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ABSTRACT

The incubation period associated with the advance
of a stress corrosion crack in a low carbon Steel expdséd
to sulphuric acid 1s inveStigated. Fatigue pre-cracked
Cantilever Beam Specimens are tested in éccprdance
with Fracture Mechanics’methOdology. '

: Regarding the fact that the applieafion of the
Linear-Eiastie-SEress—Inbensity-Factdf K to stress'
corrosioﬁ}problems has met with extended succéés,
the J Intégral ﬁarameter with 1té bfdader-scopé'of
application 1s used in the same context. Considersble
'emphasis 18 placed upon establishing an effective and
: Btréightforward‘expérimental method. Results obtained
clearly indicate that the J Integral parameter is
' sﬁitéble fof»predioting incubatioﬁ behaviour,
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OZET

Stilfirik asit ortamina tabi tutulmus dﬂqﬂk karbon
oranli gelik malzemede gerilmeli korozyon ¢atla@i olu- .
gumundakl’ kulugka zamani aragtirildi. Kirilma Mekanigi,
metodlafina uygun.olarak bir Qentik ve yorulms dn-¢at-
lagi 1htiva eden Ankastre Numunelef kullanildi,

Dogrusal Elastik Gerilme Siddet Qarpahi K'nin
,gerilmeli korozyon problemlerine uygu1anmésinda elde
edilen baearllar;h 1§i%1 altinda bu defa daha genigy "
uygulama imkanlari iQeren:J-infegraii»péramétrési
ayni amagla kullanildi. Bilhassa etkili ve dogrudan
sonuca ybdnelik bir deneysei ybntemin geligtirilmesine
agirlik verildi. J;integrali parametresinin kulugka
© Zamanl davranlslnl belirlediginl ag¢ikea gbsteren

~sonuglar elde edildi.
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CHAPTER I
“INTRODUCTION

~ Stress Corrosion 18 one of the various types of
corrosion problems cOmmonly encountered in the industrial
utilisation of machine elements and structures. In order
for stress corrosion to oocur, two factors, stress and
a harmful environment should coexist. In other words;
distinct from other types ef corrosion, the application
of stress ls a prerequisite for stress corrosion. The
problem being once limited to a few. special cases has.
become commonplace with the extended use of high strength
materials in computer-alded designs incorporating higher
levels o@ stress. Among others an 1llustrative 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 1s much similar to that of fatigue
failure. The stressed-material being subjected tolits
typical environment (not all corrosive environments
cause stress corrosion failure in a typlcal material)
develops stress corrosion cracks emanating from highly
stressed regions on 1lts surface. The stress raiser in
question is conmonly a notch or a machine mark or in
other cases a crack which is previously introduced \“
by other means. In the case of materials having perfect-
1y smooth surfaces, corrosion pitting is responsable
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for the initiation of cracks. In all cases the initiation
'of the: stress corrosion crack takes up a definite period
i of time until the crack reaches a size that renders it
detectable. This period of initiation is known as the-
incubation time and in general the degree of sophis- :
tication available 1n the method of crack detection
riS'of-secondary concern due to the fact that once the
incubation period is;over, the rate,of‘edvance of the
stress corrosion crack is sufficiently high From-initi-v
- ation on,_the stress corrosion crack advances with a de-'
finite rate of advance provided that there 1s no relax—
. ation of atress. Upon reaching a criticel:crack_size,
'suddenvand total fallure sets in where thevcritical
craoktsize~is determined by mechenical parameters alone.
-  The classioel_approach to stress corrosion testing
“has constituted smooth specimens and the determinetion B
'of total life values as a function of applied'stress.i
It is observed that upon approaching applied stress
'values equalling yield stress, total life values tend
- to zero and at applied stress values\less than a thres-
| hold value no stress corrosionpfailures, are observedQ
However the smooth specimen approach has serious draw-

backs [1]%

% Numbers in square brackets indicate references, a list
of which 1s 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 orvinsﬁs-_
'ceptibility. Certain materialsllike Titanium‘alloys 4
have immunity to pitting with the result that the
material;displaYs insusceptibie-behaviour in "smooth .
-specimen‘ stress corroslon tests. On the other hand
the same material initially provided with a notch
or a crack may show striking susceptibility to stress _
corrosion cracking. | i v
| Another serious drawback is that the experimental
.results obtained in "smooth specimen tests show con- -
slderable scatter such that statistical methods are
‘ often«used In the quest for obtaining meaningful results.
| The>inherent scatter 1n experimental data 1s due to the »
fact that a total 1ife measurement in atﬁsmooth‘speci-

"

" men test'comprises thedfollowing~scheme of events up

- to failure;

'-Pitting on the surface of the specimen,

-The growth of the pilt to sufficient depth such -
as to act as a stress ralser,

-The initiation of the stress corrosion crack,
-Growth'of the stress corrosion crack,

-Failure upon the crack reaching a critical

- 8slze. _

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. Predicting the beha-
viour of an existing crack is of utmost practical
importance in order to determine the remaining safe
life of a component in service.

From 1960's on, the introduction of Linear-Elas-
-tic-Fracture-Mechanics(LEFM)_methodology has brought
considerable insight'into the formerly unpredicted
fallure behaviOur of structures containing flaws in.thev
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 tc berapplicable to an ever.increasing scheme
of material behaviour problems involving the presence
of cracks, application to stress corrosion problems
being one example. / A

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
elastlc stress fleld near the crack—tip is limited in
its strict sense to the analysis of fully elastic prob-}
lems, | ' |

Except for extremely brittle materlals like glass

the maJority of engineering materials show varying
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~ degrees of plasfid'behavioﬁr concerning the vicihity
" of the crack-tip. In the case of relatively bfitﬁle'
" materials dispiéying limited plastic behaviour, pre-
dictions 6f LEFM are applicable with the introduction |
of certaln measures. Howevef problems involving extended
.plaéﬁicity are beyond the scoﬁe'of LEFM, tools of "elas-
tic-plastic" fracture mechanics being applicable in such
cases.r _ | K _
Tt should be noted that there are quite a few

fprdhoséié regafding thevanalysis of elastic-plastic
>'prob1ém8'and as of tpday-the argument ié yet to settle
in favor of one sﬁecific point of view., The J Integral
pafameterlis’dne of the most powerful tools proposed

for this purpose; its predictive capability and range

of applicatioﬁ is'durrently of conslderable concern.

" Regarding the fact that the application of

LEFM methods to stress corrosion problemslis similarly
Aiimited, the work‘presehted herein aims at introducing
the J Integrél barameter to the'analysis of stress
corrosibn probiems in pursuit for a parallel enlarge-

‘ment 1in scope of application.
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LINEAR-ELASTIC-FRACTURE-MECHANICS APPLICATIONS
 IN STRESS CORROSION CRACKING
AND ITS LIMITATIONS

With thé‘advenf of tinear-Elastic;Fracture-mécha%
nicé and with the'introductionfof the widely accepted |
Linear;Elagtiq-Stresé-Intensity—Féctor K, a bréakthrough 
_has been'achieved in}the anaglysis of fhe fallure of
structures-incorporating cragks. The marked advantage
.of the LﬁFM appfoach_in 60ntrast to the "net-sectioﬁ
stress appfoach“ lies iﬁ the fact that the K parameter
directly characterizes crack-tip conditions in terms of |
stress and strain singularities(See Appendix-A).

i It was recognized that the behaviour of a stress
corrosion ¢réck éould be'anal&zed-ﬁy the use of the

K parameter in view of the fact that the process 1s re-
lated to mechgnical‘conditions at the tip of the stress
corrosion crack. The initlal attempts in this context J
havé been provided by'the well-knbwn studies of Brown
[2,3], the results indicating a well-defined relation
between the applied K level and the total life of a
pre-créckedvspecimen, It haslalso‘been‘asserted that

‘ for the-specific material-environment palr 1nAquestion,
.a threshold level of the 1inear-e1ast1c-stress-1ntensity-‘\

'_faetor(denoted KISCC) exists below which no extension
6.
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| of the stress corrosion crack is observed,

‘Further wcrk by Wel, Novak‘and Williams [4]
has indicated that in addition to predicting total life
values, the K parameter can be used to characterize dif-
ferent phases_leading to faiiure. Incubation period; |
time.reqnired for the initiation of a stress corrosion
crack frcm a preecrack life after initiation}up to
failure and the rate of advance of the stress corrosion
'crack have been shown to be clearly predicted in terms
v- of the‘K value applied to the crack-bearing structure.
'The general appearance of typical results.obtained
are presented in figures 2-1 and 2-2 below. Results
of repeated studiee conducted by numerous experimenters
clearly indicate ‘that the K approach 1s generally appli-
'cable and as of today the K parameter is the single
Aeffective tool avallable for the purpose[5,6,7j. |

It should however be noted that the range of app-
}1icability of the K approach is 1imited by the very
nature of the K parameter itself. K being a linear-
’elastic parameter looses 1its significance and its
predictive power in the elastlc-plastic regime where
the size of the yleld zone at the tip of the crack
attains‘valuee comparable with other dimenslons per-
'taining to the geometry in question;-Experinentalbwork
regarding the applicability of the K parameter to stress |
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FIG. 2-1. Incubation and total 1life periods vs.
applied K,

corrosion cracking have indicated that the parameter

18 inapplicable in cases where the above stated constraints
are not fulfilled[1,4,5,8].
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: FIG 2-2 Rate of advance of the stress corrosion '
; crack vs., applied K,



CHAPTER III
THE J TNTEGRAL PARAMETER

_ The J Integral has been introduced by Rice (9]
"as a pathéindependentvénergy line integral;

. 20 | |
J= f (Wdy - T-b—x— ds) o (3-1)
. T | :
where; . . : .
"P-Any path around tﬁe crack-tip(See Fig. 3-1),
W-Strain-Energy density,
W=W(x,y) =W(E)= WinEIJ

: andifé[?ij], the infihitesimal strain tensor

'T-The traction vector defined according to the
outward normal n along T‘,

ﬁ—Displacement vector,

' ds-An element of arc ‘length along 1.

The path-independence of the J Integral as proved

by Rice 1s vaglld for any linear-elastlic or elastic-plas-

tic material. The significance of the J Integral 1lies

1n the fact'that 1t cah be evaluated followlng any

“convenient path aréund the crack-tip and it can be

used toréharacterize crack-tip conditions(e;g. in pre-

dicting fracture in the elastic-plastic regime).
=10~
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CRACK

FIG, 3-1. Crack-tip coordinate system in two-dimen-
- s8lonal deformation flield and arbitrary
line integral contour..
Parallelling the case where the K parameter does not
loose silgnificance despite a certaln amount of crack-
tip plastic ylelding, the use of the J Integral can be

extended to the case where a certaln amount of large-

‘scale ylelding at the crack tip is admissible.
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' It has further been shown by Rice [J]that the
J Integral may be interpreted as the potential energy
, difference between two identically loaded bodies having
neighboring crack sizes;
Y . : -

- where; _
P-Potential energy per unit thickness,
‘1-Crack length.

Thus in the linear-elastic regime and for small-scale
yielding,'J is identical to G,‘the strain energy release
" rate parameter in the Griffith criterion of erack growth.
.In the elastic-plastic’regime the J Integral loses
significance as the crack driving force(due to the ir-
reversibility introduced by plastic ylelding) but 1t is
still effective in predicting fracture due to the fact
}that it characterizes crack-tip conditions[}d]where
" a, eritical 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_neighboring
crack sizes, A simpier method using a single specimen hes'

. been introduced by Rice, Paris and Merkle[iﬂ where the
'following expression is used to determine J Integral

values*, L

* Thus a single speclmen 1s sufficlent to determine the
J value applied whille in general a number of speclmens
‘18 8till required to determine the critical value of
J for crack extension.
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where;

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

B-Specimen thickness,
b-Length of the remaining ligamenf.

The mefhpd, intended for geometries where the femeining
) 11gament isuprimarily,subjected to bending (asrih the -
Compact Tension and BEND type specimens) has been shown
to be applicable by the work of Begley, Landes [12,13]
and Hickers on [14]
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EXPERIMENTKL METHOD -

4.1  Specimen Preparation

= The”configuration'selectéayis fhe BEﬁD type specimep
(See Fig. 4-1) which 1S'widely used 1in Fracture Mechanics
testing. ThévBEND type-spedimen is normally intended fof'
three or four-point bending while‘in this work the ma-
‘_Joriﬁy of specimené were Subjected'to cantilévef_lbadipg
}hence the‘mdre appropriate name,'"pre-cracked_cantilever‘
beam specimén". A | | |
The specimen}dimensions_are 14x14x100 mm., specimens
being cut to length from 14 mm. square cold-drawn low car-
~ bon ffge-machining steel stock, The specimens are used 1n
" the as-récéived condition with nb'machining or heat treat-
ment. . ' _ _ |
The‘chemicgl composlition of the material based on
- manufaoturef's spécifications.is given in fable 4-1
below [15].

The.mechanical properties of the materlal were -
determined by running a tensile test on an MTS Electro-
Hydraullce Servo-Controlled Fatilgue Tesﬁing Machine,

The surface hardness of the cold-drawn stock was deter-
mined on‘a Rockwéll Hardness Testing Méchine. The results
are summariied in tabie 1-2 below. |

-1l



- F@tigoe Pre-Crack

¥V Tl [ [iw
~— "10'0mm — . ?

W 14-mm

B= 14-mm

a/W = 0.4—’0.6 |

FIG. 4-1. BEND type specimen.

TABLE -1, Chemical Composition of Low Carbon |

Cold-drawn, Free-machining Steel Used |

(1n welght percent) |

c - s1 Mn P s | |
2,14  €0.05 0.9-1.3 - €0.1°  0.24-0.32
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TABLE 4-2, Mechanicél-Properties of Material
Used ‘ o ‘
Yield .Strengfh (sy) =~ 64,0 kgt /mm? (91 ksi)
» 68.9 kgf/mm? (98 ksi)
55 Ry |

Tenslle Strength (Su)

Hardness

On.the specimenva notch'of 1 mm, widfh is obtained
by slitting to a pre-drilled hole of 2.5_mm.vdiamefer;
In ﬁiew_of FractﬁreAMechanics testing practice a fatlgue
pre-crack is introduced at the tip of the machined notch
by eyeling 6n the MTS Fatigue Testing Machine fitted ;l
" with a three-point bending fixture. Thevinitiétion of
the pre-cramk’has been facllitated and‘guided by deeply
mérking the motch-root uéing{a sharp tipped‘knife. Thé
total 1ength "a" of the pne—crack.énd the machined,hotch
has been kept to valﬁes yielding a/W ratilos (See Fig., 4-1)
between 0.4 and 0.6 . | |

An initial series of tests has clearly indicated
that the.maximum load value appiied durling fatigue cracking
affeets incubation-behaviouf. Excessive léading durihg
pre-cracking induces undue plastic defdrmation at the
crack-tip leading to an order of magnitude increasebin
Incubation time values measured in stress corrosion
tests that follow [16 17] To obviate this effect the
maximum load applied was kept below 400 kgf; the corres-

ponding maximum value of linear-elastic-stress-intensity-
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‘factor K thus attained is 88.9 ksffmm'3/2 (25.4 ksidinch)

4,2 Exberimentai*set—up

A cantilever loading fixture (See Fig. 4-2) ;.
simiiar to that4origihally introduced by Brown [3]
‘has been designed and constructed (an in secale drawing g
i available in Appendix C) . Due to its simplicity
the fixture is widely used to conduct "total 1ife"
tests.-

' The specimen 1is fixed at one end to a rigid column

which is attached to a rigid base. The other end 13 clamped

SPEClMEN  DIAL-GAE
| LOAD ARM -1

|

_YVEKHJTS

AAFIG, 4.2, Cantilever loading fixture.
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to'a 1oadiﬁg arm of 46 cm. length. 40 mm. at each end '
of»thé speoiméh 18 used for clamping which leaves 20 mm.
of the notch area exposed to the corrgsive médium‘(See‘
Fig.:h-3) ;’Two”clamping caps ayé provided which are
fixed by‘a'total'of eight bolts. DeSign‘deta;ls facilitate

the alignment of the specimén.'

LOADARM

]

=7a=

_ - J
SPECIMEN—

GLASS CONTAINER

ra

- FIG., 4-3. Detailgd sketeh of the environmént chamber.



-19-

As indicated in Fig. 4-3 above, the design of the
fixture is unique in that a specially constructed en-
vvironment chamber 1s not necessary., The corrosive
medium is eimply applied in a container of sultable
shape,'A glass container 18 actually used to facilitate c
" the visuallobservaticn of the crack-tip reglon,

The corrosive medium used 1s 10 N HoSOp solution.,
| 400 cm3 of solution is freshly prepared for eaoh test;
the volume being_kept large to minimize the degradatilon
of the'soluticn}during the course of the.experiment. |
The solution 1s gerated by a stream of alr bubbles
eupplied through plastic tubing and a small alr-pump.

‘The specimen 1s loaded by adding 1/2 kg. welghts
'to a weight-hanger attached by a knife-edge to the free
: end_of the load arm. A dial-indicator supported by a
| stand_onlthe nase bears on,thé top end of the'weighte
hanger so that deflections-on tne load line can be mea-
sured directlyg The dial—indicator'has scaie divisions

down to O, 01 mm. and the measuring span of 20 mm., was

g observed to be more than adequate.

Originally a micro-switch had been attached to
the extremity of the 1oad arm to signal the initiation B
of the stress corrosion crack, but this was later re-
moved due to tne.modification of the method used to
detect orack initiation.
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4.3 The Compliance Calibration Method

It is well-known that - increasing the 1ength of the
: crack in a typical specimen increases the mechanical |
compliance. Explicit expressions of elastic compliance
'for different specimen types are available in the literatune
- [8]. o |
| Measuring compliance values was initially proposed
as a means of detecting the initiation of the stress
-corrosion-crack. The specimen with the fatigue pre-crack '
has a certain compliance which increases with the onset |
h of stress corrosion crack growth ‘Initial tests have
| however Indicated that while it 1s possible to detect _
crack'initiation in‘this.manner,,a,more practical and
-Straightforward,means was available'(See Section 4.4)
The method in turn mas used to measure the initial 1ength‘
of the pre-crack ; | |
Since the former intention was to conduct compliance

‘measurements during the actual course of stress corrosion
_tests, a‘method was‘developed.to yleld compliance values
directl& on the loading fixture used.

| A typical specimen_displaying a certain amount of
elastic-plastic behaviour yields a load-displacement‘plot,'
as illustrated in Fig. 4-4 below. The record of load vs.
displacement is in fact much similar to that obtained |
in a standaro tensile test with an initial region of .
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'LOAD

DISPLACEMENT -

- FIG. 4-4 Load-displacement behaviour of a typical Spe-~
-eimen loaded well into the elastic-plastic
region.

‘1inear behaviour followed by non-linear behaviour upon‘
approaching 1imit 1oad

It should be noted that the slope of the load-
displacement plot at any point ylelds the Iinverse of
the compliance value at that point. While the compliance
valpe is unique'in the linear region, this 1is not the

case in the~elasticfp1astic region provided that comp-



-22-

liance 18 measured by additional forward 1oading. On
the other hand unloading behaviour 1s constant through—
' out the elastic and elastic-plastic regions, hence mea—
suring compliance by unloading is more instrumental in
prescribing craek length. Determining the compliance
behaviour of a crack-bearing specimen by unloading 1s -
iknown as the "unloading-compliance calibration}methcdﬁ
[19,20] . | B | - |
' The'actnelvunlcading-compliance calibration of the

'specimen mounted onvthe 1oading fikture“was obtained by
17 fatlgue pre-cracked epecimens with a/W ratioegranging,
from 0.4 to 0.7 (See .Fig. 4-5) . After the measurement
.of compliance.the_crack surfaces were left 51ightly ajar
by introducing a wedge at the notch and'the specimens
were heat-tinted for about four hours in an oven at
250-300 °C . After cooling down to -10%C to eliminate

any plastic deformation, the crack surfaces were broken
:apart by applying an impact load of considerable magni-
tude. _ |
o The fracture surfaces were examined under a»mic-
"roscope of low magnificaticn (30X) , the original crack
area being easily identified by the dark color of heat-
tinting. The erack area was estimated by taking measure-
ments under the micraoscope with the aid of 8 0. 5 mm,
grid. The_area divided by-the width of the}specimen
yields effective crack-length values(See Fig. 4-6) .
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FIG 4.5, The unloading-compliance calibration" curve
of the pre-cracked cantillever beam specimen.
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 FIG, 446. Estimation of effective crack-length.

- Such a procedure for assesslng crack-length valués is
instrumental due to the fact that the crack-front bows

~ 8a considerable amount -such that surface measurements
on the tWousideﬁ of the specimen are apt to yield ‘

underestimates.i
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kb  Detecting the Initlation of Crack Growth

Detecting crack'growth is in general limited
byvthe accuracy of the}evailable method for measuring_
crack—leﬁgth;,As noted in the brevious'secticn, the
former prcposal to detect the'initiation of crack growth |
was to measure the change in the unloading-compliance
Value associated with crack advance. Although preliminary
considerations have indicated_that the accuracy involved
18 adequate for the purpose (detectioﬁ down to 0,1 mm;
crack adtance beihg possible) , prcblems esscciated with
the natcre of the‘specific materialfenvironment pair
thevelbeen'encountered. |
During’the course of actual experiments; corrosion
by-products are formed at the.tip‘ofvthe pre-creck
'the mechanical properties of these chamical specles
' being such as to form a wedge which alters the unloading
"behaviour of the specimen (similar observations»are__ |

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

'_'the measured "unloading-compliance values tend to

increase ccnsiderably during the incubation period.

A vague indication of;crack advance 1s still possible
due to the fact that compliance values eventcally start
to decrease and fall below the 1n1t1a1 value. However

the method is inprecise in terms of accurately detecting

" EoBazIg) ONIVERSITES] K(TUPHANES!
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crack initiation,

An alternate and more straightforward method
1s to observe directly the displacement behaviour of
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
displaeement (COD) measurements in BEND type specimens
have been used for the Bame purpose [?3]

Upon loading, the specimen shows a typical 1oad-.
displacement behaviour and the maximum dlsplacement value
is_preserved throughout-the incubation period, With the
'initiation of the crack the 1oading—ccmpliance of the
' specimen increases and the'displacement value indicated'
by'the dial-gage on the set-up displays’a continuaily |
increasing behaviour. Invcases wherepthevspecimen is
"1oaded‘to values approaching 1imit load, a slight time-
dependent increase in’displacement is noted.during the
incubation'pericd (See Fig. U4-7) , where tbe time depen-
‘dence 1is related to extensive plastic-yielding at the t
'crack-tip.'The displacement typically increases with a
decreasing rate of increase. This behaviour 1is visually
observed on the dial-indicator in the form of a slight
‘creep which eventually dies out in a period of one to
two minutes before the next increment of load is added.

Increasing the load level accentuates this behaviour
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i

DISPLACEMENT

REEP  , / crack
| GROWTH

TIME

FIG 4-7 Displacement behaviour of the specimen during
the 1ncubation period.

such that cemparatively longer periods are necessary
in order that the dial-indicator settles down to a sta-
tionary value. With the addition of the terminal weight
a‘eimilar scheme of events take place and the slight creep ‘
extends into the 1ncubation period with a negligibly
small rate of increase of displacement value,. Similau'be-

‘haviour 1s reported by Hideya Okada et al. [23] who



-28-

_havefused’Cob~measurements to detect_crack initiation. . :
The above}stated behaviour howeveridoes-not intro-
.duce'any ambiguitv in terms cf'detecting the'initiation
. of crack growth. The rate of increase of displacement
associated with crack advance (crack growth rates are
enhanced by higher values of loading) is an order of
vmagnituderlarger.thanlthe'slight creep observed during :
tthe incubation period. At load values approaching limitv
load where creep is most noticable, crack advance due :
to stress:corrosion may be so'fastvas to cause~almost
instantenous failure at the end of the incubation pericd ‘
| It should further be noted that the creep behaviour
stated above is not associated with crack-tip mechano-
-chamical processes related with stress corrosion due |
.to the fact that similar behaviour is observed with
specimens loaded in air. A simple analysis based on the
bcompliance of the specimen similarly rules out the possli-
bility of a meaningful amount of subcritical crack advance.
- A final note on the effectiveness of the method :
5 used to detect crack initiation is associated with the
speclific specimen'type selected, The,BEND type of speci=
men in'contrast to other specimen types such as the "com-
pact tension specimen" (CTS) has a reduced width such that

’a certain amount of crack extenslon results in a more
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pronounced change in the a/W ratio further facilitating

, the detection of crack advance in terms of displacement
or compliance measurements. The increase in crack length.
is also accompanied by a ccmparatively 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~upito total failure‘is typically
a fraction of-the incubation time involved. Athhigh
values of loading the rate of erack advance after
initiation is so large that the value of minimum de-
',tectable crack extension 1ooses significance. With its
"upper range  extending into hours, the incubation period
'iﬁis expressed 1n minutes and crack advance in a,minute
may be a fewvcrders of magnitude karger than the minimum
“value of detectable crack‘advance.vAt lower values of
loading, rate of crack advance after initiation is reduced
'considerably while the method is suitable to- detect

' effectively the onset of crack growth.,.

i In the interest of verifying the above deductions
e.regarding the effectiveness of the method a certain

‘ number of specimens have been unloaded right after the
detection of crack advance. After washing and drying,
the specimens have been broken apart and the crack

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

~ crack extension has been barely noticeable.
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Lh.5 vExperimental Procedure for Stress Corrosion'Tests

An Initlal run of 5 specimens was used to develop

the procedure outlined below,

1.

2.

The ecid solution used as‘the corrosive medium
is prepared.

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. welght are slowly added to
a total of 3 kg. ' .

,Deflection at 3 kg. weight is noted

With care as not to disturb the set-up, the
specimen 1s unloaded to 2 kg. welght,

The resulting defleotion is noted which ylelds '

- the "unloading-compliance" value corresponding

10,
11.

to 1 kg. unloading.
The specimen is completely unloaded

The crack-length "a" 1s aobtained from the
compliance calibration plot" by using the
unloading-compliance value determined in

. Crack-length "a" 1is used to determine
the remaining ligament length "b" which is
further used in J Integral determination.

, The corrOSive environment is applied by placing

the glass container at its proper peosition
beneath the specimen (it is reported that in
general the order in which the corrosive envi-
ronment and loading are applied 1s prone to
affect test results, it is also noted that the
application of the environment after loading
is apt to yield erratic results [24] ) .

The aerator i1s swltched-on.

The. required loading 1s applied by adding 1/2 Ke.
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welghts successively, After the addition of each
welght the displacement value on the diagl-indi-
cator is noted and plotted on a displacement -
graph. At higher values of loading a slight creep
on the dlal-~indicator accompanies the addition
of each 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 bé taken.

12, With the application of . the terminal weight

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

13, The displacement behaviour under applied 1oad
is monitored *at sultable time intervals and
displacement values are plotted on a displacement
versus time graph (See Section hu) ,

14, With the detection of crack inltiation in the
manner described in section 4.4, the timer is

stopped and the length of the incubation pericd
is ‘noted,

155 The specimen is completely unloaded and the
. corrosive medium is removed.

16. The specimen 1s washed under running water and
- drled, '

'17. The specimen 18 detached from the loading fix-

. ture and broken apart for further investigation
of the crack surfaces.

4,6 Determination of J Integral Values

The expression (3-3) proposed by Rice, Paris and
_ Merkle [lljkis usedlfor J Integral calculatlions. The dial-
indicator on the loading fixture bears directly on the
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ueight hanger hence the deflection values are 1osd-11ne\.
deflections. In-otherXWOrds, the area under the resulting

| iosdederlection plot yields the work done on thenspecimen.
during loading. Since the‘cantilever fixture and the load
arm are specially designed to offer minimal flexure under '
load, the elastic deflections of the fixture itself 1s
ignored The load srm and the weight hanger being of con-
siderable weight themselves contribute to the 1oading of
the specimen. This contribution to ‘the area under the
’load-displacement plot 1s 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 1oad arm and the
finitial 1oading 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 "compliancepcalihration 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-
Jected to stress corrosion tests. Specimen preparation
and the details of ‘the actual test are already presented
'in foregoing sections. The data thus obtained is presented

in Table 4-3 .
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. TABLE U4-3. Results of Stress Corrosion Tests

-V'Sﬁecimen# App. J - Incub.‘i Max. load | a/W.
S (kgf/mm) time " applied A
o - | (min.) (ke /mm)

22 1.1 70 13.0 0.54
2k ~ 0.80 170 6.0 0.68

30 ©1.73 U5 17.0 0.52
31 0.85 148 5.0 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 C o071 | 253 6.5 - 0.65
43 | 0,98 110 8.0 10.60

4y 0.96 221 7.0 - 0.66
50 | 2.27 20 " 21.0 0.46
51 1.35 68 11.5 - 0.58
52 1.51 St ~18.5 0.4y
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 loading of the specimens have been selected to
cover a J Integral value range from 0.45 to 2.25 kgf/mm.
The inéubation periods observed range frcm 20 minutes
' to over 6 hours. The results}are plotted on linear‘and
. semilogarithmic scales and presented in fignres 4-8
and’u-gybelow. A 1ogarithmic plotvis as well presented
-in figure 410 . ‘ |
| | Although lower values of loading are within the’
Scope of the}linear—elastic-stress-intensity-factor K,

- higher values of'loading involve considerable plastic

. ylelding (indicated byvlarge_values of calculated'plas-
..'tic zone sizes) such\that'therapplicability of X is out.
. :of question even from a practical point of view. The J

: Integral parameter is clearly applicablexthroughout the

| range consldered. The low value of scatter in incubation
period values indicate that the J Integral parameter 1s
a good-candidate to predict incubation behavionr in the
elastic and elastic—plastic regime of 1oading. It should
be noted that while the prime concern in the applicability
~ of the J- Integral involves the elastic-plastic regime,
the parameter is fully applicable 1n the eiastic regime
as well, |

The general trend of incubatlion behaviour is similar
- to that reported by other investigators on experimental
' studies concerning the application of the linear-elastic-

stress-intensity—factor K [4,16] . Increasing values of
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applied J results in décreaSing incubation period valﬁeg
which éventuaily tend to zero with fhe application of

the critical value of J denoted by Jyg. Decreasing values'
_ of applied J on the other hand result in 1ncreasing incu-
bation period values. The trend is‘such4that no failure
1s expected below a tbresho1d of 0.4 kgf/hm.\which in

- turn can be considered.as'a tentative value fof Jisce
(the threshold valué'of J analogoﬁs to KiSCé below

which ﬁo‘stréss corrosion crack is expected to initiste)..
However it should be noted that the determiriation of a
true threshold value is beyond the scope of the present
work in that, experimental studiles 1n 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 purpdse in question is well es~

tablished,

4.8 Ko and Jro Tests

~In order to detefm1ne‘the fracture toughness of
| the material used fbr stress‘corrbsion tests, a KIC
tést has been carried out according to ASTM'standards
[?5] . A BEND type‘speéimen similar to those used for
Arstfess corrosion tests has been preparéd‘and fitted

with knife-edges to facilitate the attachment of a
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Standard clip-gagé. The'speciménvhas been statically
1oéded underidispiacement control on the MTS Fatigue

Tesfihé Machiné. A thfee-point bending fixture has been

ﬁsed’(See Fig., 4-11 below) ,-Thé'crack opening displace-

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

| \ T——CLIp- GAGE

_/d .

 FI@. 4-11. Specimen configuration for Ky, testing.
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- the load-cell provided on the MTS have been plotted

o on an XAY plotter.

An analysis of the plot thus obtained yields a
' tentative fracture toughness value KQ of 122.5 kgf-mm“3/2.
(35 ksiJ_ﬁ—— ) . The 10ad-COD plotrhowever involves an
unecceptable ameunt of non-iinearity and»minimum specimen -
-size-restrictions are tot fulfilled indicating that the
above etated tentative velue can not be'cenéidered to be
a true Kyq fracture toughness value, |

Three similarly prepared speclimens (with no pro-
vision,for clip-gage attaohment) and the same three-point
bending fixture have been used for Jyg testing. The load-
line displaeement values have been measured byrtheﬁlinear
fvariable'differential transformer (LVDT) provided on the
| loading ram‘qf the.MTs; Together with 163@ data from thel
‘ load-cexll on the machine, displacement controlled load-
displacement sraphs have been plotted on the XJY plotter.

The actual 1oad-disp1acement plot displays a well-
: defined peak in load value beyond which there 1s a
';eudden relaxetion of load 1ndicetihg crack advance.
In ordervtp'detect posslble subcritical erack advance |
'before the atteinment of pegk load, two specimens‘have
been carefully loaded Jjust up to thie peak value, The

epeeimens‘have-ﬁeen heat-tintéd and broken apart.
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Inspection under the optical microscope (30X)‘has not
_reVealed any orack extension hence the peak point has 
been seleoted as the point of crack extension..The‘area‘
o under thevload-displacement plot up to this point'of
orack extension has been used as the:basis for Jro
caloulation in acoordance with equation (3-3) .

_ " Due to the factthat the LVDT measures the deflec-
,tion of the specimen as well as that of the 1oading fix-
ture, a complianoe-oorrection technique proposed by |
Server [26] has been used. The method involves a simple
.rmanipulation regarding the oompliance of the fixture
'whioh is simply determined by substituting a large slab
of steel 1n plaoe of the specimen. The resulting JIC
vvalue has been determined as 2.38 kgﬂﬁmn.



CHAPTER V
' conéwsxons,

A series of stress corrosion tests have been per-

' formed to analyze the applicability of the elastic-plastic

fracture mechanies parameter J to predict incubation

behaviour. The materlial properties'and specimen confi-

guration have been suoh that the 1arger 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.

factor K.

'The low level of soatter in experimental results

clearly indicate that the J Integral parameter
determined per the proposal of Mercle et al. [}IJ
is a valld tool to presoribe incubation behaviour |
in a loading regime which 1s beyond the scope of

of application of the linear-elastic-stress-intensityhv

=

‘The generalltrend observed - 1in incubation behaviour

is simllar to other published results based on

»experimental work employling the linear-elastic

parameter K within 1ts proper scheme of application.
| _ho-
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Por the specific material-environment pair in

questioﬁ (low carbon steel and sulphuric acid)

a tentative threshold J Integral value Irsec
of 0.40 kgf/mm. is indicated while it should be
noted that a more stringent testing procedure

is necessary to determine a true threshold

' value.,The corresponding Kysce value calcu-

' lated for plane-strain conditions is 94 3 kgf-mﬁ3/2_

(27 ksl {inch ) .

'The BEND’type specimen affixed to a cantllever

_1oeding fixture (pre-cracked cantilever beam speci-

men)'haé coﬁstituted an eftective and practical

method:of'teéting_for incubation behaviour. A

simple oonsideéatiOﬁ of the 1oad-disp1aeement |

behaviour of the specimen has formed a straight-

forward method for the deteotion of crack initi-
ation. The method has obvious-practical advantages

over other proposed methodSiwhich include the

visual observation of the crack area and more

sophisticated’methods which involve the use of
ultrasonic waves and the'methodiknoﬁn as the
“ooteotial-drop calibration technique", all
having reepeetive shortcomings. It should further

be noted that the "unloading-compliance,calibration
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method"has been ineffective in detecting crack

growth.due'to‘the accumulation of corrosion by-

products at the cfack-tip. The method in turn

has been used to measure initial values of crack
1ength. i

It has_beeh‘observed that excessive loading during
pre-cracking has a pronounced effect on incubation
behaviour in the form of exaggerated incubation

periods, To obviate the above effect,.maximum

‘1oading during‘pre;cracking have been kept to a

stresseintensity-factor value of 88.9 kgf-mn~3/2
(25. 4 ksiVin h ) . Crack 1hitiaﬁioh during pre- |
cracking with the above restriction involves .

considerable work on the fatigue testing machine,

'number of cycles required runs 1nto well over’

~100,000.cycles.

The use of a relatively high conééntratibn}(loN)

of an aQueous’squtioh ef Hésou has resuited in
manageable periods of incubation for the low carbon
steel used 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 eqﬁipmeht was not

necessary.



APPENDTX-A, LINEAR-ELASTIC-FRACTURE-MECHANICS [27,28]

The near-field solutions of the stress and disp-
lacement fields at the tip 6f.a crack are due to Irwin,
A through crack of length _‘25 with mathematically sharp
fips in an :lr;finit'e plate 1s cér';sidered (See Fig. A-1
| beloW) . The’plate i8 subjected to“blane-stra:ln-condi-

T
IR

' FIG. A-1. Crack in an infinite plate.
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tions and the indicated form of loading is known as
Mode I loading (hence‘ the subseript in Ky) ; The solu-
tion of the stress and displacement fields in familiar

' notation is given as;

X5 ) o r s 30 - B
-7 %= cos l-8in — sin — (a-1)
o 12]1" . 2 v 2 2

y= ; cof — | 148in—s8in —
- {2xr 2 L 2 2

. K e e 36

'ny_ —— 8in-— CO8— CO8 —

e e e
Ta= ¥ (T + )
| Zﬁcz=?yz= 0

Kt r e r

, ‘ o 0 1
1 = ——— {|— cos— |1-2) +81In° —o
a Y2y 2 L - ' 2
X T e r e -
LV o= -——:-[- — 8in— 2-2)7-0032 _
' ¢ 257 2 L 2 4
w =20
where;

y-Poisson's ratio,
G-Shear modulus of elasticity,

u v,w-Displacements respectively in the X, ¥y and
-directions s

Xt -Line_ar-elast:!.c—stress-:lntensity-factor in mode I .



Kp =U'ﬁ_a"

The stress field solutions expressing the initial

' terms of corresponding infinite series hold for the near-
field where these terms dominate with 1T singularity.

| However an ideal material ﬁith infinite yield strength

is . considered while in an aetual material of finite
‘_yield strength & plastie zone of size 2r exists

at the crack-tip. ry" is given by Irwin‘for plene

strain as,
1 (kg \e -
ry=—0»/[—| . (A-2)
- M\ (ys |

For cases where the plastic zone size is Small
(plane—strain.conditions)~in comparison with other :
fdimensibns of'the geOmeﬁry;'the stress-field outside
the plastic zone is still determined by the available
expressions. ’

rThe 1ineer-e1astio-stress-1ntensity-factor.K,.v
incorporating theibasic parameters U— and a'}determine
the intensity of the stress-field which is otherwise
invariable. In fhis context K determines the onset of
fracture in a specific material, the critical value

being denoted by Krg .
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Thevactnal—nredictive nower of the KIC paraneter

| ‘1ies in the fact that for plane-straln conditions 1t 1s |
'almaterialyproperty irrespectite/of the geometry con-

sidered. In general‘for:different geometries the K para-

~meter can be expressed as;

K=q V’ o (a-3)

_'where c is defined as a function of geometric variagbles,

| Hence, once the Ko value -for a specific material is de-

'termined, fracture can be predicted irrespective of geo-h
:metry provided that plane-strain conditions prevail

Itand a_K expression for the particular geometry is
:aVailable.*t R | |

o " As long as ry 18 1ess than 1/50 of the thickness

'in question, plane-strain conditions exist at the crack-c :

tip. The condition for the applicability of the Kyg

parameter is given,as,

ke o -
-,Baas(lc) | | o (a-b)
| Tys/ o

At section‘sizes less than that expressed by the
inequality (A-L4) the Krc value increases with dec-

; reasing thickness. Plane~stress conditions being
\,'prevalent, the Ktc parameter loses=1ts-theoretical andl
_1practica1isignificance. Problems of such nature are

‘the concern ofvelastic-plastic,fracture'mechanics.



APPENDIX-B. K. EXPRESSIONS FOR THE BEND SPECIMEN

For three-point bending [8];

X B [2 9(——a ) 4 6(__) 21.8(——

= . . - . + ]

I 43/ w ! W | ( W )
7/2 9/2



| Whei'é 3

P-Applied load,
B-Thickness of specimen,
'S-Span, o '
W-Depth of specimen,
Aa-Credkflength.

ﬂ.Forlqéntilever loading;

While a manipulaticn'regarding the bending moment
}mapplied at the erack surface is possible, a more straight-

vforward expression is _3 :

-3 3 1/2
| ‘*12m(0( - )
Ky = »
- | Bw3/2
Qwhere;
mJBending moment at the crack surface, -

-Thickness of the specimen,_i
»W-Depth of specimen,
O(- 1 - a/W
a~Crack 1ength.



APPENDIX-C IN SCALE DRAWING OF THE CANTILEVER LOADING
FIXTURE :
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