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Chapter 1 General introduction

1.1 Ni based alloy
Ni based alloys are widely used in various fields such as aircraft gas turbines'?,
steam turbine power plants*>, nuclear power systems®!'? and chemical and petrochemical

plants'!-13)

due to their excellent strength and corrosion resistance at elevated
temperatures'*'®. Ni based alloys are classified into Ni-Cr alloy (Inconel), Ni-Cu alloy
(Monel), Ni-Mo alloy (Hastelloy) and Ni-Cr-Fe alloy (Incoloy) depending on alloying
constituents'”. Among the alloys, Ni-Cr alloys possess superior oxidation and corrosion
resistance!®. The chemical composition of some Ni-Cr alloys is listed in Table 1-1. In
general, Cr addition to Ni increases corrosion resistance, which is attributed to the
formation of highly protective films as Cr203 and/or NiCr204 on Ni-Cr alloys. However, it
has been reported that stress corrosion cracking (SCC) occurred in high temperature and
high pressure water environments although Ni-Cr alloys exhibit excellent corrosion
resistance at elevated temperatures’ 29, SCC has been found particularly on Alloy 600
that was used as structural materials and steam generator tubes of commercial pressurized
water reactors (PWRs) in nuclear power system’” !> Figure 1-1 presents an example of
the primary water stress corrosion cracking (PWSCC) on Alloy 600 at a part of steam
generator tubes reported by Hwang?®. As this is strongly related to the safe operation of
PWRs, SCC on Alloy 600 has been recognized as an urgent problem to be solved in the
field of nuclear industries. Alloy 600 has been replaced by Alloy 690 that contains more Cr

to improve corrosion resistance, but PWSCC appeared also on the alloy?’". Although

extensive studies have been performed, PWSCC mechanism still remains unclear.



Table 1-1 Chemical composition of Ni-Cr alloys

Elements

Alloy

Ni Cr Fe Mo Nb Co Mn Cu Al Ti Si C S P B
600 72.0 14.0-17.0  6.0-10.0 - - - 1.0 05 - - 05 015 0015
617 442560  20.0-24.0 3.0 8.0-10.0 - 100-150 05 05 0815 06 05 015 0015 0015 0006
625 58.0 20.0-23.0 5.0 8.0-10.0  3.15-4.15 1.0 05 - 0.4 04 05 0.1 0015 0015
690 59.5 30 92 - - - 035 0.01 0.02 - 035 0019 003
718 500550  17.0-21.0 bal. 2833 47555 1.0 035 0208 065115 03 035 008 0015 0015 0006

Fig. 1-1 (a) Crack location on the drain nozzle, (b) top view of the through wall crack

confirmed by dye penetrant test, (c) PWSCC fracture surface®®.

1.2 Intergranular Stress Corrosion Cracking (IGSCC)
It is well-known that SCC is caused by the superimposed effects of susceptible
material, stress and corrosive environment as shown in Fig. 1-2. SCC are generally

characterized into two types; intergranular stress corrosion cracking (IGSCC) and
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transgranular stress corrosion cracking (TGSCC). Among these two types of SCC, the
IGSCC on Alloy 600 has been experienced in PWR primary water environments. On the
other hand, experimental observation of IGSCC on Alloy 600 was for the first time

reported by Coriou et al*% 3,

Material

Composition
Microstructure

Surface condition

Stress Environment

Residual stress Temperature

Tensile stress

Hydrogen

Strain rate Flow rate

Fig. 1-2 Influencing factors of stress corrosion cracking.

Figures 1-3 (a) and (b) show cross-sectional SEM images of Alloy 600 specimens
immersed in pure water at 350 °C for 5 months, then exposed to steam at 650 °C for 4
months under constant stress of 8.5 kg / mm?. As apparent from the images, a lot of fine
cracks initiated and propagated at grain boundaries. Coriou et al. discussed that IGSCC
was influenced by temperature, stress and the microstructure of the alloy. Since the first
report of IGSCC on Alloy 600 by Coriou et al., this phenomenon has been experienced in

commercialized PWRs.



Fig. 1-3 (a) Intergranular cracking of an Inconel — type alloy (ARC 7915) after a 5 — month
stress — test in water at 350 °C and (b) intergranular cracking of Inconel 600 — type

alloy after 4 — month test under constant stress of 8, 5 kg/ mm? in steam at 650

°C33)

SCC has been discussed in terms of the crack initiation stage and the subsequent crack
propagation stage as shown in Fig. 1-4. Cracks grow slowly up to a depth of approximately
500 um in the crack initiation stage, then grow at relatively fast rates in the propagation
stage. So far studies have focused on the crack propagation rather than the initiation
although the initiation stage accounts for most of the expected life time until failure due to
the relatively fast growth rate of cracks in the propagation stage.

Many models have been reported to explain the mechanism and process of the crack
propagation. On the other hand, models for the crack initiation are quite limited. This is
because the mechanism of crack initiation is not clear and also it is difficult to analyze
crack initiation as compared with crack propagation process. In the following subsections,
the major three models of IGSCC is summarized; slip dissolution, internal oxidation and

hydrogen embrittlement.
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Fig. 1-4 Crack initiation and propagation stages of stress corrosion cracking.

1.2.1 Slip dissolution

Figure 1-5 shows a typical SEM image of a IGSCC crack formed by slip
dissolution®. In the model, crack is considered to grow at a grain boundary as a
consequence of a competition between the dissolution of substrate metal and the
repassivation of the metal. The breakdown of passive film is occurred at grain boundary by
slip step induced by an applied stress. A crack initiates due to the local dissolution at grain
boundary. The slip dissolution model has been studied for years since Mears et al.
proposed®¥ and Parkins experimentally demonstrated®. At present, the model proposed by
Andresen and Ford is widely applied to consider the process of commercialized reactors®”.
The slip dissolution model was originally proposed to understand the mechanism of
TGSCC. However, it is reported that grain boundary deformation inducing the IGSCC is
possible to occur as the dislocation mobility has an influence on the IGSCC?®. Paraventi
has investigated the effect of hydrogen on dislocation motion in the grain boundaries®. As
a result, it is demonstrated that the introduction of hydrogen leads to decomposition of
dislocation pile. The decomposed dislocation might be adsorbed to the grain boundaries or

grain boundary deformation. Therefore, it is important to comprehensively understand the



slip dissolution model for the mechanism of IGSCC.

Figure 1-6 explains that the propagation of crack was governed by the 2" Faraday’s
Law that is applied to oxidation reactions such as dissolution and repassivaiton at a crack
tip when a protective surface oxide film was broken by the increasing deformation of the
metal substrate in the model of Andresen and Ford. This rupture was assumed to occur
with a certain periodicity, #r, which was calculated from the rupture strain of the oxide film

and the strain rate at the crack tip.

+—Slip*bands

Fig. 1-5 (a) SEM image of IGSCC by slip dissolution?.

Furthermore, it was also considered that after each period of #, the repassivation process
occurred. This behavior was found to vary in a complex manner depending on environment
as well as materials chemistry. The time dependence of oxidation charge was expressed as

following;

da _ de\"
(), =™ (5, (1-1)
where (da/dt)scc was the crack growth rate and (de/df).« was the strain rate at crack tip. In

addition, f(n) was a function regarding environmental and material factors that assisted the

crack growth and was formulated as the equation (1-2).

f(n) = (ZpiF) i(n)dt (1-2)



in the equation, M, z, p and F were expressed as the atomic weight of the metal, the
valence state, density and Faraday’s constant. The repassivation current density of i(n) was
supposed to decay exponentially with time, z. However, Hall presented the following
criticism for this model***?. For examples, some doubts existed about the role of creep in
the crack growth rate and the discussion focused mainly on the fracture mechanics.
Furthermore, the lack of formalization in the mechano-chemical roles, insufficient
understanding on electrochemical behavior at crack tip and a mathematical fault in the
formula of the model were also pointed out. Hau and Rebak were also doubtful of the slip
dissolution and film rupture in Andresen and Ford’s model, especially the effect of Cr
depletion on IGSCC of Alloy 600 in the high temperature and high pressure water
environment of primary side of PWR*). As mentioned above, there are various approaches
to explain the slip dissolution model. Recently alternative theoretical modeling has been

carried out to improve this model related to slip dissolution.
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Fig. 1-6 (a) Schematic oxidation charge density vs time relationships for a strained crack
tip and the unstrained crack sides and (b) schematic diagram of mass transport

and thermodynamic criteria which govern the crack tip environment??.



IGSCC proceeds by the repeated process of film rupture, dissolution and repassivation
in the slip dissolution model. Therefore, it is important to decrease the rate of the crack
initiation and propagation by increasing the repassivation rate. Kwon et al. investigated the
relationship between repassivation kinetics and SCC susceptibility, and proposed a new
approach to predict SCC susceptibility in terms of repassivation kinetics*”. Figure 1-7(a)
shows logl(?) vs. 1/¢(f) plots obtained by scratching the surface of type 304 stainless steel
polarized at -200 mV in deaerated 4M NaCl. In the figure, /(t) presents anodic current
generated during the scratch test while g(t) is charge that flowed during the repassivation.
Schematic log/(?) vs. 1/¢(?) in Fig. 1-7(b) explains the correlation between the slop of the
logl(?) vs. 1/q(¢) plot, cBV and the SCC susceptibility. As the value of ¢BV increases, the
repassivation rate becomes low and the resulting probability of SCC initiation increases.
From Fig. 1-7(a), it is found that type 304 stainless steel exhibited higher resistance in
0.2M and 0.02M NaCl solution to SCC due to the lower cBV values. On the other hand, the
c¢BV value increased with increasing Cl” concentration. Based on these results, the effect of
CI" concentration on ¢BV and resulting SCC susceptibility could be predicted in terms of

repassivation kinetics.
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Fig. 1-7 (a) logl(¢) vs. 1/q(¢) plots of type 304 SS polarized at —110 mV in deaerated NaCl
solutions at 50 °C and (b) schematic log/(¢) vs. 1/¢q(f) plots representing the

relationship between the change in ¢BV and SCC susceptibility*?.

1.2.2 Internal oxidation

The internal oxidation model was proposed by Scott et al. in 1993 to complement the
slip dissolution model*. Figure 1-8 shows a typical STEM-HAADF image of IGSCC
caused by the internal oxidation*®. In the model, oxygen ions are considered to diffuse
along weak grain boundary in the vicinity of crack tip and then, the crack propagates due
to the continuous diffusion of oxygen ions. It is well-known that the internal oxidation
occurs at the temperature range of 500 ~ 1200 °C, but the intergranular internal oxidation
preferentially takes place at 500 ~ 800 °C*”. However, the key issue, which is still under
discussion, of SCC in PWR environment is whether the internal oxidation occurs at

temperature as low as 300 °C in atmospheres such as water, hydrogen or vapor.
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Fig. 1-8 STEM-HAADF image of IGSCC by internal oxidation*®.

Gendron et al. conducted an experimental study of the internal oxidation by using
secondary ion mass spectrometry (SIMS) and analytical transmission electron microscopy
(ATEM) to demonstrate hypotheses related to the IGSCC initiation on Alloy 600 under
water or vapor at the temperature of 300 ~ 400 °C*®. Figure 1-9 shows TEM images of a
IGSCC crack tip on Alloy 600 formed in PWR primary environment (1200 ppm B as
H3BOs3, 2 ppm Li as LiOH and 25-35 ml H2). Schematic illustrations of cross-sectional
ATEM observations of IG penetration as well as IGSCC crack tip are presented in Fig.
1-10. The results revealed that a narrow porous region with the width of 2 nm was formed
at the crack tip. Furthermore, the diffraction pattern shown in Fig. 1-9(b) indicated the
formation of a thin film of polycrystalline, Cr- and Fe-rich oxides with NiO on the SCC

crack walls in the vicinity of the crack tip. These evidenced the internal oxidation model.
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Fig. 1-9 (a) Bright-field TEM image of a sharp IGSCC crack tip in Alloy 600 and (b)

Dark-field TEM image of the grain boundary region ahead of the crack tip shown

in (a)*.

Crosssection Sample Preparation by lon Polishing

—_ U-Bend Sample
330°C Primary Water
IGSCC IG
Penetration

Crack Tip

Cr/Ni Ratios
y for Measured at%
Alloy 600 Matrix
Co/Ni=022
“Ni Sponge”
Co/Ni <0.05
Low Oxygen

' # Evidence of

k| Porous Zone and

Evidence of (1-3 nm) Particles
Crack-Tip VL Ahead of IGSCC

Deformation ‘L_L 1 Crack Tip

Porous Zone Along
Selected Grain Boundaries
No Apparent Cracking

Fig. 1-10 Schematic illustration of cross-sectional ATEM observations of intergranular

penetration and IGSCC crack tip regions in an Alloy 600 after U-bend testing in

primary water at temperature of 330 °C*).

Persaud et al. evaluated the PWSCC susceptibility based on the internal oxidation

model*. In this work, solution annealed and thermally treated Alloy 600 specimens were

exposed to simulated PWR primary water. Figure 1-11 shows STEM-HAADF image taken

at a grain boundary of the thermally treated Alloy 600 and corresponding EDS elemental
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maps. After the exposure test, Fe- and Cr-rich oxides were observed at the top surface of
the specimen. The internal oxidation propagated into the inside of specimen up to
approximately 700 nm. The authors mentioned that the heat treatment of Alloy 600
prevented the progress of the internal oxidation because Cr was concentrated at the

oxidized grain boundaries.

Carbon

Fig.1-11 STEM-HAADF and EDS elemental map taken along a grain boundary of the

Alloy 600TT FIB at cross-section*?).

1.2.3 Hydrogen embrittlement

As mentioned above, there are major three models for stress corrosion cracking. In the
previous subsections, the slip dissolution model and the internal oxidation model were
focused. In the present subsection, the hydrogen embrittlement model is summarized and
discussed. Figure 1-12 shows an SEM image of a crack that was presented as an example

in the hydrogen embrittlement model*”. Hydrogen embrittlement is a phenomenon where

12



hydrogen present in metallic materials causes the degradation of the mechanical properties,
such as strength, ductility and toughness. It is well-known that hydrogens generated in the
vicinity of a crack of a metallic material and/or ones present in the material diffuse to the
crack tip, leading to its degradation®*>>. Hydrogens diffusion causes further propagation of
the crack, accompanied with the local stress concentration at the crack tip. Extensive
studies have revealed that the hydrogen diffusion occurs in loading stress and the hydrogen
transfer takes place at dislocations during plastic deformation in Ni based alloys*-*?. The

hydrogen transfer leads to the local enrichment of hydrogen which causes crack.

Fig. 1-12 SEM image of crack by hydrogen embrittlement®”.

Fournier et al. examined the susceptibility of hydrogen embrittlement on Alloy 718 at
room temperature®”. They suggested that hydrogen embrittlement occurred due to strong
hydrogen-deformation interactions, based on observations of the fracture surfaces of
hydrogen embrittled specimens. On the other hand, Lynch reported that the atomic bonds
were weakened by hydrogen adsorbed on cracks and the adsorption affected the nucleation
of dislocations at crack tips®V. Figure 1-13 presents schematic illustration of the hydrogen
embrittlement model proposed by Lynch. The model reported that hydrogen atoms
between atomic layers weakened interatomic bonds and as a result facilitated the shear

movement of atoms, that is, the nucleation of dislocation, at crack tips. The injection of

13



dislocations from the crack tip first on plane D1 and then on plane D2 caused the crack
propagation into the material as shown in Fig. 1-13(b). Some activity of dislocations could
occur in front of crack, leading to the production of voids. Cracks grew by alternate-slip
coalesce with the voids that were formed along the crack extension line. In addition to the
hydrogen accumulation model proposed by Beachem®?, the localized plastic deformation
and hydrogen induction model were reported by Onyewuenyi and Hirth%>. However, no
consensus on how hydrogen contributes to the hydrogen embrittlement has been obtained

so far.

—", \
(bl. \

COALESCENCE OF
CRACK WITH VOID

@<:g;--———%%3§%

]
SMALL, SHALLOW
DIMPLES NUCLEATION

(c) ALTeRNATE

{c)

Fig. 1-13 Schematic illustration the adsorption-induced localized-slip process for

environmentally assisted cracking®?.
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1.3 Grain boundary characteristics

Among the factors affecting the initiation of IGSCC, grain boundary characteristics
are especially important as it has been reported that the crack initiation depends on the
characteristics of individual grain boundaries®®®. Grain boundaries are categorized as
high angle grain boundary (HAGB) or low angle grain boundary (LAGB) according to the
extent of misorientaion between adjacent grains. In general, HAGB is defined as the grain
boundary whose misorientation is greater than 15° while LAGB is the grain boundary with
a misorientation less than 15°. HAGB is further categorized as random boundary or
coincidence site lattice (CSL) boundary. The concept of CSL boundary was introduced by
Kronberg and Wilson in 1949%”. On CSL boundary, the lattices of adjacent grains are
coincidence with a certain range of rotation axis/angle. The fraction of atoms in
coincidence at a CSL boundary is generally known as the density of coincidence sites. The
reciprocal densities are more common as a parameter to describe a CSL boundary,
designated by X. For an example, the twin boundary with the misorientaion angle of 60° is
categorized as a CSL boundary and its X value is 3. On the other hand, random boundary is
defined as disordered boundary where the lattice coincidence is lower. IGSCC resistance
increases with increasing the lattice coincidence of adjacent grains. Therefore, it is
well-known that IGSCC mainly occurs at random boundary rather than at CSL
boundary’®.

Crawford and Was investigated the role of grain boundary misorientation in
intergranular of Alloy 600 at the temperature of 360 °C in Ar and high purity water
environment’). The number of characterized boundaries as well as that of cracked
boundaries on annealed and coincidence site lattice boundary (CSLB)-enhanced specimens
after constant extension rate tensile test are summarized in Table 1-2. Obtained results

indicated that the IGSCC initiation on Alloy 600 was affected by misorientation angle, that
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is, CSL boundaries were more resistant against cracking than random boundaries in both
Ar and high purity water environment. Furthermore, their work demonstrated that the crack
initiation on Alloy 600 can be reduced by increasing the proportion of coincident
boundaries. In other words, the initiation of IGSCC can be controlled by optimizations of
grain boundary characteristics. Therefore, grain boundary engineering (GBE) has attracted

attention for improvements of IGSCC resistance.

Table 1-2 Numbers of characterized and cracked boundaries of annealed and

CSLB-enhanced specimen tested in high-purity water and Argon’?

High-Purity Water Argon
Number Pct of Number Pct of Number Pct of Number Pct of
of Type Total* Cracked Type** of Type Total* Cracked Type**
Annealed Samples
CSLBs 119 18 8 6.7 67 13 ‘ 1 1.5
LABs 29 4 0 0 35 7 0 0
GHABs 526 8 49 9.3 396 80 26 6.6
Total 674 — 57 8.5 498 — 27 5.4
CSLB-Enhanced Samples

CSLBs 228 37 4 1.8 119 33 2 1.7
LABs 33 5 0 0 22 6 0 0
GHABs 356 58 19 5.3 225 61 1 0.4
Total 617 — 23 3.7 366 — 3 0.8

*Percentage of total characterized boundaries.
**Percentage of boundary type that is cracked.

Since the concept of grain boundary design and control was introduced by Watanabe
in 1984, GBE has been successfully applied for various materials to improve their strength,
ductility and IGSCC resistance'” 7> ™, and has been realized by annealing” 79,
unidirectional solidification’” and thermo-mechanical treatment®>-*® 72 Among these
approaches, the thermo-mechanical treatment is well-known to be an effective and
economical approach. Therefore, treatment has been extensively attempted. Tan et al.
reported that GBE contributed to improved strength, creep strength as well as superior

resistance to stress corrosion cracking and oxidation of austenitic stainless steel and

Ni-based alloy that are used as structural materials of nuclear reactors’®. Bi et al. analyzed

16



grain boundaries of thermo-mechanically treated type 304 stainless steel by an analytical
transmission electron microscope. Figure 1-14 shows SEM image of an example of twin
emission from a random boundary in the thermo-mechanically treated stainless steel and
corresponding grain boundary map obtained by orientation imaging microscopy. The
authors indicated that the twin emission segment was transformed from a random boundary
to a X17a CSL boundary. After the sensitization and etching of the thermo-mechanically
treated steel, only random boundaries were deeply grooved as shown in Fig. 1-14(a). They
concluded that low energy boundary segment suppressed chromium carbide precipitation
and subsequent chromium depletion along the segment, based on TEM study of the steel.
This resulted in the higher resistance against intergranular corrosion at lower energy grain

boundaries of X17a and X3.

(b) [

Bourdary levals: 15°

T—
15.00 im = 10 sbeps

Fig. 1-14 SEM micrograph (a) showing an example of twin emission from a random grain
boundary and an OIM image map (b) showing a twin-emitted segment
transformed from the random boundary structure (R) to a low-energy X 17a CSL
boundary structure in the thermomechanical treated specimen after

sensitization’®.
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1.4 Analytical techniques of IGSCC
The various analytical techniques such as electron backscatter diffraction (EBSD)"- %%,

Y8489 transmission

X-ray diffraction (XRD)®'%3) scanning electron microscope (SEM
electron microscope (TEM)*®7® Auger electron spectroscopy (AES)®”, energy dispersive
spectroscopy (EDS)®® and secondary ion mass spectroscopy (SIMS)®¥> °® have been
utilized for materials characterization. As the analysis of microstructure and
crystallographic characterization of specimens are very important for the understanding of
IGSCC, such studies were performed by using an optical microscope and a TEM.
Observations using an optical microscope provide information on grain size and grain
distribution in a wide area. However, it is difficult to analyze the surface of materials on
sub-micrometer scale due to the resolution of the system and in addition, no
crystallographic information can be obtained. On the other hand, TEM can observe grains
with a resolution of 1 nm as well as analyze the crystal orientation of grains and grain
boundary characteristics with the accuracy of 0.1° or less. However, Parkins and Shibata
reported that crack initiation and propagation can be stochastically marshaled’!°?), that is,
cracks of IGSCC do not initiate simultaneously and cracks do not necessarily initiate at all
grain boundaries. Therefore, a sufficient number of grains should be analyzed to perform
reliable analysis of IGSCC®. For this purpose, TEM is not suitable for statistical analysis
of crystallographic features of IGSCC because it takes extremely long time to acquire
enough data due to the limitation of its analyzed area.

EBSD also provides crystallographic information of crystalline materials and can
target a wide range of material surface, different from TEM. In EBSD, crystallographic
analysis is carried out based on Kikuchi patterns of backscattered electrons. Recently, this
technique has been used to examine the stress corrosion cracking of Alloy 600 in

high-temperature water. Young et al. showed the grain boundary map, Euler angle image

18



and misorientation map around an SCC crack generated on Alloy 600 in hydrogen
deaerated water at 360 °C°Y. Hou also presented the grain boundary map and kernel
average misorientation map near an SCC crack on Alloy 600 exposed to a corrosive
aqueous solution containing sodium hydroxide and lead oxide at 330 °C and explained that
the high dislocation density and strain concentration induced by cold work promoted the
crack propagation®. Both works focused on crack propagation rather than crack initiation.
Although the initiation stage accounts for most of the expected life time as described in the

section 1.2, the crack initiation has not been crystallographically examined.

1.5 The purpose and structure of this thesis

In the present work, the author crystallographically examined the initiation of IGSCC
on Alloy 600 in simulated PWR primary water environments. The present thesis consists of
the following 5 chapters.

Chapter 1 gives the background and purpose of this work.

Chapter 2 provides an approach to facilitate IGSCC initiation of Alloy 600 during
SSRT in a simulated PWR environment. Furthermore, an EBSD-based methodology to
examine grain boundary planes on cracked grain boundaries is suggested.

Chapter 3 shows effects of the cold work ratio of Alloy 600 specimen and the
dissolved hydrogen concentration on the IGSCC initiation. The IGSCC initiation is
discussed in terms of misorientation angle, kernel average misorientation and stress loaded
on grain boundary during SSRT.

Chapter 4 presents the three-dimensional characterization of IGSCC crack by EBSD
measurements. Cracks are characterized from top-view as well as from the side-view
enabling the three-dimensional characterization.

Chapter 5 summarizes the findings of this thesis.
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Chapter 2 Mechano-chemical polishing of Alloy 600 for accelerated crack
initiation in simulated PWR primary water environment and

three-dimensional crystallographic characterization

2.1 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)?: 37 10. 16, 18)

Electron backscatter diffraction (EBSD) is an SEM-based diffraction technique that
provides crystallographic information 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'®2V. 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
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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 the author
knowledge, crystallographic evaluation of crack initiation on nickel-based alloys in
high—temperature and high—pressure water environments 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?? 2%, clear diffraction patterns of the underlying substrate alloy can not be acquired
EBSD measurements. The author 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.

2.2 Experimental

The material examined was a 2 —mm-thick Alloy 600 sheet, the chemical composition
of which is listed in Table 2-1. The mill-annealed Alloy 600 sheet was cold-worked with a
reduction rate of 10%. A tensile specimen 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.
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Table 2-1 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

A slow strain rate test (SSRT) was performed on the Alloy 600 specimen in a
simulated PWR primary water environment. A solution containing 500 ppm B and 2 ppm
Li as H3BOs3 and LiOH, respectively was controlled at a temperature 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 107 s!
and was held under this strain for 50 h.

After the SSRT, the specimen was characterized by FE-SEM and EBSD. Prior to
EBSD characterization, the surfaces of the specimens were sputtered by Ar+ 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 pm? with a step size of 1 pm on five
locations at an acceleration voltage of 25 kV. 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 characterization of crack initiation based on EBSD
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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?>2%. 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.

2.3 Results and discussion

Figure 2-1 shows typical SEM images of Alloy 600 surfaces 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 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 50 h in this case.
As shown in Fig. 2-1(a), practically no cracks were observed for the specimen polished
without colloidal silica suspension. By contrast, as shown in Fig. 2-1(b), many cracks were
formed on the specimen polished with colloidal silica suspension. To the best of the author
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, excepting the pioneer work by Totsuka et al.
28) They used a tensile specimen with a ridge on the center of the gauge section to enhance
on SCC. Fujimoto et al. 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 K3%. 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
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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®?).

Fig. 2-1 SEM images of Alloy 600 surface after an SSRT in the simulated PWR primary
environment: (a) without polishing by colloidal silica suspension, (b) with

polishing by colloidal silica suspension.

Figure 2-2(a) presents an atomic force microscopy (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. 2-2(b) and 2-2(c), respectively. The images clearly show that the
surface asperity reflects crystallographic orientation, which is consistent with the
observation for Alloy 223V, It was found 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. 2-2(d). These small
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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. 2-2(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 crystallographic orientation of grain.

(b)

Fig. 2-2 (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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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. 2-3, the specimen surface was covered with an oxide film and many
corrosion products. Based on previous study of the author?®, 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 24 nm 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 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.

1 pm
Fig. 2-3 SEM image of a crack formed on the Alloy 600 surface following an SSRT in the

simulated PWR primary environment.
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Figure 2-4(a) shows the SEM image of the Alloy 600 specimen after sputtering. Note
that the horizontal direction of the images 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.
Fig. 2-4(b) shows the IPF map of the same location shown in Fig. 2-4(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.

Fig. 2-4 (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).

Figure 2-5 shows the number fraction of CSL boundaries on 10% cold-worked
specimen after SSRT in PWR primary water environment. The CSL grain boundaries were

analyzed from X3 to 49. As a result, most of the CSL boundaries were X3, X9 and X27 in
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the specimen. The other CSL boundaries were negligible because it exhibited significantly
low distributions. Therefore, the investigation of IGSCC was conducted with emphasis on

23, 29 and 227 boundaries.
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Fig. 2-5 Number fraction of CSL boundaries on 10% cold-worked specimen after SSRT in

PWR primary water environment.

Figure 2-6 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. Furthermore, 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 in this work, three
types of CSL boundaries as mentioned above, namely X3, X9, and X27, 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
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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 at CSL
boundary was the highest in £27 boundary, and cracks did not initiate in £3 boundary.
Since 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.
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Fig. 2-6 Probability of crack initiation calculated for random and CSL boundaries against

various misorientation angle ranges estimated with EBSD.

In this study, as illustrated in Fig. 2-7, the angle between a grain boundary plane and
the stress axis was defined as grain-boundary-plane angle, 0, 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,
the author 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
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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 heights were used. Triangular pyramidal indentations were introduced as markers
to 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. Fig. 2-8
presents the microscopic images of a triangular pyramidal indentation before and after
gentle polishing as well as the corresponding depth profiles measured along the dotted
lines shown in the microscopic images. It is clear that the indention mark remained after
the gentle polishing. The depth profiles reveal that 1.08 um of the specimen surface was

removed in this case.

Grain boundary plane

|

Grain A Grain B

«— >

Stress axis Stress axis

Fig. 2-7 Definition of grain-boundary-plane angle introduced in the present work. The

stress axis is parallel to the rolling direction.
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Fig. 2-8 Microscopic images of a triangular pyramidal indentation and depth profiles

obtained at the same location (a) before and (b) after gentle polishing.

IPFs obtained at the same location on the specimen surface before and after gentle
polishing are presented in Fig. 2-9. The grain boundary positions before and after gentle
polishing were extracted from the IPFs and are shown to overlap in Fig. 2-9(c). Figure
2-9(d) presents a magnified image of the site indicated by the square in Fig. 2-9(¢). 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.
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Fig. 2-9 IPF maps and grain boundary maps obtained at an identical location on the
specimen (a) before and (b) after the gentle polishing. The overlapped IPFs present as (c)

grain boundary image and (d) magnified image of the site indicated by the square of (c).

Using the displacement at each boundary and the removed thickness, the author
calculated the grain-boundary-plane angle, which is summarized in Fig. 2-10. Since it was
polished by 1 pum to 2 pm from top surface of specimens, it is possible to determine the
crack depth for cracks initiated at grain boundaries. In the figures, the number of cracks
with a depth of approximately 1 pm significantly decreased after gentle polishing,
indicating that the depths of most of the cracks were less than 1 pm. Cracking did not

occur at the grain angle corresponding to the grain-boundary-plane angle of 0 * and 90 °.
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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 with a wide range of grain-boundary-plane
angle. For other misorientation angle ranges, the grain-boundary-plane angles were
approximately 40°. A similar trend was observed for the CSL boundary as shown in Fig.
2-10(b). 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.
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Fig. 2-10 Grain-boundary-plane angle derived for (a) random and (b) CSL boundaries.

2.4 Conclusion

In this chapter, the author described the crystallographic characterization of IGSCC
cracks initiated on Alloy 600 in a simulated 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
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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 probability of crack initiation was higher at the random than at
the CSL boundary, although the probability of crack initiation for the £27 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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Chapter 3 Micro-crystallographical Characterization of Initiation of
Intergranular Stress Corrosion Cracking on Alloy 600 in
Terms of Local Stress at Grain Boundary Induced by Slip

Deformation

3.1 Introduction

Alloy 600 has been widely employed as component materials in pressurized water
reactor (PWR), including steam generator (SG) tubes, control rod drive mechanism
(CRDM), safe ends, and various instrumentation ports. Intergranular stress corrosion
cracking (IGSCC) occurred on Alloy 600 in PWR primary water environments'™,
resulting in a drastic reduction in the lifetime of components made from the alloy. This has
been one of the critical issues faced by the nuclear industry*Y. Although most
applications have replaced Alloy 600 with thermally-treated Alloy 600 (Alloy 600 TT) &7
or more Cr containing Alloy 690, there are still some facilities using Alloy 600%!?,
Therefore, extensive efforts have been dedicated to understanding and preventing IGSCC
of high nickel alloys including Alloy 600 in the PWR primary water environment. Several

12)

mechanisms such as internal oxidation'" '¥, hydrogen embrittlement'*'?, and slip

dissolution'®2? have been proposed for IGSCC of nickel-based alloys. In addition, it has

7.21.22) " orain boundary characteristics®> 2%, cold work (CW)*27),

been reported that stress
temperature, and dissolved hydrogen (DH) concentration'®?-30 affect IGSCC. Although
IGSCC occurs at the grain boundary, cracks do not necessarily initiate at all grain

boundaries®’ 3?2

, implying that grain boundary characteristics affect the IGSCC
susceptibility of high nickel alloys.

Grain boundaries can be classified as random or coincidence site lattice (CSL)

boundaries. It is well known that £3 boundaries exhibit superior resistance to IGSCC*-3Y,
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Gertsman and Bruemmer examined the grain boundary characteristics of austenitic alloys
and concluded that only coherent twin X3 boundaries can be considered as special grain
boundaries, and twin interactions with random boundaries may suppress crack
propagation®®. Crawford and Was demonstrated that CSL boundaries in Alloy 600 are
more resistant to cracks than other boundaries in argon or highly deaerated pure water®”.
Moreover, Alexandreanu et al. reported that grain boundary deformation behaved as a
precursor of IGSCC on a Ni-based alloy in high temperature water’>. Hou et al. showed
that the grain boundary deformation and crack growth rate increased on a 20% CW
specimen owing to the non-uniform strain concentration induced by the slip deformation
and high dislocation density?”. In addition to the above-mentioned results and discussion,
mechanisms such as intergranular oxidation that have been developed from the internal
oxidation model proposed by Scott et al.'* 1%, and hydrogen embrittlement have been
related to the grain boundary characteristics. Bertali et al. reported that variations in
morphology of the oxidized surface of Alloy 600 were observed at triple points of grain
boundaries and at the intersection of twin and high angle grain boundary, indicating that
the grain boundary characteristics are important in the oxidation susceptibility?.
Furthermore, the preferential intergranular oxide penetration was reported to occur along
newly migrated and solute-depleted grain boundary rather than the original grain
boundary®”. In contrast, the grain boundary characteristics have been reported to affect
hydrogen segregation, leading to the crack initiation. The molecular dynamics and Monte
Carlo simulation for Ni indicated that boundaries vicinal to the coherent twin exhibited
significant changes in the structure of the boundary as well as the amount of segregated
hydrogen*?. The effect of hydrogen on the resistance of CSL boundaries against crack

initiation was controversial. Seita et al. indicated that coherent twin boundaries were most

susceptible to crack initiation*). In contrast, Bechlte et al. reported that the increase in the
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fraction of twin boundary enhanced the tensile ductility and fracture toughness when the
hydrogen concentration in a commercially pure nickel was ranged from 1200 and 3400
ppm*?. Seita et al. further examined crack initiation at coherent twin boundaries in
hydrogen-charged Alloy 725 crytstallographically, focusing on the angle between the
coherent twin boundary plane normal and the tensile axis as well as the smallest angle
between a <110>-type direction in the coherent twin boundary plane and the steepest
direction along the coherent twin boundary plane. They analyzed data using the
Kullback-Leibler divergence and proposed probabilistic failure criteria*®. Conversely,
grain boundary fracture is known to be triggered by the stress operating at grain boundary.
Therefore, both the grain boundary characteristics as well as stress operating at grain
boundary may affect the crack initiation on Alloy 600.

The author of this thesis also studied IGSCC of Alloy 600 in a simulated PWR primary
environment to correlate IGSCC initiation with the grain boundary characteristics. The
author reported for the first time that IGSCC initiated on a flat tensile specimen of
mill-annealed Alloy 600 in less than 50 hours in a simulated PWR primary water
environment by a slow strain rate testing (SSRT), if the specimen surface was finished with
colloidal silica suspension ** 4. Then many crack initiations were characterized by a field
emission scanning electron microscope (FE-SEM) equipped with an electron backscatter
diffraction (EBSD) apparatus. The results were statistically analyzed to reveal that the
crack initiation probability exhibited a maximum for grain boundaries with misorientation
angle of 30-40°* 4. Furthermore, the angle between tensile-axis and grain-boundary
plane was determined by FE-SEM and EBSD measurements at successive depths which
were achieved by repeated gentle polishing and FE-SEM / EBSD observations. Through
the above-mentioned experiments, the author found that IGSCC tends to occur at grain

boundaries with an approximate 40° grain-boundary plane angle, regardless of the
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misorientation angle as well as the type of grain boundary (random or CSL)*). However,
in polycrystalline alloys, homogeneously loaded remote stress induces slip deformation in
grains owing to shear stresses acting on a slip plane along a slip direction determined by
the Schmid law in each grain. Therefore, the stress at grain boundary is generated by the
shear stresses in adjacent grains; that is, the stress generated at each grain boundary
depends on the slip deformations of adjacent grains. To the best of the author's knowledge,
IGSCC initiation, not limited on Alloy 600, has not been characterized experimentally in
terms of the stress operating at the grain boundary.

The purpose of this study is to evaluate the effects of grain boundary characteristics
and stress operating at grain boundaries on the IGSCC susceptibility of Alloy 600 in a
simulated PWR primary water environment. The author characterized the crystal
orientation of many grains by using an EBSD, then determined the slip deformation
direction of each grain and estimated the stress generated at the common grain boundary
adjacent to the two grains. The results were statistically analyzed to discuss the IGSCC

initiation mechanism.

3.2 Experimental

Flat tensile Alloy 600 specimens of 2 mm thickness with a gauge section of 4 mm
width and 10 mm length were fabricated from alloy sheets which were subjected to
mill-annealing and subsequent cold work with the reduction rates of 10% and 20%. The
chemical composition of the alloy was as follows (mass%) ; C: 0.01, Si: 0.31, Mn: 0.36,
Ni: 75.01, Cr: 15.71, Fe: 7.35, P: 0.009, S: < 0.001. The surface of the specimens was
ground using SiC abrasive papers up to #2000, and then polished with 9 pm and 1/4 um
diamond pastes, followed by mirror-finishing using a colloidal silica suspension for 20 min.

This surface treatment could result in crack initiation on the Alloy 600 flat tensile
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specimens in a considerably short time through SSRT as previously reported*4®. After
polishing, the tensile specimens were ultrasonically cleaned using acetone, ethanol, and
deionized water for 5 min, successively. Then, SSRT was carried out to examine the
IGSCC of Alloy 600 tensile specimens in a simulated PWR primary water environment.
The simulated primary water comprised 500 ppm of B and 2 ppm of Li in the form of
H3BOs3 and LiOH, respectively. The dissolved hydrogen concentration was controlled at
2.75 ppm, whereas the dissolved oxygen concentration was limited to less than 1 ppb. This
condition is typical of the simulated PWR primary water environment employed for
laboratory tests, because this condition is located near the Ni/NiO equilibrium, where Ni
based alloys are known to exhibit maximum IGSCC susceptibility*’>?. The SSRTs were
performed at a temperature of 633 K and at a pressure of 20 MPa. During the SSRT, the
tensile specimens were elongated up to 10% of a strain with the strain rate of 5x107 s,
Then, the strain was maintained for 50 h and the SCC test was terminated. Oxide films,
typically 20-50 nm in thickness, were formed on the surface of the specimens in the
simulated PWR primary water environments as previously reported®”. The oxide films
were removed by Ar' ion beam sputtering before FE-SEM/EBSD characterizations. The
sputtering was operated at 400 eV and 500 pA/cm? for typically 90 s. This sputtering
condition was determined by preliminary tests to completely remove the oxide films
formed in the high temperature aqueous solution. The EBSD measurements were
performed at five different locations on the specimen surfaces for an area of 250 x 250 um?
with a step size of 1 pm at an accelerating voltage of 25 kV. SEM images of identical

locations were also obtained at the same accelerating voltage.
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3.3 Results

Figure 3-1 presents the distribution of the grain boundary characteristics in the tensile
specimens with respect to the misorientation angle. In the figure, the random and CSL
boundaries were counted separately for 10% CW and 20% CW specimens. The
distributions indicate that in both specimens, a considerably large number of X3 grain
boundaries was present. The number of CSL boundaries was in the order of £3 boundary >

29 boundary > ¥27 boundary in both specimens.
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Fig. 3-1 Number of grain boundaries with respect to their misorientation angles; (a)

10%CW specimen and (b) 20%CW specimen.

Figure 3-2(a) represent the locations of the cracks, whereas the white arrows in Fig.
3-2(b) represent identical locations in their black counterparts. This comparison indicates
that cracks initiated along the grain boundaries. Similar results were also obtained for the

20% CW specimen.

Fig. 3-2 SEM image and the corresponding IPF map of (a), (b)10% CW specimen and (c),
(d) 20% CW specimen, after the SSRT. The arrows in (a) and (b) indicate

corresponding cracked boundaries. The numbers in (c) correspond to the numbers

in Figs. 3-5(b) and 3-8.
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The observed cracks were crystallographically analyzed based on the EBSD analysis.
To ensure the reliability of the analysis, the EBSD measurements were performed at five
different sites on each specimen. All the grain boundaries present within these sites were
analyzed; however, grain boundaries of less than 5 um were excluded from the analysis.
In the present study the author consider the stress generated at grain boundary. This can be
analyzed based on the crystal plasticity theory proposed by Taylor™®, considering elastic
deformation until the yield point, shear strain rate, and strain hardening that exhibit
anisotropy for each grain. The author of the present study previously reported on the stress
generated at the grain boundaries of an Alloy 600, which caused IGSCC in a PWR primary
water environment using a multi-scale finite element method (FEM). In the analysis the
geometry and crystallographic orientation of all grains in a 100x100 um? area were
determined using a FE-SEM/EBSD, then the stress and strain generated at all grain
boundaries were evaluated by FEM. The results correlated with IGSCC occurrences. In the
FEM analysis, to minimize geometry noise, small grains were excluded, and grain
boundaries were revised to be smooth lines. This approach is not straightforward and
requires significant efforts in pre-processing for the analysis. Additionally, a certain level
of computational resources is required for the FEM. Therefore, in the present study the
author introduced a simplified stress evaluation method for a large number of grain
boundaries without considering elastic deformation and yielding.

Generally, when a polycrystalline metal or alloy is elongated beyond its elastic limit,
slip deformation occurs along the slip plane and slip direction; these are, in turn,
determined by the crystal orientation and stress direction for each grain. Therefore, the slip
deformations along different directions in two adjacent grains can induce local stress at the
grain boundary between these grains. In the present study, the initiation of IGSCC is

discussed considering the stress generated at the grain boundary.
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First, crystal orientations of all grains were identified using an EBSD. Subsequently, a
slip system, including slip planes and slip directions, was determined for each grain. As Ni
based alloys with a face centered cubic structure possess 12 equivalent slip systems, slip
deformation basically occurs in the most deformable slip system, that is, the primary slip
system. This can be identified as the one having the maximum Schmid factor. The shear
stress acting on a slip plane in a slip direction within a grain is the product of the tensile
stress applied to the specimen and the Schmid factor of the grain (Schmid law). For
simplifying, assuming that the applied remote tensile stress is common for all grains in a
specimen, the magnitude of the shear stress vector is proportional to the maximum Schmid
factor in each grain when the primary slip system is active. In the deformation of
polycrystalline metal, the rotation of grains as well as that of lattice within a grain will
occur due to the restraint by adjacent grains, resulting in the deformation with multi slip
systems within a grain as well as in the grain subdivision. This causes this stress analysis
more complicated. Therefore the author assumes further that the rotation of grain is
ignored, and a single slip system is considered to be operative. Local stresses operating to

grain boundaries were estimated under these assumptions as follows.

The shear stress on a slip plane in a grain is assumed to cause certain stress to grain
boundary, which is in proportion to the magnitude of the shear stress. Although the stress
generated at the grain boundary plane may induce IGSCC, the angle between the grain
boundary plane and the shear stress direction was unknown because in the present study
the grain boundary plane under the surface of the specimen was not observed. Therefore,
the stress operating at grain boundary plane could not be evaluated. In the present work,
instead, the shear stress vector determined for each grain was projected onto the surface, as
illustrated in Fig. 3-3(a). The stress acting on a grain boundary at the surface may induce

cleavage or slip of grain boundary, resulting in IGSCC. For these reasons, the shear stress
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vector projected on the surface is analyzed in the following. Figure 3-3(b) presents
examples of the distribution of the projected shear stress direction on the surface of the
10% and 20% CW specimens after SSRT. In these figures, the direction is described not as
a shear stress vector but as a scalar. Noted that the shear stress induced on a slip plane of a
grain will act in opposite directions for two grain boundaries surrounding one grain based
on the continuum mechanics, as illustrated in Grain 2 of Fig. 3-3(c). As shown in Fig.
3-3(c), the projected shear stress vector, cf, was decomposed into mutually perpendicular
components, i.e., one is parallel to the grain boundary, whereas the other is vertical to the
grain boundary. In the figure, the parallel component of a decomposed vector is expressed
as d, and the vertical one is expressed as b. The stress operating at a grain boundary

differs depending on the type of decomposed vectors (parallel or vertical) and their

directions.
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Fig. 3-3 (a) Schematic illustration on the analysis of crack initiation in terms of stress
operating at a grain boundary. (b) Examples of shear stress scalars projected on
the surfaces of the specimens. (c) Schematic illustration on an example of the
decomposition of the projected shear stress vectors. Note that the shear stress
vectors operating in Grain 2 adjacent to Grain 1 and Grain 3 are in an identical

magnitude but in opposite directions.

Figure 3-4 illustrates four cases whereby the decomposed vectors generated in two
grains act differently at the common grain boundary. Regarding the parallel vectors shown
in Fig. 3-4(a), a large shear stress operates at the grain boundary between adjacent grains
when the directions of the two vectors are opposite. This can induce a crack initiation.
However, the shear stress operating at the grain boundary is small when the directions are
the same, as illustrated in the lower case of Fig. 3-4(a). In particular, if the two vectors are
the same, no shear stress occurs at the grain boundary. In the case of vertical vectors, their
combinations are complicated as illustrated in Fig. 3-4 (b)-(d). For the case shown in Fig.
3-4(b), the directions of the vectors are opposite to each other, similar to those in Fig. 3(c).
This causes a tensile stress at the grain boundary between the grains. A cleavage of the
grain boundary may then result, that is, crack initiation. By contrast, for the case shown in

Fig. 3-4(c), although the directions of the vectors are opposite, the vectors face each other
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across the grain boundary. This causes a compressive stress at the grain boundary. Cracks
may scarcely initiate in this case. Furthermore, for the case shown in Fig. 3-4(d), where the
directions of the vertical vectors are the same, the type of stress operating at the grain
boundary differs depending on the magnitude of each vertical vector. For simplicity, only
the situations where both vectors point to the right are considered, as illustrated in Fig.
3-4(d). When the vertical vector on Grain 2 is smaller than that on Grain 1, a compressive
stress operates at the grain boundary. However, in the opposite case, a tensile stress
operates at the grain boundary, leading to crack initiation. The stress at grain boundaries is

analyzed according to the aforementioned scenario.

(@) (b)

Grain boundary Grain boundary
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Fig. 3-4 Schematic illustration on the combinations of decomposed stress vectors; (a)

parallel to grain boundary, (b)—(d) perpendicular to grain boundary.
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Figures 3-5 (a) and (b) summarize the distribution of the type of stress operating at
grain boundaries in the 10% and 20% CW specimens, respectively. This is evaluated after
the SSRT in the simulated PWR environment with DH concentration of 2.75 ppm and at
633 K. The values indicated in the horizontal and vertical axes are the resolved stress
intensities, assuming that the remote tensile stress loaded on the specimen is unity. The
solid marks in the figures indicate cracked grain boundaries. The figures were obtained
using data based on the analysis at one site shown in Fig. 3-3(b). As many cracked grain
boundaries are present in the figures, crack initiation is statistically discussed. It is clear
that in both specimens, cracks initiated at the grain boundaries where a large tensile stress
operated, whereas no cracks initiated at the grain boundaries where compressive stress
operated. This is rational because the tensile stress contributes to the cleaving of the grain

boundary, whereas the compressive one does not.

To quantitatively assess the crack susceptibility, the probability of crack initiation was
evaluated with respect to each stress factor; the results are presented in Fig. 3-6. As
expected from Fig. 3-5, the probability of crack initiation is 0 when compressive stress
operates on grain boundaries (not described in Fig. 3-6), i.e., the cleaving of the grain
boundary is not triggered by the compressive stress. The probability tends to increase with
increasing tensile factor, whereas the probability of crack initiation induced by the shear
stress decreases for shear factor ranging from 0.6 to 1. These analyses indicate that crack

initiation can be triggered mainly by the tensile stress.
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Fig. 3-5 Correlation of various stresses operating at the grain boundary; (a) 10%CW
specimen, (b) 20%CW specimen. Solid marks indicate the grain boundaries where
crack initiated. The numbers indicated in (b) correspond the ones in Figs. 3-2 (c)

and 8 ; 0 — 7 are cracked, and 8 — 14 are not cracked.
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Fig. 3-6 Distributions on the probability of crack initiation against different factors
operating at grain boundary for (a), (b) 10%CW specimen and (c), (d) 20%CW

specimen. Error bars indicate the width of standard deviation.

3.4 Discussion

In the present study, the initiation of IGSCC on Alloy 600 in a simulated PWR water
environment with a DH of 2.75 ppm and at 633 K is characterized. It is assumed that the
tensile plastic deformation during the SSRT induces stress at the grain boundary, resulting
in its cleavage. The induced stress at a grain boundary is resolved into local tensile,

compressive, or shear stresses. It is confirmed that among these types of stresses, the
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tensile stress mainly contributes to the cleaving of grain boundary, whereas the
compressive stress never cause cleaving as described in Fig. 3-5. Furthermore, as shown in
Fig. 3-6, the probability of crack initiation increases with increasing tensile stress.
However, the relation between shear stress at grain boundary and the probability of crack
initiation is not clear. These results indicate that tensile stress is more effective than shear
stress in the cleaving of grain boundary. Conversely, the decreased probability at a higher
range of shear factors might be attributed to the small tensile stresses operating at the grain
boundaries. This is because shear stress tends to decrease with increasing tensile stress; as
shown in Fig. 3-5. In order to discuss the grain boundary cleavage under shear deformation
in grains, the motion of dislocations should be considered. Dislocation pile-up and
annihilation at grain boundary due to shear deformation induce defects that might initiate
grain boundary cracking. Therefore, micro-characterizations of slip deformation are
required for further discussion. However, slip bands were not always visible at all grains

examined: therefore, the actual slip deformation cannot be discussed in the present study.

The distributions of the tensile and shear stresses described in Fig. 3-5 were
summarized for one location of each specimen. The cracked boundaries obtained from 5
different locations for each specimen are plotted as stress distributions in Fig. 3-7. It was
clarified that some X3 boundaries cracked when a relatively large tensile stress was
operating. As apparent from Fig. 3-7 (a) and (b), more X3 boundaries cracked than the
other CSL boundaries although the probability of crack initiation on X3 boundaries was
reported to be low compared with the other CSL boundaries*>>* %, This is attributed to
the aforementioned findings that the number of CSL boundaries differs. As presented in
Figure 3-1, most grain boundaries of specimens used in the present study were

characterized as X3 boundary. Therefore, it may be rational to conclude that some X3

58



boundaries cracked only when a larger tensile stress was operated.

In the case of random boundaries, the number of crack initiation exhibits different
trends depending on the degree of CW as shown in Fig. 3-7(c) and (d). The number of
cracks for the 10% CW specimen was the largest at around 40° and the number deceased
with decreasing the misorientation angle to 20°, as well as increasing the angle to 60°.
Chen et al. described that the grain boundary energy of the extended Read-Shockley model
reached a maximum at a misorientation angle of 45°>. They reported that cracks mainly
occurred at grain boundaries with a misorientation angle ranging from 30° to 45° because
the grain boundaries with large grain boundary energy are more likely to crack. This is
approximately in accordance with the present results obtained for the 10% CW specimen.
In addition, Fig. 3-7(c) indicates that the crack initiation occurs even at grain boundaries
out of the misorientation angle range indicated by Chen et al. when a larger tensile stress
operates at the boundary. Conversely, as presented in Fig. 3-7(d), the number of crack
initiation for the 20% CW specimen was the largest at 50°. Although this sounds similar to
the case of the 10% CW specimen, the misorientation angle dependence does not
necessarily seem obvious for the 20% CW specimen. In general, CW introduces residual
stress and strain in materials; therefore more strains are introduced in 20% CW specimens
than in 10% CW specimens. Figure 8 shows a kernel average misorientation (KAM) map
for the 20% CW specimen, the corresponding SEM image of which was presented in Fig.
3-2(¢). In the figure, the arrows numbered 1 to 7 represent the locations of the cracked
random boundaries, whereas those from 8 to 14 represent the locations of random

boundaries without cracking (The numbers are also indicated in Fig. 3-5(b)).
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Fig. 3-7 Stress distribution at cracked (a), (b) CSL boundaries and (c), (d) random

boundaries obtained for (a), (c) 10% CW and (b), (d) 20% CW specimens.

Figure 3-8 further show the locally concentrated strain along the grain boundaries and

demonstrate that cracks initiate at the grain boundaries where a strong strain is present.

This may imply that the strains introduced by CW induced crack initiation, whereas no

cracks were observed at the grain boundaries without the concentrated strains, even if a

large tensile or shear stress was operating. Therefore, it is confirmed that the crack

initiation in 20% CW specimens is triggered not only by the stress operating at grain

boundary but also by the strain concentrated at the grain boundary. It is well-known that
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the local strains observed in the KAM map are directly linked to the local flow stress.
Therefore, according to the aforementioned discussion, the grain boundaries where strong
flow stress was generated roughly correspond to those where the calculated stresses are
large. This indicates that the stress analysis proposed in the present work reflects the
deformation behavior of the alloy examined although the calculations were carried out
under several assumptions including homogeneous stress distribution within a single grain.
As these assumptions might cause the result that the stresses operating at grain boundaries
do not necessarily result in the crack initiation.

It has been widely accepted that IGSCC of Alloy 600 in the PWR primary water
environment proceeds as internal oxidation along the grain boundary® !0 11 18,5657 = A
stress operating at a grain boundary can break the oxide at the grain boundary, resulting in
the subsequent exposure of the underlying grain boundary to the environment. This
induces crack initiation along the grain boundary. Furthermore, the grain boundary
characteristics are reported to affect intergranular oxidation; oxidation proceeded at
random grain boundaries, whereas it was suppressed at the CSL boundaries®®. This
difference in the degree of oxidation may be one reason for the probability distribution of
crack initiation among various grain boundary characteristics other than the variation in
stress operating at grain boundaries.

Based on the simple stress analysis introduced for the first time in this study,
intergranular cracking can be categorized into two groups. In one group, the crack
initiation depends on the stress distribution as well as the misorientation angle around the

grain boundary; in the other case the crack initiation depended not only on the stress

distribution but also on the strain concentrated around the grain boundary.
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Fig. 3-8 Kernel Average Misorientation (KAM) obtained for 20%CW specimen after
performing SSRT with the DH of 2.75 ppm, corresponding to the identical area
shown in Figs. 2(d) and (d). The numbers correspond to the numbers in Figs. 2 (¢)

and 5 (b). Note that locations numbered as 0 — 7 cracked, and 8 — 14 not cracked.

3.5 Conclusion

In the present study, the author examined the crack initiation of Alloy 600 in a
simulated PWR primary water environment with a DH concentration of 2.75 ppm and at
633 K. Tensile specimens subjected to CW with the reduction rates of 10% or 20% in
advance were elongated up to a tensile strain of 10% in a slow strain rate testing (SSRT),
and the strain was maintained for 50 h. The surface of the specimen was

micro-crystallographically examined.

Many IGSCCs were observed on the surface of the specimen after SSRT and were
characterized using a FE-SEM / EBSD. The stresses operating at the grain boundaries

between two adjacent grains during the SSRTs were analyzed to resolve tensile,
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compressive, and shear stresses, assuming that the primary slip system was active, and that
slip deformation in two adjacent grains generated stress at their common grain boundary. It
is confirmed that IGSCC preferentially occurred at the grain boundary with a larger tensile
stress, which contributed to the cleaving of the grain boundary. No cracks were observed at
the grain boundaries with compressive stress. Furthermore, crack initiation also depends on
the degree of strain concentration, which was characterized by kernel average

misorientation at the grain boundary for the 20% CW specimen.
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Chapter 4 Three-dimensional crystallographic characterization of

IGSCC crack of Alloy 600 in simulated PWR environment

4.1 Introduction

One of the most important issues in nuclear industry is to prevent degradation of the
materials composing nuclear reactors. Since Coriou reported that the intergranular stress
corrosion cracking (IGSCC) occurred on Alloy 600 in caustic environment, extensive
studies have been conducted to clarify the IGSCC mechanism on Ni-Cr alloys used as
structural components and steam generator tubes in primary water environments of
pressurized water reactor (PWR)!"®. Despite of the efforts, the mechanism remains still
unclear. It is recognized that the IGSCC in PWR primary water environment is affected by
various factors such as dissolved hydrogen concentration, cold work, temperature of the
environment, stress and grain boundary characteristic> "> *'¥. Among these factors, the
grain boundary characteristics are in IGSCC as cracks initiate and propagate along on grain
boundary. Therefore, a variety of analytical techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Auger electron spectroscopy
(AES), energy-dispersive X-ray spectroscopy (EDS) and secondary ion mass spectrometry
(SIMS) have been used to understand the crack initiation and propagation in IGSCC on
Alloy 600 from metallic structure view!: %46 10-12. 19-25)

Grain boundary is categorized as high angle grain boundary with the misorientation
angle more than 15 ° or low angle grain boundary with the misorientation angle less than
15 °. Furthermore, the high angle grain boundary is also categorized as random boundary
or coincidence site lattice (CSL) boundary. It is well-known that CSL boundary exhibits
higher resistance to IGSCC due to high fraction of atomic sites common to both crystal

lattice orientations of adjacent grains®®??. That is, the crack susceptibility is lower on CSL
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boundary than random boundary as the author also previously presented®?. Furthermore,
the crack susceptibility was affected by the misorientation angle. These results clearly
demonstrate that the grain boundary characteristics are one of the important factors to
govern IGSCC. Although IGSCC cracks initiate and propagate along grain boundary,
abovementioned analysis does not include a characterization on grain boundary plane. In
order to consider grain boundary characteristics, angles between the direction of stress
applied to tensile specimen and the direction of grain boundary are required at the surface
and of at the cross-section.

In the present chapter, the author performed a top-view and cross-sectional EBSD
characterization of Alloy 600 subjected to IGSCC and examined the effects of

characteristics of grain boundary plane along the crack initiation.

4.2 Experimental

A mill-annealed Alloy 600 sheet was cold-worked with the reduction ratio of 10% or
20%. Tensile specimens were cut from the sheet by an electric discharge machine. The
tensile specimens were ground by SiC waterproof abrasive papers up to #2000 and then
polished with diamond paste of 9 -um and 1/4 -um. Finally, the surface of the specimens
was polished with a colloidal silica suspension for 20 min. Following the polishing
processes, the specimens were ultrasonically cleaned with acetone, ethanol and deionized
water for 5 min. successively. A slow strain rate test (SSRT) was performed for the tensile
specimens in a simulated PWR primary water environment. H3BO3 and LiOH were used to
prepare the simulated PWR primary water containing B of 500 ppm and Li of 2 ppm. The
simulated primary water was deaerated before the SSRT for 48 hours to control the
dissolved oxygen concentration less than 1 ppb and then the dissolved hydrogen

concentration was set at 0.5 ppm or 2.75 ppm. An SSRT were performed at the
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temperatures of 593 K and 633 K under the pressure of 20 MPa. In the environments, the

specimens were elongated up to 10 % with the strain rate of 5 x 10”7 s”!, and then the strain

was maintained for 50 hours. Specimens examined and SSRT conditions are summarized

in Table 4-1. Hereafter, specimens are abbreviated by using variables in this study, that is,

the ratio of cold work, the temperature and dissolved hydrogen concentration in an SSRT

as listed in Table 4-1.

Table 4-1 Conditions of experimental specimens and SSRT

SSRT
Cold
work, Dissolved Sam.ple.

% hydrogen, Temperature, K Elongation, %  Holding time, h abbreviation
ppm

10 10CW-0.5DH-593K
0.5

20 20CW-0.5DH-593K

593

10 10CW-2.75DH-593K
2.75

20 20CW-2.75DH-593K

10 50

10 10CW-0.5DH-633K
0.5

20 20CW-0.5DH-633K

633

10 10CW-2.75DH-633K
2.75

20 10CW-2.75DH-633K

Following the SSRT, oxide films and corrosion products formed on the surface of the

specimens during the SSRT were removed by Ar” ion sputtering. In order to carry out the

three-dimensional characterization of the specimens, the gauge section of the specimen

was cut along the dotted lines as shown in Fig. 4-1. Cross-sections of the specimen after

the cutting were polished with the same procedure previously mentioned. The
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cross-sections were observed with SEM and some locations within the identical area to the

SEM observation were characterized with EBSD.

SEM/EBSD «> : Surface edge
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Fig. 4-1 Sample preparations for crystallographic analysis by EBSD on the cracks during
IGSCC initiation.
4.3 Results

Figure 4-2 shows SEM images of the specimen surfaces after SSRT performed under
the various conditions listed in Table 4-1. As apparent, cracks initiated on the all
specimens, but the number of initiated crack was considerably small on the specimens
subjected to the SSRT at 593 K. As previously mentioned, in this study, initiated cracks
were also observed and characterized at the cross-section of gauge section of tensile
specimens. A typical result of the cross-sectional observation of a crack is presented in Fig.
4-3(a). In the image, one crack is visible not only at the cross-section but also at the
surface of the gauge section, that is, one can see how the crack propagated into the
specimen along a grain boundary. Similar observations were conducted for 5 mm of the

side edge of all the prepared specimens as illustrated in Fig. 4-1.
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Fig. 4-2 SEM images of the Alloy 600 surface after the SSRT in the simulated PWR
environment at (a-d) 593 K and (e-h) 633 K ; (a, ¢) 10CW-0.5DH, (b, f)
20CW-0.5DH, (c, g) I0CW-2.75DH and (d, h) 20CW-2.75DH. The stress axis is

parallel to the rolling direction (RD).

(a) SEM / EBSD

Fig. 4-3 (a) SEM image of the 10CW-2.75DH-633K after the SSRT and (b), (c) IPF map
obtained with EBSD on specimen surface and cross-section as identical locations

of (a).
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From cross-sectional views of crack, the length of crack in the depth direction as well
as the number of crack were evaluated and summarized in Fig. 4-4. The images clearly
show that less crack formed at 593 K compared to those at 633 K and the cracks formed at
593 K were shorter. Furthermore, the dissolved hydrogen concentration affected the
number and length of cracks. In the case of the dissolved hydrogen concentration of 0.5
ppm, cracks were relatively fewer compared to the case of the hydrogen concentration of
2.75 ppm as apparent from Fig. 4-4. As the author found that the probability of crack
initiation in IGSCC depended on grain boundary characteristics®”, the crystallographic

t31:32) the crack

characterization of crack was conducted. As Parkins and Shibata pointed ou
initiation and propagation are stochastic event. Therefore, a large number of cracks should
be discussed. In the present study, cracks formed during an SSRT at 633 K in the simulated
PWR environment with the hydrogen concentration of 2.75 ppm were analyzed, because
cracks on the specimens subjected to the SSRT at 593 K and/or with the hydrogen
concentration of 0.5 ppm were significantly few.

Figures 4-3(b) and (c) show an inverse pole figure (IPF) maps obtained around the
crack shown in Fig. 4-3(a). By overlapping the SEM image to the IPF maps, one can
confirm that the crack initiated along a grain boundary. Based on the EBSD observation,
cracked grains were characterized. In this study, the probability of crack initiation was

defined as the ratio of the number of cracked grains to the total number of grains within

certain range of analysis.
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Fig. 4-4 Crack depth profile observed at cross-section of Alloy 600 after the SSRT in the
simulated PWR environment at 593 K and 633 K; (a) 10CW-0.5DH, (b)

20CW-0.5DH, (c) 10CW-2.75DH and (d) 20CW-2.75DH.

Figure 4-5(a) shows the probability of crack initiation analyzed on the cross-sections
of the 10% and 20% CW specimens that were subjected to an SSRT at 633 K with
dissolved hydrogen concentrations of 2.75 ppm. The probability was evaluated with
respect to misorientation angle between two adjacent grains. The probability distribution
obtained from the corresponding positions of the top surfaces is also presented in Fig.
4-5(b). The probability of crack initiation was higher at the misorientation angle ranging
from 30 ° to 40 ° and equaled zero near the misorientation angle of 60 ° on 10% CW

specimen as well as 20% CW specimen, indicating that no cracks initiated on grain
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boundaries with misorientation angle close to 60 ° on both specimens. The probability
distributions were similar for the 10% CW and the 20% CW specimens. Furthermore, a
similar trend was obtained in the distribution of the probability between analysis conducted
on the cross-section and on the top surface at identical locations. These results indicate that
the crystallographic characterization of crack can be performed properly on cross-sections

of gauge section of tensile specimen.
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Fig. 4-5 Probability of crack initiation obtained at (a) cross-section and (b) surface of
specimens calculated for grain boundary against various misorientation angle

ranges estimated with EBSD; Dissolved hydrogen concentration was 2.75 ppm.

The crack initiation of IGSCC on Alloy 600 in simulated PWR primary water
environments has been examined in terms of misorientation angle for two adjacent grains.
In the following, the crack initiation is discussed, based on the inclination on a grain
boundary plane. The inclination on a grain boundary plane was calculated through the
following steps. For the calculation, a grain boundary plane tilted between two grains is
considered as illustrated in Fig. 4-6. In the model, a presents the angle between the grain

boundary plane and stress axis at the specimen surface while the corresponding angle at the
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cross-section is defined as f3.

Grain boundary plane
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Fig. 4-6 Schematic illustrations for the inclination angle of the grain boundary plane.

The Euler angles for each grain are denoted by (¢, 8,1) from EBSD*®. Assuming that
the principal axes of the crystal coordinate system are arranged (¢, 6,v), the rotation

matrix, R;, can be expressed in the following equation (4-1) 343,

cosg@cosy — singsinicosb sinycos@ + cosfsingsiny  singsind
Ri= <—cos¢sin<p — sinycos@cosfd —singsiny + cos@cosypcosd cosgosinH) i=AorB (4-1)
sinysin@ —cosysind cosf

Misorientation between the adjacent grains, that are grain A and grain B shown in Fig.
4-6, is calculated in the following equation (4-2) by using the rotation matrix of grain A,

Ra and the rotation matrix of grain B, Rs.
R =Ry R;?! (4-2)

Where R;! is the inverse matrix of R,. From components of the matrix R, the

rotation angle of the inclination and the direction of the rotation axis are calculated.
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However, in order to determine an inclination angle on the grain boundary plane, the
difference between the direction of the rotation axis and the normal direction to the grain
boundary plane should be calibrated. To calculate the crystallographic inclination angle on
the grain boundary plane, it is necessary to calculate the space indices for the grain

boundary plane as proposed by Randle*”3?,

Vo. = ( cosa , sina , 0), VW ( cosp , 0, sinf )

(4-3)

The coordinates of direction to the grain boundary plane can be estimated by using the
two angles of a and B. The rotation matrix corresponding to the grain boundary plane is

expressed in the following equation (4-4).

cosg’cosy’ — sing’siny’cosf®’  siny’cosp’ + cosf'sing’siny’  sing’sing’
R. = | —cosy'sing’ — siny’cosp’cosd’ —sing’siny)’ + cosg’cosy’coshd’ cos’sind’
siny'sinf’ —cosy'sing’ cos@’

Assuming that the transformation matrix from the direction of the rotation axis to the
normal direction on the grain boundary plane is expressed as R, the matrix, Rgpp between
three direction of the modified rotation matrix based on equations (4-1) and (4-4) can be

modified to the equation (4-5).

11 T2 T3
Rgpp = Rp Ry -Rc=|T21 T2z T3 (4-5)
31 132 T33
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In order to compute the angle from the Ry, rotation matrix, the rotation formula

was used that indicates the sum of the diagonal elements of the rotation matrix>*3% 49,

2 COoSs e + 1 == (T'11 + T'22 + 7"33) (4—6)

The formula is an efficient algorithm which rotates a vector in a space given its axis
and rotation angle. By expanding to a three-dimensional space, the vector corresponding to
the given axis can be transformed to calculate the angular representation. It is widely cited
for obtaining useful information in a rotation matrix of a three-dimensional rotation matrix.
Based on the equations (4-5) and (4-6), the inclination angle of grain boundary plane is

calculated from the following equation (4-7).

GC” = COS_l(T'll + T'22 + T'33 - 1)/2 (4—7)

The crack susceptibility is summarized in terms of the inclination angle on grain
boundary plane as well as the misorientaiton angle and is presented in Fig. 4-7. In the
figure, solid squares and open circles present cracked and non-cracked grain boundaries,
respectively. Both specimens showed that cracked grain boundaries were located on the
range of misorientation angle from 30 ° to 50 ° as previously shown in Fig. 4-5. On the
other hand, the influence of the inclination angle on the crack initiation was different,
depending on the degree of cold work applied before SSRT. On 10% CW specimen, the
cracked grain boundaries are concentrated between 30 ° and 50 °. By contrast, in the case
of 20% CW specimen, cracks were located on the wide range of the inclination angle from
5 °to 85 °. The distribution of crack depth was also summarized and shown in Fig. 4-8 in

terms of the inclination angle. It was found that deepest crack distributed around the
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inclination angle of approximately 40 ° for the both specimens.

90 90
(a) T T T T T T b T T T T ™7y
2 sof 0 (b) 2 sof "o .
< (o} O =
= o = 7o} 0 G o9
) o]
O 60F © - 8 60 Onm o O -
e o© O = Q) o]
© 5k - e 50
e m B 2 I 9 1
) o° =0
= 40 - = 40 <
= o | « | o)
E 30 n O - £ 30 u O
£ O 2 (o) o ©
£ 20p § - S 20} ©-
E 10 - E 10 m | O = | O without crack
0 A N i M 2 0 N N . . . !) . W with crack
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Misorientation angle / deg. Misorientation angle / deg.

Fig. 4-7 Relationship of crack initiation on the misorientation angle and inclination angle
of grain boundary plane with or without crack. The circle represent the grain
boundaries without crack and solid mark represent the grain boundaries with

crack; (a) IOCW-2.75DH, (b) 20CW-2.75DH specimens.

25 T T T T T T T T
=1 10CW-2.75DH

20— ®20CW-2.75DH

20CW

Crack depth / jun

Inclination angle of GBP / deg.

Fig. 4-8 Crack depth as a function of inclination angle of grain boundary plane for the 10%
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and 20% cold-worked specimens after SSRT in 2.75 DH.

Stress direction applied to a grain boundary is also one of the important factors that
affect crack initiation. Figure 4-9 shows the schematic illustrations of stress angles, a and
B, in the surface and cross section, respectively as represented in Fig. 4-6. The stress angle
is defined as the angle between the grain boundary and the stress axis. Crack susceptibility
is shown in Fig. 4-10 as a function of the stress angles on grain boundary and also
inclination angle and misorientation angle. On 10% CW specimen, cracks initiated at grain
boundaries with stress angles over 60 ° on the surface as well as on the cross-section. On
20% CW specimen, by contrast, although cracks initiated at grain boundaries with stress
angles on the surface, o, over 60 ° as similar to 10% CW specimen, cracks were observed
at grain boundaries with stress angles from the cross section, {3, greater than 40 °. This
means that, the crack propagation occurred on 20% CW specimen even at lower stress
angle, meaning that cracks are able to grow more easily on 20% CW specimen. This result
is in accordance with the findings shown in Fig. 4-4 where longer cracks were observed on
20% CW specimen compared to 10% CW specimen. Figure 4-11 shows the schematic
illustrations of crack initiation at grain boundary due to tensile or shear stresses. In Figs.
4-10, the cracks mainly initiated or propagated by tensile stress as shown in Fig. 4-11(a).
However, the crack initiation of 20% CW in which cracks grows easily at even lower stress
angle also suggests the possibility of cracking due to shear stress at the grain boundaries as

shown in Fig. 4-11(b).
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Fig. 4-9 Crack depth as a function of inclination angle of grain boundary plane for the 10%

and 20% cold-worked specimens after SSRT in 2.75 DH.
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Fig. 4-10 Stress angle as a function of misorienatiaon angle and the inclination angle of the
grain boundary plane with or without cracks; the stress angle of (a)
10CW-2.75DH and (b) 20CW-2.75DH was analyzed at surface. And also, the

stress angle of (c) 10CW-2.75DH and (d) 20CW-2.75DH was analyzed at

cross-section.
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Fig. 4-11 Schematic illustrations of crack initiation at grain boundary plane due to tensile

or shear stresses.

4.4 Discussion
4.4.1 Change in depth of cracks induced by dissolved hydrogen and cold work

In this study, as shown in Fig. 4-4, it was revealed that the large number of crack and
the larger crack length were attained for the larger dissolved hydrogen concentration in the

simulated primary side PWR environment at 633 K. In addition, the number and the length
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of crack on 20 % CW specimen is larger than that on 10 % CW.

In the followings, effects of the dissolved hydrogen and the cold work on the crack
initiation are discussed. The dissolved hydrogen is found to affect the formation of oxide
films on Alloy 600 in primary water environment. Fujimoto et al. reported that stable Cr
based films did not form on Alloy 600 in the PWR primary water environment with higher
dissolved hydrogen concentration*!. Surface oxide films are known to prevent IGSCC in

t!h 19 42 Therefore, the crack initiation was enhanced by

primary water environmen
increasing the dissolved hydrogen concentration in the environment. In addition, the
enhanced crack initiation can be discussed in terms of the interaction between hydrogen
and dislocation. Dissolved hydrogens play a role to decompose accumulated dislocations in
Alloy 600** *Y. The decomposed dislocations accumulate at certain grain boundaries,
contributing to the grain boundary deformation. This may also result in the enhanced crack
initiation under the higher dissolved hydrogen condition.

Hou et al. investigated the strain concentration and grain boundary characteristics of
cold-worked Alloy 600 in simulated primary water environment'?. The highest crack
growth rate and strain concentration at random boundaries were obtained in 20%
cold-worked Alloy 600. The main deformation mode of 20% cold-worked Alloy 600 was
reported to be the interaction of dislocation and slip, leading to non-uniform strain
concentration. In order to confirm the strain distribution, the kernel average misorientation
(KAM) on 10% CW and 20% CW specimens was analyzed after the SSRT, and was shown
in Fig. 4-12. From the images, the higher and non-uniform strain concentration was

confirmed on 20% CW Alloy 600 compared to 10% CW Alloy 600. The higher,

non-uniform strain concentration at grain boundary may increase the crack susceptibility.
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Fig. 4-12 Kernel average misorientation (KAM) maps of (a) 10 % and (b) 20 % cold
worked Alloy 600 surface after the SSRT in the simulated PWR primary water
environment with dissolved hydrogen concentration of 2.75 ppm. The stress

axis is parallel to the rolling direction (RD).

4.4.2 Effects of misorientation angle on crack initiation

It has been reported that IGSCC in PWR primary water environments is affected by
grain boundary characteristics both random and CSL boundaries?*2%-4>:46) CSL boundary
possesses lower crack susceptibility compared to random boundary, especially X3
boundary exhibits excellent resistance to IGSCC. In this study, the higher crack
susceptibility was observed at the misorientation angle ranging from 30 ° to 40 ° as shown
in Fig. 4-5.

IGSCC susceptibility is correlated with grain boundary energy. Chen et al. was found
that the grain boundary energy of extended Read-Shockley model reached to a maximum

at 45 ° grain boundary*”. For the grain boundaries having larger grain boundary energy
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were preferentially separation, and it was expected that IGSCC was mainly initiated on the
misorientation angle between 30 ° and 45 °. These results are clearly consistent with the
results of present work on certain misorientation angle of around 40 ° which has highest
crack susceptibility as shown in Fig. 4-5. Grain boundary sliding is also found to be related
to the crack initiation. In general, high-angle grain boundary exhibits higher grain
boundary mobility compared to low-angle grain boundary*® Furthermore, the mobility of
high-angle grain boundary depends greatly on the misorienation angle of the grain
boundary*-39. Titrov demonstrated the mobility of grain boundary is relatively fast in the
misorientation angle range from 15 ° to 45 ° in f.c.c. and b.c.c. metals’). They also
suggested that grain boundary migration could contribute to the grain boundary
deformation which has been reported to correlate to IGSCC. Therefore, higher crack

susceptibility was observed around the misorientation angle of certain range in this study.

4.4.3 Inclination angle on grain boundary plane and evaluation of crack susceptibility

The grain boundary characteristics greatly affect the IGSCC crack susceptibility.
Although the grain boundaries geometrically possess a three-dimensional structure®* >!52),
but most study does not consider the grain boundary plane on IGSCC in Alloy 600.
Therefore, three-dimensional crystallographic characterization of IGSCC on grain
boundary plane was discussed. Randle notes that it is important to understand the
crystallographic properties of fractures or cracks for non-exposed grain boundaries at
cross-section®”. He proposed an investigation methodology for crystallographic properties
of non-exposed grain boundary plane using EBSD. Stratulat et al. conducted a study on the
IGSCC in 304 austenitic stainless steels in hot water using three-dimensional data on grain

2)

boundary plane and crystal orientations’”. They demonstrated that the intergranular

structure and plastic deformation incompatibility combinedly contribute to crack initiation.
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In the three-dimensional grain boundary structure, inclination angle of the grain
boundary plane is a factor directly involved in the IGSCC. Zhang et al. investigated the
crack initiation susceptibility of IGSCC for 316 stainless steels®®. As the result, they
reported that the susceptibility to cracking increased when the angle of a, indicating the
angle between the grain boundary plane normal and the stress axis decreased. As the angle
of a decrease, the grain boundary plane becomes structurally perpendicular to the stress
axis. Therefore, the crack susceptibility increases because the induced vertical stress acting
on the grain boundary plane can be increased.

Zadow et al. reported that deep cracks were observed at inclination angles between 37
*and 52 °, and most of the cracks were between 21 ° and 45 °>>. Moreover, they found the
crack tends to deepen when inclination angles increased. These documents show that the
crack susceptibility on the grain boundary plane depends on the geometrical structure of
the grain boundary. Considering the three-dimensional structure of the grain boundary
plane in this study, it is necessary to compare it with the study of crack propagation. Pan et
al. examined the crack susceptibility according to the grain boundary orientation, which
creates the macroscopic direction of crack propagation®®. As a result, it found that most of
the crack planes showing the angle relative to crack propagation direction of cracked grain
boundaries were smaller than 60 °. Thus, they reported that the high angle grain boundaries
within 60 ° are susceptible to IGSCC.

Even grain boundaries having the same misorientation angles, it may have different
grain boundary energy depending on the orientation of the grain boundary plane®” 9.
Therefore, it is necessary to consider the grain boundary energy with respect to the grain
boundary plane. Bulatov et al. reported that the highest grain boundary energy was
observed around the boundary plane relative to the rotation of about 40 °>%. In Fig. 4-8 of

this chapter, the faster crack propagation around 40 ° of inclination angle of grain boundary
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plane for both 10% CW and 20% CW specimens is expected to be cause highest relative
boundary plane energy. Based on the literature, it is clear that the IGSCC considering the
grain boundary plane is caused by the geometrical structure of boundary plane and the

energy of grain boundary plane according to the inclination angle.

4.5 Conclusion

Intergranular stress corrosion cracking of Alloy 600 was crystallographically
examined by electron backscatter diffraction. A slow strain rate test (SSRT) was conducted
for cold-worked tensile specimens of Alloy 600 in different environments with different
dissolved hydrogen concentrations at different temperatures of 593 K or 633 K. Although
SSRT was terminated at 10% of tensile strain, cracks initiated under all conditions
examined, but cracks were less and shorter at 593 K compared to those at 633 K. Cracks
on specimens subjected to the cold work with the reduction of either 10 % or 20 % were
statistically characterized. EBSD was conducted at several locations on the cutting edges
of gauge sections in cross-sectional as well as top-views. Results indicated that the
probability of the crack initiation was higher at the misorientation angle of 30 ° ~ 40 °.
Furthermore, the inclination angle of grain boundary plane was examined by using
crystallographic information and angles between the direction of the applied stress and a
crack line observed at the surface and the cross-section. The higher crack susceptibility
revealed at inclination angle of around 40 ° on cracked grain boundary plane in both 10 %

and 20 % cold-worked specimens.
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Chapter 5 General conclusions

In the present study, the author investigated the effect of three-dimensional
crystallographic characterization on initial stage of IGSCC of Alloy 600 under high
temperature and high pressure water environment using EBSD. As a result, the following

conclusions have been derived.

Chapter 1

The author has introduced the overview on IGSCC, the main mechanisms of IGSCC
that has been proposed so far, various factors, particularly focusing on the grain boundary
characteristics such as the grain boundary types, misorientaiton angle and the importance
of statistical analysis for the crystallographic characterization on grain boundary, followed

by the purpose of the present thesis.

Chapter 2

Chapter 2 has shown methodology to examine the direction of crack initiation towards
Alloy 600 specimen with EBSD and examined crystallographically IGSCC cracks. SSRT
revealed that IGSCC cracks initiated for the first time on a flat tensile specimen of Alloy
600 that was subjected to cold work with the reduction ratio of 10% in a quite short time of
the test. This was attributed to the surface asperity induced by mechano-chemical polishing
with colloidal silica suspension. After the SSRTs, the specimen surfaces were covered with
thick oxide films, which prevented the crystallographic characterization of IGSCC cracks
with EBSD. The sputtering of thick oxide films allowed the characterization of cracks with
EBSD, thereby providing important information on IGSCC. Furthermore, an approach for

three-dimensional characterization of crack initiation based on EBSD was discussed.
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Chapter 3

Chapter 3 has reports the crystallographic characterization of crack initiation on grain
boundaries of cold-worked Alloy 600 specimens during the slow strain rate test in
simulated PWR primary water environments. Many cracks initiated on the Alloy 600
specimens under the high dissolved hydrogen concentration of 2.75 ppm in the
environment while initiated cracks were relatively few on the specimens under the low
dissolved hydrogen concentration of 0.5 ppm. Cracks were characterized by electron
backscatter diffraction (EBSD), revealing that the cracks initiated along grain boundaries.
EBSD indicated that the crack susceptibility was strongly affected by the type of grain
boundary such as random boundary and coincidence site lattice boundary as well as the
misorientation on the boundaries. Furthermore, the crack initiation was investigated in

terms of stress loaded on grain boundaries during the slow strain rate test.

Chapter 4

In the chapter 4, crystallographic characterization of crack initiated on cold-worked
Alloy 600 in simulated primary water environments of pressurized water reactor was
carried out by electron backscatter diffraction (EBSD). EBSD measurements of grain
boundaries revealed that the crack initiation was strongly affected by the misorientation
angle between adjacent two grains. Furthermore, the crack initiation was examined by the
inclination of adjacent grains on the grain boundary plane. The inclination angle was
computed from crystallographic data obtained by EBSD and angles between the direction
of stress applied to the cold-worked Alloy 600 specimens and the direction of grain
boundaries. Cracks on 10% cold-worked specimen initiated more at the specific inclination

angle range. On the other hand, cracks on 20% cold-worked specimen were widely
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distributed in the inclination angle range from 5 ° to 85 °. In addition to the misorientation
angle and the inclination angle, the direction of stress against grain boundary also affected

the crack initiation.

Additionally, the author of the thesis hopes that the knowledge on the effect of grain
boundary characteristics on IGSCC initiation obtained in the present study will be useful as
a guidance for improving IGSCC resistance of Alloy 600 in PWR primary water

environments.
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