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Mechano-Chemical Polishing of Alloy 600 for Accelerated Crack Initiation in
Simulated PWR Primary Water Environment and Three-Dimensional

Crystallographic Characterization

Ki-Taek Jung, Hiroaki Tsuchiya and Shinji Fujimoto

Division of Materials and Manufacturing Science, Graduate School of Engineering, Osaka University, Suita 565-0871, Japan

In this study, we propose a simple approach to accelerate crack initiation in intergranular stress corrosion cracking (IGSCC) of Alloy 600
in a simulated pressurized water reactor (PWR) primary water environment. In addition, we perform three-dimensional crystallographic
characterization of the crack initiation by electron backscatter diffraction (EBSD). Initiation of IGSCC of the alloy in the PWR primary
environment was realized for a flat tensile specimen in a considerably short time through a slow strain rate test (SSRT). The accelerated initiation
was attributed to the asperity of the alloy surface induced by mechano-chemical polishing with colloidal silica suspension before the SSRT was
conducted. Following the SSRT, the specimen surfaces were covered with thick oxide films, which prevented EBSD measurements. The
sputtering of thick oxide films enabled us to characterize cracks with EBSD, thus yielding important information on IGSCC. Finally, an approach

for three-dimensional characterization of crack initiation is discussed.

[doi:10.2320/matertrans. MT-M2019275]

(Received September 27, 2019; Accepted April 7, 2020; Published May 22, 2020)

Keywords: intergranular stress corrosion cracking, Alloy 600, pressurized water reactor, three-dimensional characterization

1. Introduction

Alloy 600 is employed in pressurized water reactors
(PWRs) for steam generator tubing and other structural
materials. However, the alloy suffers from intergranular stress
corrosion cracking (IGSCC). Therefore, the initiation and
propagation of IGSCC in PWR primary environments have
been investigated extensively.!”'® In addition, the effects
of the microstructure, precipitate, and dislocation on the
initiation and propagation of cracks have been studied by
characterizing the alloy surface or substrate where cracks
initiate and/or propagate using scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Auger
electron spectroscopy (AES), energy dispersive X-ray
spectroscopy (EDS), atom probe tomography (APT) and
secondary ion mass spectroscopy (SIMS).!5-7:10.16.18)

Electron backscatter diffraction (EBSD) is an SEM-based
diffraction technique that provides crystallographic informa-
tion of grains in crystalline materials. Thus, the technique
has been widely applied to characterize, for example, the
plastic strain of stainless steel and nickel-based alloys.!*2)
It also has been recently adopted to characterize stress
corrosion cracking of Alloy 600 in high-temperature water.
Young et al. successfully obtained the grain boundary map,
Euler angle image, and misorientation map around a stress
corrosion cracking (SCC) crack generated on Alloy 600 in
hydrogenated water at 360°C.!'" Hou et al. also investigated
the grain boundary map and Kernel average misorientation
map near an SCC crack on Alloy 600 exposed to a corrosive
solution consisting of sodium hydroxide, lead oxide, and
pure water at 330°C. They explained that the high dislocation
density and strain concentration induced by cold work
promoted crack propagation.'¥ Both studies examined the
cross-sections of the specimens and focused on crack
propagation rather than on crack initiation. Although the
SCC of Alloy 600 has been studied according to various
aspects such as slip dissolution, internal oxidation and
hydrogen embrittlement, the initiation of cracks has not been

crystallographically examined. To the best of our knowledge,
crystallographic evaluation of crack initiation on nickel-based
alloys in high-temperature and high-pressure water environ-
ments has not been reported. In order to characterize the
crystallographic features of the initiated crack, top-view
observation is required. However, simulating IGSCC of Ni-
based alloys such as Alloy 600 on the plane surface of a
specimen is not easy. Furthermore, as the exposure of Alloy
600 to high-temperature water leads to the formation of
relatively thick oxide layers on the alloy surface,”??® clear
diffraction patterns of the underlying substrate alloy cannot
be acquired from EBSD measurements. We previously
proposed a procedure to initiate intergranular cracks on the
plane surfaces of Type 316L stainless steel and Alloy 600,
and demonstrated that EBSD analysis could be performed on
the surfaces.??

Herein, the crystallographic approach based on EBSD
measurements is presented in greater detail for Alloy 600
exposed to a simulated PWR primary water environment.

2. Experimental

The material examined was a 2-mm-thick Alloy 600 sheet,
the chemical composition of which is listed in Table 1. The
mill-annealed Alloy 600 sheet was cold-worked with a
reduction rate of 10%. A tensile specimen with the gauge
section of 4mm wide by 2mm thick and 10 mm long was
cut from the sheet by using an electric discharge machine,
and the specimen was mechanically ground with SiC
abrasive papers up to #2000. This was followed by
successive polishing with 9- and 1/4-um diamond paste
and mechano-chemical polishing with colloidal silica
suspension for 20 min. The surface of the specimen was
examined by Atomic Force Microscope (AFM) and Field
Emission Scanning Electron Microscope (FE-SEM) after the
mecho-chemical polishing.

A slow strain rate test (SSRT) was performed on the Alloy
600 specimen in a simulated PWR primary water environ-
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Table 1 Chemical composition of Alloy 600 (mass%).
Element C Si Mn Ni Cr Fe P S
mass % 0.01 0.31 0.36 75.01 15.71 7.35 0.009 <0.001

Fig. 1

(b)

SEM images of Alloy 600 surface (a), (b) before and (c), (d) after an SSRT in the simulated PWR primary environment: (a), (c)

without polishing by colloidal silica suspension, (b), (d) with polishing by colloidal silica suspension.

ment. A solution containing 500ppm B and 2ppm Li as
H;BO; and LiOH, respectively was controlled at a temper-
ature of 633 K with a dissolved oxygen concentration of less
than 1 ppb and dissolved hydrogen concentration of 0.5 ppm.
Furthermore, the pressure of the solution was controlled at
20 MPa during the SSRT. This environment is often used to
simulate a PWR primary side water. The tensile specimen
was elongated in the environment up to a strain of 10% at a
rate of 5 x 1077 s~ and was held under this strain for 50h.

After the SSRT, the specimen was characterized by FE-
SEM and EBSD. Prior to EBSD characterization, the surface
of the specimen was sputtered by Art ions to remove the
thick oxide films formed in the PWR primary environment.
An EBSD measurement was performed for an area of
250 x 250 um? with a step size of 1 um on five locations at
an accelerating voltage of 25kV. In this work, the grain
boundaries, where cracks initiated during the SSRT, were
crystallographically analyzed. In order to perform the
analysis, SEM images were captured at the same location
at which EBSD was conducted. In the analysis, locations
with misorientations greater than 15° (high-angle grain
boundary) were defined as the grain boundary. In general,
as cracks initiate and propagate inside a material along the
grain boundary in IGSCC, crystallographic information of

the grain boundary inside the material is required to better
understand IGSCC. Therefore, three-dimensional character-
ization of crack initiation based on EBSD was conducted in
this study. Recently, the serial sectioning approach has been
applied to three-dimensional analysis of the microstructures
of polycrystalline materials and of surface oxidation.?>?® In
this study, gentle polishing with colloidal silica suspension
and subsequent EBSD characterization were repeated at the
same locations, which enabled us to obtain crystallographic
data at different depths. In addition, triangular pyramidal
indentations were introduced on the specimen surface and
used as markers to estimate the displacement of grain
boundaries by overlapping the grain boundary maps obtained
by EBSD at different depths. These crystallographical
analyses of cracks were carried out at five different locations
on one specimen, and thereby, dozens of cracks were
crystallographically characterized.

3. Results and Discussion

Figure 1 shows typical SEM images of Alloy 600 surfaces
before and after SSRTs were conducted in the simulated
PWR primary environment. The alloy specimen shown in the
images was cold-worked with a reduction rate of 20% prior
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to the SSRTs. In the SSRTs, the specimens were elongated
once up to the tensile strain of 10% and then the strain was
released. In other words, the specimen was not held under
the strain for 50h in this case. As shown in Fig. 1(c),
practically no cracks were observed for the specimen
polished without colloidal silica suspension. By contrast, as
shown in Fig. 1(d), many cracks were formed on the
specimen polished with colloidal silica suspension. The
initiation of IGSCC on Alloy 600 was already achieved by
Totsuka et al?® on a tensile specimen in a laboratory
experiment, but a ridge was introduced on the gauge section
of the tensile specimen to enhance the initiation of IGSCC.
To the best of our knowledge, this study is the first case in
which the initiation of IGSCC was realized by SSRT on a
“flat” tensile specimen of Alloy 600. We previously reported
that intergranular cracks were initiated on a non-sensitized
Type 316L stainless steel during an SSRT in a dilute sodium
sulfate solution at 561 K.??) The surface of the stainless steel
was also polished with colloidal silica suspension prior to
the SSRT. This indicates that polishing with colloidal silica
suspension facilitates the initiation of IGSCC. By contrast,
the transgranular stress corrosion cracking (TGSCC) occurred
on the non-sensitized stainless steel polished without
colloidal silica suspension under the same condition.?”)
Figure 2(a) presents an AFM image of the surface of Alloy
600 specimen prior to the SSRT. The image reveals an
uneven textured surface of the alloy. However, no trenches
were formed at the grain boundaries. The back scattered
electron (BSE) image and inverse pole figure (IPF) map
obtained at an identical location are shown in Figs. 2(b) and
2(c), respectively. The images clearly show that the surface
asperity reflects crystallographic orientation, which is
consistent with the observation for Alloy 22.39 It was found
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that crystallographic orientation causes different dissolution
rates of the alloy substrate during its mechano-chemical
polishing with colloidal silica suspension, which results in
this asperity. The asperity indicates that small steps are
present at the grain boundary as schematically shown in
Fig. 2(d). These small steps cause stress concentration at the
grain boundary, leading to crack initiation. Therefore, it can
be concluded that the microscopic asperity as shown in
Fig. 2(a) facilitates the initiation of IGSCC. From these
results, one can deduce that the initiation of IGSCC of Alloy
600 under practical operation might be attributed to the
asperity generated as general corrosion by the long-term
exposure to a PWR primary environment because of the
difference in the dissolution rate based on the crystallo-
graphic orientation of grain.

Although this work was conducted to examine the crack
initiation on Alloy 600 in a simulated PWR primary
environment based on crystallographic information, this type
of information could not be obtained from the specimen
immediately following the SSRT. As shown in Fig. 3, the
specimen surface was covered with an oxide film and many
corrosion products. Based on our previous study,”) a
relatively thick oxide film was formed on the mill-annealed
Alloy 600 during 24-h immersion in a similar PWR primary
water environment. In the study, the thickness of the oxide
film was estimated to be approximately 24nm from the
intensity attenuation of the Ni metallic peak of the substrate
in the hard X-ray photoelectron spectra. The oxide film
formed during the SSRT in this study was thicker than the
previously reported oxide film on the mill-annealed Alloy
600. This was because the exposure time of Alloy 600 to the
simulated PWR primary environment in this work was much
longer than that in the previous work. The thick oxide film on

(b)

(d)

Fig. 2 (a) AFM image of Alloy 600 surface prior to the SSRT, (b) topography and (c) IPF map obtained at the same location,
(d) schematic drawing of cross-view of grains near the alloy surface.
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Fig. 3 SEM image of a crack formed on the Alloy 600 surface following
an SSRT in the simulated PWR primary environment.

the Alloy 600 surface prevented the measurement of electron-
backscatter patterns from the underlying substrate. Therefore,
the oxide film formed under the high-temperature and high-
pressure water environment was removed by Ar" ion
sputtering.

Figure 4(a) shows the SEM image of the Alloy 600
specimen after sputtering. Note that the horizontal direction
of the image is parallel to the loading axis of the SSRT. It
was evident that the thick oxide film and corrosion products
were removed by sputtering, and cracks were clearly
observed on the surface after sputtering. More importantly,
all cracks were observed at the grain boundaries, indicating
that IGSCC occurred on the alloy. Furthermore, many of the
cracks initiated approximately perpendicular to the stress
axis. Figure 4(b) shows the IPF map of the same location
shown in Fig. 4(a). A clear IPF was obtained for the surface
of the Alloy 600 specimen after the SSRT. Analysis of
crystallographic data with the corresponding SEM image
reveals the crystallographic features of IGSCC.

Figure 5 summarizes the probability of crack initiation
calculated for the grain boundary with respect to the
misorientation angle at the grain boundary. The probability
of crack initiation was defined as the ratio of the number
of cracked grain boundaries to the total number of grain
boundaries for each range of misorientation angle. Fur-
thermore, the probability can be summarized for the two
categories of grain boundaries, that is, the random and
coincidence site lattice (CSL) boundaries. On the alloy used
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Fig. 5 Probability of crack initiation calculated for random and CSL
boundaries against various misorientation angle ranges estimated with
EBSD.

in this work, three types of CSL boundaries, namely X3, X9,
and ¥27, were recognized, with the calculated misorientation
angles of 60°, 38.9°, and 31.6°, respectively. The figure
indicates that the probability of crack initiation strongly
depends on the type of grain boundary. In other words, cracks
initiate more readily at the random grain boundary than at the
CSL boundary. In addition, for the random boundary, the
probability of crack initiation is higher for the misorientation
angles ranging from 30° to 40° as compared to the other
ranges of misorientation angles. By contrast, the probability
of crack initiation increases with an increasing X value for
the CSL boundary.

Fig. 4 (a) SEM image of the Alloy 600 surface after corrosion products formed during the SSRT were removed by sputtering, (b) IPF map

obtained at the same location shown in (a).
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Grain boundary plane

’ o

Grain A % GrainB

Stress axis RO Stress axis

Fig. 6 Definition of grain-boundary-plane angle introduced in the present
work. The stress axis is parallel to the rolling direction.

Because the IGSCC cracks initiated and propagated along
a grain boundary, gaining information about the grain
boundary plane is important to understand the initiation and
propagation of cracks. In this study, as illustrated in Fig. 6,
the angle between a grain boundary plane and the stress axis
was defined as grain-boundary-plane angle, assuming that a
grain boundary was flat. However, the direction of the crack
could not be determined by an SEM observation, as it was
performed only for the upmost surface of the specimen.
Therefore, we proposed a three-dimensional characterization
of crack initiation, which was realized by repeated polishing
and EBSD measurements. First, an EBSD measurement was
conducted for the topmost surface after the sputtering as
previously mentioned. Then, the surface was gently polished
with colloidal silica suspension to remove a layer of
approximately 1-um in thickness from the specimen surface.
This resulted in the displacement of the grain boundary based
on the angle of the grain boundary plane to the surface. From
the displacement of the grain boundary and the thickness of
the removed specimen surface, the grain-boundary-plane
angle was computed using a trigonometric function. In order
to measure the displacement of the grain boundary, IPFs
obtained at two different depths were used. Triangular
pyramidal indentations were introduced as markers to
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perform EBSD measurement at the same locations after
gentle polishing of the specimen and to estimate the thickness
of the specimen removed during the polishing.

IPFs obtained at the same location on the specimen surface
before and after gentle polishing are presented in Fig. 7. The
grain boundary positions before and after gentle polishing
were extracted from the IPFs and are shown to overlap in
Fig. 7(c). Figure 7(d) presents a magnified image of the site
indicated by the square in Fig. 7(c). The black and red lines
in the images indicate the grain boundaries before and after
gentle polishing, respectively. As can be seen, some red lines
coincide with the black lines, whereas the other red lines
deviate from the corresponding black lines. The distance
between the lines reflects the displacement of the grain
boundary. Using the displacement at each boundary and the
removed thickness, we calculated the grain-boundary-plane
angle, which is summarized in Fig. 8. Figure 8 presents
correlation between the grain-boundary-plane angle and the
misorientation angle described above. As presented, more
cracks were recognized at the random boundary than at the
CSL boundary. Lehockey et al. reported a similar result in
which a crack appeared exclusively confined to the random
boundary rather than at the CSL boundary.?) Around the
misorientation angle of 40° for the random boundary, cracks
initiated within a wide range of grain-boundary-plane angle.
For other misorientation angle ranges, cracks initiated at the
grain-boundary-plane angles of approximately 40°. A similar
trend was observed for the CSL boundary as shown in
Fig. 8(b), that is, cracks initiated at the grain-boundary-plane
angle of approximately 40°, independent of the CSL
boundary. Alexandreanu et al. examined the stress corrosion
cracking of Alloy 600 in a simulated PWR environment and
the deformation behavior of the alloy in Ar environment at
633 K. They compared the distribution of calculated shear
stress on grain boundary plane with the distributions of
fraction of deformed as well as cracked high-angle boundary

Fig. 7
(a) indicate locations where crack initiated.

IPF and grain-boundary maps obtained at the same location on the specimen before and after gentle polishing. The arrows in
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Fig. 8 (a) Correlation between misorientation angle and grain-boundary-
plane angle obtained for cracked random boundary. (b) Correlation
between type of cracked CSL boundary and grain-boundary-plane angle.

against the angle with respect to the tensile direction, that is,
the grain boundary plane angle as defined in the present
work.3? They found that the calculated shear stress exhibited
the similar distribution to the deformed boundary in Ar and
the cracked boundary in the PWR environment, that is, they
increased with increasing the grain boundary plane angle of
45° and then decreased with the angle, that is, the distribution
of cracked boundary is roughly in accordance with Fig. §.
These results indicated that the shear stress may be a driving
force not only for the grain boundary deformation but also for
IGSCC. Although further analysis is required to discuss in
more detail the mechanism of SCC crack initiation in terms
of the crystallography of the grain boundary, the results of the
present study indicate that the proposed approaches can
facilitate the initiation of IGSCC and provide crystallographic
information of grain boundaries on the surface as well as
inside the alloy.

4. Conclusion

This study reported on the crystallographic character-
ization of IGSCC cracks initiated on Alloy 600 in a simulated
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PWR primary environment. Mechano-chemical polishing
with colloidal silica suspension facilitated crack initiation. A
thick oxide film and many corrosion products were formed
on the alloy surface during an SSRT, which prevented EBSD
measurement. However, sputtering of the oxide film and
corrosion products enabled us to obtain clear IPFs and to
analyze the IGSCC cracks crystallographically. The proba-
bility of crack initiation was higher at the random than at
the CSL boundary, although the probability of crack initiation
for the X27 boundary was similar to that for the random
boundary. Furthermore, grain-boundary-plane angles were
calculated from EBSD measurements at different depths,
which were achieved by the repeated gentle polishing of the
specimen. The grain-boundary-plane angle centered around a
specific angle of 40°, independent of the misorientation angle
as well as the type of grain boundary (random or CSL).
However, at the misorientation angle of approximately 40°,
cracks initiated with a wide range of grain-boundary-plane
angles.
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