the requirements for the degree of
Master of écience
in
Mechanical Engineering

Bogazici University lerary

!III TR

Boga21gl University

1986

-mmw“

FOR RFF hhﬁ“x

.t

: L o Vi oo
.-A PHENOMENOLOGICAL APPROACH
TO STRESS CORROSION CRACKING
by
Mehmet Aydemir NEHROZOGLU
"'B.S. in M.E., Bogazici University, 1984
Submitted to the Institute for Graduate Studies in
Science and Engineering in Partial Fulfillment of



ii

A PHENOMENOLOGICAL APPROACH
TO STRESS CORROSION CRACKING

ST
PRSE S N i

APPROVED BY

Doc .Dr.0ktem VARDAR B E%;E &

(Thesis Advisor) -

: , b,
Y.Dog .Dr.Vahan KALENDEROGLU “A/Q!m :ggmcg |

Doc¢ .Dr.ilsen ONSAN

Date of Approval : June 27,1986




iii

ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to Doc¢.Dr.
Oktem Vardar for his invaluable help and guidance thro-
ughout this study, to Dr. Vahan Kalenderoélu‘for his advices
and help during the construction of the test set up, and to

Kenan Doga¢ for machining the test specimens.



iv

ABSTRACT

The applicability of the J-integral to SSC in the elastic-
plastic range is investigated by using precracked cantilever
beam specimens of low carbon steel in 6N H3S504 solution. The
correlation of J-integral with the incubation time suggests

the existence of a threshold value of J.



OZET

J-Entegrali'nin elastik-plastik g¢alisma aralidinda GKK'na
(Gerilmeli Korozyon Kirilmasi) uygulanabilirligi arastaraildi.
Caligmada diisiik karbonlu c¢elik'ten 6n gatlakli konsol kirig
numuneler ve korosif olarak 6N 1,50, cOzeltisi kullanilda.
J-Entegrali ile kulucka zamani deﬁeflerinin korrelasyonu J'nin

bir esik dederi oldujunu gOstermektedir.
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I. INTRODUCTION

The purpose of this work‘is to investigate, to an extent,
the applicability of the J-integral , developed by Rice, as a
parameter controlling the time to failure of components sub-
ject to SCC. The successful application of LEFM (Linear elas-
tic fracture mechanics) to SCC in linear elastic conditions
has led us to consider and investigate whether the tools of
elastic plastic fracture mechanics would, in a similar way,

bring simplicity to SCC analysis in the elastic plastic range.

Design oriented researchers have not been interested, as
yet, to such an approach and therefore there are very few
references (1,2) on this subject. The reasons of this may be

summarized as below :

(a) Failure is quite rapid for sﬁress corrosion cracking
when stresses reach the yield value. Thus one does never inten-
| tionally design to work in this range. At stress levels well
below the yield valﬁe, which is the usual range of operation,

stress intensity factor has been used successfully.

(b) The thicknesses of the components, which SCC problgms
are confined to, are generally large enough to establish plane-

strain linear elastic conditions.



(c) Determination of the J-integral values for different

crack configurations is a difficult pradfice.

Nevertheless, the J-integral has shown promising progress
and it is interesting, with an academic point of view, to in-

vestigate whether it can also be used in SCC problems.



I1. GENERAL REViEW OF THE PROBLEM
OF STRESS CORROSION

2.1 CRACK INITIATION VS. CRACK PROPAGATION

SCC has been analysed in two distinct phases, namely; crack
initiation, and crack propagation. This distinction is similar
to that between safe-life and fail safe analyses in fatigue.
While crack initiation studies involve the initiation of a
crack on a smooth surface, crack propagation involves a damage
tolerant analysis-which assumes thé presence of pre-existing
cracks and uses the tools of fracture mechanics. These two
phases are often thought, not as complementary to each other
but as two distinct cases and are treated separately. The com-—
mon pféctice in crack initiation studiés,is to define avthres—
hold stress, for a given set of environmental conditions, under

which stress corrosion crack initiation does not occur.

The fracture mechanics approach doeé not take into account
that cracks can initiate in the absence of defects and thus
féilure may occur below the threshold value (Kiscc) dictated py
fracture mechanics. Thefefore fracture mechanics and smooth

specimen data must be combined in a composite diagram that



describes the SCC resistance in the presence or absence of a

precrack. Such a diagram is shown in Figure 2.1
200
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FIGURE 2.1 Composite diagram (Ref.3)

2.2 MECHANISMS OF STRESS CORROSION CRACKING

The mechanisms of stress corrosion cracking are not yet
fully comprehended. Depending on the material-environment pair
and the applied stresses cracking may be intergranular, trans- ~

granular or a combination of the two.

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

noted the following :

(a) Stress corrosion cracking has one of the characteris-

tics of brittle fracture, it odcurs with very little elongation

of the material.

(b) Stress corrosion cracking occurs only if there are

effective components of tensile stress acting on the structure.

v

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

/SCC.



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

(e) A vast’majority of authors have accepted that a
specific corodent is necessary to produce SCC ihba given
alloy;

Although not yet universally accepted, it ié widely be-
lieved that the film rupture/metal dissolution model is basic
to SCC in many cases of interest. According to this model the
protecti&e film at the crack tip breaks down by the application
of stress and an électrochémical current is induced between
the crack tip and the surrounding material thus gradually ca-
using the crack to propagate. Garud and Gerbei(s) point out
that the driving force for the film rupture/metal dissolution
process is thé strain rate rather than the strain itself, and

that even in constant load tests the controlling parameter for

SCC appears to be the strain rate due to creep.

(6)

Vermilyea-and Diegle propose two conditions for strain-
enhanced SCC : (1) The mechanism mﬁst produce a crack which
lengthens much faster than it widens, and (2) each increment
.of'strain must cause sufficient crack advance by corfosion to

proauce another equal increment of strain. They formulate their

first condition as,

a | (1)
z >20 p _

- where p‘'is the crack tip radius, while the second condition is

A

élosely related to the steepness of the strain gradient in the

.viéinity of the crack tip. Vermilyea and Diegle further propose
{



that for these two conditions to be met the ratio of the crack
tip corrosion rate to the crack tip strain rate must exceed a

7 cm to 10—5 cm depending

critical value in therange of 2.10
on the strain gradient ahead of the crack tip.

Herbsleb and Schwenk(7)

state that "the importance of
strain rate has implications not only for the evaluation of
in-service parameters but also for establishing the guidelines
for laboratory testing. In relation to the latter there is
-strong tendency to‘keep all of the influencing factors as
constant as possible except for those being investigated.For
this reason the SCC susceptibility of a given system (material
and corrodent constitute é corrosion system) may remain unno-

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

€, (see Figure 2.2)"

semitivity
to SCC

no activation of cracks

éz t!

strain rate

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



111, APPLICATION OF FRACTURE: MECHANICS
TO SCC

3.1 THE STRESS INTENSITY FACTOR APPROACH

The idea of finding a threshold stress intehsity factor
under which stress corrosion crack prepagation does not occur
has been the subject of many researches. Rolfe and Barsom(s)
have resumed the findings of significant researches on this
field. It was observed that similar to the plane strain critical
stress intensity.factor K1c, therekexists a threshold stress
intensity factor Kygcc, which is a property of the material-
corrodent system. As long as plane-strain linear elastic con-
ditions prevail Kiscc remains ihdependent of specimen geometry
and crack configuration. Many test methods have been deyiseghloAn
in ae attempt to determine KiscC. In Krigscc tests the specimens
are loaded to an initial stress intensity factor(Ki) and the
wvariation of K with time is observed. Figure 3.1l(a) and Figure
3.1(b) show the variation of K as time progresses fof constant
load and constant displecement tests‘respectfully. The‘stressﬂ
1nten51ty factor 1ncreases with time for constant load tests

and decreases with time for constant dlsplacement tests. The
/



time corresponding to the points at which the stress iﬂtensity

factor starts to increase or decrease depending on the type of

test, is the incubation time. While for constant displacement

tests crack propagation stops when the stress intensity fac-

tor decreases to its threshold value, for constant load tests

the increase in K continues until mechanical failure occurs.

Figure 3.1(c) shows the variation of the incubation time tinc.

and time to. failure,

Kt
Ke

Ki

Ke

tf with K.

Ki

J
]
l
)
'
t
)
1]

()

FICURE 3.1 variation of K with tinc for

ne.

[}

t

‘J.l') .

(a) constant load tests,
(b) constant displacement tests and
(c) tinc and tf as a function of K



B

The s£ress intensity factor approach'is attractiﬁe for
design engineeré because of the simplicity of the analysié.
For this reason several attempts have been made récently to
extend the analysis to non plane strain conditions.'Novak(lz)
has worked on the SCC of ASTM A36, A572 and A517 Grade F
structural steels in salt water. He classified threshold
stress intensity factors for three distinct behaviours as
Kigcer refering to elastic behaviour, "Kygec", refering to
elastic plastid béhaviour, and "Kiscc*" refering to fully
plastic behaviour. His results showed that the threshold
stress intensity factor for elastic plastic behaviour was
"'somewhat dependent" on geometry and therefore had "mixed
validity" as a parameter expressing the crack tip stress-
strain fields, and that fér fully plastic behaviour was "fully
dependent" on geometry and was "100% invalid". Another recent
attempt was to define an effective crack length agr which

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

of the plastic zone. Namely;

Qe = a + ry
2
ry =8 K (2)
Sy
g = L for plane stress
. o
B = L for plane strain

67
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where Sy is the yield strength. To what extent this approxi—

mation has been successful is not stated.

3.2 THE J-INTEGRAL APPROACH

3.2.1 General

The attempts to find a single parameter capable of
characterizing the entire crack tip field under elastic plas-
tic conditions has lead to the development of the J-integral,

the general definition of which is given by(l4)

Jd =/ (Wﬁl - Qij.nj uih}ds - ' (3)
r

where W is the strain energy density and is a function of fhe
strain, n is the outward unit normal to a contour T', encircling
the tip of the crack in a counterclockwise direction, and Uj.
is the displacement vector. The J-integral has been proved to
be path-independent, if deformation theory of plasticity is
assumed. .
| (15)

The alternative definition of J is expressed by

38 ,

A= const.

J = -

where U is the potential energy, B is the thickness of the
specimen; a is the crack length and A is the load-line
. displacement. It can be shown that for the elastic case J is

equal to the energy release rate G.



=
= .

Liu and Zhuang(16) have pointed out that in order for

a single parameter to be capable of characteriéing the entire
crack tip field, the plots of any component of %ij, ®ij or

u; in a given direction versus the distance from the crack
tip r, normalized by % A, Or (J/Sy) should fall ohthe same
curve for all geometries. The plots of Figure 3.2 show that
siﬁgle parameter characterization is indeed possible for plane
stress conditions. All of the curves for four different speci-
men geometries fall on top of each other. That is to say, at
any given J value, the crack tip fields in these four different
specimen geometries are the same. While this promising obser-
vation makes way for further research on the J-integral, it is
not yet possible to say whether J éharacterization will still
be independent of geometry when a corroding environment is
introduced. Another question, as far as SCC is concerned, is
whether a threshold value of J, namely JIscc, exists in a
manner similar to Kygcc. If both of the above requirements are
met, the J-integral can be used as a governing parameter in
 SCC analysis. References (14-20) provide fundamental information

about elastic -bplastic fracture mechanics and the J-integral.
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FIGURE 3.2 0yy and €yy plane stress characteristic crack tip fields
of all four types of specimen geometries : Single Edge
Cracked, Three Point Bend, Double Edge Cracked, and
Center Cracked Panel.
HY - 80 steel

(a)b = 0 deg
(b)® = 45 deg.
(Ref 16)

3.2.2 Empirical Determination of J.

The most suitable expresion for the empirical determination

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

developed specifically for deeply cracked bars in bending, is as

v

follows;

2Uc
Bb

(5)

where Ue is the total energy UT, minus the energy Unc that would
normally exist in the specimen if the specimen did not have a

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

Srawley (21) points out that the error in eq. (5)’incrééses
as a/w-decreases and convefges to zero as a/w approaches one,
/ .

while the use of total energy Ur instead of Uc provides a faster
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convergence té a negligible error (Figure 3.3). Therefbre,
it is actually more suitable to replace Ug by Up in eq.(5).
Noting that Ut is the area, A, under the load vs. dlsplacement

curve of the specimen, eq. (5) can be rearranged as
2A

J = TBp- (6)

41 B (For Displacement "' Due to Crack")
¥ Energy Due to Crack

r B (For Total Displacement)
e Total Energy

1 1 1 i }
.2 4 .6 .8 1.9
alw

FIGURE 3.3 Values of the nondimensional coefficient B as used in the
form J=BU/Bb within the elastic range for a three point
bend specimen (Ref.21)

e
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IV, EXPERiMENTAL WORK

4.1 MATERIAL, SPECIMEN AND ENVIRONMENT SELECTION

The material and environment selection in this study was
not done to serve a specific application, but rather to provide
fully plastic conditions and reasonable experiment times. The
material is a iow carbon steel with mechanical properties as

shown in Tablé 4.1

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

Yield Tensile %Elongation
- (MPa) (MPa)
Strength Strength
250 299 30
| 6 N, H,SO, solution, which is highly " agressive to steel

2774 _
is used as the corrodent in order to avoid excessive duration

times of experiments.

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

/1"'/
T(
w
4

e
¥

fe—
I

2.

FIGURE 4.1 Details of the bend specimen used in the experiments.
B =8.5mm. W=17 mm, L ="8mm

4.2 EXPERIMENTAL PROCEDURES

The bend type specimens aré first precracked in a servo-
vaive céntrolled MTS machine in 3-pt bend configuration within -
a load range of 50-400 kg. The maximum load is set so that lar-
ge scale plasticity is avoided. A previous study done by A.Korézz)
showed that large scale plasticity caused prolonged incubation

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

4.2

RS -7 71—

50-4-00 kg

" FIGURE 4.2 3-Pt bend loading configuration r fatigue precracking
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After precracking the SCC tests are performed on a can-

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

lowing procedure :

(a) Specimen is mounted and the cup;carrying the corro-

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

solution.

(b) Loading is done manually by the application of two kg.
and 500 g. weights until the desired load is attanied. Mean-
while the load-line displacement is recorded at each weight

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

vs displacement curve.

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

determined load-line deflection rate is attained.

(d) After the test the specimens are cooled below their
ductile to brittle transition temperature in dry ice and fract-
ured. The initial crack length ag is measufed by use éf a
travelling microscope (10 X) and the fracture surface is examin-
ed to note ény evidence of SCC crack growth. If no SCC. has ‘
takén‘place the next test is stopped when a higher deflection
rate is attained. In this manner the deflection rate at which

crack propagation by stress corrosion begins is sought.



Air __,1

o Corrodent
o

Weights — =

FIGURE 4.3 SCC test set up

17
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V. RESULTS AND EVALUATION

5.1. RESUME

Table 5.1 summarizes the outcome of the experiments done
in this study. The controlling parameter for the start of
crack propagation due to stress corrosionis assumed to be the
strain rate and hence the deflection rate. Therefore, the ex;
periments are stopped at various load-line deflection rates in
order to determine at which point of the load-line deflection
vs. time curve the incubation is complete. As seen from Table
5.1 stress corrosion cracks are observed when the exéeriments
are stopped at a deflection rate value above 0.1 mm/min. It
is observed on a typical deflection vs. time curve, shown in
Figﬁre 5.1 that this point does not correspond, as expected,to
the point where the defleétion rate begins to increase'above
its steady state value (point P on Figure 5.1). This is indeed
surprizing becauée any increasé of the‘deflection rate above
its steady state value can only be attributed to crack extension
,due'to stress corrosion. It can be argued, however, that stress
corrosion-cracks do initiafe at point p.(Figure 5,1) but a cer-
tain time is necessary for these to become through-thickness

cracks. In this study it is assumed that incubation is complete



TABLE 5.1 OUTCOME OF THE SCC 'EXPERIMENTS
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Specimen aq /™M Pmax(kg) time to deflection evidence
conclusion | rate attained of scC
test (mm/min)
12 0.41". 15 180 min ~ 0.025 NO
13 0.40 14 26.75 hrs | ~ 0.025 NO
14 0.37 14 70.50 hrs | ~ 0.120 YES
(aQ) =0 .3rm
15 0.42 . 14.5 255 min ~ 0.07 NO
1
16 0.40 13.5 71 hrs NO
18 0.39° 13 guri‘i’i‘;red
loading
.19 0.45 14.5 36 hrs ~ 0.06 NO
20 0.43 . 14 180 min ~ 0.06 NO
21 40
22 0.44 " 14 263 min n 0.32 YES
(Aa)ma = 0.98mm
23 0.46 14.5 26.75 hrs | ~ 0.15 YES
. (Aa)max= 0.59mm
. YES
24 052" 13.5 10 hrs n 0.21 (Aa)max; 0. 50mn
25 0.46 14 245min v 0.21 YES
. YES
’ 043" 13 235 min ~n 0.24

26
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TABLE-5.1 (Cont.)

Specimen ap/W Pmax(kg) time to deflection evidence
conclusion|{rate attained of SsCC
of test (mm/min)

27 0.:46 12.5 30.6 hrs 0.18 YES

Aamax=0.59 mm.

28 0.-43 10.5 197 hrs ~v 0.022 NO
conculded
beacuse
of the bad
state
of the test
set up

30 0.42 12 14.5 hrs "0.08 NO
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only when through cracks appear, therefore the time corres-

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

the incubation time.

D.‘splacement

o.fmm

l4min.
-1

tine time
FIGURE 5.1 Typical A-t curve showing the point of incubation

To be able to use the data of specimens 19 and 20, with
which deflection rate value of 0.06 mm/min was attained,wheﬁ
plotting the J-integral vs‘incubation time curve, the incu-
baiton time for all specimens is taken arbitrarily as the time

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

, _ i
The data show that the time for the deflection rate to

increase from 0.06 mm/min to 0.1 mm/min is orund 30 minutes
_andelmoet the same for all speoimens. Therefore, this choice
.of the inoubation time is.not misleading. Furthermore; the-
‘curvature of the deflection vs. time curves are approkimately

the same once the deflection rate is above a value of 0.02 mm/mi
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Relying on this observation.. the A -t curves for specimens
12 and 13, for which the attained deflection'rate was around
0.025 mm/min, were extended-to the assumed deflection rate

value of 0.06 mm/min to determine their incubation times.
5.2 J-INTEGRAL VS. INCUBATION TIME

A typical load vs load-line deflection curve is shown in
Figure 5.2. The area under this curve for each specimen is
determined by use of a planimeter and substituted into eq.

(6) along with the geometric parameters B and b, to determine
the J-integral values. Table 5.2 shows the J-integral and in-
cubation time values for all the specimens. The plot of J-in-

tegral vs. incubation time on linear, semi-log, .and log-log

scales are shown in Figures '5.3,5.4, and 5.5 respectively.

Pmax.

Load
>

Amox. DisP(acement
FIGURE 5.2 Typical P-A curve

'All raw data and graphs obtained from the experiments are
/ :

. presented in APPENDIX 1.



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

) .
Specimen | a /W Pmax(kg) J (kg/mm) | ti:é (min) | log(tinc)
12 0.41 15 1.45 210 | 2.32
13 0.40 - 14. 1.08 | 1610 3.21
14 0.37. 14 0.94 4200 3.62
too much
15 0.42 . 1415 error in 255
) P~Acurve

FkX .

.16 0.40 . 13.5 0.78 4260 - 3.63 0
19 0.39 14.5 1.01 2160 3.33
20 0.45. 14 1.48 180 2.25
22 0.43 14 1.16 233 2.37
23 0.40 14.5 1.01 1572 3.20
24 0.44. 13.5 1.21 579 2.76
25 0.46-. 14 1.21 190 2.28
26 052 13 - 1.47 175 2.24
27 0.46 12.5 0.89 1818 3.26

' . |
. ) Kkk

28 0.43.. 10.5 0.77 11820 4.07 0

30 0.42. 12 0.64 8640 3.94

*
*; Bend specimens have W = 17 mm and B =8.5 mm .
_ tinc = tg.06- to0.06 is the time at which the deflection rate is 0.06 mm/mi
%% No Incubation

!
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10000

tinc. (min)

1000

FIGURE 5.4 J-Integral vs. tjipc Semi-~log scale.
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It can bé observed from Figs. 5.3 andv5.4 that thé curve
tends towards a possible threshold. Loﬂger experimental peri-
‘ods lead to excessive deterioration of the specimen due to
homogeneous and pitting corrosion. Therefore, the range beyond

10000 min. camnot unfortunately, be observed.

The low carbon steel used in this study shows extensive
cfeep at room temperature. Especially for specimens with high
a/W ratios there is a considerable uncertainty in the load-
line displacement readings taken during loading. Table 5.3
compares the J-integral values obtained by taking immediate
displacement readings after each weight addition with those
-obtaibed by alloWing a 30 sec.period after each weight addition
' (23)

before taking the displacement readings. Figures 5.6 and 5.7

show the P-A curves obtained in this procedure.

TABLE 5.3

a/Ww J-integral (kg/mm) % increase
immediate delayed
reading ~ reading

0.47 1.00 1.15 15

0.55  1.51 1.75 ! 16
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Load(kg)

S R e TR L R ek et ad

L . - . 1
1 2 3 4 5

Displacement (mm)

N rem e e ———————

O =

FIGURE 5.6 P-A curves showing the creep effect when taking 30 sec.
' delayed deflection readings. a/w = 0.47 (Ref.23)

|
i
|

Load(kg)

L o o o -t - s St St G

1 1 i 1
1 2 3 4 5 .6
Displacement (mm)

1 1
B 2

[ S

FIGURE 5.7 P - Acurves showing the creep effect introduced by taking
30 sec. delayed deflection readings a/w = 0.55 (Ref.23)
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Approximately 15% deViation'is observed between the
J-integral Values found for thé two situations. This means
that one could fall into an error at the order of 15% of the
calculated J-integral values. To see amount of error introdu-
ced, the load vs. displacement curves for some of the speci-
mens were reconstructed. First compliance calibration experi-
ments were done and the compliance calibration curve on Figure
5.8 was constructed; Then, four specimens at a/w ratios of 0.38,
0.40, 0.43 and 0.45 were loaded to 15 kg with small weight
increments and meanwhile the deflection readings were taken
immeaiately after each weight addation. The P-A curves for
these four specimens ére shown in Figs. A2.1,-A2.4.. The maximum
displacement Am

corresponding to each of the P values on

ax max

Table 5.2 was . noted from each of the curves on Figs. A2.1-A2.4.

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

max ax

Load vs. displacement curves for those specimens on Table 5.2
with a/w ratios falling between 0.38-0.45 was then.replotted

by combining the relevant compliance, Amax'_and PmaX values.
These plots are shown in Figs.A25-8:The new J-integral values

are shown iﬁ Table 5.4 and thé élot of J-integral vs. incubati-
on time is seen in Figure 5.10. Again the séme trend is‘observed,
and the J-integral values are comparable so it can be concluded

- that error due to creep is insignificanF within the accuracy of

the test set up.
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FIGURE 5.8 Compliance calibraiton curve
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TABLE 5.4 J-integral values found from the re-plotted p-A curves

spec. | aM | Chm/kg) | A Gm) | B (ke) | I (Kg/mn) |, (min)

12 0.41 0.38 7.25 - 15 1.52 210"

13 0.40 | 0.38 5.80 14 1.01 1610
14 0.37 ] 0.36 5.70 14 0.97 4200
15 0.42 | 0.39 7.15 14.5 1.40 255
16 0.40 | 0.37 5.45 13.5 0.93 4260
19 0.39 | 0.37 6.05 14.5 1.07 2160
20 0.45 |  0.40 14 180
22 0.43 | 0.40 7.00 14 1.45 233
23 0.40 | 0.37 6.25 14.5 1.18 1572
24 0.44 | 0.40 13.5 579
25 0.46 | 0.41 14 190
26 0.52| 0.47 13 175
27 0.46 | 0.41 8.75 12.5 1818

]

28 0.43| 0.40 4.05 10.5 0.53 11820

All raw data pertaining to this table are presented in

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

_ Another question of interest is how much of the displace-
ment that takes place until the end of the test is due to
creep. Figure 5.11 compares the A-t curve of a SCC specimen
with that of a creep specimen, both having the same a/w ratios
and. subjected tothe same load. The curvature of both curves is
the same at the initial tranéient region, while at the steady

state region the deflection rate of the SCC curve is slightly

. . |
higher and shows further rapid increase after incubation.



32

Displacement (mm)
N s U o

r» O

1.4

—

1 L 1 1 1 N S 1 r 4 A 1 1

1 1 1
2 4 b B 10 12 14 b I8 20 22 24 26 28 30 32 34 .

Time(hrs)

FIGURE 5.11 A-t curve of an SCC specimen (top) is compared with that of
a creep specimen (bottom). (Both specimens have a/w=0.46 and

Ppax=12.5 kqg)
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5.3 CONCLUSIONS
a. The incubation time is controlled by the deflection
rate due to creep. The appearance of through cracks are ob-

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

b. The correlation of J-integral with incubation time
tends towards a possible threshold. The exact threshold can
not be observed because experiment times exceeding 104 min.
léad to excessive deterioration of the material due to pitting

and homogeneous corrosion.

c. This study was done with a single specimen geometry.
Therefore to see whether J-integral characterization is in-

dependent from geometxry further experimentation is required.
5.4 RECOMMENDATIONS

a. It is advisable to do the loading with two persons,
one placing the ‘weights and readino the dial gage after each
weight "is fully applied the other recording the ~dictated
numbers o -

'

b. Sounder data may be obtained by using small weight
increments during loading. It is best to start using 500 g.
~ . !
weights after a load of six or at most eight kg. is attained

by placing two kg. weights.

L}

c. .The best protection of the test set up against acidic
solutions is obtained by applying Meges KD 111 coating to
the parts of the set upbwhich are directly in contact with the

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

d. It is necessary to maintain spare bolts and to rep-
lace them after at most 100 hours of operation in the acid.

It is not necessary to apply coating on the bolts.

e. If possible, it is advisable to keep the acid and
prepare the solutions in a separate room. Acid vapor will

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

f. Maintaining pieces 'of cotton cloth and drying the
components of the test set up from acid will increase the life

of the coating.
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DATA AND CURVES OBTAINED
FROM THE SCC EXPERIMENTS
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TABLE Al.l Load vs. Displacement Data for
Spec. 12 (a/w=0.41, Pmax=15 kg)

LOAD (kg) DISPL. (mm)

0 0

3 1.05

5 1.75

7 2.58

9 3.49

11 4.42

13 5.56

15 Displacement

too fast to read

TABLE Al.2 Displacement vs. Time data for
spec. 12 (a/w=0.41, Pmax=15 kg)

TIME (min) DISPL. (min)

0 0

15 0.86
30 1.19
45 1.28
60 . 1.51
75 1.65
90 1.80
105 1.96
120 2.12
135 2.31
150 | 2.52
165 2.77

180 3.11



TABLE Al.3 Load vs. Displacement data for spec.
‘13'(a/w=0.40,.Pmax=l4 kg)

LOAD (kg) DISPL. (mm)

-0 0

3 0.79
5 1.45
7 2.04
9 2.65
11 3.41
12 3.90.
13 4.60

14 ’ 5.55

TABLE Al.d4 Displacement vs. Time data for spec.
13 (a/w=0.40, Pmax=l4 kg)

TIME (hrs) DISPL. (mm)
0 0

0.5 0.54
1 0.67
1.5 0.75
2 0.79
2.5 0.88
3 0.92 .
3.5 0.96
4 0.99
4.5 0.03
5. C1.07
5.5 ©1.10
6 1.14
6.5 . 1.16

Continues on the next page
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TABLE Al.4 (Cont.) : .
g TABLE Al.5 Load vs. Displacement

- data for spec.14-

TIME ihrs) * DISPL. (mm) (a/w=o.'37,pmax=14 kg)
7 1.20 oD (kg) DISPL. (m)
7.5 1.22 0 0

8 1.24 3 .85
8.5 1.26 5 1.45
20.75 2.41 | 7 2.00
21.25 2.44 | 9 2.67
21.75 2.48 11 3.52
22.75 2.64 12 4.10
23.25 2.73 13 ' 4.60
23.50 | 2.78 14 5.22
23.75 2.82

24.25 2.92

24.75 3.04

25.25 . 3.17

25.75 3.37

26.25 3.72

26.50 3.97

- .26.75 4.35



TABLE Al.6 Displacement 'vs. Time data
- for spec. 14(a/w=0.37,

Fmax ™14 K9) (Cont..)

TIME (hrs) DISPL. (mm) TIME (hrs)  DISPL. (mm)
0 0 34 2.93
0.5 0.27 36.5 3.15
1. 0.37" 37 3.22
2 0.50 46.50 4.48
3 0.57 47.00 4.55
4 0.64 47.50 4.64
5 0.69 58.50 4.83
6 0.74 49.50 5.05
7 . | | 0.79 . 50.50 5.27
21.75 | 1.46 51.50 5.67
22.50 1.51 52.50 5.99
23.50 1.58 53.50 6.27
24.50 ' 1.66 35 . 6.74
26 1.81 56 7.14
26.50 1.87 57 7.71
27 | 1.93 . 58 "~ 8.14
27.50 1.99: 59 8.53
28 2.05 60.50 9.09
28.50- 2.11 s 70.50 18.74
29.50 2.26
30 2.33
31 2.46
32 2.6l /

33 2.78



TABLE Al.7 Load vs. Displacement data
_ for spec. 15 (a/w=0.42, Pma2=l4'5 kg)

LOAD (kg) DISPL. (mm)

0 | 0

3 1.42
5 2.37
7 3.37
9 4.47
11 - 5.77
12 6.57
13 7.47
14 : 8.67
14.5 9.87

TABLE Al.8 Displacement vs. Time data for spec.
15(a/w=0.42, P__ =14.5 kg)

TIME ({(min) DISPL. (mm)

0 | 0
15 0.75
30 : 1.15
45 | 1.40
75 1.75
135 2.41
195 3.12 .
210 3.34
225 3.68

240 4.28
245 457
250 | 4.88

255 5.23



TABLE Al.9 Load vs. Displacement data for
; specimen 16 (a/w=0.40, Pmax;l3.5 kg)

LOAD (kqg) DISPL. (mm)

0 0

3 0.90
5 1.50
7 2.13
9 -~ 2.82
11 ' 3.54
12 3.93
13 s

13.5 4.65



TABLE Al.l10 Displacement vs. Time data for
specimen 16(a/w=0.40 Pmax=13;5 kg)

TIME (hrs)
0

1
3

13.5
24.00
25
26
27
28
29
30

31
32
33
35

36
37

37.5 °

DISPL. (mm)
0

0.79
1.17
1.28
1.38.
1.48
1.57
1.64
1.91
2.92
3.05
3.22
3.41
3.59
3.78
3.99
4.23
4.50
4.79
5.40
5.75
6.10

6.26

TIME (hrs).
44

45
46.5
47
47.5
48
48.5
49
49.5
50
50.5
51
51.5
52.25
52.5
53

1 53.5
54
54.5
55.5
56
59

' 60.6

71

DISPL. (mm)
7.95

8.20
8.82
9.03
9.23
9.46
9.71
10.02
10.37
10.78
11.17
11.57
11.97
12.45
12.61
12.92
13.22
13.48
13.69
14.05
14.19
14.84
15.13

16.66

42
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TABLE Al.1l1 Load vs Displacement TABLE Al.12 Displacement vs Time

for specimen 19 data for spec. 19
(q/w=0.39,Pmax=l4.5kg) . '(a/w=0.3'9, Pmax=l4.5kg)
104D (kg) DISPL. (mm) TIME (hrs) DISPL. (mm)
0 0 0 0
3 0.75 - 1 0.27
5 1.25 2 0.40
7 1.73 3 0.49
9 2.32 | 4 0.57
11 2.86
6 0.70
12 3.35
7.5 - 0.76
13 3.87
8 '0.78
14 4.62
' 22 ‘ 1.12
14.5 © 5.05 a
23 1.14
24 1.17
25 1.20
26 1.23
27 1.26
29 1.35
30 1.40
31 ‘ 1.45
32 1.54
33 1.63

35.5/6 3.82
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TABLE Al.13 Load vs Displacement data for
Spec. 20 (a/w=0.45, Pmax=14 kg)

LOAD (kg) DISPL. (rm)

0 0

3 1.13
5 1.88
7 2.63
9 : 3.43
11 4.31
13 5.55
14 6.85

TABLE Al.14 Displacement vs Time data for .
Spec. 20 (a/w=0.45, Pmax=l4 kg)

TIME (min) DISPL. (mm)

0 , 0

60 1.08
90 1.35
120 | 1.76
150 2.43
165 2.97
170 3.22'
175 3.48

180 _ 3.77 !
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TABLE Al.15 Load vs. Displ. data TABLE Al.l6 Disélacement vs Time
for spec. 22 . data for spec.22
(a/w = 0.43, P__ =14kg) (2/w=0.43, P__ =14 kg)
LOAD (kg) DISPL. (mm) TIME (min) DiSHL(mm)
0 0 0 0

3 " 0.83 5 0.63
1.38 10 0.86

7 2.01 15 0.98
9 2.91 30 1.25
11 3.76 45 1.48
13 4.96 60 - 1.73
14 - Dleplacement 75 2.01
read 90 2.37

130 3.60

135 3.77

160 4.73

165 4.93

180 5.57

195 6.22

210 : 2.07

| 230 8.23

240 8.97

255 10.82

260 11.95

263 12.91
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TABLE Al.l17Load vs. Displéqement TABLE Al.18 Displacement vs Time data
data for spec. 23 for spec. 23 (a/w=0.40,
(a/w=0.40,P _ =14.5 kg) - P ~14.5 kg)

LOAD (kg) DISPL. (rm) TIME (hrs) DISPL (vm)
0 : 0 0 0
3  0.89 | 1. 0.35
5 | 1.48 2 1 0.48
7 . 2.10 3. 0.61
9 2.79 - 4.5 0.77
11 3.55 5 0.82
12 3.96 55 0.86
13 4.43. 6 10.90
14 4.96 ' 7. ~0.96
14.5 © 5.36 e 1.01
9.5 1.08
10 1.11
22 1.64
23 1.74
24 1.88
25 2.12
26 ' 2.69

26.75 8.63
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TABLE Al.l19 Load vs Displacement  TABLE Al.?O Disblacement.vs.'Time data
data for spec. 24 . . for spec. 24 (a/w=0.44,
(a/w=0.44,P _ =13.5kg) P =13.5 kg)

LoaD (kg) DISPL(mm) TIME (hrs) DISPL. (mm)

0 0 0 0

3 : 1.02 1 0.41
5 1.70 2 0.61
7 - 2.45 | 3 0.75
9 ‘ 3.27 4 0.89
11 4.12' | 5 _ 1.04
12 4.68 6 1.31
13 5.53 6.5 1.51
13.5  6.13 \ _.7‘ 1.79
| 7.5 2.04
8 2.30
8.5 2.62
9 3.27
9.5 4.48

10 7.08
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TABLE Al.21 Load vs Displacement .TABLE A1.22 Displacement Vs.Time data
data for spec. 25 ' - for spec. 25 (a/w=0.46,
(a/w=0.46,P =14 Kg) P oo ~14 kg)

LOAD (kg) DISPL. (mm) TIME (min) DISPL (min)
0 0 0 0
3 0.78 15 0.24
5 1.30 | 30 0.36
7 1.97 60 0.58
9 2.62 90 0.88
11 3.37 120 1.23
13 4.47 150 - 1.83
14 _ 5.47 180 2.96

185 3.23
190 3.52
195 3.85
200 4.19
205 4.53
210 4.98
215 5.54

- 220 4 6.10

! 225 6.69
235 7.85
240 8.66

245 9.54



TABLE Al.23 Load vs Displacement'data

1L.oAD

0

3

11
12

13

for spec. 26(a/w=0.52,
P =13 kg)
max ,

(kg) DISPL. (mm)
.
1.04.
1.73
2.53
3.37
4.26
4,91

6.35

TABLE Al.24

TIME (min)

0

5
10°
15
30
50
90
120
150
165
170
175
180
185
190
200
205
210
215
220
225
230
235

240
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Displacement vs Time
data for spec. 26
,(a/w=0.52,Pmax=13 kg)

DISPL (mm)
0
0.76
1.05
1.22
1.57
1.95
2.85
'3.76
5.08
5.90
6.20
6.50
6.81
7.13
7.43
8.07
8.40
8.75
9.14
9.58
© 10.05
10.65
11.36

12.35
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TABLE Al.25 Load vs Displacement data  TABLEAL.26 Displacement vs Time

for spec. 27 (a/w=0.46, data for spec. 27
P oy~ 12-5 kg) E (a/w=o.45,pmax=12.5 kg)
LOAD (kg) DISPL. (mm) . TIME (hrs) - DISPL.(mm)
0 - 0 0 0

3 _ 1.05 - | 0.5 0.20
5 1.75° . 1 0.26
7 2.45 ; 2.5 0.42
9 3.28 4 0.59

11 4.12 5 0.68
12 4,72 6 0;77
12.5 5.19 7 . 0.84
10 0.98
22 1.35
23 1.39
24 1.44
26 1.66
27 1.90
28.5 2.36
29.5 3.01
30 3.73
| 30.5 6.16

30.6 7.21
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TABLE Al.27 Load vs Displacement data TABLE Al.28 Diéplacement vs Time

for spec. 28 (a/w=0.43, ) data for spec.28
Pmax=10° 5 kg) (a/w=0.43, Pmax=10 .5kg)
IOAD (kg) DISPL. (m) TIME (hrs) DISPL (mm)
0 0 0 0
3 1.50 1. ‘ 0.43
5 2.44 2 0.56
7 3.49 - 3 0.64
9 4.60 4 0.71
10 5.24 | 5 0.77
10.5 5.59 6 0.82
7 ) 0.87
8 0.90
23 - 1.24
24 1.26
26 1.29
27 1.39
28 1.33
30 1.36
32 1.39
, 35 1.41
47.5 1.51
52 1.54
55 1.56
72 . 1.68
% 1.71

79 1.74

98 1.95



TABLE Al.28 (Cont.)
TIME (hrs)
100
'102

119

121
121.5
122.5
123
123:5
124
125
126
127
127.5
128
129
129.5
130

131
132
142
13
147
149
151

152

DISPL., (mm)
2.00
2.06

3.15

4.17
4.35
4.68
4.81
4.96
5.10
5.41
5.75
6.07
6.23

. 6.37
6.61
6.70
6.80
6.96
7.11
8.05
8.14
8.76
9.14
9.50

9.68

TIME (hrs)
155
166.5
167 |
169.5
173
176
178
179
190
193.5
197

DISPL. (rm)-
10.11
10.71

' 10.73
10.80
10.95
11.21
11.44
11.56
12.35

12.83

52
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TABLE Al.29 Load vs. Displacement ~ TABLE Al.30 Displacement vs. Time
data for spec. 30 ' ' data for spec. 30
(a/w=0.42,p =12 Kg) (a/w=0.42,P _ =12 kg)

LOAD (kg) | DISPL. (mm) TIME (hrs) = DISPL. (mm)
0 o 0 0
3 _ 0.99 1 0.27
5 _ 1.62 N 2 - 0.37
7 2.28 3 0.42
9 2.97 4 0.47
10 3.33 7 0.56
1 3.73 | 22 0.84
12 4.21 24.5 0.89

' 27 0.94
29 0.98

47 1.3

51 1.43

53 1.48

59 1.63

69.5 ~ 1.86

72 1.92

74 1.97

78 ' 2.10

, 79 213
80 2.16

95 2.56

100 2.70
102 - 2.75

118 3.14

123 3.28

142 4.03

143 4.04

o . 144.5 5.08



TABLE Al.31 Displacement vs Time curve

TIME (hrs)
0
1'
1.5
3.5
7
13
16
18
20
26
31
40
64

for spec. 31 (creep spec.

a/w=0.46, p__ =12.5 kg)r ]

DISPL. (rmm)
0
1.48
1.56
1.88
2.04
2.16
2.18
2.19
2.20
2.26
2.27

2.29

:54
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DATA AND GRAPHS OBTAINED -
TO RE-EVALUATE THE J-INTEGRAL
VALUES
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TABLE A2.1 Points of the Compliance
calibration curve on-

Figure 5.8
CEB _ a/w
6
5.97 x 10 0.29
6.26 x 10° 0.36
6.31 x 10° 0.38
6.52 x 10° 0.40
6.61 x 10° 0.43
7.13 x 10° 0.45
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TABLE A2.2 Load vs Displacement TABLE A2.3 Load vs.Displacement data
data obtained to de- obtained to determine
termine Amax for each - Anmx for each Pmax value
Pmax value on Table on Tablé 5.2
5.2 -

a/W = 0.38 a/W = 0.40

LOAD (kg) DISPL. (mm) LOAD (kg) DISPL.(mm)

0 0 0 0
3 1.13 3 1.15
5 1.88 5 1.91
7 2.63 7 2.61
9 3.38 9 3.36
11 4.18 11 « 4.16
12 : 4.68 12 4.61
12.5 4.93 . 12.5 4.86
13 5.18 13 5.11
13.5 5.43 13.5 5.51
14 5.73 14 5.81
14.5 6.08 14.5 6.36

15 6.53 15 6.86
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TABLE A2.4 Load vs. Displacement T%BLE A2.5 Load vs. Displacement

data cobtained to deter- ~ Data obtained to deter-
_mine the A values . mine the A values for -
for eachl’ZZi value : ‘each P Y3iue on Table
on table 5.2 5.2
a/W = 0.43 a/W = 0.45
LOAD (kg) DISPL.(mIﬁ) LOAD (kg) - DISPL. (mm)

0 0 0 0

3 1.05 3 1.20

5 1.75 5 2,03

7 2.43 7 2.78

9 3.21 9 3.58

11 4.08 11 | 4.78

12 ' 4.66 12 5.78

12.5 5.01 ' 12.5 6.78

13 5.41

13.5 5.96

14 | 7.16

14.5 8.56
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TABLE A2.6 A as-a variation of a/W and P (see Fig.5.9)
max max _ _

P(kg)  a/w ___(mm)
0.38 3.95
0.40 3.05
10.5 - 0.43 4.05
0.45 4.40
0.38 4.90
0.40 4.90
12.5
0.43 5.20
0.45 6.80
0.38 5.10
6.40 5.10
13 0.43 5.60l

0.38 5.40
13.5 0.40 5.45

0.43 6.10

0.38 5.75
14 0.40 5.80

0.43 7.00

0.38 6.70

‘ . |

“14.5 0.40 . 6.25

0.43 8,70

15 0.38 6.50

0.40 . 6.80
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