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Abstract

This study evaluates the nucleation criterion for intergranular stress corrosion cracking
(SCC) on a smooth surface of type 304 austenitic stainless steel from a mechanical viewpoint. SCC
testing was conducted under a constant load, and microscopic strains on a smooth surface were
measured in situ by the digital image correlation technique. The initiation period and site of
intergranular cracks were estimated from the change in the microscopic strain distribution near grain
boundaries (GBs), and the crack initiation was evaluated using strains at GBs just before cracking.
As a result, the initiation of an intergranular crack could be characterized by evaluating only the
maximum normal strain along the GB. The criterion for crack initiation was determined to be a

maximum normal strain > 0.01 from the viewpoint of local strain.
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1. Introduction

Structural integrity in chemical plants, power plants, etc. is assessed to ensure their safe use
during long-time service. It has been reported that accidents are caused by the failure of structural
components, by mechanisms such as fatigue, corrosion, stress corrosion cracking (SCC), and creep,
and their remaining service life should be evaluated taking failure mechanisms into account. Among
them, much attention has been paid to fatigue and SCC, because failures that occur from
micro-cracks are difficult to detect by non-destructive inspection. Failures related to cracking are
evaluated by studying crack initiation and crack propagation to estimate the service life of structural
components. Techniques based on the mechanics of materials (stress- and strain-based approaches)
are applied to evaluate the service life of smooth components [1-3], and techniques based on the
fracture mechanics approach (stress intensity and J integral) are applied to evaluate the service life of
flawed components [4-8]. In power plants, in order to evaluate the remaining service life of a
component with a crack detected in periodic inspection, fracture mechanics approaches have been
applied [9,10]. The time to crack initiation on a smooth surface, however, accounts for a large
proportion of the total service life and should be considered in order to evaluate the total service life.

We have focused on evaluation of the service life of structural components influenced by
SCC. It is well-known that SCC behaves in a hierarchical manner: the initiation, growth and
coalescence of multiple micro-cracks, followed by macro-crack growth [11]. Hence, we developed a
Monte Carlo simulation technique taking account of such multiple processes, from micro-crack
initiation to macro-crack growth [12,13]. The technique considers the following three processes:
micro-crack initiation, crack coalescence, and crack growth. Crack initiation is assumed to be a
stochastic process, and the crack initiation period, site, and crack size are determined using random
numbers. On the other hand, crack coalescence and growth are assumed to be deterministic processes,
and these are dealt with based on a fracture mechanics approach. In this simulation, the size of an
initiated crack is determined based on the microstructure of the material, and a crack is assumed to
be initiated along a whole grain boundary (GB). The elementary process of crack initiation on a
smooth surface of the material is not considered, and a criterion for crack initiation should be

formulated to improve the simulation.



SCC occurs under the conjoint action of material, aggressive environment, and mechanical
forces, and the crack initiation criteria should be investigated from these influencing factors. From
the environmental viewpoint, the influence of temperature and ionic impurities on crack initiation
behavior was discussed [14-16]. From the material viewpoint, the susceptibility to SCC has been
investigated using GB structures and networks measured by the electron backscatter diffraction
(EBSD) technique. Gertsman and Bruemmer [17] tried to clarify the initiation of intergranular cracks
and pointed out that it is impossible to discuss crack initiation using only the GB structures based on
the coincidence site lattice (CSL) model. Rahimi and Marrow [18] and Fuijii et al. [19] pointed out
that GB structure and grain size significantly influenced the susceptibility to intergranular SCC in
type 304 stainless steel. Rahimi et al. [20] and Liu et al. [21] investigated the influence of GB
network on SCC susceptibility in type 304 stainless steel and type 316 stainless steel, respectively,
and demonstrated that SCC resistance could be improved by increasing the fraction of twin (X3)
boundaries. From the mechanical viewpoint, some approaches have been applied to characterize the
nucleation of SCC. West and Was [22] investigated the initiation of an intergranular crack based on
normal stress acting at a GB. To calculate the normal stress at a GB, they proposed a simple
technique, the Schmid-modified grain boundary stress (SMGBS) model, based on only the Schmid
factors for two grains neighboring the GB. They pointed out that an intergranular crack occurs at a
highly normal-stressed GB. Stratulat et al. [23], Zhang et al. [24] and Fujii et al. [19] also discussed
crack initiation in austenitic stainless steel using the SMGBS model, and reached conclusions similar
to those in Ref. 22. Johnson et al. [25] measured the microscopic stress using high-resolution EBSD
technique, and developed a criterion for crack initiation in irradiated Fe-based alloys using normal
stress acting at a GB. On the other hand, West et al. [26,27] investigated the influence of local strain
around a GB on crack initiation. Mcintyre et al. [28] and Ulaganathan et al. [29] also evaluated the
relationship between SCC behavior and local strains at GBs in Ni-based alloy and copper-zinc alloy,
respectively. They pointed out that the local strains play an important role for crack initiation and
propagation. So far, the applicability of stress-based approach and/or strain-based approach to stress
corrosion crack initiation is still controversial.

We focused on the strain-based approach to characterize stress corrosion crack initiation and

used the digital image correlation (DIC) technique to measure local strains at GBs because the strains
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could be directly measured [30]. The results showed that crack initiation tended to be characterized
by the normal strain at a GB, and a GB with only slight tensile normal strain might be cracked,
which is somewhat questionable. In the study, crack initiation was characterized using local strains
measured before SCC testing. The strains, however, redistribute during testing due to time-dependent
deformations such as creep and cracking, and this effect on crack initiation is ignored. Hence, crack
initiation must be characterized using mechanical quantities just before crack initiation at a GB. To
measure strain in situ in a corrosive environment, the DIC technique is quite useful. Rahimi et al.
[20], Stratulat et al. [23], and Bolivar et al. [31] applied DIC to detect SCC nucleation. Aswad and
Marrow [32] also applied DIC to investigate intergranular crack initiation, but they did not evaluate
the relationship between crack initiation and local strains. It is expected that the time to crack
initiation can be evaluated if a strain-based approach to characterize stress corrosion crack initiation
is established.

This study proposed a criterion of intergranular stress corrosion crack initiation on
sensitized austenitic stainless steel from a mechanical viewpoint. SCC testing was conducted, and
microscopic strains on a smooth surface of a specimen subjected to constant loading were measured
in situ using DIC. The crack initiation at GBs was investigated by comparing the local strains at

cracked and uncracked GBs.

2. Experimental procedure
This section describes the procedures of specimen preparation and SCC testing used in this
study, some of which are similar to those used in our previous studies [19,30]. See the previous

reports for details on the procedures.

2.1 Material and specimen

This study used type 304 austenitic stainless steel, whose chemical composition and
mechanical properties are listed in Table 1. The steel was heat-treated at 1100°C for 1 h for
solutionizing, and then at 700°C for 2 h and 500°C for 24 h for sensitizing. The sensitization ratio of
the steel was 29.3%, which was measured by the electrochemical reactivation testing technique

(Japanese Industry Standard (JIS) G 0580). Tensile specimens were made from the heat-treated bulk
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steel by wire electrical discharge machining (EDM). Figure 1 shows the dimensions of a tensile
specimen, which has a 1x1 mm rectangular observation area. All surfaces were ground with emery
paper up to #2000 to remove the altered layer created by wire EDM. Then, only the observation area
was mirror-polished with diamond paste with a 0.3 um particle size. The specimen coordinate
system was set as the loading direction (x), normal to the loading direction (y), and normal to the
specimen surface (z).

The DIC technique was applied to characterize the initiation of intergranular corrosion
cracks based on strains at a GB. The strains were calculated using the open-source software Ncorr
[33], and the conditions of the DIC technique are shown in Table 2. A random pattern needs to be
formed on a specimen surface to apply the DIC technique, and the pattern has been generally created
by use of black and white paint [34,35]. Such a pattern, however, protects against SCC occurrence
because the paint behaves as an insulating coating, and this technique is inappropriate for applying in
situ strain measurement during SCC testing. Hence, we created a random pattern on the specimen
surface using an etch pit technique proposed by Stratulat et al. [23]. The observation area was etched
in a mixed acid solution of 92% acetic acid and 8% perchloric acid at 13 V for 35 s using a constant
power source (POLIPOWER, Marumoto Struers K.K.). Figure 2 shows an example of the etched
surface of the specimen, and etch pits and IGC grooves are observed. The etch pits were formed at
the sites of lattice defects in the grains, and the corrosion grooves were formed at GBs with high
susceptibility to IGC, such as high-angle random boundaries [36]. Although corrosion grooves were
not desired during the conducting of SCC testing and application of DIC for strain measurement, it
was impossible to create a random pattern consisting of only etch pits without corrosion grooves.
Note that it may be impossible to observe SCC behavior in situ using an etched specimen, because
SCC may occur at corrosion grooves formed at the GBs with high IGC susceptibility. Appendixes A
and B explain the measurement of strain by DIC using this random pattern in detail, and the

influence of the geometry of corrosion grooves on strain distribution, respectively.

2.2 SCC testing apparatus
Figure 3 illustrates a schematic of the laboratory-made tensile testing apparatus. The

specimen is inserted inside a plastic tube, and constant tensile loading can be applied with a
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compressive spring. Prior to testing, all surfaces of the specimen except for its observation area are
coated with plastic. Due to the tube and plastic coating, only the observation area is immersed in a
corrosive solution. This specimen setting leads to SCC occurrence being inhibited outside of the
observation area, and surface changes, such as surface deformation and SCC occurrence, can be
observed in situ through a glass plate with an OM (MS-Z420. Asahi Kogaku Manuf. Co., Ltd.).
During testing, the applied strain is measured by a strain gauge, which is attached to the back surface

of the observation area.

2.3 Experimental

After creating the random pattern within the observation area, a plastic coating was formed
on all the specimen surfaces except for the observation area, and then the specimen was placed in the
testing apparatus. A corrosive solution, which was a 1% tetrathionate solution with a pH of 3.0, was
poured into the plastic tube. A tensile load was applied corresponding to an initial strain of 1%,
measured with the strain gauge attached to the back surface of the observation area. During testing,
images of the observation area were taken every 0.5 h, and the distributions of strains were
calculated by DIC. SCC testing was performed at room temperature (RT), and terminated after a
testing time of 24 h. After testing, the plastic coating was removed with acetone, and the cracked
surface was observed by scanning electron microscopy (SEM, VE-9800, Keyence). The relationship
between microscopic strains at GBs and crack sites was investigated. Three specimens were tested in

the same experimental conditions.

3. Results and discussion
3.1 Crack profile and strain distributions

Figure 4 shows images of the observation area during testing. As explained above, although
changes in the random pattern on the surface are observed, SCC behavior, such as crack initiation
and growth, cannot be observed. Figure 5 shows SEM micrographs of the specimen, which
correspond to the image shown in Fig. 4(b). Several cracks are observed at only the IGC groove
bottoms, and tend to be preferentially initiated at the GBs normal to the loading direction. From a

viewpoint of influence of GB structure on crack initiation, the cracks may be initiated at only the
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GBs with high IGC susceptibility because IGC groove is formed along GBs with high IGC
susceptibility [36]. The crystal orientation in the vicinity of GBs could not be measured using EBSD
technique due to the IGC groove, and the influence of GB structure on crack initiation was not
further discussed. This was previously discussed in detail using EBSD technique by several
researchers, as explained in the introduction.

Figures 6 and 7 show the distributions of strains &, &y, and /2 on the observation area at
0 h and 12 h, respectively. Although a uniform strain was macroscopically applied, microscopic
strains were distributed heterogeneously due to anisotropic grain deformation, such as slip
deformation. The strain distributions changed slightly as the loading time proceeded. These strain
changes would be caused by creep and cracking: it is well known that creep deformation occurs at
RT in austenitic stainless steels [37], and crack initiation and growth result in the redistribution of
microscopic strains around a crack site. Note that the surface roughness increased as time proceeded,
and the area in which the strains could not be calculated by DIC expanded.

The crack initiation period could not be detected by in situ observation, as mentioned above.
Hence, the period was estimated from the viewpoint of strain distribution. If a crack is initiated at a
GB, the following changes in strain distribution near the GB occur: strains along the GB are
decreased due to elastic unloading at crack planes, while strains near the GB ends are increased due
to the stress/strain concentration, because the GB ends become crack tips. Figure 8 shows an
example of the strain distribution & around the GB shown in Fig. 5(b) at the immersion times of 9 h
and 10 h. Although little change in strain distribution along the GB is observed, the strain remarkably
increases at the upper GB end. The crack seemed to be initiated between the immersion times of 9 h

and 10 h. In similar fashion, the initiation periods of all cracks observed by SEM were determined.

3.2 Criterion for crack initiation

Normal and shear strains along a GB were calculated to characterize crack initiation,
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where @ is the angle between a GB and a plane normal to the tensile direction, and ¢ and yo are
normal and shear strains along a GB, respectively. Each GB was assumed to be straight for the sake
of simplicity. Figure 9 shows the normal and shear strain distributions along the GB shown in Fig. 8
at the immersion time of 9 h. The strains at sites where they could not be measured were estimated
by interpolation from the strains at neighboring sites. As mentioned in Sec. 3.1, normal and shear
strains were distributed heterogeneously. In our previous study [30], a crack was found to occur at a
site in a GB where the normal strain is high, and then grow along the whole GB. In this study,
however, we were not able to observe any crack initiation behavior in detail. Assuming that the crack
initiation behavior was similar to the results of the previous study, crack initiation was characterized
using the maximum normal and shear strains. Figure 10 shows the histograms of the number of GBs
versus maximum normal and shear strains at cracked GBs and all GBs (cracked and uncracked GBs).
The numbers of cracked, uncracked and all GBs are denoted by nc, nunc, and nan (=Nc+Nunc),
respectively. For cracked GBs, the maximum strains at 11 cracked GBs in total just before crack
initiation were used. For uncracked GBs, we selected 35 uncracked GBs at random, and their normal
and shear strains at 24 h were used. For characterization using maximum normal strain gmax,
although the histogram of all GBs was bell-shaped, that of the cracked GBs had a threshold at the
maximum normal strain emax 0f 0.01. Only the GBs subjected to greater than the threshold strain
(emax > 0.01) would be cracked. The average values of maximum normal strains for cracked and all
GBs were 0.034 and 0.019, respectively. On the other hand, for characterization using the maximum
shear strain ymax/2, the shapes of both histograms were approximately bell-shaped. The average
values of maximum shear strains for cracked and all GBs were 0.020 and 0.023, respectively, which
are almost the same. Consequently, the initiation of an intergranular stress corrosion crack is affected
by only the normal strain from the viewpoint of strain distribution, and it would be possible to
characterize this using the maximum normal strain emax along a GB.

Figure 11(a) shows a histogram of the probability of cracked GBs versus maximum normal
strain emax, Which is defined as the ratio of the number of cracked GBs to the total number of GBs,
Ne/nan. Although no GBs were cracked when emax < 0.01, intergranular cracks tended to be initiated
when emax > 0.01. This result suggested that the criterion for crack initiation is a maximum normal

strain of 0.01 at a GB. Note that the probability of crack initiation nc/nan was overestimated, because
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the number of uncracked GBs nunc within the observation area is actually larger than the number
used, due to the random selection of uncracked GBs in this experiment.

We plotted the relationship between nc¢/nan versus emax Without taking strain redistribution
into account, as shown in Fig. 11(b). The previous results concluded that the probability increased
with increasing emax When emax > 0, while no GBs were cracked when gmax < 0. This means that the
crack initiation criterion (threshold strain) at a GB was emax = 0, and this is somewhat questionable
because this implies that a crack may be initiated at any GB subjected to a small amount of tension.
In this evaluation, we characterized the crack initiation using the maximum normal strain emax at
GBs measured at the beginning of SCC testing, and this result would be caused from the lack of
consideration of the redistribution of strains due to creep and cracking. As shown in Figs. 6 and 7,
the strain distributions actually change as time proceeds. Even if strains at a GB are low at the
beginning of testing, the strains may become higher during testing due to creep and cracking: the
strain condition for crack initiation may be underestimated. Hence, the criterion proposed in this
study is reasonably effective, because the strain state just before cracking is considered.

In this criterion, the threshold strain was determined as emax = 0.01, but some GBs subjected
to higher normal strain were uncracked. Johnson et al. [25] also successfully determined the
threshold stress acting on GBs for SCC nucleation in irradiated steel. Similar to our study, however,
some GBs subjected to normal stress higher than the threshold stress were also uncracked. These
criteria were developed from only the mechanical viewpoint, but other factors such as
electro-chemistry and reaction formation near GBs must influence SCC behavior. In this study,
although SCC occurred at GBs with high IGC susceptibility, the influence of IGC susceptibility on
crack initiation was ignored. More investigation is needed to establish a criterion taking account of

such influencing factors.

4. Conclusion

SCC testing was conducted on sensitized type 304 austenitic stainless steel in a tetrathionate
solution, and microscopic strains were measured during testing in situ. SCC nucleation on a smooth
surface was discussed on the basis of strains at GBs just before cracking. The results indicated that

stress corrosion cracks preferentially occur at GBs with higher maximum normal strain. The
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initiation of stress corrosion cracking can be characterized only by the maximum normal strain, not
the maximum shear strain. The criterion for crack initiation along a GB was determined to be a

maximum normal strain emax > 0.01 from a mechanical viewpoint.

Appendix A

This section demonstrates the accuracy of strains measured by the DIC technique used in
this study. We created a random pattern on a smooth specimen surface by the etch pit technique, as
shown in Fig. 2. As mentioned in Sec. 3, the etch pits were randomly formed in grains and a
corrosion groove was formed at GBs. The tensile testing shown in Fig. A.1 was preliminarily
conducted in the corrosive solution, and the accuracy of the strains measured by this technique was
evaluated. A random pattern with an area of 1x1 mm was formed on the upper surface, and strain
gauges with a length of 1 mm were attached to the upper and lower surfaces of the specimen. Note
that the random pattern area was set as the gauge size. It is expected that the average value &;° of
strain &x measured by DIC is equal to the strain measured by a strain gauge attached to the upper
specimen surface &' when the stain measured by DIC is accurate. Figure A.2 shows a stress-strain
curve obtained using the tensile testing apparatus. The horizontal axis represents the applied strain
£PP which is the average strain measured with the strain gauges at the upper and lower surfaces (&
and &). During testing, tension was intermittently loaded, and images of the observation area were

taken at strain increments of 0.2%.

ave
XX

Figure A.3 shows the error &5°/&" as a function of the strain &'. When the applied strain
was small, the average strain obtained by DIC was not comparable to the strain obtained by the strain
gauge. As the strain increased, the average strain measured by DIC approached the strain measured
by the strain gauge. The difference between them was less than 10% when the applied strain was
greater than 0.6%. Hence, the strains measured by DIC in this study were accurate because we used

an initially applied strain of 1.0%. Note that this result is almost the same as in our previous

experiment [30] in which micro-sized drops of silicone oil were used as a random pattern.

Appendix B
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The DIC technique calculates strains on a surface on the basis of the movement and
deformation of a random pattern. In this study, the random pattern consisted of micro-sized dimples
and grooves, which were very shallow, as shown in Fig. B.1. We used the dimples and grooves as a
random pattern, and the strain concentration near their bottoms was ignored. This is understood from
the fact that the average strain in the loading direction measured by DIC agrees with the strain
measured by strain gauge, as shown in Appendix A. On the other hand, SCC nucleation may be
influenced by the local strain.

In this section, the strain concentration at a shallow groove on a smooth surface is evaluated.
When a corrosion groove is parallel to the loading direction, there is no stress concentration. As a
corrosion groove becomes inclined to the loading direction, strain concentration occurs at the groove
bottom. Then, the strain concentration is the highest when the corrosion groove is normal to the
loading direction. Hence, for the sake of simplicity, only the worst case, in which a corrosion groove
is normal to the loading direction, is investigated: a two-dimensional problem of a single side notch
in a semi-infinite plate under tension is discussed. Moreover, the plate is assumed to be made of a
homogeneous isotropic material, and the influences of material anisotropy and GB (an interface
between dissimilar materials) on stress/strain distributions are ignored. The following should be
noted: in an elastic body, the stress concentration and strain concentration factors are the same, and
these are referred to Kt. The value of Kt can be found in some handbooks. On the other hand, in an
elastoplastically deformed body, the strain concentration factor K. becomes larger that the stress
concentration factor K+ because stress relaxation occurs due to plastic deformation. We determined

the strain concentration factor K. by Neuber’s rule and the stress-strain curve of the steel [38,39]:

K2=K,K,_, (B.1)
K, =Zmox K= Tmax (B.2)
gn o-n

where gmax and &n are the maximum strain at a notch root and nominal strain, respectively, and omax
and on are the maximum stress at a notch root and nominal stress, respectively.

We observed the shapes of corrosion grooves by cutting the specimen with a random pattern,
and the depth and width of corrosion grooves were measured. Table B.1 shows a summary of the

groove geometry, elastic stress/strain concentration factor K, and plastic strain concentration factor
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K. Note that the value of Kt was calculated using the simple method proposed by Takase et al. [40]
As a result, the value of K. is 4.7, which is fairly large. Hence, the strain concentration of the random
pattern used in this study ranged from 1 to 4.7, which depends on the directions of loading and the
groove. The influence of the strain concentration on SCC nucleation remains to be clarified, and

more investigations are needed on this topic.
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Fig. 3 Setup for constant-load (SCC) testing.

Figure and Table: 2



Load direction

.
-

. w'}‘.#t;_? ¥ "a :

| 200um

(b) 24 h

Fig. 4 In situ observation during testing (tensile strain of 1%).
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Fig. 5 SEM micrographs of the specimen after testing.
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Fig. 6 Strain distributions at O h.
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Fig. A. 2 Stress-strain curve and measurement condition of DIC

Figure and Table: 11



1.5 .

&y lg"
i
|
¢
|

°
|
|
|
|
|
|

Error of =10%

O ] 1 1 1
0 0.003 0.006 0.009 0.012 0.015
Strain measured by strain gauge, &

Fig. A. 3 Comparison of tensile strains measured by strain gauge and DIC.

Figure and Table: 12



Fig. B.1 Details of a corrosion groove.
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Tables

Table 1 Chemical composition (mass%) and mechanical properties of the steel used.

C Si Mn p S Ni Cr Fe
0.06 0.47 0.87 0.03 0.003 8.05 18.16 Bal.

0.2% offset stress, MPa  Tensile strength, MPa Elongation, %
206 520 40

Table 2 Conditions of strain measurement by DIC

Software Ncorr
Strain Euler-Almansi strain
Pixel resolution, um 0.54
Subset sizes, pixel 91
Subset spacing, pixel 7
Observation area, pixel 1900 x 1900

Table B.1 Groove shape and strain concentration factors.

Depth, um 2.5
Width, pm 6.6
Curvature radius, pm 8.5
Kr 2.1

Ke 4.7
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