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Oxidation studies were performed on solution-annealed Alloy 600 in high-temperature steam at
400 �C and in simulated pressurized water reactor primary water at 320 �C under environmental
conditions where this alloy is known to be susceptible to intergranular stress corrosion cracking.
Advanced analytical transmission electron microscopy characterization and detailed scanning
electron microscopy analysis highlighted extensive preferential intergranular oxidation as well as
enhanced Cr and O diffusivities associated with this oxidation. These findings, as well as the
preferential intergranular oxidation susceptibility and diffusion-induced grain boundary
migration, are discussed in terms of their roles as precursors to stress corrosion cracking.
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I. INTRODUCTION

ALLOY 600 primary water stress corrosion cracking
(SCC) has been a major in-service issue over the past
decades[1–3] since it was first observed by Coriou et al. in
1959.[4] Since then numerous laboratories have shown
that Alloy 600 is susceptible to intergranular stress
corrosion cracking (IGSCC) in simulated pressurized
water reactor (PWR) primary water environments, and
that its maximum susceptibility occurs in the electro-
chemical potential region close to the Ni/NiO transi-
tion.[5–8] The nominal operating temperature in the
PWR primary water circuit ranges from 286 to 322 �C,
and 345 �C in the pressurizer;[9] however, the incubation
time for IGSCC at these plant-relevant temperatures
could be several years, if not decades, and laboratory
tests may not be feasible for such long timescales.
Therefore, there is the need to accelerate this degrada-
tion phenomenon in order to investigate and understand
the degradation mechanism. Laboratory tests are gen-
erally performed in high-purity deoxygenated water at
temperatures up to 360 �C, which is a practical maxi-
mum temperature that is below the supercritical point
(374 �C) of water. However, considering that the SCC is
thermally activated and that the activation energy is in
the range of 30 to 70 kcal/mol (125 to 290 kJ/mol),[10]

there is a need to perform tests above the critical
temperature of water, i.e., in a steam environment, in

order to achieve more rapid IGSCC initiation. Above
the supercritical temperature water is known to have
very different physical properties[11] and it could be
argued that this will have an effect on the mechanism of
SCC. However, Economy et al.[12] proposed that the
SCC mechanism was unchanged between tests in pres-
surized water (310 �C to 360 �C) and supersaturated
steam (360 �C to 400 �C) based on their observation that
the time-to-failure for Alloy 600 reverse u-bend samples
followed a linear dependence in the Arrhenius plot for
the entire temperature range. Moreover, Economy
et al.[12] observed similar fracture morphologies in the
two environments and concluded that the same cracking
mechanism was active for both conditions. More
recently Moss et al.[13] reported a similar behavior for
both Alloys 600 and 690 tested in subcritical and
supercritical water. They observed that the mechanism
for SCC initiation in both alloys was consistent between
hydrogenated subcritical and supercritical water. In
addition to these findings, Lindsay et al.[14] performed
other tests to further investigate the similarities in the
SCC mechanism for Alloy 600 in both high-pressure
steam and low-pressure H2-steam. They conducted
constant active load tests on cold-rolled Alloy 600
dog-bone samples at 400 �C in a low-pressure H2-steam
environment and observed an electrochemical potential
dependence similar to the one reported for high-pressure
steam at 400 �C.[12,13]
The fact that the maximum SCC susceptibility occurs

at potentials in the vicinity of the Ni/NiO transition has
been suggested to be associated with a less protective
and unstable Ni oxide at this electrochemical potential,
which, in turn, strongly influences IGSCC.[15] Among all
the models proposed for the occurrence of Alloy 600
IGSCC initiation, the Internal Oxidation model by Scott
and Le Calvar[16,17] appears to be the most
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comprehensive; nonetheless, some authors argued that
O and Cr grain boundary (GB) diffusion coefficients in
Ni alloys[18,19] extrapolated to the temperatures of
interest for primary water SCC were several orders of
magnitude lower than those required to justify the
experimentally observed crack growth rate in PWR
primary water.[20,21] Consequently, the Internal Oxida-
tion model has evolved over the years, and recent studies
have shown that intergranular oxidation of Cr[22–30]

occurs during accelerated SCC initiation tests; thus, the
SCC initiation can be more aptly described as preferen-
tial intergranular oxidation (PIO).[30] Although the PIO
mechanism is able to readily explain the Alloy 600
IGSCC phenomenon, it could not explain experimental
observations by Fujii et al. and Lozano-Perez et al.[21,24]

concerning the experimentally measured O diffusion
coefficient in Alloy 600SA, which was in disagreement
with the value extrapolated from higher temperature
data. It was therefore suggested that in order to get such
rapid intergranular oxidation and a realistic SCC crack
growth rate, a mechanism responsible for an enhanced
O and Cr diffusivity must be active at temperatures
relevant to PWR primary water environment.

Several independent laboratories have observed local
perturbations of grain boundaries in Alloy 600 and
Alloy 690 associated with intergranular oxide penetra-
tions.[30–35] In particular, recent studies by Bertali
et al.[30] have unequivocally demonstrated the occur-
rence of pronounced grain boundary (GB) migration
(lateral movement by ~ 300 nm in 120 hours) during
oxidation of Alloy 600SA in a high-temperature
(480 �C) H2-steam environment. They detected fine
intergranular M23C6 carbides, formed during the water-
quench, that served as ‘‘markers’’ denoting the original
boundary position and enabled GB movement away
from the carbides during the high-temperature exposure
to be measured, thereby confirming that GB migration
occurred during the high-temperature oxidation. Fur-
thermore, they suggested that this mechanism could play
an important role in the IGSCC initiation process and in
enhancing the O and Cr diffusivities. Although the first
conclusive demonstration of this localized DIGM
occurring in advance of the PIO was obtained at
480 �C in a H2-steam slightly reducing environment
with respect to the Ni/NiO transition,[30,34,35] it was
considered that the temperature of the tests (480 �C) was
too high and that this might change the dominant
mechanism responsible for IGSCC initiation.

Therefore, the present work focuses on understanding
the temperature dependence of the initial stages of PIO.
Particular attention has been given to characterization
of localized GB migration and the associated local
compositional variations occurring in solution-annealed
(SA) Alloy 600. Tests were performed in simulated
primary water at 320 �C and high-pressure hydro-
genated-steam at 400 �C. These specimens were subse-
quently characterized via advanced analytical electron
microscopy. The results are discussed in terms of
DIGM, local GB enrichments and depletions, and
similarities with the oxidation behavior of Alloy 600 in
low-pressure H2-steam at 480 �C.

II. EXPERIMENTAL PROCEDURES

A. Material and Sample Preparation

The Alloy 600 used in this study was manufactured by
B&W Tubular Products Division and supplied by
Westinghouse Electric Corp. This material was provided
in the low-temperature mill-annealed condition, and the
bulk composition is reported in Table I.
The material was subsequently solution-annealed in

air at 1100 �C for 30 minutes and water-quenched to
room temperature within 10 seconds in order to produce
a coarse-grained, fully recrystallized microstructure with
limited intergranular carbide precipitation. Oxidation
coupons of dimensions 30 9 20 9 4 mm were cut from
the heat-treated plate several millimeters away from the
oxidized surfaces in regions where any pre-oxidation
and consequent solute depletion (e.g., of Cr) had not
occurred.
The samples were ground using SiC papers from 120

to 4000 grit, mechanically polished with diamond paste
(3 and 1 lm), subsequently cleaned with detergent and
water, and then ultrasonically cleaned for 15 minutes in
deionized water. A final mechanical polish using 60 nm
SiO2 Oxide Polishing Suspension (OPS) was performed
in order to obtain a strain-free surface by removing any
surface deformation induced by abrading procedure and
not fully removed by the 1 lm diamond paste polishing.
It is known that a deformed surface layer has an impact
on the oxidation behavior of stainless steels and Ni-base
alloys.[36] After final polishing, the samples were ultra-
sonically cleaned in deionized water to remove any Silica
Oxide Polishing Suspension contamination, and then
dried in a stream of cold air. The specimens were
analyzed prior to exposure in order to ensure they were
free from oxidation and the detailed base-material
characterization is reported elsewhere.[25,30,33]

B. Experimental Conditions

The polished coupons were tested at two different
temperatures that resulted in two different environ-
ments: high-pressure hydrogenated-steam (‘‘sample A’’)
and PWR-simulated primary water (‘‘sample B’’). The
experiments were conducted in environments for which
the dissolved H2 was closely monitored to remain just
below the Ni/NiO equilibrium potential.
In the present paper no electrochemical corrosion

potential measurements were performed; however, the
electrochemical potential vs Ni/NiO can be accurately
calculated from the knowledge of dissolved H2. In fact,
it is well known that in deoxygenated and hydrogenated
water (with dissolved H2>0.5 ppb) noble metals such as
Pt, as well as passive metals such as austenitic stainless
steels and Ni-base alloys, behave as a hydrogen elec-
trode, and their EcP can be calculated from the Nernst
equation.[37] The reason for this is because the exchange
current density for the H+/H2 reaction is greater than
the passive current density of the metal. Furthermore,
while the value of EcP expressed vs the standard
hydrogen electrode (SHE) would require the knowledge
of the dissolved H2 and pH, the potential EcP expressed

1880—VOLUME 49A, MAY 2018 METALLURGICAL AND MATERIALS TRANSACTIONS A



vs the Ni/NiO transition (EcPvs.Ni/NiO) is not dependent
on the pH but solely on the dissolved H2 in the
system.[38,39] Further thermodynamic considerations, as
well as the value of dissolved H2 and H2 fugacity
required to be at the Ni/NiO transition are discussed in
the publications by Morton et al.[38,39] and by Moss and
Was.[40]

Several Alloy 600SA coupons were exposed to sim-
ulated PWR primary water at 320 �C for 1000 hours
with 40 cc/kg (3.64 ppm) of dissolved H2, which
corresponds to an equilibrium potential more reducing
than the Ni/NiO equilibrium potential,[41,42] and with
addition of H3BO3 (1200 ppm) and LiOH (2 ppm). The
tests in simulated PWR primary water were performed
in a static 9 L stainless steel autoclave that was equipped
with a Pd-23 pct Ag thimble, which was used to monitor
and control the H2 fugacity in the water to the required
experimental conditions. In order to achieve the
required value of dissolved H2 at temperature, the
autoclave was filled with the solution, deaerated by
purging with N2 gas at room temperature for 24 hours
and pre-charged with 70 kPa of H2. This is known to
provide the required value of dissolved H2. At 320 �C
the measured H2 fugacity was 42.76 kPa and the
electrochemical corrosion potential of Alloy 600 was
on the reducing side of the Ni/NiO transition.[39] The
total pressure in the autoclave at 320 �C was 11.3 MPa.
The same material was also tested in high-pressure
hydrogenated-steam at 400 �C for 500 hours using the
same 9 L stainless steel autoclave used for the water
oxidation and following the same procedure. However,
for the H2-steam exposure, the H2 fugacity was adjusted
and monitored to be at 70 kPa at a steam pressure of 20
MPa. Using the thermodynamic approach reported by
Ecomomy and Jacko[12] and Scenini et al.,[36] the oxygen
partial pressure in H2-steam was calculated to be
1.89 9 10�23 Pa which is lower than the dissociation
partial pressure of the NiO (3.22 9 10�23 Pa) and,
consequently, the environment was more reducing than
the Ni/NiO transition. The main reason for maintaining
conditions to be more reducing than the Ni/NiO
transition was to make the test relevant to typical
PWR operation.

C. Microstructural Characterization

Several complementary analytical techniques, includ-
ing scanning electron microscopy (SEM), energy disper-
sive X-ray spectroscopy (EDX), electron backscatter
diffraction, focused ion beam (FIB) milling, and ana-
lytical transmission electron microscopy were used to
characterize the specimens and near-surface
microstructure.

The as-polished post-exposure sample surfaces were
characterized using a Zeiss Merlin field emission gun
SEM equipped with two Oxford Instruments X-Max
150 silicon drift detector for EDX microanalysis, an
Oxford Instruments Extreme 100 windowless low volt-
age silicon drift detector and Aztec analysis system. An
FEI Helios NanoLab 660 DualBeam FIB was used in
the cross-section selected grain boundaries in order to
observe the microstructure in the near-surface region
using a Through-Lens Detector, a Mirror Detector and
an In-Column Detector at high (20 kV) and low
accelerating voltages (3 to 5 kV).
The cross-section specimens were extracted from the

coupons using the TEM lift-out technique and thinned to
electron transparency using the FIB. Initial analytical
electron microscopy characterization of the these FIB-pre-
pared specimens was performed using an FEI Tecnai G2
T20 LaB6 analytical TEM operated at 200 kV and
equipped with an Oxford Instruments windowless X-Max
80 TLE silicon drift detector and Aztec analysis system.
Discrete STEM-EDX ‘‘spot’’ analyses were performed
using a 60-second acquisition (live) time-to-measure
composition at various locations along the grain bound-
aries. Additional analyses were performed at 200 kV using
an FEI Talos F200X S/TEM with an X-FEG and Super
X EDX (four silicon drift detectors) for improved X-ray
collection and EDX spectrum imaging analysis. For EDX
spectra quantification the Cliff–Lorimer technique using a
theoretical K factors with respect to Si calculated for 200
kV was used. All spectra were background-subtracted and
the FWHM (full width half-max) integrated intensities
were used for quantification. All STEM-EDX microanal-
yses were performed using the Oxford Instruments X-max
80 TLE Si drift detector on electron-transparent (thickness
< 100 nm) and TEMQUANT software (which utilizes a
top-hat filter for peak deconvolution).

III. RESULTS

A. SEM Characterization of the Oxidized Surface

The surfaces of the oxidized coupons were immedi-
ately characterized after the exposure using the SEM.
The appearance of the oxidized sample A and sample B
surfaces are shown in Figures 1 and 2, respectively. For
both exposure conditions there was no evidence of a
continuous surface oxide, and the grain structure could
be readily identified via conventional secondary electron
(SE) imaging of the sample surface. The absence of a
continuous surface oxide was expected, considering that
the electrochemical potential was maintained well below
the Ni/NiO oxidation potential; hence, NiO, which is a
necessary phase for the formation of an external layer in
this environment could not form.[42]

Table I. Alloy 600SA Composition (Weight Percent)

Heat No. C Mn S P Si Cr Ni Cu Co Fe Ti Al

93510 0.047 0.23 0.002 0.005 0.30 15.42 bal 0.01 0.057 8.94 0.34 0.19
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Backscattered electron (BSE) imaging of sample A
oxidized surface after the exposure to high-temperature
steam at 400 �C (Figure 1(b)) suggested an orientation
dependence for oxidation, consistent with other reports
concerning crystallographic orientation effects on oxi-
dation kinetics.[42,43] BSE imaging also highlighted the
presence of a marked darkly imaging GB network,
which might be indication of the presence of an
intergranular oxide. Using the InLens detector, which
provides more topographic information due to the
mixed SE and BSE signals, it was also possible to
observe the presence of features both at the GBs and
throughout the matrix (Figure 1(a)). These features
were broadly similar to the surface Ni nodules observed
on Alloy 600SA after exposure in low-pressure H2-steam
environment at 480 �C and previously studied in detail
by several laboratories.[25,26,32–34,43] However, their den-
sity was much lower and the distribution appeared to be
dependent on grain orientation.

The surface of sample B tested at 320 �C in high-tem-
perature water exhibited a similar appearance. The
surface appeared oxide-free, as observed from the
InLens and BSE images (Figures 2(a) and (b)); further-
more, a darkly imaging GB network was evident along
the entire surface (Figure 2(b)). In contrast to the
material exposed in hydrogenated-steam, no surface
nodules were observed at grain boundaries or within the
matrix after the exposure in high-temperature water.
Additional BSE images of several GBs tested in both

environments are shown in Figure 3 (400 �C) and 4
(320 �C). In these BSE images, the presence of a
pronounced dark contrast in the GB regions (indicating
lower atomic number or density) is evident, which is
consistent with the presence of an intergranular oxide.
The main difference between the two samples was that
the darkly imaging GB features (subsequently confirmed
to be Cr2O3 via analytical electron microscopy/selected
area electron diffraction) were slightly thicker for the

Fig. 1—(a) SE/BSE InLens and (b) BSE images of the oxidized surface morphology of Alloy 600SA sample A exposed to high-pressure steam at
400 �C for 500 h (sample A).

Fig. 2—(a) SE/BSE InLens and (b) BSE images of the oxidized surface morphology of Alloy 600SA specimens after PWR-simulated primary
water exposure at 320 �C for 1000 h (sample B).
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coupons exposed in high-temperature steam (~100 nm
as shown in Figure 3(b)) compared to those specimens
tested in simulated primary water (~ 20 nm Figure 4(b)).
An important similarity was that the GBs in samples A
and B exposed to 400 �C steam and 320 �C water,
respectively, were not straight, but had a bulged
appearance with undulations several tens of nm in
extent, as visible in Figures 3(b) and 4(b).

B. Characterization of Oxidized GB Cross-Section FIB
Specimens

In order to determine whether PIO penetration
occurred beneath the surface during the elevated tem-
perature exposure in both environments (simulated
primary water and high-temperature steam), several
GBs were cross-sectioned using the FIB technique and
analyzed using the SE and BSE imaging modes. Inco-
herent and coherent twin boundaries (e.g., R3) were

avoided since they are known to have low susceptibility
to PIO and SCC.[44,45] The representative GB cross-sec-
tions for the two exposures conditions (high-tempera-
ture steam (A) and high-temperature water (B)) are
shown in Figures 5 and 6, respectively.
After the 400 �C high-temperature steam exposure of

sample A, numerous GBs exhibited an undulated
appearance on the surface (Figure 3(b)); these were
subsequently cross-sectioned using the FIB and ana-
lyzed. A representative BSE image is shown in Figure 5.
Specifically, the Alloy 600SA sample A was character-
ized by the presence of a darkly imaging surface layer,
which appeared thicker on one grain (right) than the
other (left). While this oxide appeared to be continuous
and protective, it did not prevent the formation of an
intergranular darkly imaging penetration (subsequently
confirmed to be Cr2O3 via analytical electron micro-
scopy, Section III–C) that proceeded for more than 500
nm along the GB (Figure 5). The GB region beneath the

Fig. 3—BSE images of Alloy 600SA GBs in Sample A after exposure in high-pressure steam at 400 �C for 500 h showing (a) the grain-to-grain
oxidation variations (arrows); (b) the ‘‘undulated’’ GB appearance (arrow).

Fig. 4—(a, b) BSE images of Alloy 600SA GBs in sample B after exposure in PWR-simulated primary water at 320 �C for 1000 h showing the
‘‘undulated’’ GB appearance (arrows).
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darkly imaging intergranular penetration was slightly
bowed with the left grain protruding into the right grain.
From the BSE image it was also observed that the
bowed region appeared slightly brighter, which could
suggest local changes in composition in element with
higher atomic number (Ni in the present case) as
observed by Bertali et al.[30]

A representative BSE image of a FIB cross-section
prepared from the Alloy 600SA sample B tested in
simulated primary water at 320 �C is presented in
Figure 6. In contrast to what was observed for the
material tested at 400 �C, no significant darkly imaging
surface layer was detected for any of the analyzed GBs
(Figure 6). Based on the detailed analysis of all FIB
cross-section samples, no discrete darkly imaging par-
ticles (consistent with oxides) were detected beneath the

surface. For the material tested in water at 320 �C
(sample B), a darkly imaging intergranular feature that
penetrated the GB for more than 500 nm (Figure 6) was
observed. This intergranular penetration appeared to be
continuous although the analysis resolution was not
sufficient to confirm it. The GB also appeared slightly
undulated. The penetration depth was measured by
analyzing more than 15 different GBs cross-sections for
each oxidation temperature. The average penetration
depth was approximately 800 nm for sample A oxidized
at 400 �C and 500 nm for sample B oxidized at 320 �C,
thus confirming the increased PIO susceptibility at the
higher temperature.

C. Analytical Electron Microscopy Analysis of FIB
Cross-Section Specimens

Bright-field (BF) TEM, selected area electron diffrac-
tion (SAD), centered dark-field (DF) TEM, and
STEM-EDX techniques were used to characterize the
‘‘bowed’’ GBs to confirm whether these regions had
experienced GB migration during the exposure in
high-temperature steam at 400 �C (sample A) and to
identify the presence of oxides. A representative bright-
field TEM image of one of the analyzed GBs extracted
from the Alloy 600 coupons is shown in Figure 7.
The analysis focused on a bowed GB region just

beneath the surface, in which the left grain extended
over 200 nm into the right grain. This suggests that GB
migration occurred during oxidation in the steam
environment. However, the microstructural evidence
that the GB migrated during the exposure in high-tem-
perature steam was obtained from TEM analysis.
Bright-field and centered dark-field TEM images
(Figure 8(a)) showed the presence of the fine discrete
M23C6 carbides, identified by selected area electron
diffraction, along the GB beneath the migrated bound-
ary with five small M23C6 carbides located along the
original GB location to the left of the bowed GB plane.
This confirmed that these fine carbides were present
along the original location of the GB before migration
occurred (Figure 8(b)).
The same GBs that exhibited the local migration were

evaluated using analytical transmission electron micro-
scopy. STEM-EDX spectrum imaging was used to
characterize the local compositional variation in the
migrated region as well as identify the darkly imaging
regions observed in BSE images (Figure 5) as intergran-
ular oxide. A series of Talos STEM-EDX spectrum
image datasets showed that the surface oxide was
enriched in both Cr and Fe as shown in the O Ka, Cr
Ka (blue), and Fe Ka (red) EDX elemental images in
Figure 9. The presence of both Fe and Cr in the surface
oxide is consistent with the typical chromite-type spinel
oxide.
STEM-EDX characterisation of the ‘‘bowed’’

migrated GB region revealed a marked Cr and Fe
depletion and a strong enrichment in the Ni. Higher
magnification STEM-EDX elemental images from the
same intergranular oxide showed that this oxide was
primarily Cr-rich and contained enrichments of Ti and
Al oxide at the migrated GB ahead of the Cr-rich oxide,

Fig. 5—BSE image of a sample A cross-section obtained through a
GB after exposure to high-pressure steam at 400 �C for 500 h,
containing a small intergranular penetration consistent with oxide
(yellow arrow) (Color figure online).

Fig. 6—BSE image of a sample B cross-section obtained through an
oxidized GB after exposure to PWR-simulated primary water at
320 �C, showing the darkly imaging penetration (yellow arrow) and
GB undulation (Color figure online).
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Figure 10. Analysis of selected area electron diffraction
patterns of the intergranular oxide was consistent with
the presence of Cr2O3, TiO2, and Al2O3.

STEM-EDX elemental images revealed the presence
of non-continuous surface intragranular oxide that
formed within the grains away from the GB
(Figure 11). Background-subtracted Cr Ka, Fe Ka and
O Ka elemental images obtained from different areas
along the external oxide revealed that the darkly
imaging surface oxide was a mixed Cr- and Fe-rich
oxide. Beneath the surface oxide a marked Cr and Fe
depletion (~ 5 nm) associated with Ni enrichment was
observed. Although the surface oxide appeared contin-
uous, it did not hinder the formation of subsurface
Cr-rich discrete and interconnected internal oxide par-
ticles, which were most probably related to the presence
of surface/near-surface defects such as dislocations,
which might be induced by surface preparation.

Several cross-section samples, each containing one a
GB, were extracted from the oxidized sample B tested in
PWR-simulated primary water at 320 �C and charac-
terized using STEM-EDX microanalysis. The Cr and O
Ka elemental images of Figure 12 indicated that the
intergranular oxide was mainly a Cr-rich oxide. Along
and ahead of the intergranular Cr-rich oxide, some
localized and asymmetric Ni enrichments were observed
(Ni Ka elemental image of Figure 12), which may be an
indication of local GB migration due to the intergran-
ular oxide formation.
Higher magnification STEM-EDX SI characteriza-

tion of the same GB at the intergranular oxide ‘‘tip’’
revealed asymmetric Cr and Fe depletions and the Ni
enrichment, as shown in Figure 13. The Ti Ka elemental
image (Figure 13) indicated a detectable Ti enrichment
at the Cr-rich oxide tip, which suggests the possible
presence of a Ti-rich oxide. Ahead of the preferential
intergranular Cr-rich oxide tip 4 fine M23C6 carbides
were observed on the GB. This is clearly visible from the
elemental images presented in Figure 12; the Cr Ka
image shows 4 discrete Cr-rich precipitates, with no
increase in the O Ka signal, thereby indicating that these
carbides were not oxidized. Furthermore, the slight
depletion in Cr observed in Figure 13 ahead of the oxide
is most likely related to the Cr depletion that accompa-
nied precipitation of the M23C6 carbides during the
water-quench.

IV. DISCUSSION

In the present study, solution-annealed Alloy 600 was
exposed to 400 �C high-temperature/high-pressure
steam (A) and to 320 �C simulated primary water (B)
in the reducing side of the thermodynamic Ni/NiO
transition using a H2 addition to the water or steam
phase. The main reason for maintaining these conditions
(i.e., more reducing than the Ni/NiO transition) was to
be representative of the reducing conditions during
operation of a PWR. It is well known[12,38,39] that Alloy

Fig. 7—TEM bright-field (BF) image showing the migrated GB
(yellow arrow) (left grain is strongly diffracting) after exposure at
400 �C to high-pressure steam (sample A) (Color figure online).

Fig. 8—(a) BF and (b) corresponding DF TEM images of the ‘‘bowed’’ (migrated) region at the GB after 500 h exposure at 400 �C
high-pressure steam. The presence of intergranular M23C6 carbides along the path of the original GB (yellow arrows) confirmed the
identification of the original GB position before migration. selected area electron diffraction patter in (b) showed the ‘‘cube-cube’’ orientation
relationship between the face-centered cubic carbides and the face-centered cubic matrix (Color figure online).
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600 IGSCC initiation susceptibility is greatest in prox-
imity of the Ni/NiO region, then suddenly drops under
oxidizing conditions whereas it remains high in more
reducing environments with dissolved hydrogen in
excess of 60 cc/kg (~ 5.5 ppm).[37] In the present work,
the environment was maintained in the Ni stability
region but nonetheless close to the Ni/NiO transition
where the initiation susceptibility is still high.[37] Also,
the previous work by the present authors in low-pres-
sure H2-steam environment at 480 �C,[32–34,43] was
performed under comparable oxidizing conditions with
respect to the Ni/NiO transition.

A. Alloy 600 Intergranular Oxide Morphology

The Scott and Le Calvar ‘‘internal oxidation’’
model[16,17] was proposed to explain the well-known
susceptibility of Alloy 600 to SCC initiation and
propagation in PWR environment.[46,47] The results of
detailed microstructural studies[25,30,33,43] have led to the
more refined description of this mechanism as
‘‘preferential intergranular oxidation’’ since it is this
latter process that is associated with the

susceptibility.[24,27,30,32–34,43] In fact, recent results high-
lighted that a continuous intergranular oxide is formed
at GBs rather than discrete oxide particles, which are
typical of the internal oxidation mechanism. Internal
oxidation is usually a term for subsurface precipitation
of solute-oxide particles that are not interconnected.[48]

The detailed microstructural analyses using FEG-
SEM imaging techniques, FIB cross-sections and TEM/
STEM-EDX analyses performed in this study of the
oxidation behavior of sample A exposed to high-pres-
sure hydrogenated-steam at 400 �C and PWR-simulated
primary water at 320 �C (sample B) showed a pro-
nounced susceptibility of the alloy to PIO and high-
lighted strong similarities between the two
environments. The detailed SEM and TEM/STE-
M-EDX characterization of Alloy 600SA after the
exposure to high-pressure hydrogenated-steam at
400 �C and PWR primary water at 320 �C revealed
notable changes at the surface and in the near-surface
region of GBs. BSE images of the oxidized coupon
surface suggested that every GB examined after the
exposure in both environments contained a darkly
imaging feature extending along the boundary,

Fig. 9—HAADF and BF STEM images and corresponding STEM-EDX elemental images (Ni K, Cr K, Fe K, and O K) of the migrated GB
after exposure at 400 �C to super-heated steam (sample A), showing the presence of a surface Cr-Fe-rich oxide above the GB. Pronounced Cr
and Fe depletions associated with a marked Ni enrichment are visible below the oxide layer in the migrated region.
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(Figures 1, 2, 3, and 4) SEM evaluation of the FIB
cross-section samples extracted from the high-pressure
steam and PWR primary water specimens revealed that
the darkly imaging feature penetrated along the GBs for
several hundreds of nanometers (Figures 5 and 6).
The average penetration depth was approximately
800 nm for the material tested in high-pressure

hydrogenated-steam at 400 �C (sample A) and 500 nm
for the material tested in PWR primary water at 320 �C
(sample B). STEM-EDX microanalyses and TEM/
selected area electron diffraction confirmed that the
darkly imaging penetration along the GBs was inter-
granular Cr2O3 oxide that formed during high-temper-
ature exposure in high-pressure steam and during PWR

Fig. 10—HAADF STEM image and corresponding STEM-EDX elemental images of PIO/GB regions and [112] selected area electron diffraction
pattern of the matrix and intergranular oxides in sample A. The intergranular penetration consisted mainly of Cr-rich oxide with some Ti and Al
enrichment in the central region and a coarser Al/Ti-rich oxide just ahead the Cr2O3. The apparent Al enrichment at the surface is due to the Pt
and Al peak overlap. Analysis of the selected area electron diffraction pattern confirmed the presence of Cr2O3; electron diffraction data were
also consistent with the presence of TiO and Al2O3.

Fig. 11—HAADF STEM image and corresponding STEM-EDX elemental images of the Cr- and Fe-rich oxide and discrete Cr-rich internal
oxide particles formed in Alloy 600 (sample A) during exposure in high-pressure steam at 400 �C.
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primary water exposure. Additionally, STEM-EDX
spectrum imaging of several GBs regions revealed that
the intergranular Cr2O3 oxide also contained a discrete
nano-scale Al- and Ti-rich oxide (Figures 9, 10, 11, 12,
and 13) that was identified via electron diffraction to be
Al2O3 and TiO2. The Ti and Al GB enrichments and
subsequent oxide formation, which is thermodynami-
cally expected, are the result of Ti and Al diffusing to
and along the GBs during the elevated temperature
environmental exposure. The formation of intergranular
Cr, Ti and Al oxides have also been independently
observed by several groups[14,32,43] on Alloy 600SA
tested in low-pressure H2-steam environment at 480 �C,
and by Persaud et al.[49] on Alloy 600 tested in
PWR-simulated primary water at 320 �C. The results
of these analyses suggested that the mechanism by which
the intergranular oxide forms is similar if not the same
in the two different environments despite the consider-
able temperature and fluid density differences. The idea
that the same oxidation mechanism is active in both
high-pressure steam at 400�C (sample A) and PWR
primary water at 320 �C (sample B) is also strongly
supported by previous findings from Economy et al.,[12]

who observed that that Alloy 600 fracture surfaces

showed marked similarities between PWR primary
water and high-pressure steam.
Previous studies on the same Alloy 600SA material

tested in low-pressure H2-steam environment at 480 �C
showed that the oxide morphology and composition was
very similar to what was observed in this study.[30,43] The
intergranular oxide that formed at 480 �C was primarily
composed of Cr2O3 but also contained a discrete
nano-scale Al2O3/TiO2 ‘‘core’’ within the Cr2O3 and
near the termination of the Cr2O3 penetration. These
strong similarities amongst the different environments
indicates that the PIO mechanism can be extended over
the temperature range from 320 �C up to 480 �C, and
also provides evidence that the low-pressure H2-steam
system employed by several laboratories[14,25,26,32–34,43]

can be used as a surrogate environment to accelerate the
incubation time for SCC initiation without changing the
degradation mechanism.
Another important finding was the marked Cr and Fe

depletion and Ni enrichment observed in the vicinity of
the oxidized Alloy 600SA GBs for both the exposures in
PWR primary water and in high-pressure hydro-
genated-steam. The Cr- and Fe-depleted regions were
always asymmetric (one grain only) and were associated

Fig. 12—Talos STEM-HAADF image and corresponding STEM-EDX elemental images of the PIO in sample B that occurred during exposure
in PWR-simulated primary water at 320 �C. The intergranular oxide is Cr-rich.
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with the formation of the intergranular oxide. These
results are key findings suggesting the occurrence of GB
migration during the exposure in high-pressure steam at
400 �C (sample A) and its possible occurrence in PWR
primary water at 320 �C (sample B) and is discussed in
details in the next section.

B. ‘‘Precursor Events’’ to SCC: PIO and DIGM

The localized migration of GBs in the near-surface
region of the same Alloy 600SA material tested in
low-pressure H2-steam environment at 480 �C was
reported in 2013 to 2015.[25,30,33] These features were
associated with GB migration and were considered to be
important ‘‘precursors’’ to intergranular oxidation and
SCC,[25,30,33] although more work is required to under-
stand their implication on the crack propagation regime.

Interestingly, sample A exposed to high-pressure hydro-
genated-steamat 400 �Cshowedamarked susceptibility to
GBmigration, as shown in Section III–C. The occurrence

of GBmigration during oxidation in high-pressure hydro-
genated-steam at 400 �Cwas confirmed by TEM observa-
tions of discrete M23C6 carbides that decorated the
location of the original boundaries. These carbides formed
despitewater-quenching after the solution-annealing treat-
ment of Alloy 600SA, and did not oxidize during the
400 �C steam exposure. These fineM23C6 were left behind
when the grain boundaries migrated laterally, thereby
acting as ‘‘markers’’ for the identification of the original
boundary location. In order to prove that GB migration
occurs during the exposure and is caused by the oxidation
process, an extensive analysis of the baseline material is
required to ensure that no undulated regions can be
observedprior to exposure. Previous publications from the
current authors[30] clearly showed that no GB undulations
were present before the exposure in the elevated temper-
ature environment, and that theGBs did notmigrate at the
elevated temperature in an inert environment, thus con-
firming that GB migration occurred during oxidation in
hydrogenated-steam.

Fig. 13—HAADF and BF STEM images and corresponding STEM-EDX elemental images of the region ahead the Cr-rich oxide tip showing
the localized Ti enrichment (arrowed) which can be superimposed to a slight O enrichment (arrowed) and the asymmetric Cr depletion and Ni
enrichment formed during exposure in PWR-simulated primary water at 320 �C (sample B).
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For the sample B exposed to PWR-simulated primary
water at 320 �C the asymmetric Cr depletion and Ni
enrichment were still detectable at the GBs although on
a notably reduced scale compared to that observed at
higher temperature in the different environments. The
narrower Cr-depleted/Ni-enriched migrated region com-
pared to those formed at higher temperatures can be
explained by the reduction in lattice and GB solid-state
diffusivities which are thermally activated processes. In
the present case, at 320 �C both substitutional and
interstitial lattice diffusion are essentially negligible over
laboratory timescales whereas the GB diffusivity is
markedly lower than at higher temperature. Therefore,
considering that the migration is associated with both
lattice and GB diffusion,[30,50–52] it is expected that the
GB oxidation and migration rates are lower at 320 �C
(A) than at 400 �C (B) or at higher temperatures
(480 �C). This trend is readily apparent when comparing
the Alloy 600SA GB migrations observed at 400 �C in
high-pressure hydrogenated-steam (B) to those in the
low-pressure H2-steam environment at 480 �C reported
by Bertali et al.[30] Moreover, other laboratories have
reported the presence of an asymmetric Ni-enriched
region along oxidized GBs after exposure in PWR-sim-
ulated primary water at similar temperature to the one
used in this study.[31,53]

STEM-EDX microanalysis of the migrated GBs
showed that a Cr- and Fe-rich oxide layer could readily
form at the surface in the vicinity of the boundaries. The
surface oxide formation is believed to be the main cause
for the significant Cr- and Fe-depleted region at the GBs
and in the near-surface region. In fact, Cr and Fe
diffusion is facilitated along the boundary due to the
presence of vacancies and defects that are ‘‘frozen’’ in
the bulk, especially at low temperatures (below 400 �C).
The increased diffusivity of the alloying elements along

the GBs, and the compositional gradient between the
depleted GB and the matrix of the adjacent (non-de-
pleted) grain are thought to be the driving forces
responsible for the GB migration phenomena.[50–52]

The migration process, which is termed ‘‘diffusion-in-
duced grain boundary migration’’, has been extensively
studied in the past for several binary alloys[50–52] tested
at high temperature. The mechanism is based on the
observation that when solute atoms (Cr and Fe) diffuse
along the boundary out to the surface to form an oxide,
the boundary is observed to move laterally, leaving
behind a solute-depleted region. In Alloy 600SA the
migrated Cr- and Fe-depleted region may be character-
ized by the presence of large compressive or tensile
stresses[52] due to the differences of the fluxes and atomic
dimensions of solute and solvent atoms. The presence of
stresses in the migrated region can contribute to the
fracture of the brittle surface and intergranular oxide,
thus exposing the GB beneath to the environment
promoting further intergranular oxidation. This mech-
anism can then be self-sustained, with repeated GB
oxidation, migration and oxide fracture. Recent work[30]

has also shown that Alloy 600SA is susceptible to
DIGM in low-pressure H2-steam environment at 480 �C
and it was noted that this mechanism might play a
fundamental role in the GB intergranular oxidation
susceptibility and IGSCC initiation of Alloy 600.
The DIGM mechanism can also explain the higher

resistance of Alloy 690 to PIO and IGSCC. Alloy 690
(with~ 30 wt pct Cr) will form Cr2O3 rapidly, providing
a protective surface oxide above the GBs without
creating the pronounced compositional gradient. The
less severe compositional gradient between the matrix
and the Cr-depleted GB coupled with the reduced extent
of GB migration may explain the lower PIO suscepti-
bility of Alloy 690.

Fig. 14—Arrhenius plot of the intergranular oxide penetration depth showing a linear relationship between the intergranular Oxygen diffusion
coefficient against 1/T.
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Although marked Cr and Fe depletions have been
detected also for Alloy 600 tested at temperatures more
relevant to PWR operational conditions,[31,53] no defini-
tive proof of the occurrence of GB migration (i.e.,
evidence of carbide ‘‘markers’’ at the original boundary
location) had been provided. The results reported herein
provide direct evidence for the occurrence of GB
migration in sample A tested in high-pressure/high-tem-
perature hydrogenated-steam at 400 �C, thus extending
the DIGM mechanism temperature range from 480 �C
down to 400 �C. Furthermore, the evidence of GB
migration and the intergranular oxide formation in
high-pressure hydrogenated-steam at 400 �C (B) were
identical to those observed in low-pressure H2-steam at
480 �C,[30,43] thus strongly indicating that the mecha-
nism by which the intergranular oxide formed is
identical for these two environments. These results
suggest that the low-pressure H2-steam environment
can be used as a surrogate environment to simulate the
high-pressure hydrogenated-steam environment and to
accelerate the kinetics of PIO and IGSCC initiation.

The variation in the bulk diffusivity between H2-steam
environment at 480 �C, high-pressure steam at 400 �C
(sample A) and PWR primary water at 320 �C (sample
B) was confirmed by the STEM-EDX microanalyses
performed in the vicinity of the oxidized coupon surface
(away from grain boundaries). Previous research[43] has
shown the presence of classic ultrafine internal oxides
extended 200 nm into the Alloy 600 matrix after
exposure to the H2-steam environment at 480 �C. At
400 �C (B) the maximum internal oxide penetration
depth was in the range of few tens of nanometres
(Figure 11) whereas at 320 �C (A) no internal Cr-rich
oxide particles were detected via analytical electron
microscopy. From these results the maximum bulk O
diffusion coefficient (D) in Alloy 600 can be estimated by
equating the typical depth of internal oxidation (x) over
the test time (t) to (Dt)0.5, which yields a value of
~ 9.2 9 10�20 m2/s at 480 �C and ~ 5 9 10�22 m2/s at
400 �C. However, it was not possible to measure the
bulk O diffusion coefficient at 320 �C due to absence of
measurable internal oxidation after 1000 hours of
exposure. As expected, the GB diffusivity of O appeared
to be affected by the reduction in temperature in a
similar manner to the bulk diffusivity. Considering an
average penetration depth of 1.1 lm at 480 �C after 120
hours of exposure,[25,43] 0.8 lm at 400 �C after 500 hours
(sample A), and of 0.5 lm at 320 �C after 1000 hours
(sample B), the calculated GB diffusion coefficients for
O are 3.3 9 10�18, 3.5 9 10�19, and 7 9 10�20 m2/s,
respectively. Based on these results, it is clear that the
reduction in temperature markedly reduces both the
bulk and GB diffusivities in Alloy 600, thereby explain-
ing the reduced extent of GB migration observed as the
temperature decreased from 480 to 320 �C. The reduc-
tion in GB diffusivity as a function of T is clearly visible
when the logarithm of the diffusion coefficient is plotted
against 1/T, as shown in the graph presented in
Figure 14. The graph also shows that preferential
intergranular oxidation mechanism has a linear trend
and follows an Arrhenius relationship with activation

energy of 85 kJ/mol, which is similar to the activation
energy calculated in the past for IGSCC initiation.[10]

It is also important to highlight that this calculated
diffusion coefficient data for both bulk and GB diffu-
sivities for O and Cr are in good agreement with the
previous experimental data obtained on Alloy 600 tested
in elevated temperature environments below
500 �C.[21,24,49] However, the discrepancy between the
experimentally measured lattice (bulk) and GB diffusion
coefficients and data extrapolated from higher temper-
ature oxidation studies[18,19] is several orders of magni-
tude. This difference in diffusivities is most likely related
to other factors that can enhance the O and Cr
diffusivities in Alloy 600 as discussed below.

C. Enhanced GB and bulk diffusivities

The presence of surface defects such as dislocations
can enhance the diffusivity of substitutional elements,
such as Cr, and this argument has been used to explain
the large surface sensitivity of Alloy 600 oxidized in
high-temperature H2-steam.[26,43,54] In the present case,
a low density of surface defects was expected due to the
careful polishing procedure employed during coupon
preparation; nevertheless, it is impossible to eliminate all
dislocations. These can be preferentially oxidized and
provide a percolating path for the transition from
external to internal oxidation.[55] Therefore, once the
subsurface oxidation process has initiated, the large
volume increase caused by oxide formation can create
large compressive stresses in the near-surface region that
are balanced by a tensile stress in the matrix. This effect
has been demonstrated using the FIB micro-hole drilling
technique on Alloy 600 coupons oxidized in the
H2-steam environment.[43] Such compressive stresses
could be released by a creep mechanism at high
temperatures (800 �C or above) but not at the temper-
atures relevant for this work. It could be argued that at
these low temperatures the generation of dislocations in
the bulk could be responsible for the enhanced O
diffusion, though this explanation seems implausible. A
more probable possibility is that the incoherent interface
between the internal oxide particles and the matrix acts
as a short-circuit diffusion path and enhances O
diffusion in the lattice as reported by Whittle et al.[56]

The GB diffusivity can also be enhanced by the presence
of the incoherent oxide/metal interface at the GB. For
example, high-temperature studies on Ni-Al alloys[56]

revealed that the apparent O diffusion coefficient
increased at 800 �C due to the presence of an incoherent
and continuous oxide/matrix interface. In the case of
Alloy 600 the observations revealing the presence of a
Ti- and Al-rich oxide, which has been consistently
detected at the oxidized grain boundaries in high-pres-
sure hydrogenated-steam and high-temperature water
(Figures 10 and 13), as well as in previous studies in
low-pressure H2-steam,[30,32,43] could act in a similar
manner. It is possible that the formation of this
intergranular Ti and Al oxide detected ahead of the
Cr2O3 may be related to what has been described as
‘‘heat-to-heat variability’’ in the SCC susceptibility of
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Alloy 600. A second factor that can increase the GB
diffusion coefficient is the generation of a tensile stress
ahead of the intergranular oxide that is required to
balances the compressive stress generated with volume
expansion (Pilling-Bedworth effect). In fact, GB O
diffusion is faster in Ni-base alloys subjected to tensile
stress[57,58] as is the intergranular oxidation kinetics.[43]

Although the synergistic effect of these two acceler-
ating factors could partially explain the enhanced O
diffusivity observed in Alloy 600, the discrepancy
between the experimentally measured and the extrapo-
lated oxygen diffusivity is still too large (4 to 5 order of
magnitude) so that the enhancement must be related to
another factor: diffusion-induced GB migration. The
DIGM mechanism and the ability of grain boundaries
to migrate during the oxidation processes can explain
the difference in the diffusivities. It has been reported
that diffusion along moving boundaries is four orders of
magnitude faster than for stationary boundaries,[59,60]

which is also the difference between the calculated O and
Cr diffusion coefficients and those required to account
for the measured SCC crack growth rates in Alloy
600.[21,24,49] It is therefore postulated that one of the
most important factors for enhancing the PIO mecha-
nism at a moving crack tip might be the ability of the
boundary to migrate. Once a crack is formed, the crack
tip can be subjected to high level of tensile stresses,
which can additionally increase the oxygen diffusivity
and intergranular oxide penetration leading to a faster
crack propagation rate.[43] The synergistic effect of these
two factors is considered to be the reason by which
Alloy 600 IGSCC is extremely rapid in PWR primary
water, with the DIGM mechanism being more impor-
tant during crack initiation, and the stress-assisted
diffusion mechanism being more prominent during
propagation. This hypothesis is also supported by the
similar results obtained by Sennour et al.[53] on Alloy
600 SCC specimens. They observed a marked asymmet-
ric Cr and Fe depletion and Ni enrichment ahead of an
active crack tip, which is most likely an indication of a
migrated boundary. It might be argued that GB
migration occurs also at higher temperatures (800 to
1200 �C), and is always an accelerating factor for O and
Cr diffusivity. However, its impact is greater at lower
temperatures because of the higher mismatch between
lattice and GB diffusivity. Moreover, during high-tem-
perature oxidation the presence of internal oxide parti-
cles in the proximity of GBs and the same depth of the
intergranular oxide[61,62] will constrain GBs movements.
Therefore, based on the present and previous stud-
ies,[30,33,43] DIGM is the likely mechanism by which O
and Cr GB diffusion is enhanced and can explain the
discrepancy between the extrapolated O and Cr diffu-
sion coefficients and the experimentally measured ones.

The results and discussion presented in the present
work and comparison with the previously published
data[30,33,43] are able to provide for the first time the
fundamental link between plant operation conditions
and the accelerating environments used conventionally
to accelerate the PIO and stress corrosion cracking
propagation mechanisms. In particular, the presence of

a marked Cr- and Fe-depleted migrated region along
with intergranular Cr2O3 and the ultrafine-scale Al- and
Ti-oxide enrichment at the oxide tip in all the three
environments is a confirmation that the mechanism
responsible for the enhanced oxidation is the same.

V. CONCLUSIONS

1. Solution-annealed Alloy 600 specimens exposed to
simulated primary water at 320 �C and super-
heated steam at 400 �C were susceptible to prefer-
ential intergranular oxidation.

2. The morphology of the intergranular oxide pene-
trations observed in this study showed marked
similarities to those reported for specimens exposed
at higher temperature (480 �C) in the low-pressure
H2-steam environment. The occurrence of GB
migration, intergranular Cr2O3, and Ti and Al
oxide formation in all three environments and at
different temperatures demonstrated that the mech-
anism by which Alloy 600 oxidizes is the same.
Furthermore, these results provide compelling evi-
dence that H2-steam environment can be used as an
effective accelerated test for the PWR primary
water environment.

3. Detailed microstructural analysis of FIB-produced
GB TEM specimens confirmed that the oxide
formed at the GBs was Cr2O3 with a Ti and Al
core oxide at the innermost tip. Although Ti and Al
are present in Alloy 600 in low levels, their presence
may have a role in the PIO process.

4. Detailed TEM characterization of Alloy 600SA
specimens confirmed that GB migration occurred
during the exposure to super-heated steam at
400 �C and strongly suggested that the same mech-
anism is also active at 320 �C in PWR primary
water.

5. DIGM is believed to be the accelerating mechanism
for enhanced O and Cr GB diffusivity especially at
temperatures where there is a large mismatch
between lattice and GB diffusivity; this can also
explain the discrepancy between extrapolated diffu-
sion coefficients from higher temperatures and the
one required to account for the observed crack
growth rates.
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