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Alloy X-750 was exposed to a 480 °C CO-CO. reducing gas mixture at an oxygen partial pressure below the NiO
dissociation pressure. Post-exposure analytical transmission electron microscopy (ATEM) analysis confirmed the
occurrence of preferential intergranular oxidation (PIO) and internal oxidation which resulted in the formation
of Ni nodules. Thus, reducing CO-CO, mixtures can promote PIO in Alloy X-750, similar to Alloy 600 exposed to
similar oxygen partial pressure but in Hy-steam environment. In Alloy X-750, intergranular oxidation of Ti and Al

were observed to occur prior to Cr oxidation, while the presence of intergranular Cr carbides hinders PIO

penetration depth.

1. Introduction

Alloy X-750 is a Ni-based, precipitation-hardened alloy containing Al
and Ti which produce y’ Nig(Ti, Al) precipitates [1,2]. In nuclear power
plants, it is employed for components such as bolts, springs, beams, and
guide tube pins [3,4]. Both Alloy X-750 and its parent variant, Alloy 600
(Ni-16Cr-9Fe), are susceptible to primary water stress corrosion
cracking (PWSCC). In Canada Deuterium Uranium (CANDU) Reactors,
primary water conditions consist of a temperature between 267 and 312
°C and pH, between 10.2 and 10.4 (apparent pH of a heavy water so-
lution measured with traditional light water pH electrodes), measured at
25 °C, controlled with lithium hydroxide; furthermore, 3-10 ml/kg
Ho/H0 is added to prevent net decomposition of water by radiolysis [5,
6]. The susceptibility of both alloys to PWSCC was originally reported by
Coriou et al.; first in Alloy 600 [7] and later in Alloy X-750 [8]. Cracked
support pins manufactured in Alloy X-750 were identified during refu-
eling of Mihama 3, Japan in 1978 [9], becoming the first observed
occurrence of PWSCC in Alloy X-750. Similar problems were reported
the following year in France and the USA [10]. Noting that the com-
ponents supplied with a dissimilar heat treatment on the same reactor
had no cracks, numerous heat treatments were tested aiming to improve
the PWSCC resistance [9,11,12]. The HTH treatment (high temperature
heat-treatment [13]), which consists in annealing at 1093 °C for 1 h
followed by water quenching and aging at 704 °C for 20 h resulted in a
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microstructure most resistant to PWSCC, albeit not imparting immunity
[14-17]. This heat treatment results in formation of a semi-continuous
distribution of intergranular carbides, which has been shown to play a
crucial role in increasing PWSCC resistance [3,11,12,18].

In CANDU reactors, garter-spring spacers are placed between pres-
sure tubes and calandria tubes to separate and maintain a dry CO2-O4
insulating gas gap [19]. The annulus gas system (AGS) where spacers
reside is, in normal conditions, an oxidizing dry gas environment due to
the addition of 0.5-5 vol% O3, with the dew point constantly monitored
to detect moisture [19]. The system is purged when the dew point is
above —10 °C, ruling out any possibility of aqueous-based SCC. As the
Zr-2.5 Nb pressure tubes experience irradiation creep over time [6],
spacers maintain a gap, preventing contact between the calandria and
pressure tubes, which otherwise could result in formation of brittle
zirconium hydrides in pressure tubes, leading to cracking [19]. As a
consequence of pressure tube creep, the spacers are “pinched” between
the pressure and calandria tubes, leading to differential temperatures
around their circumference. It is estimated that at the 6 o’clock position
the temperature ranges between 120 and 280 °C and at the 12 o’clock
position the temperature ranges between 300 and 330 °C [20].

Spacers are made of either Alloy X-750 or Zr-based alloys [19,21].
X-750 spacers are hot coiled from 0.76 by 0.76 mm cross-section square
wire followed by HTH heat treatment [6,22]. Crush tests revealed that
Alloy X-750 spacer material is susceptible to embrittlement in the AGS
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environment [21,23]. Specifically, they are exposed to a high thermal
neutron flux which results in significant Ni transmutation, producing H
and He, along with y’ disordering and dissolution [20,24,25]. Thus,
irradiation embrittlement is attributed to the formation of cavities sta-
bilized by He that tend to segregate at higher density at grain boundaries
and matrix-precipitate interfaces [24,26,27]. Although irradiation is a
known source of Alloy X-750 spacer embrittlement, any contribution
from the AGS environment has not been studied, especially for crack
initiation. Since Alloy X-750 is susceptible to PWSCC in reactor coolant
environments, similar embrittlement and crack initiation from dry
CO/CO; gas environments may be relevant in the AGS if the oxygen
partial pressure is below (or near) the NiO dissociation pressure as it is
the case for Alloy 600. While such reducing conditions are not likely in
the AGS, which is normally oxidizing, understanding the behaviour of
Alloy X-750 in rare off-chemistry conditions is still useful. In such a
hypothetical event, the absence of oxygen and ingress of deuterium
leads to the reduction of CO, to CO.

It is believed that PWSCC is governed by an oxidation-based mech-
anism where the Cr concentration is important. Among the various
proposed models for PWSCC of Alloy 600, the internal oxidation model,
first proposed by Scott and Le Calvar [28], is often cited as viable. This
model suggests that PWSCC is associated with an internal oxidation
mechanism due to conditions of primary water being in the vicinity of
the Ni/NiO equilibrium electrode potential. The model has evolved
since its initial proposal to the currently most accepted preferential
intergranular oxidation (PIO) model [29-34]. Several studies have re-
ported that the maximum PWSCC susceptibility for Alloys 600 and
X-750 occurs at a potential near the Ni/NiO equilibrium electrode po-
tential, where Ni-metal is thermodynamically stable [35,36], even
though Ni containing oxide spinels (NiFe;O4 and NiCr,04) may form at
lower oxygen partial pressures [37,38]. These electrochemical condi-
tions, combined with the fact that Alloys 600 and X-750 have relatively
low Cr content (~16 wt%), results in inward oxide growth along grain
boundaries rather than external oxide formation [39,40]. This PIO leads
to intergranular embrittlement and PWSCC. A high-temperature (480
°C), low-pressure Hy-steam environment has been used to simulate
accelerated primary water conditions for laboratory testing of Alloy 600
[29-31,41-44]. Usually, the oxygen partial pressure is maintained
below the NiO equilibrium dissociation pressure [45,46], resulting in
PIO of the reactive elements, particularly Cr, Al, and Ti. Similar to 300
°C primary water, lattice diffusion is negligible in 480 °C hydrogenated
steam leading to grain boundary oxidation phenomena being dominant
[47]. Additionally, diffusion-induced grain boundary migration (DIGM)
and the formation of Ni nodules on the surface are commonly observed
in Alloy 600 exposed to 480 °C hydrogenated steam. The formation of Ni
nodules are due to relieving of compressive stress resulting from internal
oxidation [48,49].

A recent study in X-750 [50] showed that reducing 480 °C CO-CO,
mixtures can promote both internal and intergranular oxidation similar
to observations in Alloy 600 exposed to 480 °C Hp-steam. The aim of this
work is to further examine this internal and intergranular oxidation
using analytical transmission electron microscopy (ATEM) methods to
provide mechanistic insight. This accelerated CO-CO, environment al-
lows for initial evaluation of intergranular oxidation in Alloy X-750
where the oxygen partial pressure is below the Ni/NiO dissociation
pressure, resulting in PIO. It should be re-emphasized that such a
reducing environment has not been reported in the AGS of CANDU re-
actors at present. This is a proactive study aiming to determine the
thermodynamic and kinetic boundary conditions for the occurrence of
PIO in the AGS, from which a future transient or off-chemistry envi-
ronment could be compared to. Annealed and aged (HTH) Alloy X-750
samples were tested in environments where the oxygen partial pressure
is maintained at 500x and 5000x below the NiO equilibrium dissocia-
tion pressure. Post-exposure characterization is performed using scan-
ning electron microscopy (SEM) and analytical transmission electron
microscopy (ATEM) techniques, with emphasis on identifying PIO and
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the effect of heat treatment.

2. Experimental methods
2.1. Material and sample preparation

The Alloy X-750 plate used in this study was provided by Haynes
International (Heat n° 275097671) with a nominal thickness of
1.09 mm. This material was supplied as cold rolled and annealed with a
chemical composition shown in Table 1. Prior to oxidation experiments,
the material was heat-treated following the HTH procedure: Solution
annealing was conducted in high-purity argon gas for one hour at 1093
+ 5 °C and water quenched within 10 s, thermal aging was performed at
704 + 5 °C in argon gas for 20 h and air cooled. However, unlike the
spacers, the samples were not cold or hot worked before heat treatment.
Square coupons of 7 mm x 7 mm in area were cut and ground with SiC
paper to a 1000 grit finish, followed by sequential polishing with dia-
mond suspension (6 pm, 3 pm, and 1 pm). The final polishing step was
performed using colloidal silica (60 nm) to remove any deformation
induced by mechanical polishing, because the removal of the ultrafine-
grained layer associated with grinding and polishing can have signifi-
cant effects on oxide formation and can obscure mechanistic under-
standing [51,52]. After polishing, the samples were ultrasonically
cleaned in acetone and ethanol for 10 min each, rinsed with de-ionized
water, and dried with nitrogen gas.

2.2. Gas testing

The polished samples were tested in a gas reactor rig, which allows
for the exposure of samples to CO-CO, gas mixtures at elevated tem-
peratures to simulate extreme off-chemistry AGS conditions, Fig. 1. This
low pressure experiment rig is operated near atmospheric pressure and
is similar to the system developed by Scenini et al. [53], where the gas
mixture is pre-heated in the annular space of a specially designed
double-walled quartz tube before entering the inner tube and coming in
contact with the samples. By controlling the ratio of CO and CO», the
oxygen partial pressure can be set relative to the NiO oxygen dissocia-
tion pressure using thermodynamic calculations. Using the approach
stated in the literature [46], the equilibrium oxygen partial pressure
(po,) was calculated using the Gibbs free energy, Eq. (1). At 480 °C, the
Gibbs free energy was calculated to be —170.9 kJ/mol, resulting in the
equilibrium po, being 1.98x10"2* bar.

AGU ] 2
Po, = {eXp( Rffloﬂ m

Tests in mixed gas environments were all conducted at 480 °C for
192 h. Duplicate testing at each environment condition was performed
to ensure consistent results. In each experiment, one annealed and one
thermally aged sample were exposed simultaneously. During service the
v’ precipitates in Alloy X-750 are disordered and dissolved over time due
to irradiation [24]. Since aging promotes the precipitation of inter-
granular carbides and the y’ secondary phase, testing annealed and
thermally aged samples allows for comparing Alloy X-750 prior to (aged
samples) and after (annealed samples) dissolution of y’ to simulate the
effect of irradiation.

The po, in the experimental environment is determined by the CO/
CO;, gas equilibrium and calculated using Eq. (2), and assuming AG¢ co,
= —218.35 kJ/mol. Setting po,equivalent to the Ni/NiO equilibrium
oxygen partial pressure, the ratio of CO to CO was found to be 2463:1; a
lower ratio results in a more reducing environment, where Ni is not
oxidized to NiO. Varying the ratio of CO and CO; allows for setting the
desired environment relative to the Ni/NiO equilibrium, in this study
defined as the number of times below the NiO oxygen dissociation
pressure. The oxygen partial pressure was set to 500 and 5000 times
below the NiO dissociation pressure (designated from now on as 500x
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Table 1
The chemical composition (in wt%) for the Alloy X-750 material used in this study, provided by the supplier.
Ni Cr Fe Ti Nb Al Si Mn C Cu
71.83 15.42 8.25 2.45 0.96 0.68 0.23 0.21 0.05 0.01
Flogeter Furnace Coupons
Flowmeter

Double-walled
quartz tube
10%CO-Ar

Fume hood
R

\
H,0 tank

Fig. 1. Schematic of the mixed gas reaction rig.

and 5000x, respectively). Note that these calculations are based on
thermodynamic conditions only, and do not consider the kinetics of gas
phase reactions, which is important and will be discussed later. The flow
rate of both gases can be determined by setting the total flow rate to be
approximately 30 ml/min, Table 2. For laboratory safety and flamma-
bility limits, a 10 %CO-Ar mixture was used instead of pure CO.

Do = polexp (%Gf ;"2) @

The testing procedure involved placing polished and ultrasonically
cleaned samples in a ceramic boat inside the glass tube, with a ther-
mocouple positioned approximately 10 mm from the samples. The tube
was purged with high-purity argon gas for one hour before heating.
Once the temperature stabilized at 480 °C, a 10 % CO-Ar mixture was
introduced for 20 minutes via computer-controlled flowmeters, fol-
lowed by CO, for another 20 minutes, also via flowmeter. The argon
flow was then stopped, initiating the experiment. To terminate the
experiment, argon was reintroduced for 20 minutes, the CO, flow was
stopped, and the CO flow was ceased after an additional 20 minutes.
Argon continued to flow until the temperature dropped to 200 °C, and
the samples were removed the next day.

2.3. Microstructural characterization

Post-exposure characterization was performed using various com-
plementary microscopy techniques. The surfaces of oxidized samples
were initially inspected using scanning electron microscopy (SEM) on a
FEI FEG-Nova NanoSEM located at Reactor Materials Testing Laboratory
(RMTL), Queen’s University, Kingston, ON, Canada. The micrographs

Table 2
Test conditions used for experiments in this study.
Test Temp. COy/ Below Ni/ Flow Flow Time
condition [°C] cO NiO rate rate [h]
ratio equilibrium 10 % CO,
CO-Ar [ml/
[ml/ min]
min]
500x 480 110.13 500 2.50 28.08 192

5000x 34.83 5000 7.00 24.87

were captured at 10 kV and with a working distance of 5 mm. Two site-
specific FIB trenches from each sample were prepared with a LEO-Zeiss
1540 FIB-SEM located at the Nanofabrication Facility, University of
Western Ontario, London, ON, Canada with the objective of assessing
whether internal/intergranular oxidation occurred in multiple areas
prior to TEM analysis. After confirmation of internal and intergranular
oxidation in FIB trenches [50], one oxidized grain boundary from each
sample was extracted for TEM examination. A conventional FIB lift-out
procedure was used for TEM sample preparation on a Thermo Fisher
Helios 5 UC FIB-SEM from the Canadian Centre for Electron Microscopy
(CCEM), Hamilton, ON, Canada. All foils were extracted from high-angle
grain boundaries, as more intense PIO is expected at these boundaries.
TEM analysis was conducted using a FEI Osiris FEG-TEM with an
accelerating voltage of 200 kV, located at RMTL. Electron energy loss
spectroscopy (EELS) analysis was performed using a Thermo Fisher
Scientific Spectra Ultra S/TEM operated at 200 kV, equipped with a
Gatan Imaging Filter (GIF) Continuum K3® HR from CCEM. All TEM
analyses were conducted with the grain boundaries aligned generally
parallel to the beam. The convergence semi-angle was 28 mrad, and the
collection semi-angle was 47.8 mrad, with an energy dispersion of
0.05 eV/channel, an exposure time of ~1.5 ms/pixel, and a step size of
1 nm was used for Zero Loss Peaks (ZLP). For the core loss spectra, an
energy dispersion of 0.09 eV/channel, exposure of 0.4 s/pixel, and step
size of 0.13-2.5 nm were used. The spectrum image (SI) was processed
using Gatan Digital Micrograph, version 3.5. The dimensionality of the
data was reduced by performing multivariate statistical analysis (MSA)
on the spectrum image.

3. Results
3.1. Baseline material characterization

The resulting microstructure after aging consisted of equiaxed grains
with an average grain size of 40 um, Fig. 2a. Selected area diffraction
pattern (SADP) of [110] pole performed on the aged specimen
confirmed the presence of the y’ superlattice reflection, Fig. 2b. The
carbide distribution plays an important role in PWSCC resistance, and
the HTH heat treatment is known to result in blocky Nb/Ti-rich MC-type
intragranular carbides, along with My3Cg globular, discrete, and cellular
intergranular carbides [11,12,54]. The cellular carbides consist of
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Fig. 2. (a) Secondary electron (SE) SEM micrograph of an aged Alloy X-750 sample, and (b) [110] SADP pattern from an aged Alloy X-750 sample showing the y’

superlattice reflections.

alternating layers of carbide and y’-free solid solution, and its precipi-
tation is reported to be promoted by cold work or water quenching after
annealing [54,55]. The three types of intergranular carbides observed
after HTH treatment are shown in Fig. 3: (a) discrete, (b) cellular, and
(c) globular carbides.

3.2. SEM characterization of surface film

Typical secondary electron (SE) and backscattered electron (BSE)
micrographs showing the surface morphologies of the samples after
exposure to CO-CO4 environments for 192 h at 480 °C are shown in and
Fig. 4 and Fig. 5 for 500x and 5000x testing conditions, respectively.
The BSE images indicate that the grain boundaries were likely oxidized
due to their darker appearance (low Z element present such as oxygen).
SEM examination of the oxidized samples tested at 500x reveals the
presence of an external oxide, confirmed with chemical characteriza-
tion,. In addition to the oxide film, the surfaces present globular features

200 nm cr

that resemble metallic Ni nodules [33,53]. However, the presence of
whiskers on the surface suggests that these are stable oxides. Notably,
even though the environment was calculated to be thermodynamically
below the Ni/NiO equilibrium, no metallic Ni nodules were visible on
the surface. The possible reasons for this discrepancy will be discussed
later. At 5000x, ie. more reducing conditions, the surface exhibits
nodular features, which appear bright in BSE imaging, consistent with
Ninodules observed in previous studies [33,53], Fig. 5; enrichment of Ni
will be confirmed in TEM analysis of Section 3.3. Hence, in the 5000x
environment, with lower oxygen partial pressure, the system likely can
attain the thermodynamically expected reducing conditions, in the
Ni-metal stable regime. In Fig. 5c, an undulated grain boundary asso-
ciated with DIGM is visible, DIGM is the lateral motion of the grain
boundary resultant from the outward diffusion of more reactive ele-
ments [29,56]. Similar DIGM has been frequently observed in Alloy 600
tested in 480 °C Ha-steam, and it is considered a precursor to PIO and
ultimately PWSCC [41].

Fig. 3. Different intergranular carbide morphologies observed after HTH treatment: (a) discrete, (b) cellular, and (c) globular carbides.
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Fig. 4. (a) Secondary electron (SE) and (c) backscatter electron (BSE) SEM micrographs from an aged X-750 sample. (b) SE and (d) BSE micrographs from an
annealed X-750 sample. These samples were exposed to the 500x testing condition for 192 h at 480 °C.

Fig. 5. (a) SE and (c) BSE micrographs from an aged X-750 sample. (b) SE and (d) BSE micrographs from an annealed X-750 sample. These samples were exposed to

the 5000x testing condition for 192 h at 480 °C.

3.3. Analytical transmission electron microscopy (TEM) analysis

TEM samples were prepared to further investigate the internal and
intergranular oxidation for each sample and test condition: annealed
and aged at 500x and 5000 x. Fig. 6 shows high-angle annular dark-field
(HAADF) images of the region of interest for the four TEM foils, one from
each sample. Note that prior FIB-trenching across several boundaries
confirmed similar intergranular oxidation behaviour, shown in previous
work [50]. A dark phase is observed under the surface and along grain
boundaries, suggesting an oxide has formed based on Z contrast. Also,
there are surface oxides and/or Ni nodules formed on the surface. The
samples tested at 500x developed an acicular oxide on the surface of

both annealed and aged samples; this oxide morphology is described as
whiskers or blades [57,58]. Additionally, the TEM micrographs indicate
the occurrence of internal oxidation due to the porous appearance of
samples close to the surface. The scanning TEM (STEM)-EDX elemental
maps of the annealed Alloy X-750 tested at 500x confirm that internal
oxidation of Cr and Ti occurred, which is commonly observed in
high-temperature experiments (800-1000 °C) [59,60], with the forma-
tion of whiskers and external oxides of Ni and Fe on the surface, Fig. 7.
Although Ni was not oxidized below the surface oxide, a layer of spinel
oxide is present, and no metallic Ni nodules were identified on the
surface, unlike commonly reported in Alloy 600 exposed to Hy-steam.
The absence of Ni nodules on the surface indicates that although the
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| Intergranular
oxidation

Fig. 6. High-angle annular dark-field (HAADF) images of TEM samples containing the regions of interest. TEM samples from the following exposure conditions are
shown: (a) annealed Alloy X-750 at 500x; (b) aged Alloy X-750 at 500x with whisker oxide and internal oxidation; (c) annealed Alloy X-750 at 5000x with clear
intergranular oxidation; and (d) aged Alloy X-750 at 5000x. The scale bar in (a) is applicable to all figures.

Fig. 7. STEM-HAADF image and EDX elemental maps showing internal oxidation of solute reactive elements within the grains and intergranular oxidation along a
grain boundary from an annealed Alloy X-750 sample tested at 500x for 192 h at 480 °C.

environment was thermodynamically calculated to be reducing for Ni,
the gas mixture was able to oxidize Ni during the experiment, for reasons
that will be discussed later. Below the thick Fe/Ni oxide, Cr is internally
oxidized, noting the discrete particles, along with the formation of a thin
Cr oxide at the surface of the material. No intergranular carbides were
visible, which is consistent with the literature, which states that
annealing at 1093 °C dissolves the majority My3Cg carbides in Alloy
X-750, [61]. Due to the absence of intergranular carbides, the inter-
granular oxidation is unimpeded, and penetrates approximately 1 pm
deep. The intergranular oxidation front is led by the oxidation of Ti,
along with Al and Nb. Intergranular oxidation of Cr takes place closer to
the surface, and appears to surround the Al, Ti, and Nb rich oxides, while
Fe is oxidized at the surface. The PIO observed is similar to that observed
in Alloy 600 in the solution annealed condition exposed to 480 °C
Ho-steam [29], although the oxidation of Al and Ti is less prominent in
Alloy 600 and coincides with Cr oxidation. EELS elemental maps at the
tip of the intergranular oxidation front show elemental distribution in
the oxide, Fig. 8a. At this higher resolution, Ti and Al oxidation is clearly
visible at the intergranular oxidation front, while Cr is depleted, shown
by the line scan indicated by the red arrow, Fig. 8b. In contrast to the
surface, Ni remains metallic and is enriched ahead of the intergranular
oxidation front, whereas Cr is depleted, confirmed by line scan in the

yellow arrow and shown in Fig. 8c; this is consistent with observations in
Alloy 600, [30,41]. The oxygen partial pressure at the intergranular
oxidation front would be lower compared with the surface which ex-
plains why Ni remains metallic ahead of the intergranular oxide.

On the surface of the aged Alloy X-750 sample tested at 500x, in
Fig. 9, a prominent nodule-like feature is visible. The EDX elemental
maps reveal that this feature is composed of Ni and Fe oxide, with Fe
concentrated on its outer surface. Similarly to the annealed sample, Fe/
Ni whisker oxides are formed on the surface of the aged sample. The
intergranular oxidation of the aged Alloy X-750 sample tested at 500 x
has two distinct morphologies. Closer to the surface, a thicker inter-
granular oxide is formed. Below that, a fine intergranular oxide is
formed with a tortuous path contouring the intergranular cellular car-
bides, Fig. 10a. At higher magnification, EELS elemental maps reveal
further details about the microstructure and intergranular oxidation,
Fig. 10b. Within the matrix, y’ precipitates are visible, revealed in Ti and
Al maps with a spherical shape and an approximate diameter of 10 nm.
Neighbouring the fine intergranular oxidation, the solid solution that
alternates with the cellular carbides is depleted in Ti and Al, which likely
diffused to the grain boundary and formed the intergranular oxide, as
shown by the line scan in Fig. 10c. The intergranular oxide is also
depleted in Fe and Cr which diffused towards the surface, while Ni
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Fig. 8. (a) EELS elemental maps of the tip of intergranular oxidation from an annealed Alloy X-750 sample tested at 500x for 192 h at 480 °C, (b) quantitative line
scan across the red arrow in (a) at the intergranular oxidation, and (c) quantitative line scan across the yellow arrow in (a) ahead of the intergranular oxidation.

Fig. 9. EDX elemental maps showing internal oxidation beneath the surface and a Ni/Fe superficial globular oxide formed on an aged Alloy X-750 sample tested at

500x for 192 h at 480 °C.

diffused either to the surface or ahead of the intergranular oxidation.
The tip of the intergranular oxidation stops at a Ti/Cr-rich carbide,
which also confirms the role of Ti and Al in leading the oxidation,
Fig. 11.

Similar to the sample tested in the 500x condition, the STEM-EDX
maps for the annealed Alloy X-750 sample tested at 5000x also shows
a straight intergranular oxidation, initiated by Ti and Al, which appear
in the core of the PIO and ahead of the Cr oxide with a depth of 1.1 pm,
Fig. 12. The intergranular oxidation appears slightly curved, which may
indicate the occurrence of DIGM, due to the outward diffusion of Fe and

Cr, frequently reported in Alloy 600 [41,42]. Similar to the annealed
X-750 sample tested at 500%, no intergranular carbides were present,
confirming that during the exposure at this temperature there is no
carbide formation. A large difference in intergranular oxidation pene-
tration is observed when comparing the annealed Alloy X-750 sample
with the aged sample tested in the 5000x condition, Fig. 13. Instead of
the deep penetration observed on the annealed sample, the intergran-
ular oxidation is shallower than the internal oxidation. Although the
carbides were not as clear in Fig. 13 compared to Fig. 10, there were
Ti-Nb enriched clusters at the grain boundary, indicating the presence of



A.E. Yaedu et al.

Corrosion Science 240 (2024) 112496

%

2]
o

N
o

Concentration (at. %)
E=Y
o

100 150

Position (nm)

Fig. 10. (a) EDX elemental maps showing intergranular oxidation along a grain boundary on an aged Alloy X-750 sample tested in the 500x condition for 192 h at
480 °C. (b) EELS elemental maps showing intergranular oxidation initiated by Ti and Al. The carbon map also clearly shows the presence of cellular carbides. The
oxygen map indicates the area around the tip of the intergranular oxidation from which the EELS elemental maps shown in Fig. 11 were obtained. (c) quantitative
EELS line scan across the red arrow in (a) showing depletion of Ni, Fe and Cr, alongside enrichment in Ti and Al (approximately 50 nm wide).

cellular carbides, which can explain the limited intergranular oxide
penetration of =2 300 nm. Similar to Fig. 8, a prominent Ni enrichment is
visible in front of the intergranular oxide, Fig. 13. On the surface, the
STEM-EDX maps and diffraction pattern (DP) confirm the presence of a
Ni nodule covered by Ni oxide, Fig. 14b-c. Additionally, small spinel
Ni-Fe oxides with a nodular shape were present on the surface, with a DP
consistent with NiFe,O4 (trevorite). These nodular oxides were partic-
ularly noticeable on the annealed sample tested at 5000x as shown in
Fig. 5b. At the tip of the tortuous intergranular oxidation, again, a
mixture of Ti and Al oxide(s) is evident, confirming the prominent role
of these elements in leading intergranular oxidation, Fig. 15.

4. Discussion

4.1. Internal and intergranular oxidation susceptibility of Alloy X-750 in
a 480 °C CO-COz environment

The results of this study show the nanoscale chemistry and
morphology of PIO formed Alloy X-750 exposed to CO-CO5 dry gas
mixtures at 480 °C. This finding suggests that embrittlement of Alloy X-
750 spacers in CANDU nuclear plants can be induced if the AGS were to
transition towards reducing conditions (e.g., off-chemistry loss of oxy-
gen or ingress of deuterium) [21,23]. The PIO and Ni nodule formation
on the surface of Alloy X-750 in 480 °C CO-CO3 are similar to the ob-
servations for Alloy 600 tested in 480 °C Hy-steam [29,44]. In fact, these
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Fig. 11. EELS elemental maps of the tip of the intergranular oxidation formed in an aged Alloy X-750 sample tested in the 500x condition for 192 h at 480 °C,
confirming Ti and Al oxide formation along with a general lack of Cr oxidation. The intergranular oxide arrests at the cellular carbide.

Fig. 12. STEM-EDX elemental maps showing intergranular oxidation along a grain boundary formed in an annealed Alloy X-750 sample tested at 5000x for 192 h at

480 °C.

features are believed to be the precursors to intergranular PWSCC, and
therefore similar observations for Alloy X-750 in CO-CO; suggests that
intergranular cracking may also be possible. Although the reaction ki-
netics of Hp-steam and CO-CO;, are not equivalent, and Alloy X-750 is a
precipitation hardened alloy, from a pure thermodynamic point of view,
hydrogenated steam and CO-CO, appear to behave in a similar manner.

Fig. 9 shows that the globular formation on the surface of Alloy X-
750 samples tested in the 500x condition is a Ni/Fe oxide rather than a
metallic Ni nodule. This EDX map indicates that although the environ-
ment was thermodynamically calculated to be reducing for Ni, the
element was in fact oxidized. This superficial Ni oxidation may have a
few different explanations. Firstly, the oxygen partial pressure to form
Ni-containing spinel oxides is lower than that of NiO. At least two spinel
oxides may form, NiFe;O4 (trevorite) and NiCryO4 (nichromite), which
can precipitate at lower oxygen partial pressure in comparison to NiO
[37,38]; this is supported by the DP of NiFe,O4 spinel oxide shown in
Fig. 14a. Secondly, although high-purity gases were used in the exper-
iments, small concentrations of oxygen are always present. A few
additional parts per billion of oxygen in the gas mixture will increase the

oxygen partial pressure, possibly shifting to an oxidizing environment
for Ni rather than reducing, and therefore the oxygen partial pressure in
the environment is not completely buffered by the CO/CO; mixture. The
gas supplier data sheet specifies a maximum oxygen concentration of 2
parts per million (ppm) for Ar and CO2, and 10 ppm for CO. Neverthe-
less, these concentrations are specified as maxima and their exact values
are uncertain. However, this ppm-level of oxygen would have also been
present in 480 °C Hj-steam experiments for Alloy 600, where Ni
oxidation was not observed [44]. A third explanation for the formation
of an external oxide in the 500x testing condition is reaction kinetic
limitations. Experiments performed in Hj-steam (using pure Hj) are
generally performed with an oxygen partial pressure between 20 and 40
times below the NiO dissociation partial pressure [53,62]. From a
thermodynamic perspective, the oxidation of CO is more favorable than
Hpy, which is evident from the Ellingham diagram (Gibbs free energy
more negative). However, kinetically, the oxidation of CO is very slow,
with a much higher activation energy in comparison with the oxidation
of Hy [63]. For this reason, the experiments in CO-CO, mixtures have to
be more reducing in comparison to Hy-steam environments to overcome
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Fig. 13. STEM-EDX elemental maps showing intergranular oxidation along a grain boundary formed in an aged Alloy X-750 sample tested at 5000x for 192 h at 480
°C. The oxygen map indicates the area around the tip of the intergranular oxidation from which the EELS elemental maps shown in Fig. 15 were obtained.

NiFe,O,
ZA: [011]

Ni
ZA: [110]

Fig. 14. Diffraction pattern for (a) the NiFe,O4 spinel oxide and (b) Ni nodule; (¢) STEM-EDX elemental maps showing Ni nodule and spinel oxide formed on the
surface of an annealed Alloy X-750 sample tested in the 5000x condition for 192 h at 480 °C.

limitations in the CO-CO,, reaction kinetics. Another limitation could be
the use of 10 %CO-Ar; even though the CO/CO4 ratio is maintained, the
partial pressure of CO and CO; available for reaction is much lower
when compared with the use of a pure CO and CO, mixture, potentially
altering the reaction kinetics. Therefore, although thermodynamic cal-
culations suggest the environment should be reducing, reaction kinetics
limitations probably result in more oxidizing conditions, especially
when comparing the differences in reaction kinetics between the
Hs-steam and CO-CO-, reactions [63].

Despite the absence of Ni nodule formation on the surface, both in-
ternal and intergranular oxidation were still observed on annealed and
aged Alloy X-750 samples tested in the 500x condition. This indicates
that the testing environment (i.e., at the sample surface) likely reached
an oxygen partial pressure slightly higher than the Ni/NiO transition.
However, below the external oxide layer, at the metal-oxide interface,

10

the oxygen partial pressure was decreased, enabling the internal
oxidation of reactive minor alloying elements, but not Ni, which
remained metallic. Ni enrichment ahead of the intergranular oxidation
front is observed in EDX/EELS maps and the line scan in Fig. 8, and this
is generally thought to be due to outward diffusion of reactive elements
during oxide formation [32,41]. It is however worth recalling that under
specific conditions, pipe diffusion of metallic Ni to the outer surface can
also occur as a stress relieving mechanism following the formation of
internal oxide [64].

The surface of the Alloy X-750 samples tested at the 5000 x condition
showed clear Ni nodule formation; however, a nanometre-scale layer of
Ni oxide is visible at the top of nodules on EDX maps, Fig. 14c. The
presence of Ni nodules suggests that at this testing condition, the envi-
ronment was reducing for Ni during the experiment, and the presence of
Ni oxide suggests subsequent oxidation. Superficial (nanoscale) external
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Fig. 15. EELS elemental maps of the tip of the intergranular oxidation formed in an aged Alloy X-750 sample tested in the 5000x condition for 192 h at 480 °C.

oxidation may occur while the system cools down at the end of the
experiment, considering that the cool down was performed with high-
purity argon gas until the internal temperature reached 200 °C and
that the Ni/NiO oxygen equilibrium partial pressure decreases at lower
temperatures. Hence, the environment was reducing at 480 °C but
became oxidizing during cooling for a brief period, leading to a thin,
unavoidable oxide film on Ni nodules due to limited diffusion and re-
action kinetics, with high-purity argon containing up to 2 ppm of
oxygen.

4.2. The role of intergranular carbides and Ti/Al in intergranular
oxidation

It is well known from previous studies in Alloy 600 that intergranular
carbides play a significant role in hindering intergranular oxidation in a
480 °C Hy-steam environment and in high temperature water [31,65].
Furthermore, the PWSCC susceptibility of Alloy 600 thermally treated
(with intergranular carbides) has consistently been shown to decrease
compared with Alloy 600 in the solution annealed condition [31,33].
Moreover, a previously common AH heat treatment (annealing at 982
°C, stress equalizing at 885 °C for 24 h, aging at 704 °C for 20 h) [66,67]
does not promote intergranular carbide precipitation and resulted in
X-750 being highly susceptible to PWSCC [12,68]. Since the Cr content
of Alloy 600 and X-750 is identical, it was expected that the presence of
intergranular carbides in Alloy X-750 would play a similar role in hin-
dering intergranular oxidation. As shown in Fig. 10 and Fig. 13, inter-
granular carbides do not prevent intergranular oxidation but rather
reduce the penetration depth. In the 500 testing condition, a thin but
clear oxygen penetration occurs between the matrix and cellular car-
bides at a grain boundary. While intergranular oxide growth stops at a
carbide, as shown in Fig. 11, it would likely continue with a longer
exposure time (i.e., after complete carbide consumption). Despite the
presence of intergranular carbides, the depth of intergranular oxidation
on the aged and annealed samples in the 500x testing condition are
similar, at approximately 1 micrometre. Cr depletion (sensitization) is
known to occur due to carbide precipitation with both globular and
cellular carbides, but more intense for the latter [55]. Nevertheless,
sensitization was not a focus in this study as a contributor to PWSCC in
X-750 because the AH treatment is highly susceptible to PWSCC despite
the absence of intergranular carbides and, consequently, sensitization.
Intergranular oxidation observations generally agree with reported
behaviour of Alloy 600 in 480 °C Hy-steam in previous studies, with Ti
and Al leading PIO and the beneficial effect of intergranular carbides on
suppressing intergranular oxide penetration [31,33]. The similar depth
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of intergranular oxidation on annealed and aged samples tested at the
500x testing condition may be due to the fact that intergranular carbide
precipitation is intermittent, meaning the regions absent of carbides, as
is the case shown in Fig. 10, behaves similar to the annealed sample
where intergranular oxidation is unobstructed, emphasizing the
importance of intergranular carbides on intergranular oxidation
kinetics.

Al and Ti are added to Alloy X-750 to form y’ Ni3(Ti, Al) precipitates,
which provide high strength and creep resistance. The observation of Ti
and Al at the tip of the intergranular oxidation had been described
previously in Alloy 600 (alongside Cr) [30,41], where Al and Ti are
present as trace elements, generally at a composition less than 0.3 wt%.
Alloy X-750, on the other hand, has a significant concentration of these
reactive elements, 2.45 wt% and 0.68 wt% for Ti and Al respectively, in
this study. The higher Al and Ti content in X-750 enable testing to
strongly confirm the role of these elements in initiating intergranular
oxidation, as shown in Fig. 8 and Fig. 10, while Cr is oxidized closer to
the surface. However, it is uncertain if Ti and Al are found at the tip of
the intergranular oxidation due to the third-element effect or due to a
decrease in oxygen partial pressure with oxide growth. Since Cr oxidizes
closer to the surface, where the oxygen partial pressure is higher, the
oxygen partial pressure decreases along the grain boundary, possibly
allowing only for the oxidation of Ti and Al [69], in agreement with the
Ellingham Diagram [70]. The third element effect [71] occurs when an
alloy with two or more reactive elements are present, such as Cr and Al.
In such cases, the outward diffusion of Cr reduces the inward flux of
oxygen, enabling the formation of an Al oxide layer below the Cr oxide.

Although Ti and Al are mostly combined with Ni, forming y’ pre-
cipitates, they are also present in cellular carbides as both (Ti-Nb) car-
bides and in solid solution with Ni, Fe and Al. Despite intergranular
carbide precipitation on aged samples, intergranular oxidation still oc-
curs. As shown in Fig. 10b, the solid solution within the cellular carbides
is depleted in Al and Ti close to the grain boundary, which appear to
have diffused to the grain boundary and oxidized. Meanwhile, the EELS
maps do not indicate a reduction of y’ precipitates close to the grain
boundary, indicating that dissolving/disordering the y’ precipitates is
less favourable than diffusing from the solid solution. Notably, this may
change in a radiation field, where disordering and dissolution of
y’precipitates [24,25] may facilitate a higher flux of Al and Ti to grain
boundaries; this will be explored in future work on irradiated Alloy
X-750 materials in CO-CO, environments.

It is generally accepted that only Al, Cr and Si are able to form a
protective oxide scale in Fe, Co or Ni alloys for high-temperature ap-
plications (above 500 °C) exposed to air [71-73]. Although Al is
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reported to be beneficial in air by forming an Al,O3 layer [71,72], in
primary water conditions studies suggest the opposite. Model Ni-based
alloys (Ni-4 and 7 at% Al) tested in hydrogenated steam [74,75] and
hydrogenated water [40] exhibited intergranular oxidation driven by Al
oxidation. Moreover, experiments performed with Alloy 600 in hydro-
genated steam also suggest that Al is detrimental by leading PIO along
with Ti [30,41]. For Ti, it is suggested that the element has a detrimental
effect in alloys oxidized in air at high temperatures [69,76-78],
including by promoting intergranular oxidation [79,80]. It appears the
same is true in reducing conditions for Ni alloys at 480 °C, supported by
the results in hydrogenated steam [30,41] and the results presented in
this work. Since the Alloy 600 samples used in studies with hydroge-
nated steam [30,41] have both Al and Tij, it is important to know if both
are detrimental or if one oxide formed because another element oxidized
first. However, as model Ni-alloy testing does not add Ti, the inter-
granular oxidation reported in the experiments performed by Ghaffari
et al. [74,75] and Bruemmer et al. [40] was driven solely by Al, with no
contribution of Ti.

4.3. The contribution of PIO to spacers’ embrittlement

In accordance with prior research, when the oxygen partial pressure
is decreased, a reducing CO-CO; environment can induce PIO of Alloy X-
750 spacers [50]. The PIO could result in embrittlement of near-surface
grain boundaries, potentially contributing to crack initiation. This
contribution of PIO to embrittlement may be combined with the known
irradiation embrittlement effects [24,26,27]. Since the spacer
cross-section is small, 0.76 mm by 0.76 mm, PIO of just a few micro-
metres could be significant, as it would affect the entire external surface
of the component. However, it is critical to emphasize that although a
transient where oxygen is totally absent has not been reported in
CANDU reactors with the current configuration of CO2 plus 0.5-5 vol%
O, it is relevant to mention that initially the AGS was filled with N up
until the 1980s when it shifted to (pure) CO; and finally to CO2-O5 at the
beginning of 1990s [19]. Still, the current research should be considered
proactive, only evaluating an extreme off-chemistry scenario for the
AGS which, to the knowledge of the authors, has not occurred.

There is a constant ingress of deuterium (D3) and moisture from the
end fittings into the AGS. For this reason, the dew point is constantly
monitored to detect moisture, and the system is purged periodically to
remove these contaminants. As mentioned, in this project it was
considered a hypothetical scenario where oxygen is absent. Hence, the
ingress of deuterium would result in CO, being reduced to CO and the
AGS would result in a mixture of CO, CO», D, and moisture. Although
moisture would contribute to spacer oxidation, Dy is a significantly more
efficient reducing agent than CO, as discussed in terms of reaction ki-
netics in Section 4.1 [63]. This study shows that the reducing condition
for internal oxidation must be extreme, at an oxygen partial pressure
5000x below the NiO dissociation pressure, and certainly not relevant
to the AGS. As mentioned, the AGS is normally an oxidizing environment
due to the addition of 0.5-5 vol% O,. Alloy X-750 exhibits the highest
PWSCC crack growth rate close to the Ni/NiO equilibrium electrode
potential, meaning that highly oxidizing or reducing environments for
Ni will decrease PIO contribution to embrittlement. It is also important
to note that experiments at the 500x condition resulted in PIO despite
the formation of external oxide, indicating that the exact window where
PIO occurs in a CO-CO, mixture is still unclear (i.e., conditions in the
NiO stable regime at the surface can still result in internal and inter-
granular oxidation in the metal if the oxygen partial pressure at the
metal-oxide interface is sufficiently decreased). Hence, the formation of
an external oxide layer did not prevent the oxidation of Al and Ti along
grain boundaries with subsequent PIO, suggesting that a higher Cr
content is necessary to more rapidly form an oxide protective layer to
prevent oxygen penetration along grain boundaries. Regardless, even
the 500 testing condition is extremely reducing compared to the AGS,
so even with minor ingress of D or brief loss of oxygen it seems unlikely
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that a thermodynamic condition near the Ni/NiO equilibrium oxygen
partial pressure will be attained in the AGS.

5. Conclusions

1. Reducing 480 °C CO-CO; mixtures promote both internal and
intergranular oxidation of Alloy X-750, and could contribute to
spacer embrittlement for crack initiation, but only in a hypothetical
scenario where O is absent, and the environment becomes suffi-
ciently reducing. Such a condition does not seem relevant to the AGS
at the present time.

2. The depth of intergranular oxidation in Alloy X-750 tested in the
500x condition was comparable for aged and annealed samples. At
5000%, however, the depth of intergranular oxidation in the
annealed X-750 samples was almost four times as deep compared to
the aged sample.

3. The intergranular oxidation front is led by Ti and Al oxidation,
suggesting a detrimental effect of these minor elements on PIO, while
the presence of intergranular cellular carbides hinders intergranular
oxidation.

4. The solid solution present adjacent to cellular carbides can better
supply Al and Ti to the grain boundaries compared with y’ pre-
cipitates. However, in the presence of a radiation field this is likely to
change due to radiation-induced disordering and dissolution of y’
precipitates.

5. Annealed samples presented a larger number of nodular features on
the surface of the samples tested at 5000 in comparison to the aged
samples, which were revealed to be a combination of Ni nodules and
Ni-Fe spinel oxides.
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