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Abstract

A formulation for the quantitative calculation of the stress corrosion cracking (SCC) growth rate was proposed
based on a fundamental-based crack tip strain rate (CTSR) equation that was derived from the time-based mathe-
matical derivation of a continuum mechanics equation. The CTSR equation includes an uncertain parameter ry, the
characteristic distance away from a growing crack tip, at which a representative strain rate should be defined. In this
research, slow strain rate tensile tests on sensitized 304L stainless steel in oxygenated high temperature water were
performed. By curve fitting the experimental results to the numerically calculated crack growth rate, the parameter ry
was determined. Then, the theoretical formulation was used to predict the SCC growth rates. The results indicate that
is on the order of several micrometers, and that the application of the theoretical equation in predicting the crack

growth rate provides satisfactory agreement with the available data.

© 2003 Elsevier B.V. All rights reserved.

PACS: 28.41.Qb; 81.40.Np; 81.70.Bt; 46.30.Nz; 2.20.Mk

1. Introduction

Stress corrosion cracking (SCC) of structural com-
ponents is one major concern in energy and related
aqueous systems. Such cracking can affect the reliability,
integrity and economics of power plants, and may be-
come a potential service life limiting issue. Indeed, many
stainless steel (SS) internal components are subject to
intergranular stress corrosion cracking (IGSCC) in
boiling water reactor (BWR) operating environments
[1]. Efforts have been made to understand the underlying
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mechanism of SCC and to develop predictive models for
lifetime estimation. While significant progress has been
made in establishing SCC test procedures, the method-
ology for the application of laboratory test data to in-
plant conditions, such as loading and environmental
ones, is less well defined. The main problems associated
with extrapolation lie in the time dependence of SCC
and the multiplicity of interacting variables — applied
stress, material, and environment [2].

Of all the mechanisms associated with SCC, the slip/
dissolution—oxidation model has been accepted by many
researchers as a reasonable description of SCC in an
oxygenated aqueous system [3-5]. The rate-controlling
factors to determine the crack growth rate (CGR) in this
model are the rupture rate of the oxide film, the rate of
repassivation (the reformation of the oxide film), and the
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rate of diffusion of dissolved metal ions away from the
crack tip. Assuming that the oxidation current density
decay may occur according to a power law in crack tip
alloy environment systems, the average CGR is given by
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where a is the CGR, M and p are the atomic weight and
density of the metal respectively, F' the Faraday’s con-
stant (96500 Coulomb/equivalent), z the number of
electrons involved in the overall oxidation of the metal
atom, i, the oxidation current density (initial metal
dissolution rate) on the bare surface of the crack tip, #,
the duration of constant current density iy, & the strain
to fracture of the oxide film, m the slope of the current
decay curve (the repassivation rate) and &, the crack tip
strain rate, which embodies the mechanical contribu-
tions.

A critical requirement for the application of this
model, as can be seen in the above equation, is to define
parameters relevant to the mechanics and the environ-
ment of the crack tip. These are the crack tip strain rate
and parameters related to the repassivation kinetics.

The crack tip strain rate (CTSR) determines the pe-
riodicity at which slip-induced film rupture occurs and
thus is fundamentally important, unlike the classical
design parameters of residual and applied stress, stress
intensity, loading frequency etc. [6]. The contribution of
CTSR to SCC has been widely recognized and Eq. (1) is
valid for CGR prediction of most growing SCC cracks
[6-13].

Analysis of data and modeling experiments show that
the crack tip strain rate is not a measurable parameter
[6,14]. The strain of interest is very local to the crack tip
region, where the stress is very high. A fundamentally-
based CTSR equation is always required for SCC life
prediction, and this has been the most theoretically
challenging parameter to quantitative evaluation of
CGR. Many attempts have been made to quantify the
CTSR using numerical and analytical methods. The
following part reviews such methodology developments.

1.1. Semiempirical formulation of CTSR

Semiempirical evaluations of the relationships be-
tween CTSR and engineering parameters were made by
Ford et al. [6,7], especially, for stainless steel at 288 °C
under constant load and moderate stress intensity fac-
tors, the CTSR equation is given by

b = 4.1 x 1071K*, ()

where & is in the unit of s™! and K, the stress intensity

factor, is in the unit of MPam®®. An examination of the
validity of Eq. (2) showed that it could be rationalized in

terms of its ability to normalize the effect of a wide range
of stressing conditions on the SCC growth rate. Never-
theless, the approach is not based on a fundamental
knowledge of the dynamics of crack tip plasticity.

1.2. Approximately evaluation based on crack tip opening
displacement rate

Attempts were also made for the quantification of
CTSR based on the evaluation of crack tip opening
displacement rate. By using finite element methods, Rice
et al. [15] proposed a near-tip expression for evaluations
of the crack opening displacement rate for a steady
growing crack under plain-strain, small-scale yielding
conditions in elastic-perfectly plastic solids (no strain-
hardening):

§=aJ /o, + Bloy/E)aln(R/x), 3)

where & is the crack tip opening displacement rate, J the
rate of change in J-integral with time, & the crack growth
rate, oy the yield strength, E the Young’s modulus, x the
distance from the growing crack tip for evaluation of the
crack opening displacement rate, 5, « and R are con-
stants.

Eq. (3) can be converted to an approximate expres-
sion of the crack tip strain rate by making an appro-
priate assumption for the length parameter, r, which
may be taken to equal the crack tip opening displace-
ment for convenience or the total width of the active
flow bands [8-10,16,17]. Therefore, the crack tip strain
rate can be given by

écl = 5/7 (4)

Eq. (4) is a useful approach for relative comparison
of strain rate effects [12]. However, it does not correlate
EAC behavior quantitatively [12]. Furthermore, Eq. (4)
can not be applied to work-hardening materials and the
selection of a gauge length, r, is arbitrary.

1.3. An equation for fundamental evaluation of CTSR in
work-hardening materials

Theoretical strain distributions at a stationary or
growing crack tip were studied by using numerical, an-
alytical and experimental approaches. Validities of the
theoretical formulations were experimentally examined
by measuring the in situ crack tip plastic strain at a pre-
existing fatigue crack using stereomicroscopy and elec-
tron channeling methods [18-20]. Measurements of a
growing fatigue crack in Fe-3wt% Si single crystals in-
dicated that, the plastic crack tip strain equation pro-
posed by Gao and Hwang [21], as shown below, for a
growing crack in work hardening materials under plane
strain conditions best predicted the strain profile ahead
of the crack tip:
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where f§ is a dimensionless constant, o, and E are the
yield strength and elastic modulus of the material,
R, =A(K/ a,)" is the plastic zone size, n the strain-
hardening exponent in the Ramberg-Osgood power law
and r the distance from a growing crack tip.

Eq. (5) was derived on the assumption that a crack
grows steadily under quasi-static constant loading. Such
an assumption might lead to the limits to the application
of Eq. (5). However, the strain distribution for an elas-
tic—plastic growing crack proves to give the best fit to the
experimental data to date, albeit it requires corrobora-
tion [18].

Suggesting that the analytical strain rate equation
should include a term for the rate of change of strain
with distance in front of the crack tip, owing to the
accumulation of strain as the crack growth, Eq. (5) can
be time-derivated. The resultant equation simply implies
the rate of change in plastic strain at the crack tip, which
corresponds to the crack tip strain rate [22,23]:
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where K is the rate of change in K, ry the characteristic
distance at the crack tip, where the strain rate should be
defined. Eq. (6) allows determination of the effects of K,
a, oy, K and n on CTSR. The analytical solutions to Eq.
(6), however, are complicated by the presence of the
uncertain variable, r. In order to implement the theo-
retical equation in estimating the CTSR and CGR, the
determination of the characteristic distance, 7 is neces-
sary.

It should be stated here that the possible effect of
creep on the crack tip strain rate is not considered in Eq.
(6). Creep has been shown to occur in reactor materials
at reactor operating temperatures [24,25]. Nevertheless,
it can be estimated that the CTSR is strongly dependent
on strain redistribution associated with the growing
crack for the fast crack growth rate [24]. As for the slow
crack growth rate, (e.g. when there is little corrosion at
the crack tip for unsensitized materials and/or at low
corrosion potentials), the creep behavior may play a
larger role in determining the CTSR [24].

Despite the effects of creep on CTSR is not included
in Eq. (6) and the possible limitations of Eq. (5), Eq. (6)
provides us a fundamental way to quantify crack tip
strain rate based on engineering parameters. Validation
evaluation of Eq. (6) is highly required [22,23].

1.4. Objectives of the current research

The first objective of this research is to determine the
only undetermined parameter, ry in Eq. (6). Due to the

difficulty in the experimental measurement of CTSR, the
method used in this study is the inverse analysis that is
based upon the experimental crack growth rate and the
theoretical crack growth rate. By incorporating Eq. (6)
into Eq. (1), a unique equation for quantitative calcu-
lations of CGR is obtained [22], as shown in the fol-
lowing:

. Mi, io\"
“ T zpF(1 —m) \ &

AaCre) LG )
()

In the above equation, all factors affecting the SCC
events are taken into account — applied load, material
property, and water chemistry. In addition, the general
behavior of SCC (stress intensity factor vs. CGR) can
be described in terms of Eq. (7), which represents the
threshold and plateau behavior in the SCC process [23].
No assumptions, such as diffusion limiting processes nor
a critical crack tip solution, are involved.

The experimental CGRs, i.e. the changes in the CGR
as a function of loading and time, used for the inverse
analysis to optimize the characteristic distance through
the numerical calculation, were from slow strain rate
tensile (SSRT) tests on sensitized 304L stainless steel in
high temperature (288 °C) oxygenated water, simulating
the BWR environment. The purpose of finding the
characteristic distance is to apply Eqgs. (6) and (7) for
quantitative calculation of the CTSR and CGR, to
evaluate the validity of the equations. This is the second
objective of this study. We demonstrated the quantita-
tive validity of the theoretical equations by calculating
the CGR under constant load. Predictions for the CGR
under simulated BWR conditions are compared with the
observed CGR data.

2. SSRT tests on sensitized 304L stainless steel in
oxygenated water at 288 °C

2.1. Material and specimen

One-inch thick-compact tension (1T-CT) specimens
fabricated from sensitized 304L stainless steel were used
for the SSRT tests. Before the tests, all of the specimens
were first fatigue-pre-cracked in air at room temperature
and then 1.2 mm-deep side grooves were machined. The
chemical composition and mechanical properties of the
test material are listed in Table 1. The sensitization
process was 650 °Cx 100 h + air-cooling + 620 °Cx 100
h + air-cooling. The resultant electrochemical potentio-
kinetic reactivation (EPR) value measured by the dou-
ble-loop method [26] was about 12%.
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Table 1

Chemical composition (wt%) and mechanical properties of 304L SS at room temperature
C Si Mn P S Cr Ni Yield strength Tensile strength Elongation
0.012 0.69 1.46 0.005 0.006 18.55 12.08 228 MPa 517 MPa 62%

2.2. Test conditions and procedure

Three SSRT tests with different extension rates were
performed. Test conditions are listed in Table 2. All the
SSRT tests were conducted in simulated BWR water
containing controlled amounts of oxygen. For test 3, in
situ pre-cracking was carried out by applying a trian-
gular wave loading at Ky, ~ 15 MPam®’ and R (load
ratio) =0.2-0.6. The crack growth behavior during the
tests was monitored by using an alternating current
potential drop (ACPD) technique, which has previously
been applied to the monitoring of crack growth tests in
high temperature water [27]. The ACPD-based crack
length was linearly corrected by the crack length mea-
sured on the fracture surface of the specimen. Changes
of loading with time during the tests were also moni-
tored. The history of crack propagation and applied
load was used to calculate the CGR and stress intensity
factor. Changes of the ACPD-based crack length were
interpolated with a polynomial equation as a function
of time. Then, the CGR was obtained from the time-
derivative of the polynomial equation. Changes of K
were calculated according to ASTM E399-90 [28] based
on the change of load and crack length with time in each
test. The fracture surfaces were observed using scanning
electron microscopy (SEM) after the SSRT tests to
measure the final crack length and investigate the frac-
ture morphology.

2.3. Test results
2.3.1. Initiation and growth of the SCC

The variation of ACPD with time during test 1 and 2
are quite similar. The ACPD-based crack length, as well

Table 2
Test conditions
Parameters Conditions
Dissolved oxygen >20 ppm
Flow rate About one volume exchange per
hour

Conductivity (outlet) 0.3-0.4 pS/cm for tests 1 and 2,
0.2-0.4 uS/cm for test 3
Pressure 8.4 MPa

Temperature 288 °C

Extension rate (m/s) Test 1 5.9%x 1077, test 2

1.2x107°, test 3 7.0x 10710

as the measured ACPD values in test 1 is shown in Fig.
1. The potential rose rapidly in the early stages of the
tests, which is commonly observed in the SSRT tests and
is believed to be caused by the formation of a local
plastic zone at a crack tip without cracking in metals
[23]. It is, therefore, assumed that a crack would start to
grow at the point of departure from a constant poten-
tial, as shown in Fig. 1. Unlike tests 1 and 2, continu-
ously increasing from the beginning of the test rather
than the initial rapid increase in ACPD was observed in
test 3. This was due to the in situ pre-cracking as stated
above. Dependences of the CGR on K for the three
SSRT tests are presented in Fig. 2. The CGR and the
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Fig. 1. The variation of ACPD (measured) and its corre-
sponding changes in crack length as a function of time for
test 1.

CGR (mm/s)

10 10 20 30 40 50

Stress intensity (MPa mm)

Fig. 2. Crack growth rates vs. stress intensity factor for the
three SSRT tests.
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stress intensity factor corresponding to the initiation of
SCC were both increased with the extension rate. In
addition, a three-stage curve was observed in test 3, as is
characteristic of SCC.

2.3.2. Fractography of the specimens

The SCC initiated transgranularly during the tests,
and then transferred to IGSCC. Extensive IGSCC was
found in all three specimens. SEM observations of the
crack surface adjacent to the air-fatigue pre-crack are
shown in Fig. 3. A clear transition region from trans-
granular SCC (TGSCC) to IGSCC at the beginning
stage of the crack growth can be found in the three tests.
The length of TGSCC in test 1 is about one to two times

IGSCC

TGSCC

Precrack
in air

Precrack
in air

W16, 0mm 15.0kV %300 » 100um

Precrack
in air

Fig. 3. SEM fractography showing the transition of SCC from
transgranular to intergranular at the beginning stage of prop-
agation. Crack growth is from bottom to top.

of the grain size, while in test 2 the TGSCC-length is less
than the grain size. In test 3, the TGSCC was more
suppressed, which shows the minimum TGSCC-length
among the three tests. These transition behaviors from
TGSCC to IGSCC clearly show the effect of extension
rate and in situ pre-cracking in test 3 on the SCC initi-
ation.

3. Inverse analysis to estimate the characteristic distance

The basic approach to the estimation of the charac-
teristic distance, ry in Eq. (6), as stated previously, is the
inverse calculation, whereby this variable is found using
the test results and numerical computation. The SCC
Eq. (7) calculates the change in crack length, which is
then compared to the results of SSRT tests. In the
process of numerical calculation, numerous solutions
are obtained for the given values of indefinite variables,
particularly the characteristic distance ro and the re-
passivation rate m. The optimum values of these indef-
inite variables are determined by minimizing the
difference between the calculated and tested crack
length.

The term a in Eq. (7) appears on both sides. It is
assumed that the CGR on the left-hand side (LHS) is an
objective function, whereas the CGR on the right-hand
side (RHS) of Eq. (7) is a given function which is in-
terpolated to the polynomial function based on test re-
sults. In the same way, the stress intensity factor, K and
its rate of change, K are approximated to the polynomial
functions. To solve the theoretical EAC equation, the
electrode kinetic and material parameters for sensitized
304L SS listed in Table 3 are used. These are referenced
from published literature, albeit with a degree of un-
certainty about the repassivation kinetic parameters,
such as iy, #p and m [5,22]. The slip/dissolution—oxidation
model [5] empirically presents the methodology for

Table 3

Standard electrode kinetic and material parameters for 304L SS
Parameter Value
Atomic weight, M (g/mol) 55.38
Number of equivalents exchanged, z 2.67
Oxidization current density, iy (A/mm?) 0.001
Fracture strain of oxide film, & 0.0008
Young’s modulus, £ (MPa) 206000
Dimensionless constant, f§ 5.46
Density, p (gfmm?) 0.00786
Faraday’s constant, F' (C/mol) 96 500
Duration of constant iy, # (s) 0.2
Yield strength, o, (MPa) 196
Strain hardening exponent, n 4.1
Dimensionless constant, 4 0.11
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relating m to measurable parameters, which include
corrosion potential, solution conductivity, and a degree
of chromium depletion along grain boundaries in terms
of EPR. The range of m is given as 0.4-0.7. These values
are determined based on the SSRT test conditions such
as solution conductivity (0.2-0.4 puS/cm), dissolved oxy-
gen (DO) content (>20 ppm), and 12% double-loop
EPR. Since the environmental conditions are defined in
detail, the acceptable range of m values is chosen. These
numbers fall within the range of what might be typical
from present SSRT test conditions.

For the specified range of m, and for ry from 1 um to
1 mm, the differential equation was numerically solved,
producing changes in the crack length as a function of
time. The best-estimates of ry and m are determined by
fitting to the measured crack length, which ensures the
minimization of the root mean square (RMS) error be-
tween the calculated and measured crack lengths. The
RMS error is defined as

where N is the total number of data points and the su-
perscripts of ‘meas’ and ‘cal’ represent ‘measured’ and
‘calculated’ crack lengths, respectively.

The calculated crack length vs. time plots, as well as
measured crack length, for three cases are shown in Fig.
4. Small-scale r( tends to produce a reasonable fit to the
test results, which is on the order of several micrometers.
The values of ry and m, shown in Fig. 4, are the best
estimates, at which the RMS values for each case are
lowest for the given ranges of ry and m. The results in-
dicate that the theoretical SCC equation is of use in
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Fig. 4. Comparison of the calculated crack length (curves) and
tested results (symbols), together with best estimates of the
characteristic distance r, and the repassivation rate m for each
test.

predicting the cracking behavior when the strain rate is
defined at a distance of several micrometers from a crack
tip. The optimized values of m shown in Fig. 4 do not
completely represent the system chemistry conditions in
that these values lie within the given range of 0.4-0.7
depending on the tolerance of the RMS error. For ex-
ample, the RMS error is 0.009 at best estimates of
rp = 2.5 um and m = 0.575 for SSRT Test 1. When the
RMS error increases to 0.013, m ranges from 0.45 to 0.6,
and ry changes from 2 to 8 pm. The small increase in
RMS error, which is slightly higher than the lowest
RMS one, causes m and ry to change significantly.
However, emphasis is placed on estimating the scale of
the characteristic distance.

In the present study, best-estimates are used in cal-
culating the CGR under constant load based on Eq. (7),
followed by the next section. Also, it is worth discussing
physical considerations concerning the characteristic
distance.

4. Crack growth rate calculation under constant load

The applied load is implicitly included in the stress
intensity factor. The difference in the loading mode such
as the SSRT, constant load, constant displacement etc.
can be expressed in terms of K and K in the SCC
equations. The change in the loading mode can cause a
change in the crack tip strain rate and, consequently, in
the CGR. The constant load test simulates the stress/
strain conditions better than the SSRT test for most
reactor internals, such as the core shroud and top guide
in a BWR [29].

The CGR test results performed under constant
loading were collected from the published literature [30].
The outline of the test conditions is as follows. SCC tests
for sensitized 304 SS were performed under constant
load using CT specimens to determine the CGR in
simulated BWR environments at 288 °C. The water
chemistry was controlled by various combinations of
hydrogen peroxide (H,0O,), dissolved oxygen (O,), and
hydrogen (H,). The material was furnace-sensitized and
the measured double-loop EPR was 38%. The initial
stress intensity factor was 31 MPam®3. The details of
the solution chemistry conditions and measured CGR
are listed in Table 4.

In the case of a constant load, the theoretical
SCC equation can be readily applied to calculate the
CGR since the rate of change in the applied load
is zero. When the stress intensity factor is given by
K = cP(t)f (a), where ¢ is a constant, P(¢) is the ap-
plied load and f(a) is a geometry function depending
on the specimen type, it can be assumed that dP/dr is
equal to zero under constant loading. Thus, the term
of K /K, shown in Eq. (7), is mathematically expressed
by
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Table 4
Summary of CGR test results and chemistry conditions for sensitized 304 SS under constant loading
Case # O, (ppb) H,0, (ppb) H, (ppb) Conductivity (ps/cm) Ecorr (MVgye) CGR (mm/s)
1 50 20 50 0.1 —-90 to —80 1.2x107%
2 50 20 50 0.3 —-140 to -120 29x%x1078
3 100 50 50 0.1 =50 to —40 1.3x10°%
4 200 100 20 0.1 20 to 30 54%x10°8
5 200 100 20 0.3 10 to 20 6.2x107%
6 200 100 20 0.3 -60 3.2x10°%
7 240 570 14 0.3 50 1.4x1077
8 440 150 50 0.1 50 1.9%x1077
9 440 150 50 0.3 10 3.0x1077
All data extracted from Ref. [30].
K 1dP 1 ofda K 1 dfda 9 distance, however, the calculated results show a fair
K Pdr f(a)dadi K f(a) 0a dr’ ©) agreement with the test data. The calculated results in-

Substitution of Eq. (9) along with the proper geo-
metry function f(a) to Eq. (7) makes the theoretical
SCC equation solvable numerically. In determining the
repassivation rate m, we referred to the plots given in
Ref. [5], taking into account the corrosion potential and
solution conductivity outlined in Table 4.

Using the theoretical SCC equation, the CGR was
calculated and compared with test results. Fig. 5 shows
the calculated and measured CGR, in which the calcu-
lated data are close to the measured ones as the data
points are located near the diagonal dash-dotted line. In
this calculation, two values of the characteristic distance
are set to be 2.5 and 3.0 um, and the applied load was
manipulated to obtain the initial stress intensity factor
of 31 MPam®’. Depending on the choice of the char-
acteristic distance, apparent changes in the CGR were
found. For the two given values of the characteristic

6
10

R Case m
0.91
0.83
0.88

7
10

-8
10 0.71
0.76
0.66
0.77

0.70

CGR_,, (mm/s)

OWOoO~NOOAWN=
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Fig. 5. Comparison between measured (Table 4) and calculated
crack growth rate with two values of the characteristic distance
(2.5 and 3 pm). The repassivation rate of m for each case is
listed in the table. Dashed lines between the solid and open
circles represent the same case with different ry, and the dia-
gonal dash-dotted line is provided as a guide to the eye.

dicate that the theoretical SCC equation is a dependable
tool in predicting the CGR for stainless steels in high
temperature oxygenated water. Furthermore, the strain
distribution ahead of a crack tip proposed by Gao and
Hwang [21] can be used to define the crack tip strain rate
which is an essential parameter to determine the loading
condition in the slip/dissolution—oxidation model. In
addition, the calculation supports the fact that the
characteristic distance should be defined on the order of
several micrometers ahead of a crack tip. This is con-
sistent with the experimental measurements of crack tip
strain which showed that, despite the small strain theory
assumptions used in obtaining crack tip strain expres-
sions, the continuum mechanics solutions predict rea-
sonably the near-surface crack tip strains that were only
a few micrometers away from the crack tip surface [18].

Calculated results produced from three cases of 5-7
show relatively large differences from the test data. Ac-
cording to the slip/dissolution—oxidation model, a lower
value of m results from such conditions as higher cor-
rosion potential, solution conductivity and degree of
sensitization. These three cases correspond to the con-
dition of having a lower value of m. Since the repassi-
vation rate m is determined by the bulk water chemistry,
it is probable that the m values used in the calculation do
not completely characterize the crack tip chemistry
conditions. The difference in water chemistry between
bulk and crack tip environments can cause difficulties in
determining m.

5. Discussion

5.1. Dependency of the characteristic distance on the
cracking mode

The correct choice of the characteristic distance for
the CGR estimation is vital if acceptable results are to be
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Table 5

Summary of CGR test results produced by VIT Manufacturing Technology

Load line displacement rate (mm/s) Stress intensity (MPam'

0.5)

1x10°¢ 21.1
5%1077 26.9
2.1x1077 28.9
2x10°¢ 31.2

All data extracted from Ref. [31] except K, estimated from test data.

obtained. As outlined in the previous section, the ap-
propriate range of the characteristic distance is on the
order of several micrometers. However, the calculated
CGR is very sensitive to small changes in the charac-
teristic distance. In this section, we discuss a potential
factor, which may affect the variation of the character-
istic distance using the experimental data produced by
VTT Manufacturing Technology [31].

Tests were performed under rising/constant dis-
placement type loading, using three-point-bending (3PB)
geometry specimens (10x10x55 mm, Charpy size)
which were made of AISI 304 stainless steel in mill-an-
nealed + sensitized (620 °C/24 h) conditions. Load line
displacement rate intentionally varied during each test in
order to reduce the number of tests needed to determine
the influence of the loading rate on CGR. Tests were
carried out in simulated BWR water with conductivity
of 0.2 uS/cm at outlet, DO levels of 300 ppb and cor-
rosion potential of 200 mVg,.. Changes in crack length,
load, loading rate, stress intensity factor, and J-integral
values were well-arranged and plotted in Ref. [31]. Based
on given data, the rate of change in the stress intensity
factor was manually calculated. The estimation of K
includes unavoidable errors due to the fact that the
applied load behaves in a jagged way and it is impossible
to read those values exactly with the naked eyes. Im-
portant data for the following analysis are summarized
in Table 5. It should be noted that all the test results
shown in Table 5 are the average values for each loading
step. It is assumed that constant load is applied at the
specific load line displacement rate in calculating K.

The CGR was calculated using Eq. (7) and compared
with the test results listed in Table 5. The appropriate
value of m is close to 0.6, which was determined from
Ref. [5]. In order to investigate the effect of the charac-
teristic distance on cracking behavior, three values of 7y,
3,7, and 10 pm, were used. Fig. 6 shows a comparison
between the measured and calculated CGR for the three
cases of the characteristic distance. It can be seen that
there is not much difference in the calculated CGR for
the specified value of the characteristic distance while a
small variation of the characteristic distance brings
about significant changes in the CGR. This is because
the term (1/ry) predominates over (2K/K) shown in

K (MPam®S/s) CGR (mm/s) Percentage of 1G
cracking
2.92x1073 1.1x10°° 0
6.94x10°¢ 5.9%1077 5
4.41x10°° 4.5%1077 70
3.85%1073 2.2x107° 0
10°°

mor=3um

® r=7um

A r=10um
3
IS 6 nm - ]
E 107}
n:o
O
O ) ° )

. AA A A
7 %IG705 0 0
107 L= R R
107 10° 10°
CGR, ... (mm/s)

Fig. 6. Comparison between measured and calculated CGR as
a function of characteristic distance. All data — measured CGR
and % IG cracking, were obtained from Ref. [31]. The diagonal
dashed line is provided as a guide to the eye.

Eq. (6). One thing to be noticed about this calculation is
that it is likely that there is a correlation between the
characteristic distance and the % IG cracking. The cal-
culated CGR corresponds well with the measured CGR
at a small characteristic distance (3 um) when trans-
granular cracking is dominant. At a relatively large
characteristic distance (7 pm), both results show a good
agreement in the higher % IG cracking region. The de-
pendency of the characteristic distance on the cracking
mode might account for the determination of the accu-
rate size of the characteristic distance.

5.2. Physical significance of the characteristic distance

It is worth discussing the physical significance of the
characteristic distance in the cracking event. It has been
suggested that, due to the environmentally assisted
cleavage mechanism [7], the crack in the oxide film can
proceed for a significant distance into a ductile matrix
before coming to a stop. The assumptions about this
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suggestion are: the interface between the film and the
matrix is coherent, or the film is strongly bonded to the
matrix. Estimates of the extent of the crack arrest dis-
tance into a matrix were made by applying the law of
energy conservation in conjunction with a microscopic
crack arrest condition for face-centered cubic materials
[32]. The extent of crack jump distances is on the order
of 1-10 um. The characteristic distance derived in this
study lies in this range. However, there is no clear evi-
dence that the crack jump distance is related to the
characteristic distance in this study except that it is of
comparable magnitude.

Another explanation for the characteristic distance is
as follows. Basically, the strain rate should be defined at
the very tip of a crack. However, strain approaches in-
finity as the distance goes to zero. It is assumed that a
certain region exists ahead of a crack tip within which
strain has the same value. Hence, the crack tip strain
rate may be represented by a certain value at a crack
over the characteristic distance.

6. Conclusion

1. The theoretical SCC equations have been imple-
mented in estimating the CGR in austenitic stainless
steels in high-temperature oxygenated water.

2. The characteristic distance, one of the unknown vari-
ables included in the equation, was determined quan-
titatively by SSRT test results and numerical
calculations. The size is on the order of several mi-
crometers.

3. The CGR under constant load was calculated by
using the theoretical SCC equation and the deter-
mined characteristic distance. The comparison of
calculation with experimental CGR shows a fair
agreement in relatively high quality water environ-
ments, indicating the applicability of the theoretical
SCC equations for quantification of CTSR and
CGR of stainless steel in high temperature oxygen-
ated water.

4. Tt is probable that the size of the characteristic dis-
tance is related to the cracking mode. When IG
cracking is dominant, the relatively higher value of
the characteristic distance presents reliable results.
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