and the dete~ination 

of total life values as a function of applied stress. 

It is observed that upon approaching ap~lied stress 

values equalling yield stress, total life values tend 

to zero and at applied stress values less than a thres­

hold value no stress corrosion failures" are observed. 

However the smooth specimen approach has serious draw­

backs [l]! 

* Numbers in square brackets indicate references, a list 
of whioh is provided at the end of the text. ' 

...... ,', .. 

,-

'" ,,:' ~ >; 

.: .. 
. .:::. 
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One serious drawback of the "smooth specimen" 

approach is that it yields false indications of insus­

ceptibility. Certain materials like Titanium alloys 

have immunity to pitting with the result that the 
• 

material -displays insusceptible behaviour in "smooth . 

. specimen" stress corrosion tests. On the other hand 

the same material initially provided with a notch 

or a crack may show striking susceptibility to stress 

corrosion cracking. 

Another serious drawback is that the experimental 

results obtained in "smooth specimen" tests show con­

siderable scatter such that statistical methods are 

often used in the quest for obtaining meaningful results. 

The inherent so.atter in experimental data is due to the 

fact that a total life measurement in a "smooth speci­

men" test comprises the f'ollowingscheme of events up 

to failure; 

-Pitting on the surface of' the specimen, 

-The growth. of the pit to sufficient depth such -
as to act as a stress raiser, 

-The initiation of the stress corrosion crack, 

-Growth of the stress corrosion crack, 

-Failure upon the· crack reaching. a critical 
size. 

As a·final remark it should be stated .that the re­

sults of "smooth specimen" tests do not predict the dras-
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tically, reduced life values in the case of specimens 

containing notches or pre-cracks. Predict~ng the beha­

viour of an·existing crack is of utmost practical 

importance in order to determine the remaining safe 
I 

life of a component in service. 

From 1960's on, the i~troduction of Lin:ear-Elas­

tic-Fracture-Mechanics(LEFM) methodology has brought 

considerable insight into the formerly unpredicted 

failure behaviour of structures containing flaws in the 

form of notches or cracks. In contrast with the "smooth 

'specimen" approach~ LEFM methods aim at predicting the 

stress concentration behaviour in the viscinity of the 

existing crack-tip. More recently,LEFM methodology has 

been shown to be applicable to an ever increasing scheme 

of material behaviour problems involving the presence 

of cracks, application to stress corrosion problems 

being one example. 

However the Fracture Mechanics approach as sta­

ted in the above is not without its limitations. LEFM 

methodology being based upon the determination of the 

elastic stress field near the crack-tip is limited in 

its strict sense to the analysis of fully elastic prob­

lems. 

Except for extremely brittle materials like glass 
. 

the majority of engineering materials show varying 
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degrees of plastic behaviour concerning the vicinity 

of the crack-tip. In the case or relatively brittle 

materials displaying limited plastic behaviour, pre­

dictions of LEFM areapplioable with the introduction 

of oertain measures. However problems involving extended 

plastioity are beyond the soope·of LEFM, tools of "elas­

tic-plastio" fracture mechanics being applioable in suoh 

cases. 

It should be noted that· there are quite a few 
, 

proposals regarding the analysis of elastic-plastic 

'problems and as ot today the argument is yet to settle 

in favor of one speoific point of view. The J Integral 

parameter is one of the mostpowertul tools proposed 

for thispurposej its predictive capability and range 

of applioation is currently of considerable conoern. 

Regarding the fact that theapplioation of 

LEFM methods to stress corrosi0!l problems is similarly­

limited, the work presented herein aims at introduoing 

the J Integral parameter to the analysis of stress 

corrosion problems in pursuit for a parallel enlarge­

ment in scope of application. 



CHAPTER II 

LINEAR-ELASTIC-FRACTURE-MECHANICS APPLICATIONS 

IN STRESS CORROSION CRACKING 

AND ITS LIMITATIONS 

With the advent of Lirtear-Elastic-Fracture-Mecha­

nics and with the introduction of the widely accepted 

Linear-Elastio-Stress-IntensitY-Faotor K, a breakthrough 
" . 

has been achieved in the analysis of the failure of 

structures incorporating craoks. The marked advantage 
. . 

of the LEFM approaoh in oontrast to the "net-section 

stress approach" lies in the fact that the K parameter 

directly characterizes crack-tip conditions in terms of 

stress and strain singularities(See Appendix-A). 

It was recognized that the behaviour of a stress 

corrosion c~ack could be analyzed by the use of the 

K parameter in view of the fact that the process is re­

lated to mechanical conditions at the tip of the stress 

corrosion crack. The initial attempts in this context 

have been prov~ded by the well-known studies of Brown 

[2,3], the results indicating a well-defined relation 

between the applied K level and the total life of a 

pre-cracked specimen. It has ·alsobeen asserted that 

for the specifio material-environment pair in question, 

.a threshold level of the linear-elastic-stress-intensity- . 
... 

factor(denoted KISCC) exists below which no extension 

-6-
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of the stress corrosion crack is observed. 

Further work by Wei, Novak and Williams [4] 

has indioated that in addition to pre9ict1ng total life 

values, the K parameter can be used to characterize dif­

ferent phases leading to failure. Incubation period; 

time required for the initiation of a stress corrosion 

crack from a pre-crack, li·fe after initiation up to 

failure and the rate of advance of the stress corrosion 

crack have been shown to be clearly predicted in te~s 

of theK value applied to the orack-bea~ing structure. 

The general appearance of typical results obtained 

are presented in figures 2-1 and 2-2 below. Results 

of repeated studies conduoted by numerous experimenters 

clearly indicate that the K approach is generally appli­

cable and as of today the K parameter is the single 

effective tool available for the purpose [5,6,7] • 

It should however be noted that the range of app­

licability of the K approach is limited by the very 

nature of the Kparameter itself. K being a linear­

elastic parameter looses its significance and its 

predictive power in the elastic-plastic regime where 

the size of the yield zone at the tip of the crack 

attains values comparable with other dimensions per­

·taining to. the geometry in questionoExperimental work 

regarding the applicability of the K parameter to stress 
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i 
I 

FIG. 2-1. Incubation and total life periods vs. 
applied K. 

corrosion cracking have indicated that the parameter 

is inapplicable in cases where the above stated constraints 

are not fulfilled [i,4,5,S] 0 
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FIG. 2-2. Rate of advanoe of the stress oorrosion 
oraok vs. applied K. 



CHAPTER III 

THE J INTEGRAL PARAMETER 

The J Integral has been introduced by Rice[9] 

. as a path-independent energy line integral; 

(3-1) 

where; 

~-Any path around the crack-tip(See Fig. 3-1), 

W-Strain-Energy density, 

and £= [fij]' the infinitesimal strain tensor 

.-T-The traction vector defined according to the 
outward normal n along ~ , 

u-Displacement vector, 

ds-An element of arc ·length along 1'" • 

The path-independence of the J Integral as proved 

by Rice is valid for any linear-elastic or elastic-plas­

tic material. The significance of the J Integral.lies 

in the fact that it can be evaluated following any 

convenient path around the crack-tip and it can be 

used to cha~acterize crack-tip conditions(e.g. in pre­

dicting fracture in the elastic-plastic regime). 

~lO-
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CRACK 

FIG. 3-1. Crack-tip coordinate system in two-dimen­
sional deformation field and arbitrary 
line integral contour. 

Parallelling the·case where the K parameter does not 

loose significance despite a certain amount of crack­

tip plastic yielding, the use of the J Integral can be 

extended to the case where a certain amount of large­

Scale yield~ng at the crack tip is admissible. 
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It has furtherbeen.sho~ by Rice [9]that the 

J Integral may be interpreted as the potential energy 

difference between two identically loaded bodies having 

neighboring crack sizes; 

where; 

bP 
J= ---01 

P-Potential energy per unit thickness, 

I-Crack length. 

(3-2) 

Thus in the linear-elastic regime ~nd for small-scale 

yielding, J is identical to G, the strain energy release 

rate parameter in the Griffith criterion of crack growth. 

·In the elastic-plastic regime the J Integral loses 

significance as the crack driving force(due to the ir'­

reversibility introduced by plastic yielding) but it is 

still effective in predicting fracture due to the fact 

that it characterizes crack-tip conditions [10] where 

a,critical value of the J Integral, namely JC is used 

to predict elastic-plastic fracture. 

J Integral value determination based on Eqt. 3-2 

involves the use of a series of specimens with neighborin@ 

crack sizes. A simpler method using a single specimen has 

been introduced by Rice , Paris and Merkle [1:1] where the 

following expression is used to determine J Integral 

values*; .' I 

* Thus a single specimen is sufficient to determine the . 
J value applied whil'e in general a number of specimens 
is still required to determine the critical value of 
J for crack extension. .' 



where; 

2A 
J=­Bb 
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(3-3) 

A-The area under the load-load point displacement 
diagram, 

B-Specimen thickness, 

b-Length ot the remaining ligament. 

The method, intended for geometries where the remaining 

ligament is. primarily subjeoted to bending (as in the' 

Compact Tension and BEND type specimens) has been shown 

to be applicable by the work ot Begley, Landes [12,13J 

and Hickerson [14}. 



CHAPTER IV 

EXPERIMENTAL METHOD-

4.1 Specimen Preparation 

,. 
The oonfigurationse1eoted is the BEND type specimen 

(See Fig. 4-1) whioh is widely used in Fracture Mechanics 

testing. The BEND type specimen is normally intended for 

three or four-point bending while in this work the ma-.· 

jority of specimens were subjected· to cantilever loading 

hence the more appropriate name, "pre-cracked cantilever 

beam specimen". 

The specimen dimensions are 14x14x100 mmo, specimens 

being cut to length from 14 mm. square cold-drawn low car­

. bon free-machining steel stock. The specimens are used in 

the as-received condition with no machining or heat treat-

mente 

The chemical composition of the material based on 

manufaoturer's speoifications .is given in table 4-1 

below [15]. 

The mechanical properties of the material were 

determined by running a tensile test·/ on an MTS E1ectro­

Hydraulic Servo-Controlled Fatigue Testing Machine. 

The surface hardness of the cold-drawn stock was deter­

mined on a Rockwell Hardness Testing Machine. The results 

are summarized in table 4-2 below. 

-14-
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--FQ,t(~oe Pre-Cro.ck 

100mm~-~ ..... 1 

'w= 14-mm' 
B = 14mm 

a. 

a.jW = 0.4-0.6 

. - w OJ···· 
I.~·I 

. B 

FIG. 4-1. BEND type speoimen. 

c 

TABLE 4-1. Chemioa1 Compos1tionof Low Carbon 
Cold-drawn, Free-maohining Steel Used 
(in weight peroent) . 

8i Mn p S 

~.14 ~.Q5 0.9-1.3 ~.1· 0'.24-0.32 

'" 
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TABLE 4-2. Mechanical Properties of Material 
Used 

Yield strength <By) - 64.0 kgf/mm2 <91 ksi) 

Tensile Strength (Su) - 68.9 kgf/mm2 (98 ksi) 

Hardness 

On the specimen a notch of 1 mm. width is obtained 

by slitting to a pre-drilled hole of 2.5mm. diameter. 

In view of Fracture Mechanics testing practice a fatigue 

pre-crack is introduced at the tip of the machinedno~ch 

by cycling on the MTS Fatigue Testing Machine fitted 

with a three-point bending fixture. The initiation of 

the pre-crack has been facilitated and guided by deeply 

marking the notch-root using a sharp tipped knife. The 

total length "a" of the pr..e-crack and the machined notch 

has been kept to values yielding a/W ratios (See Fig. 4-1) 

between 0.4 and 0.6 • 

An initial series of tests has clearly indicated 

that the maximum load value applied during fatigue cracking 

affects incubation behaviour. Excessive loading during 

pre-cracking induces undue plastic deformation at the 

crack-tip leading to an order of magnitude increase in 

incubation time values measured in stress corrosion 

tests that follow~6,17J. To obviate this effect the 

m~imum load applied was kept below 400 kgf; the corres­

ponding m~imum value of linear-e1astic-stress-intensity-
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factor K thus attained is 88.9 kgf-:-mm-3/ 2 (25.4 kSi~inch) • 

4.2 Experimental Set-up 

A cantilever loading f1xt;ure (S~e Pig. 4-2) ,­

similar to _ that- originally introduced by Brown [3], 

has been designed and constructed (an 1n scale d~wing 

is available 1n Appendix C) ~ Due to its simplic1ty 

the f1xture is widely used to conduct "total lif'e i' 

tests. -

The specimen is fixed at one end to a rig1d column 

which is attached to a rig1d base. The other end 1s clamped 

\)1AL- GAGE. 

LOAD ARM I' 

WE.lGUTS 

FIG. 4-2~ Cantilever load1ng fixture. 
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to, a'loading armor 46cm. length. 40 mm. at each end 

of the specimen is used f'or clamping which leaves 20 mm. 

of the notch area exposed to the corrosive medium (See 

Fig. 4-3) .. Two clamping caps are provided which are 
. , 

f'ixed by a total of' eight bolts. Design details facilitate 

the alignment of the specimen. 

LOAD AR.M 

f 

-. l- oA. 
~ 

f 

-/ -:- - -
~ 

SPECIMEN J GLASS CONTAINER, 

FIG. 4-3. Detailed sketch of the environment chamber. 

" 
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As indicated in·Fig. 4-3 above, the design of the 

fixture is unique in that a specially constructed en­

vironment chamber is not necessary. The corrosive 

medium is simply applied in a container of suitable 

shape. A glass container is actually used to facilitate 

the visual observation of the crack-tip region. 

The corrosive medium used is 10 N H2S04 solution. 

400 cm3 of solutionis freshly· prepared for eachtestj 

the volume being kept large to minimize the degradation 

of the solution during the course of the experiment. 

The solution is aerated by a stream of air bubbles 

supplied through plastic tubing and a small air-pump • 

. The speoimen is loaded by adding 1/2 kg. weights 

to a weight-hanger attached by a knife-edge to the free 

end of the load arm. A dial-indicator supported by a 

stand on the base bears on the top end of the weight~ 

hanger so that defleotions on the load line can be mea­

sured directly. The dial-indicator has scale divisions 

down to 0.01 mm. and the measuring span of 20 Mm. waS 

observed to be mor.e than adequate. 

Originally a micro-switch had been attached to 

the extremity of the load arm to signal the initiation 

of the. stress corrosion crack, but this was later re­

moved due to the modification of the method used to 

detect crack initiation. 
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4.3 The Complianoe Calibration Method 

It ,is well-known that -inoreasing the length of' the 

oraok in a typioalspeoimen -increases the meohanical 

complianoe. Explioit expressions' of' elastic oomplianoe 

for different specimen-·~types are available in the literature 

[18] • 

Measuring oompliance values was initially proposed­

as a means of detecting the initiation of the stress 

-corrosion crack. The specimen with the fatigue pre-craok 

has a certain oomplianoe which inoreases with the onset 

of stress oorrosion orack growth~Initial tests have 

however indicated that while it is possible to deteot 

orack-initiation in this manner, a_More praotioal and 

. straightforward means was available (See Seotion' 4.4) ._ 

The method in turn was used to measure the initial length 

of the pre-orack. 

Since 'the tormer intention was to conduot oomplianoe 

measurements during the aotual course of stress corrosion . . 

tests, a method was developed to yield oomplianoe values 

direotly on the loading fixture used. 

A typioal speoimen displaying a oertain amount of 

elastio-plastio behaviour yields a load-displaoement plot 

as illustrated in Fig. 4-4 below. The record of load vs. 

displacement is· in taot muoh similar to that obtained 

in a standard tensile test with an initial region of 
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DISPLACEMENT .' 

FIG. 4-4. Load-displacement behaviour of a typicalspe­
cimen loaded well into the elastic-plastic 

.. regiori. . 

linear behaviour followed by non-linear behaviour upon 
.-

approaching limit load. 

It should be noted that the slope of the load­

displacement plot at any point yields the inverse of 

the compliance valu'e at that point. While the compliance 

value is unique 'in the linear region, this is not the 

case, in the ,elastic-plastic region provided that comp~ .. 
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lianoe is measured by additional forwa_rd loading. On 

the other hand unloading behaviour is oonstant through­

out, the elastic and elastio-plastic regions, hence mea­

suring compliance by unloading is more instrumental in 

prescribing orack length. Determining the compliance 

behaviour of a crack-bearing specimen by unloading is 

known as the "unloading-compliance calibration method" 

[19,20J. 

The actual unloading-compliance calibration of th~ 
\ . 

, , 

specimen mounted on the loading fixture was obtained by 

17 fatigue pre-oraoked speoimens with a/W ratios ranging 

from 0.4 to 0.7 (See,Fig. 4-5) • After the measurement 

of compliance theorack surfaces were left slightly ajar 

by introduoing. a wedge at the notch and the specimens 

were heat-tinted for about four hours in an oven at 

250-300°0 • After cooling down to -10°0 to elimiriate 

any plastic deformation, the crack surfaces were broken 

. apart by applying an impact load of considerable magni­

tude. 

The fracture surfaces were examined under a mic­

roscope of low magnification (30X) , the original crack 

area being easily identified by the dark color of heat­

tinting. The crack area ,was estimated by taking measure­

ments under the mioraosoope with the aid of a 0.5 mm. 

grid. The ar~a divided by the width of the specimen 

yields effective crack-length va1ues(See Fig. 4-6) • 
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FIG. 4-5. The "unloading-compliance calibration" curve 
or the pre-cracked cantilever b~am specimen. 
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NOTCI-I 

CRAe\{, FRONT· 
. REMAINING LlGAMENT 

d . CRAClt AREA 
eff=---­

B. 

FIG. 4-6. Estimation of effective crack-length. 

Such a procedure for assessing crack-length values is 

instrumental due to the fact that the crack-front bows 

.... a conSiderable amount ·such that surface measurements 

on ·the two side~ of the specimen are apt to yield 

underestimates •. 



4.4 Detecting the Initiation of C~ack Growth 

Detecting crack growth is in general limited 

by the accuracy of the ,available method for measuring 

crack-length. As noted in the previous ,section, the 

former proposal to detect the initiation of crack growth 

was to measure the change in the ,"unloading~complian'cen 

value associated with crack advance. Although preliminary 

considerations have indicated. that the 'accuracy involved 

is adequate for the purpose (detection down to 0.1 mm. 

crack advance being possible)', problems 'associated with 

the nature of the specific material-environment pair 

have been encountered. 

During the course of actual experiments, corrosion 

by-products are formed at the tip of the pre-crack, 

the mechanical properties of these chamical species 

being such as to-form a wedge which alters the unloading 

. beha~iour of the specimen (similar observations are 

reported by other investigators [21] ) • As a result 

the measured "unloading-compliance" values tend to 

increase considerably during the incubation period. 

A vague indication of crack advance 1,s still possible 

due to the fact that compliance values eventually start 

to decrease and fall below the initial value. However 

the method is inprecise in terms of accurately detecting 

t" IS'g~~ICl ONWERS\TES\ KOTUPHAN£SI 
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crack initiation. 

An alternate and more straightforward method 

is to observe direotly the'displaoement behaviour 6f 

the specimen. The measurement of total elongation in .' . 

smooth specimens has been used to monitor the growth 

of stress corrosion cracks [22] and crack opening 

displaoement (con) measurements in BEND type specimens 

have been used for. the same purpose [23] • 

Upon loading, the specimen shows a typical load- . 

displacement behaviour and the maximum displacement value 

is_preserved throughout'the incubation period. With the 

initiation of the craok the toading-complianceof the 

specimen inoreases and the displaoement value indicated 

by the dial-gage on the set-up displays a oontinually 

increasing behaviour o In oases where the specimen is 

loaded to values approaching limit load, a slight time­

dependent inorease in displacement is noted, during the 

incubation period (See Fig. '4-7) , where the time depen­

dence is related to extensive plastic yielding an the 

crack-tip. The displacement typicaJ-ly incre.ases with a 

decreasing rate of increase. This behaviour is visually 

observed on the dial-indicator in the form of a slight 

creep which eventua,lly dies out in a period of one to 

two minutes before the next increment of load is added. 

Inoreasing the load le·vel aooentuates this behaviour 
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FIG. 4-7. Displacement behaviour of the specimen during 
the incubation period. 

such that comparatively longer periods are necessary 

in order that the dial-indicator settles down toa sta­

tionary value. With the addition of the terminal weight 

a similar scheme of events take place and the slight creep 

extends into the incubation period with a negligibly 

small rate of increase of. displacement value. S1milarbe­

haviour is rel?orted by Hideya Okada et ale [23] who 
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. 
have used COD measurements to detect crack initiation. I 

The above stated behaviour however does· nob intro­

duce any ambiguity in terms of detecting the initiation 

ofcraok·growth. The rate of increase of displacement 

associated with crack advance (orack growth rates are . . . ) . 

enhanced by higher values of loading) is an order of 

magnitude larger than the slight creep observed during 

the incubation period. At load values approaching limit 

load where oreep is most noticable, oraok advance due 

to stress corrosion may be so fast as to cause almost 

instantenous failure at the end of the incubation period. 

It should further be noted that the oreep behaviour 

stated above is not associated with crack-tip m~chano­

chamical prooesses related with stress' corrosion due 

to the faot that similar behaviour is observed with . . . 

specimens loaded in air. A simple analysis based on the 

compliance of the specimen similarly rules out the possi­

bility of a·meaningful amount of subcritioal craok advance. 

A final note on the effectiveness of the method 

used to deteot crack initiation is associated with the 

speoifio speoimen type seleoted,. The BEND type of speoi ... 

men in contrast to other specimen types suoh as the "com­

pact tensionspecimen ll (OTS) has a reduced width such that 

. °a certain amount of crack extension results in a more 
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pronounoed change in the a/Wratio further facilitating . 
the detection'ot crack advance in terms of disp1aoement 

or compliance measurements. The increase in orack length 

is also accompanied by a comparatively higher rate of 

increase of the crack-tip stress-intensity':'factor re­

sulting in high rates of crack advance. In effect, the 

period' after initiation up·to total failure is typically 

a fraction of the incubation time involved. At high 

values of loading the rate of crack advance after 

initiation is so large that the value of minimum de-
., 

tectab1e crack extension looses significance •. With its 

upper range'extending into hours, the incubation period 

. ,is expressed in minutes and crack advance in a minute 

may be a few orders of magnitude karger than the minimum 

value of detectable oraokadvance. At lower values of 

loading, rate ofcraokadvance after initiation is reduoed 

considerably while the method is suitable to·detect· 

effeotive1y the onset of craok growth. 

. In the interest of verifying the above deductions 

regarding the effectiveness of the method, a oertain 

number of specimens have been unloaded right after the 

detection of crack advance. After washing and drying, 

the speoimens have.been broken apart and the craok 

surfaces examined. In support of, the fore-going argument 

craok·extens.ion has been barely noticeable. 
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4.5 Experimental Procedure for stress Corrosion Tests 

An initial.run of 5 specimens was used to develop 
'. 

the procedure outlined below; 

1. The acid solution used as the corrosive medium 
is prepared. 

2. The specimen is clamped to the loading fixture 
and the dial-indicator is attached to its proper 
position. 

3. By means of the weight hanger attached to the 
load arm, 1/2 kg. weight are slowly added to 
a total of 3 kg. 

4. Deflection at 3 kg. weight is noted. 

5. With care as not to disturb the set-up, the 
specimen is unloaded to 2 kg. weight. 

6. The resulting deflection is noted which yields 
the "unloading-compliance" value corresponding 
to 1 kg. unloading. 

7. The specimen is completely unloaded. 

8. The crack-length "a" is aObtained from the 
"compliance calibration plot" by using the 
"unloading-compliance" value determined in 
(6) • Crack-length "a" is used to determine 
the remaining ligament length lib II which is 
further used in J Integral determination. 

9. The corrosive environment is applied by placing 
the glass container at its proper position 
beneath the specimen (it is reported that in 
general the order in which the corrosive envi­
ronment and loading are applied is prone to 
affect test results, it is also noted that the 
application of the environment after loading 
is apt to yield erratic results [24J ) • 

10. The aerator is switched.;.on. 

11. The. required loading is applied by adding 1/2 kg. 
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weights successively. After the addition of each 
weight the displacement value on the dia1-indi­
cato~ is noted and plotted on a displacement !, 

graph. At higher values of loading a slight creep 
on the dial-indicator accompanies the addition 
of' eaoh increment of load. A brief' period of 
a minute or two is needed such that the dial­
indicator settles down and the corresponding 
deflection value can be taken. 

12. With the application of·the terminal weight 

13. 

14. 

a timer for measuring the incubation period 
is started. A period of about 10 minutes is 
expended during which the specimen 1s loaded 
but this period is not included in'the incuba­
tion period mainly based on the fact that at 
lower values of loading the damage induced 
at ~he crack-tip is· negligible compared to that 
observed under maximum load. 

The displacement behaviour under applied load 
is monitored 'at 'suitable time intervals and 
displacement values are plotted on a displacement 
versus time graph (See Section 4.4) • ' 

With the detection of' crack initiation in the 
manner described in section 4.4, the timer is 
stopped and the length of' the incubation period 
is noted. 

15; The 'specimen is completely unloaded and the 
corrosive medium is removed. 

16. The specimen is washed under running water and 
dried. 

17. The specimen is detached from the loading fix~ 
ture and broken apart for further investigation 
of the crack surf'aces. 

4.6 Determination of J Integral Values 

The expression (3-3) proposed by Rice, Paris and 

Merkle [11] 1s ~sed for J Integral calculations. The dia1-

indicator on the loading f'ixturebears directly on the 
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weight hanger hence the deflection values are load-line 

deflections. In other words, the area ~nder the resulting 

+oad-deflection plot yields the work done on the specimen 

during loading. Since the cantilev.er fixture and the load 

arm are specially designed to offer minimal flexure under 

load, the elastic deflections of the fixture itself is 

ignored. The load arm and the weight hanger being of con­

siderable weight themselves contribute to the loading of 

the specimen. This contribution to the ar'ea under the 

load-displacement plot is accounted for by noting the po­

sition of the center of gravity of the load arm, the weight 

,of the weight hanger, the length of the load arm and the 

:"initial loading compliance of each specimen. 

The value of area A in expression (3-3) being thus 

determined, the length of the remaining ligament b is 

obtained by consulting the "compliance calibration curve". 

Further noting the thickness of the speCimen B, the J In­

tegral value corresponding to each loading is determined. 

4.7 Results of Stress Corrosion Tests 

After the establishment of the "unloading-compliance 

calibration curve" a total of 16 specimens have been sub­

jecte'd to stress ~orrosion tests. Specimen preparation 

and the details of the actual test are already presented 

, in foregoing "sections. The data thu.s,obtained is presented 

in Table 4-3 • 
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TABLE 4-3. Results of Stress Corrosion Tests 
, 

Specimen# App. J .. Incub. Max. load a/W. 
(kgf/mm) time applied 

(min. ) (kgf/mm) 

22 1.11 . 70 I 13.0 0.54 

.24 0.80 110 6.0 0.68 

30 1.73 ·45 17.0 0.52 

31 0.85 148 5.0 0 0 72 

32 .. 0.93 95 . 5.5 0.71 

35 0.59 . 267 7.5 0.60 

41 1.31 101 3.5 0.74 

42 0.71 253 6.5 0.65 I 

43 0.98 110 80 0 0.60 

44 0.96 221 7 0 0 0.66 

50 2.27 20· 21.0 0.46 

51 1.35 68 11.5 0.58 

!)2 1.51· 47 18.5 0.44 

54 0.63 276 9.0 0.56 

·55 2.07 26 20.0 0.49 

59 0.47 372 6.0 0.61. 
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The loadingof·the specimens have been selected to 

cover a J Integral value range from 0.45 to 2.25 kgf/mm. 

The inoubation periods observed range from 20 minutes 

to over 6 hours. The results are plotted on linear and , 

semilogarithmic scales and presente.d in figures 4-8 . 

and 4-9 below. A logarithmic plot is as well presented 

. in figure 4 ... 10 • 

Although lower values of loading are within the 

scope of the.linear-~lastic-stress-intensity-factor K, 

higher values of loading involve considerable plastic 

yielding (indicated by large values of calculated plas-
-

tic zone sizes) such that the applicab~lity ofK is out 

of question even from a practical point of view. The J 

Integral parameter is clearly applicable; throughout the 

range considered. The low value of scatter in incubation 

period values indicate that the J Integral parameter is 

a good candidate to predict incubation behaviour. in the 

elastic and elastic-plastic regime of loading. It should 

be noted that while the prime concern in the applicability 

of the JIntegral involves the elastic-plastic regime, 

the parameter is fully applicable in the elastic regime 

as well. 

The general trend of incubation behaviour is similar 

to that reported by other investigators on experimental . 
studies concerning the application of the linear-elastic­

stress-int~nsity-factor K [4,16]·. Increasing values of 
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applied J results in decreasing incubation period value~ 

which eventually tend to zero with the application of 

the critical value of' J denoted by J IC • Decreasing values 

of' applied J on the other hand result .in increasing inou­

bation period values. The trend is such that nO'failure 

is expected below a threshold of 0.4 kgf/mm. 'which in 

turn can be oonsidered as a tentative value f'or Jiscc 

(the threshold value of J analogous to KISCO below 

which no stress oorrosion crack is expeoted to initiate")., 

However it should be noted that the determination of a 

true threshold value is beyond the scope of the present 

work in that, experimental studies in this regard in­

volve tests running into well over 1000 hours [1,4] 

as well as the fact that the use of the linear-elastic 

parameter KISCC for the purpose in question is well es­

tablished •. 

4.8 KIC and JICTests 

In order to determine the fraoture toughness of 

the material used for stress corrosion tests, a KIC 
test has been carried out according to ASTM standards 

[25J • A BEND type specimen similar to those used for 

stress corrosion tests has been prepared and fitted 

with knife-edges to facilitate the attachment of a 
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standard clip-gage. The specimen has been statically 

loaded under. displacement control on the MTS Fatigue 

Testing Machine. A three-point bending fixture has been 

used {See Fig. 4:..11 below).'l'he crack opening displace­

ment (COD) data from the clip-gage and load data from 

CLIP-GAGE 

FIG. 4-11. Specimen configuration for KIC testing. 
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the load-cell provided on the MTS have been plotted 

on an X-Y plotter. 

An analysis of the plot thus obtained yields a 

tentative fracture toughness value ~ of 122.5 kgf_rmn-3/ 2 . 

(35 kS~~inch ) • The load-COD plot however involves an 

unacceptable amount of non-linearity and minimum specimen 

size restrictions are not fulfilled, indicating that the 

above stated tentative value can not ,be considered to be 

a trueKIC fracture toughness value. 

Three similarly prepared specimens (with no pro­

vision for clip-gage attachment) and the same three-point 

bending fixture have been used for JIC testing. The load­

line displacement values have been measured by the .,1inear 

variable differential transformer (LVDT) provided on the 

loading ram of theMTS. Together with load data from the 

load-cellon the maohine, displacement oontro1led load­

displacement graphs have been plotted,on the X-Y plotter. 

The aotual ,load-displacement plot displays a we11-

defined peak in load value beyond which there is a 

. sudden relaxation of load indicating crack advance. .... , 

In order to detect possible subcritical crack advance 

before the attainment of peak load, two specimens have 

been carefully loaded just up to this peak value. The 

specimens have-been heat-tinted and broken apart. 
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Inspection under the optical microscope (30X) has not 

revealed any crack extension hence the peak, point has 

been selected as the point of crack extension. The area 

under the load-displacement plo~ up to this point of 

crack extension has been used as the basis for J1C 
calculat10n in accordance with equation (3-3) • 

Due to the fact that the LVDT measures the deflec­

tion of the spec1men as we~l as that of the loading fix­

ture, a "compliance-correct1on" technique proposed by 

Server [20] has been used. The method involves a simple 

manipulation regarding the compliance of the fixture 

which is simply determined by substituting a large slab 

of steel in place of the specimen. The resulting J lC 
value has been determined as 2.38 kgf/mm. 



CHAPTER. V 

CONCLUSIONS, 

A series ot stress corrosion tests have been per­

formed to analyze the applicability of the elastic-plastic 

fracture mechanics parameter J to predict incubation 

behaviour. The material properties and specimen confi­

guration have been such that the larger portion of 

experimental work has been carried out under elastic-
, . 

plastic, conditions, constituting the primal area of app-

lication of the J Integral parameter. Conclusions ob­

tained are summarized below. 

1. The low level of scatter in experimental results 

clearly indicate that the J Integral parameter 

determined per the proposal of Mercle et a1.' [il] 

is a valid tool to prescribe incubation behaviour 

in a loading regime which is beyond the scope of 

of application of the linear-elastic-stress~intensity­

factorK. 

2. The general trend observed '.in incubation behaviour 

is similar to other published results based on 

experimental work employing the linear-elastic 

parameter K within its proper scheme of application. 

-42-
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.3. For the specific material-environment pair in . 

question (low carbon steel and sulphuric acid) 

'a tentative threshold J Integral value J ISCC 
of 0.40 kgf/mm. is 1nd1ca~ed while it should be 

noted that a more stringent testing procedure 

is necessary to dete~ne a true threshold 

value. The correspond1ng.KISCC value calcu-

. lated for plane-strain conditions is 94.3 kgf_mffi3/ 2 

(27 ksi ~inch ) • 

4. . The BEND type specimen affixed to a cantilever 

loading fixture (pre-cracked cantilever.beam speci­

men) has constituted an effective and praotical 

method of testing for incubation behaviour •. A 

simple consideration 6f the load-displacement 

behaviour of the specimen has formed a straight­

forward method for the .detection of crack initi­

ation. The method has obvious practical advantages 

over other proposed methods which inclu~e the 

visual observation 01' the crack area and more 

sophisticated methods which involve the use 01' 

ultrasonic waves and the method known as the 

"potential-drop calibration technique", all 

having re~pective shortcomings. It should further 

be noted that the "unloading-compliance.cal1bration 

., . , 
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method"has been. 1neffeo.tive in deteoting craok 

growth due' to .the aooumulation-of oorrosion by­

produots at the crack-tip. The method in turn 

has been uS,ed to measure initial values of crack 

length. 

5. It has been observed that exoessive loading during 

pre-cracking has a pronounoed effeot on inoubation 
" behaviour in the form of ~xaggerated incubation 

periods'. To obviate the above e.f'feot ,maximum 

, loading during pre~craoking have been kept to a 

stress-intensity-factor value of 88.9 kgf_mm;..3/2 

(25.4ksi~inoh ) • Crack initiation during pre­

cracking with the above restriction involves , 

considerable work on the fatigue testing machine, 

number of cyoles required runs into well over 

lOO,OOO.cycles. 

6. The u~e of. a relatively high concentration (ION) 

of an aqueous solution of H2S04 has resulted in 

manageable periods of incubation for the low carbon' 

steelused~ Time required for each experiment has 

been restricted to below 7 hours, with the prac­

tical advantage that direct supervision was possible 

and elaborate data acquisition equipment was not 

necessary. 



APPENDIX-A. LlNEAR-ELASTIC-FRAC'l'URE-MECHANICS [27,28] 

, 

The near-field solutions of the stress and disp-

lacement fields at the tip of a craokare due to Irwin. 

A through or~ok of' length 2a with mathematically sharp , 
. .. "t ' 

tips in an infinite plate is considered (See Fig. A-l 

below) • The plate is subjeoted to plane-strain condi-
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FIG. A-l. Crack in an infinite plate. 
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tions and the indicated form of loading is known as 
-

Mode I loading (henqe the subscript in K1 ) • The solu-

tion of the stress and displacement fields in familiar 

notation is given as; 

KI e [ 9 39 ] 
(fx= --- cos - I-sin - sin..:.-

~2Jtr . 2 2 2 

. . KI 9 9' 39 
rr~= cos-

2 
[1+sin-

2 
'sin-

2 
] Vy f2jfr 

I- KI·' 
xy -, ~2Jr 

e e 39 
sin- cos-cos-
222 

~ z= j ({fx + (Ty) 

txz= tyz= Q 

u = :1V :1TOOS: [1-2V +sin
2 

: ] 

v = :1 tx Sin: [2-2 V -00s2: ] 
w=Q 

where; 

~-Poisson's ratio, 

(A-lJ 

G-Shear modulus of elastioity, 

u,v,w-Displacements respectively in the x,, y and 
z-directions, 

. KI -Linear-elastio-stress-intensity-faotor in mode I • 

f' 
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The stress field solutions expressing the initial· 

terms of corresponding infinite series hold for the near­

field where these terms dominate with l/vr singularity. 

However an ideal material with infinite yield strength 

is considered while in an actual material of finite 

yield strength, a plastic zone of size2ry .exists 

at the crack-tip. "ry" is' given by Irwin for plane 

strain as; 

(A-2) 

For cases where the plastic zone size is small 

(plane-strain .conditions) in comparison with other 

dimensions of the geometry, the stress-field outside 

the plastic zone is still determined by the available 

expressions. 

The linear-elastio-stress-intensity-faotor K, 

incorporating the bas~c parameters U- and a determine 

the intensity of the stress-field which is otherwise 

invariable. In this context K determines the onset of 

fraoture in a specific material, the critical value 

being denoted by KIC • 
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The actual-predictive power of the KIC parameter 
, 

lies in the fact that for plane-strain conditions it is 

a material property irrespective of the geometry con­

Sidered. In general for different geometries the K para­

meter can be expressed as; 

(A-3) 

'where c is defined as. a function of geometric variables. 

Hence, once the KC value for a specific material is de­

termined, fracture can be predicted irrespective of geo­

metry provided that plane-strain conditions prevail 

and a K expression for the particular geometry is 

available •. 

As long asry.is less than 1/50 of the thickness 

in question, plane-strain conditions exist at the crack­

tip. The condition for the applicability of the KIC 
parameter is given as; 

( 
KIC ) 2 

(Jys 
(A-4) 

At section sizes less than that expressed by the 

inequality (A-4) the KIC value increases.with dec­

reaSing thickness. Plane-stress conditions being 

prevalent, the KIC parameter losesf'!its::.·theoretical and 

practica~ significanoe. Problems of such nature are 

the concern of e1astio-p1astic fracturemeohanics. 



APPENDIX-B. KEXPRESSIONS FOR THE BEND SPECIMEN 

For three-point bending [8]; 

p 
; 

Jw 
.~ ~~ 

.. S • 
Piz ·P/z 

. . . .1/2 3/2 5/2 

KI =~. " [2.9(~) -- 4.6(~} + 21.8(~) 
-'\'~3/2 w· W W BW . . 

7/2 9/2 

- 37.6 ( :) + 38. 7 ( -;-) ] 
-. 
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P-App1ied load, 

B-Thickness of specimen, 

S-Span, 

W-Depth of specimen, 

a-Craok length. 

Fo~ oanti1ever loading; 

While a manipulation regarding the bending moment 

applied at the crack surface is possible, a more straight-

forward expr.ession is 3 • , 

where.; 

-3 3 1/2 
. 4.12 m (0<- ex ) 

B w3/2 

m-Bending moment at the crack ~urrace, 

B-Thickness ·of the specimen, 

W-Depth of specimen, 

0(- 1 - a/W 
a-Crack length. 



APPENDIX-C. IN SCALE DRAWING OF THE CANTILEVER LOADING· 
FIXTURE 
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