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HIGHLIGHTS

o Nickel oxide hydration/dehydration re-
actions are understood to be a short-
circuiting pathway for the inward
diffusion of water to the alloy/oxide
interface.

e Nickel oxy-hydroxide inclusions in the
oxide scale serve oxidant towards chro-
mia formation.

e Hydrogen catalyses a cyclic chromium
oxidation process which maintains the
growth of particulate nickel metal
embedded in the oxide scale.

e The confinement of the alloy/oxide
interface where chromium oxidation
takes place implies that hydrogen evo-
lution is hindered.

o Consequences of hydrogen pick-up are:
(i) embrittlement of alloy grain bound-
aries; (ii) pinning of alloy vacancies,
thus mitigating chromium mobility.
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ABSTRACT

This work describes a viable hydrogen-induced sensitisation process toward stress corrosion cracking in chromia-
forming nickel base alloys owing to oxidation by water. A mechanistic chemical understanding of the stress
corrosion based on repeated cracking and re-healing of the oxide scale emerges from experiment-guided first-
principles calculations. Piggybacking processes during repeated oxide scale cracking-healing cycles are under-
stood to cause sensitisation towards the formation and growth of macroscopic cracks. Under light-water reactor
conditions, the healed oxide scale comprises an outer region composed of chromium depleted nickel ferrite, and
non-protective chromia, nickel oxide, and nickel hydroxide. An inner nickel iron chromite layer provides the
passivating barrier that controls the oxidation rate at a steady state. Early during the re-healing of a crack in the
oxide scale, water is conveyed to the alloy/scale interface by hydration/dehydration of composite nickel oxy-
hydroxide Ni(OH)2eNiO inclusions in the scale. At later stages, Ni(OH)2eNiO serves as oxidant of preferen-
tially chromium, while hydrogen is released as Hy(g) into the primary water or becomes picked up by the alloy,
possibly while assisting in the reduction of NiO to form nickel metal particles. Oxidation by water equivalents at
the confining alloy/oxide scale interface favours hydrogen pick-up in the alloy that becomes increasingly
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detrimental owing to enrichment and inward diffusion of hydrogen along alloy grain boundaries. The pinning of
alloy vacancies by hydrogen causes mitigation of outward diffusion of chromium, which in turn hampers crack
re-healing while promoting alloy embrittlement.

1. Introduction

Structural alloys are exposed to load-induced stress fields that render
them vulnerable to corrosion owing to the intermittent cracking of the
passivating oxide scale. This stress corrosion that may lead to compo-
nent failure, i.e., stress corrosion cracking (SCC), is a safety concern in
pressurised water reactors (PWR) in nuclear power plants where these
alloys mainly refer to chromia formers, such as the Ni-base alloys 600
and 690 [1,2]. For a failure in structural components due to SCC, it is
necessary to have three aspects: a susceptible material or condition,
stress, and environment [2]. No proven unified mechanism predicts or
even explains how these factors affect crack susceptibility in actual plant
conditions [3-5]. Still, various mechanisms have been proposed, but
they only explain crack susceptibility under specific conditions
involving one or a few factors related to SCC. These mechanisms can be
classified into three large groups [6]: (i) oxidation/dissolution,
including slip-step film rupture oxidation, internal oxidation, and
enhanced surface mobility; (ii) hydrogen-assisted cracking (HAC) and
hydrogen-induced cracking (HIC); (iii) mechanically oriented models,
such as vacancy condensation and creep-assisted grain boundary
rupture. In this work, we consider microscopic stress-corrosion/erosion
of the oxide scale associated with intermittent local cracking and healing
of the oxide scale as sensitisers towards hydrogen-promoted macro-
scopic cracking. We describe a pathway for water permeation by an
inner cathode mechanism that contributes to the inward oxide scale
growth. The driver for this mechanism is chromium oxidation by water,
leading to sensitisation of alloy grain boundaries toward
hydrogen-induced component failure.

Clearly, repeated healing of cracks will require a corresponding
supply of chromium from the alloy into the cracked region. Kinetic
concerns regarding chromium activity at the crack tip become decisive
for the healing process [7,8]. This was observed in alloy 600 (15 at% Cr)
and justified its replacement by alloy 690 (30 at% Cr) [9]. Consequently,
the latter is used in many manufactured components of both PWR and
BWR, such as steam generators and vessel head penetration nozzles [10,
11]. Yet, in as much as healing is associated with the consumption of
chromium, as of today, it is not clear whether alloy 690 becomes prone
to cracking after a very long (approx. 40 years) operation or after
extending its service life to 60 or even 90 years, as the life extension of
LWR reactors is being currently discussed. This has justified laboratory
studies that model potential long-term effects by mechanical accelerated
ageing experiments [12,13]. Arguably, these approaches may have se-
vere drawbacks, which make them unrealistic compared to operating
conditions. Moreover, chemical and kinetic aspects to the aging process
is missing in these experiments, as access to chromium, i.e., its activity,
besides concentration in the alloy, relies on its mobility, which in turn is
facilitated by atomic vacancies in the alloy matrix [13,14]. The mobility
of vacancies, however, is understood to become increasingly mitigated
by the uptake of atoms from the environment, critically including
hydrogen [15-18].

At this stage, two different origins of hydrogen may affect corrosion
processes in alloys under plant operation. One is the dosage of molecular
hydrogen into the reactor water, which has been proven to attenuate
crack propagation rates [19]. This, however, should not be confused
with the hydrogen uptake into the alloy material, which takes place
under non-equilibrium conditions, and attributed to hydrogen being
released upon metal oxidation by water. Under equilibrium or
steady-state conditions, the oxide scale reduction by hydrogen and its
reoxidation by water, whereby hydrogen is being released, provides a
channel to control oxide scale growth rates as well as composition. This

near-equilibrium attenuation of the oxide scale by the hydrogen gas
dosing in the coolant has implications for oxide scale thickness and
morphology prior to cracking. Moreover, it affects the rate of the oxide
scale healing following the intermittent stress-induced cracking and
erosion of the oxide scale. Indeed, in experimental models of crack tips
[20], the external Hy dosage has been seen to influence hydrogen
pick-up owing to the rapid oxidation by water. The hydrogen-induced
embrittlement is owing to the fraction of hydrogen that is released
and subsequently incorporated into the alloy microstructure during the
metal oxidation process [21,22]. The viability of the latter, i.e.,
hydrogen pick-up owing to oxidation by water, is further substantiated
in the present study.

Experimental results show that this second type of “free” hydrogen,
once picked up by the alloy matrix, interacts with defects, thus deco-
rating grain boundaries [23-25]. These decorated grain boundaries are
susceptible to embrittlement and hydrogen-induced cracking [26],
which may cause catastrophic failures of structural materials in a nu-
clear reactor. To assess whether hydrogen pick-up resulting from
oxidation by water may become a decisive factor in SCC under nuclear
power plant conditions, a viable mechanism for the uptake must be
provided. The objective of the present study is to provide such a
mechanism while at the same time considering the complex composition
of the oxide scale in the vicinity of the crack tip.

Fig. 1 depicts two possible cracking scenarios associated with SCC.
Here, it becomes useful to remind of what comprises the protective oxide
scale of Ni-base chromia former alloys from various experimental works
from the literature [14,27-37]. The protective scale is composed of an
outer oxide layer shielding the resulting low pO, interior region near the
alloy/oxide interface from the exterior oxidising environment [28-32].
Such a composite structure readily evolves in thermally grown oxides on
nickel base alloys, albeit the composition of the outer scale transforms
from iron and/or nickel chromite to predominantly nickel ferrite owing
to solid-state transformations in the form of Cr-rich spinel, cf. Fig. 1.1
[28,33,34]. The low-pOs in vicinity of the alloy-oxide interface warrants
a very thin chromia layer as chromium oxidises more readily than both
iron and nickel at the interface between (Ni, Fe)CraO4 and the alloy
matrix. The thin and compact chromia and chromite spinel are capped
by the resulting outer protective nickel ferrite that is overgrown by
non-protective residual of nickel oxide and nickel hydroxide, cf. Fig. 1.2.
Instantaneous deep cracks suddenly expose the alloy interior and rem-
nants of the chromia scale to the surrounding aqueous oxidising envi-
ronment, rendering the latter prone to solid-state transformations [14].
Under benign conditions, the protective oxide scale is restored, i.e.,
cracks become stagnant, cf. Fig. 1.3a [14]. In these cases, the re-
quirements for crack healing become satisfied, in that the initial irreg-
ular concurrent NiO/Ni(OH),, Fe;Os3, and CrpOs formation, in the
cracked region on slow-down allows formation of the passivating
NiFe;04 and (Ni,Fe)Cry04 spinels. Repeated cracking and healing are
understood to render the stressed region depleted in chromium even
though the overall composition of the alloy contains an excess of chro-
mium [14]. This is because the Ni:Cr in the (Ni,Fe)CryO4 spinel is less
than 1:2 while it is of the order 1:0.6 in alloy 690. Indeed, repeated
cracking may render chromium activity at the crack tip insufficient for
the protective oxide structure to form, cf. Fig. 1.3b [14,35]. Due to the
exhaustive healing process, continuous crack propagation results in
cases where protective oxide formation is hindered [35], either by a
discontinuous outer scale or insufficient chromium activity to form the
protective spinel.

In an active crack, the defective outer oxide scale is composed of the
transient (Ni,Fe)Cr,04 and the NiFe;O4 spinel, as well as NiO and
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remnant Cr,O3 owing to the continuous chromium loss that comes in
contact with the alloy matrix [28,33,34]. This complex oxide acts as an
oxidant towards the alloy, whereby new chromia is formed. Thus, the
resulting oxide reportedly includes also chromia and nickel metal as
nickel oxide oxidises residual chromium at the crack tip [36,38,39].
Besides acting oxidising agent, NiO may react with coolant (water) to
form Ni(OH), which in turn may react with residual chromium in the
alloy to form non-protective chromia, thus NiO can be understood to
provide a short-circuiting path for chromium oxidation by water mole-
cules. In doing so, H' from hydroxyl groups must be reduced to produce
e.g., molecular hydrogen, hydrides in nickel particles or accommodation
in oxygen vacancies in the vicinity of the crack tip, i.e., a nickel
oxy-hydride interface, and/or by hydrogen pick-up in the alloy.
Hydrogen pick-up is known to mitigate metal atom mobility in the alloy
[16,25,40], here the outwards diffusion of chromium. This, in turn,
effectively favours inward diffusion of water equivalents to oxidise the
stagnant chromium that may result in grain-boundary embrittlement as
well as guide crack propagation.

In the present study, first-principles calculations are utilised to
identify viable pathways for hydrogen pick-up owing to the oxidation of
chromium by water. The complex composition in the crack tip region, as
determined in experimental studies, provides boundary conditions and
evidence for chemical transformations presumably at the steady-state, e.
g., NiO/Ni(OH), and Cry03 reacting to form NiCryO4. The resulting
oxidation reaction is subdivided into mini-processes, each comprising of
reactants, intermediates, and products. Thus, a viable mechanistic un-
derstanding of factors contributing to SCC and embrittlement is sought
from the disentanglement of the complex chemical transformations at
the crack tip region. This methodology has been successfully applied
previously, e.g., chromic acid desorption from a CryOs surface [41],
high-temperature oxidation of chromium in Oz and in Oz + 10 %H>0 at
600 and 700 °C [42], to unravel electrochemical reaction pathways for
hydrogen pick-up in zircaloy [21,22,43] to the interplay between
reactive elements, alumina and water in alumina-forming alloys
[44-47], to describe oxidation-driven chloride diffusion in magnetite
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scale on low-alloyed steel [48], as well as to describe the role of zinc in
mitigating cobalt-60 uptake in boiling water reactor (BWR) conditions
[49]. Here, our comprehensive approach demonstrates how nickel oxide
may act water conveyer by transforming into nickel hydroxide, thereby
providing a short-circuiting pathway for oxidant to reach chromium at
the alloy/oxide interface. The fates of hydrogen during chromia for-
mation include hydrogen evolution, a nickel oxy-hydroxy-hydride
interface formation, and hydrogen pick-up in the alloy. While the Hy
evolution is employed as a reference, this reaction channel is understood
to be kinetically hindered owing to the confining immediate surround-
ing at the alloy/oxide interface.

2. Modelling considerations

Spin-polarised calculations were performed based on density func-
tional theory [50,51] in the implementation with plane waves [52] and
pseudopotentials using the CASTEP code [53] within the Materials
Studio framework. The Perdew, Burke, and Ernzerhof (PBE) GGA
functional [54,55] was employed in all calculations. Core electrons were
described by on-the-fly generated norm-conserving pseudopotentials
[56], and a plane-wave energy cut-off was set to 1200 eV. The k-point
sampling of the Brillouin zone was made by means of the
Monkhorst-Pack scheme [57,58] with a k-point separation of 0.05 A
for all structures. The electronic structure was minimised until the total
energy difference was smaller than 10~/ eV/atom for two consecutive
SCF cycles. A Gaussian smearing scheme with a width of 0.1 eV was used
to facilitate convergency. All structures were fully optimised using the
L-BFGS [59,60] algorithm with a total energy convergence tolerance of
1075 eV/atom, maximum force tolerance of 0.03 eV/;\, maximum stress
tolerance of 0.05 GPa, and maximum displacement tolerance of 10~% A.

The initial bulk structures for further geometry optimisations were
obtained primarily from the Materials Studio database and the inorganic
crystal structure database (ICSD) [61]. Optimised structures were then
compared with experimental lattices reported in ICSD, and the per-
centage error was calculated. Table 1 summarises the bulk structures,
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Fig. 1. Schematic representation of oxide growth and two types of intergranular cracks observed in Ni-base alloys. (1) The initial oxide that is formed when in
contact with primary water in a PWR environment is a mixed (Ni,Fe)Cr,04 (yellow). (2) The outer oxide scale results from solid-state reactions of (Ni,Fe)Cr;04,
which transforms the original oxide scale into a complex oxide composed of Ni(OH),, NiO, and NiFe,O4, represented by the various shades of green in the dashed
region. The complex outer oxide protects the (Ni,Fe)Cr,0,4 scale from chromium dissolution/reprecipitation, allowing for a very thin and compact Cr,03 scale (red) at
the interface with the alloy matrix. (3) Stress corrosion of the complex oxide scale exposes the alloy matrix to the primary water, causing further oxidation of grain
boundaries (black dashed line in the alloy matrix) in the cracked region. (3a) Under benign conditions, the chromium activity is sufficient to form a very thin, well-
adherent compact chromia scale surrounding the crack which, in conjunction with the initial and outer oxide scales, impedes propagation along the alloy grain
boundaries, i.e., the crack is stagnant. (3b) When the chromium activity near the oxide cracked region is insufficient, the mixed complex oxides formed at the crack
tip cannot protect against propagation. Thus, the open crack allows further oxidation of the alloy by primary water that is mainly conveyed by hydroxylated/oxidised

grain boundaries.
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Table 1
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Cell parameters for the bulk systems. Values in parenthesis correspond to the calculated percentage error with respect to the experimental values from the reference

data in the table.

Unit cell parameters &)

Experiment This work, GGA-PBE (%err)
System a b c a b c
Fe,03 (hematite)® 5.035 5.035 13.747 5.029 (-0.111) 5.029 (—0.111) 13.921 (1.270)
Fe30, (magnetite)® 5.935 5.935 5.935 5.956 (0.365) 5.956 (0.365) 5.956 (0.365)
NiO*® 4.178 4.178 4.178 4.196 (0.436) 4.196 (0.436) 4.196 (0.436)
Ni(OH), 4¢ 3.126 3.126 4.605 3.248 (3.900) 3.249 (3.934) 4.501 (—2.254)
Nif 3.524 3.524 3.524 3.562 (—1.087) 3.562 (—1.087) 3.562 (—1.087)
Cry03 8 4.957 4.957 13.592 4.939 (-0.348) 4.939 (—0.348) 13.847 (1.883)
NiCr,04 ® 8.309 8.309 8.309 8.354 (0.537) 8.354 (0.537) 8.354 (0.537)

a) Experimental data from [62].
b) Experimental data from [63].
¢) Experimental data from [64].
d) Experimental data from [65].

e) Calculated lattice parameters with applied external pressure of 1 GPa along the c axis, see text.

f) Experimental data from [66].
g) Experimental data from [67].
h) Experimental data from [68].

experimental and calculated lattice parameters and %err.

The kinship between NiO+Cry03 oxide mix and NiCroO4 may be
understood from the negligible difference in enthalpies of formation, i.
e.,

NiO + Cr,03;—NiCr,O4

Based on our DFT calculations we obtain AHprr = —6.74 kJ/mol for
the above reaction, in close agreement with the experimentally reported
AH,,, = —5.31 kJ/mol [69], which is only a marginal energy gain with
respect to chromium oxidation by NiO. Furthermore, the fact that for-
mation of NiCrOy4 is kinetically controlled tells of rapid early formation
of Ni(OH); / Cry03 mix which later reacts to passivating NiCry04 [28].

2.1. Nickel oxide lamellae interface models

The interface supercells were obtained starting from the brucite
structure of B-Ni(OH),. It comprises a stack of monolayers of edge
sharing oxygen octahedra forming a coordination cage around Ni(II)
ions, the top and bottom oxygen ions are protonated. An external
pressure was applied along the stacking c-direction. This was done
partly to compensate for the lack of dispersion interactions within the
GGA-DFT formalism and partly to mimic the build-up of lateral stresses
upon oxide scale growth. Taking the external pressure as a free
parameter, the computed interlayer distances of §-Ni(OH), for pressures
in the range 0 to 4.5 GPa were fitted to approximate experiment. An
external pressure of 1 GPa was thus obtained, see Table 1. An additional
1 GPa was employed in all subsequent interface calculations as it mimics
the build-up of lateral stress during oxide scale growth. Indeed, 2 GPa is
within the range of what is experimentally observed [70-72].

The nickel oxy-hydroxide interfaces are understood to comprise
lamellae composed of NiO cores and hydroxylated interfaces. Such
interface naturally evolves by the release of water upon subjecting the
stacked monolayers in f-Ni(OH), to condensation reactions. The nickel
oxy-hydroxide interface also has structural compatibility between the
NiO rocksalt surface structure along the (111) growth direction and the
layered B-Ni(OH), structure along the (001) stacking direction, c.f. Fig. 2
top view. For all interfaces, the oxy-hydroxide lamella thickness is
defined by the number of Ni atoms x in the supercell, where one Ni atom
defines a thickness unity. Lamellae of x = 4, 6 and 8 layers were
considered in this work.

The chromium oxidation reaction with the nickel oxy-hydroxide
interface produces nickel oxy-hydrides. The latter was built from the

Ni(OH), NiO
Side view

A
L 4
4

NSt

Top view

Cut along (001) Cut along (111)

dH-H =3.12A

do_o = 2.95 A

Fig. 2. Schematic representation of the coherence between the p-Ni(OH), (001)
— blue plane — and NiO(111) - pink plane — surfaces. The bulk structures and
their respective coherent lattice planes are shown in the top panel. For the
rocksalt NiO, two side views are shown, where the topmost view evidence that
the cut along the (111) direction separates Ni and O bonds that are further
hydroxylated in an aqueous environment, creating two equivalent OH-
terminated NiO(111) surfaces. The left figure on the lower panel shows a top
view of the cut along the (001) plane of -Ni(OH),, and the right figure shows a
cut along the (111) plane of NiO. To further evidence the coherence between
the p-Ni(OH), (001) and the oxygen-terminated NiO(111) surfaces, the exper-
imental lateral distance between hydrogen atoms in the former and oxygen
atoms in the latter are listed [64,73].
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optimised nickel oxy-hydroxide by removing the oxygen from the hy-
droxyl groups and moving the hydrogen to the oxygen vacancy posi-
tions. Finally, to obtain the enthalpy of reaction involving hydrogen
pick-up, the nickel oxy-metal interface was built from the nickel oxy-
hydride by removing all hydrogen atoms of the supercell.

3. Results and discussion
3.1. Hydroxylation of nickel oxide particles by primary water

Upon instantaneous cracking, see Fig. 1.3b, remnants of the frac-
tured oxide as well as the alloy matrix are exposed to the high-
temperature coolant. The initial and subsequent oxidation of the crack
tip produces an irregular and poorly passivating “junk oxide” composite
that is chromia and iron oxides, nickel oxide, and nickel hydroxide. The
latter has two polymorphs: a-Ni(OH), with intercalated water molecules
that crystallise into the brucite p-Ni(OH)5 polymorph [74].

The transformation of a-Ni(OH), into p-Ni(OH); occurs as loosely
bound molecular water, intercalated between Ni(Il) layers, vaporises
upon heating. Moreover, it is concluded from thermogravimetry (TG)
analysis of p-Ni(OH), that vaporisation exclusively involving interca-
lated water molecules takes place at a temperature of around 160 °C
[75]. This is followed by a broad TG feature between 170 and 525 °C,
where the condensation reactions that transform p-Ni(OH), into NiO +
H20 and the water evaporation occur simultaneously and in parallel
[76]. This supports the notion that under PWR (BWR) operating tem-
peratures i.e., 320 °C (275 °C), various composites of Ni(OH), and NiO
in the oxide scale may indeed further participate in the chromium
oxidation reaction by conveying water from the coolant to the crack tip.

Condensation of the layered B-Ni(OH), produces an intercalation
compound of nickel oxide where lamellae grow along the (111) direc-
tion while exhibiting the hydroxide termination; see Fig. 3 schematically
showing two possible reactions involving water to produce the oxy-
hydroxide interface. At this stage, the effective oxidation potential is
reflected in the activity of the short-circuiting Ni(OH),-(NiO),_; —nickel
oxy-hydroxide — fraction of the scale. Such topotactic structure is pro-
duced when nickel oxide is hydrolysed and forms nickel hydroxide
incorporated in nickel oxide at the coolant/oxide interface or by a
condensation reaction of nickel hydroxide that is converted back to

Journal of Nuclear Materials 595 (2024) 155044

The interface region of the Ni(OH),:(NiO),_, intercalation com-
pound may be subjected to chemical transformations. The water
conveying mechanism along the lamella proposed in this work is thus
understood to compete with the lamella fusing condensation processes.
This results in water, as mediated by nickel oxide, effectively oxidising
chromium. Correspondingly, the nickel oxide hydration/dehydration
processes effectively transfer the cathode to the oxide/alloy interface by
protons and hydroxide co-diffusion along oxide grain boundaries,
thereby determining the rate of oxidation. The increased fraction of
Ni(OH),-(NiO),_; in the cracked region in the oxide scale, owing to the
irregular oxidation processes at early stage of crack healing, lends
increased importance to the inner cathode mechanism, which is sup-
ported by the inward diffusion of electro-neutral water equivalents, i.e.,
protons and hydroxide ions, from the coolant/oxide interface to the
oxide/alloy interface.

Validation of the proposed mechanism of nickel oxide effectively
mediating water to the alloy/oxide interface includes evaluating the
stability of the partially condensed [-hydroxide|oxide|hydroxide-hydr-
oxide|oxide|hydroxide-] lamella structure. Here, we evaluate the ener-
getics of the nickel oxy-hydroxide interface for different thicknesses of
the oxide region. To benefit from error cancellation in periodic solid-
state DFT calculations, bulk nickel hydroxide and nickel oxide are
used as references, while the energetics for the reaction

NiO(s) + H,O(l) —Ni(OH),(s) (R1)

is —13 kJ/mol and was taken from the experimental standard
enthalpy of formation [81]. Thus, the stability of the lamella structure is
arrived at by considering the solid-state reaction

Ni(OH),(s) + (x— 1)NiO(s) —Ni(OH),-(NiO),_,(s) (R2)

where (x—1) =3, 5, 7 represents the number of NiO(s) layers in the

Table 2

Enthalpy of formation per one mol of H,O molecule of the nickel oxy-hydroxide
interface with three different thicknesses. These results refer to the energetics of
the chemical reaction R2 calculated with GGA-PBE DFT. Note that the lamella
thickness is defined as the number of nickel atomic layers in Ni(OH),:(NiO),_,.

Number of Ni layers (lamella thickness) AHppr (kJ/mol of H,O molecules)

nickel oxide at the oxide/alloy interface, as illustrated in Fig. 3. 4 _33.64
Microscopic studies of active crack tips of Ni-base alloys are consistent 6 —30.82
with this understanding [28,29,35,77-80]. 8 —31.45
SINI(OR):] 4[Ni(OH),NiO]
2[Ni(OH),"(NiO)]
1[Ni(OH), (NiO);]

oolan

8[NiO]

HO ) 8 HO )
DR N
HO 454 O

Ao|

Condensation

Y

A

Hydrolysis

Fig. 3. Schematic representation of the condensation of nickel hydroxide (8-Ni(OH),, left) and the hydrolysis of nickel oxide (rocksalt NiO, right) in an aqueous
environment in nuclear power plants. At the coolant-oxide interface, the condensation reaction starts with the recrystallisation of the a-Ni(OH), (not shown) by
releasing water to produce the fully hydroxylated brucite B-Ni(OH),, see the left-most structure, which may act as oxidant towards chromia formation. The
consequence is the removal of stochiometric water equivalents (OH™ + H") from the hydroxylated interface (representing hydroxylated grain boundaries) to produce
thicker oxy-hydroxide lamella. As water is consumed in the chromium oxidation reaction, hydroxylated grain boundaries are lost, thus fusing interfaces and pro-

ducing NiO particles (right).
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intercalation compound, the structure of which is obtained by hydrolysis
along (111) planes, schematically represented in Fig. 3. The results of
the hydrolysis are shown in Table 2. The isodesmic nature of the reaction
warrants that the reaction energy obtained by DFT is a good approxi-
mation of the enthalpy of reaction AHpgr.

The results presented in Table 2 show that the hydroxylation of
oxygen-terminated NiO(111) surface interfaces are favourable
(exothermic) by approximately 30 kJ/mol, regardless of the NiO lamella
thickness. The significance of this result is further accentuated by the
fact that the enthalpy of NiO hydration to form Ni(OH) is exothermic by
~13 kJ/mol. Clearly, in cases where the availability of water limits the
hydration of NiO(s), it becomes favourable to maintain NiO in the form
of hydroxylated lamella compared to the case of a fully hydroxylated
lamella, i.e., f-Ni(OH)2. This robustness of the hydroxylated lamella
supports the notion of their possible water-conveying role, i.e., hydra-
tion/dehydration serving a viable steady-state short-circuiting pathway
across the oxide scale and thereby effectively allowing the oxidation of
chromium by water to take place at the oxide/alloy interface. This result
is in accordance with various work in the literature that report a
favourable hydroxylation of oxygen-terminated NiO(111) surfaces
[82-85].

In as much as water acts oxidant towards chromia formation, and the
anode process taking place at the oxide/alloy interface, the comple-
mentary cathode process comprises the reduction of H". The signifi-
cance of the water permeation channel by the oxy-hydroxide interface is
to bring the cathode process closer to the anode at the metal-oxide
interface, as compared to the hydrogen evolution reaction at the
coolant/oxide interface. Thus, the semiconducting property of the early
passivating oxide scale and complementary inward diffusion of oxygen
ions and/or outward diffusion of cations is complemented by a short-
circuiting effective inward diffusion of molecular water in the form of
hydroxylated nickel oxide interfaces. One can say that there is a coex-
istence of two cathode processes, inner (hydrogen pick-up) and outer
(hydrogen evolution), the latter slowing down with increased oxide
thickness as the driving electrochemical potential gradient across the
oxide scale diminishes, lends the short-circuiting inner cathode
increased relative importance with time, i.e., hydrogen uptake by the
alloy increases over time. Also, the further oxidation at late stages co-
operates with oxide grains coarsening, and correspondingly, the number
density of short-circuiting water carrying grain boundaries diminishes.

[OH™|Ni(I1)[OH ™ |-(NiO),_, + 4Fes04—[H ™ |Ni(I)[H"]-(NiO),_, + 6Fe,05

x—

It is this ideal grain boundary density controlled sub-parabolic (t'?) scale
growth kinetics which fails upon stress corrosion cracking.

3.2. Oxy-hydroxide interface as the oxidising agent in chromia formation

During passivation of a freshly cracked oxide scale on chromia
forming Ni-based alloys, the rapidly formed initial scale is prone to
chromium loss. In alloy 690, a fraction of Cr(IIl) in (Ni,Fe)Cr,04 may
undergo redistribution in the oxide scale. This, owing to the oxidising
environment of water undergoing radiolysis whereby intermediate
surface Cr(VI) species are formed and in turn undergo hydrolysis and
dissolution as CrO3~(aq) and subsequent reprecipitation. More impor-
tantly, the rapidly incoherently growing oxide scale supports the
segregation of CryOs3 to the extent that the remaining scale constitutes
the nominal NiFe;04 and NiO. Stabilities of Ni(OH),-(NiO),_; interfaces
with varying thicknesses were provided in the previous section. The
relevance of this observation is supported further by the experimentally
reported 170-525°C temperature range for the transformation of $-Ni
(OH); to NiO on evolving HoO(g) [74]. Thus, access at early stages to the
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inner cathode is provided by conveying molecular water along the said
hydroxylated interface, an electrochemically driven process as the
oxidation of the alloy by water results on condition of the complemen-
tary hydrogen evolution (outer cathode) reaction. At later stages, it
becomes conceivable that the chromium oxidation diminishes hydrox-
ylated interfaces, which in turn mitigates their rehydration in favour of
NiO lamella coarsening [28,79,86].

For the sake of clarity and to evidence the role of hydrogen, H', and
H™ in the chemical transformations discussed here, the nickel oxy-
hydroxide interface will be described as [OH |Ni(II)[OH |-NiO in the
chemical reactions from now on.

As oxygen from the hydroxide ion OH™ reacts with chromium metal,
proton H' reduces to hydride H- and populates the oxygen vacancy left
at the interface, transforming the nickel oxy-hydroxide into an oxy-
hydride interface, i.e.,

[OH™INi(I))[OH"]-(NiO),_, +4/3Cr(s)—~[H™|Ni(II)[H]-(NiO),_,
+2/3Cr,05 (R3)

Computing AHpgr for this reaction is not as straightforward as for the
stability of the oxy-hydroxide interface because the reaction is not iso-
desmic as the bonding characteristics change, i.e., chromium metal
bonds convert to that in the oxide and hence disallowing the benefit of
error cancellation. To correct for this, we calculate AHpzr for reaction R3
by combining two chemical reactions:

1. reaction R4 below is the oxidation of chromium having hematite
(Fe203) as the oxidising agent, thus forming chromium oxide and
magnetite (Fe304), i.e.,

2/3Cr(s) + 3Fe;03—1/3Cr,05 + 2Fe;04 (R4)

The enthalpy of formation for this reaction is taken from experiment:
AHeyy = —144.09 kJ/mol [81]. To ensure error cancellation, we use
AH,y, instead of AHppr.

2. the second reaction R5 is the oxidation of magnetite by the oxy-
hydroxide interface and restoring hematite, i.e.,

(R5)

This way, the reaction enthalpy for the sought transformation is
determined by combining AHprr and AH,,y, since the transformation of
the oxy-hydroxide into the transient oxy-hydride (R5) is not experi-
mentally available. From calculated AHpgr for R5, it may be concluded
that formation of the [OH|Ni(II)[OH | moiety by oxidising magnetite to
hematite becomes increasingly unfavourable with increased lamella

Table 3

Reaction enthalpy of magnetite oxidation by the oxy-hydroxide inter-
face normalised by the number of hydrogen atoms for three different
lamella thicknesses. These results refer to the energetics of the chemical
reaction R5 calculated with GGA-PBE DFT.

Number of layers AHppr (kJ/mol) per H atom

4 +32.13
6 +41.01
8 +73.69
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Table 4

Reaction enthalpy of chromium oxidation by the oxy-hydroxide inter-
face normalised by the number of hydrogen atoms for three different
lamella thicknesses. These results refer to the energetics of the chemical
reaction R3 calculated by combining AH,.,for R4 and AHpgr for R5.

Number of layers AHppr (kJ/mol) per H atom

4 -111.96
6 —103.07
8 —-70.39

thickness, see Table 3. Offsetting the oxidation reaction R5 by AH,, for
R4 significantly drives for oxidation of the [OH |Ni(II)[OH ] lamellae,
see Table 4.

It may be concluded that hydroxylated nickel oxide grain boundaries
constitute viable oxidising agents toward chromia formation, whereby
the protons transform into hydride ions and become accommodated in
oxygen vacancies. This finding reinterprets the notion of non-protective
porous NiO at the crack tip [38] as it adds the role of Ni(OH),-(NiO),_;
as a water conveyer. This is to the extent that the hydroxylated in-
terfaces eventually become consumed by the Cr oxidation process.

Ni-base alloys are known to not form stable hydride phases. How-
ever, a local hydride was experimentally observed immediately after
hydrogen charging of a specimen composed of an alloy with approxi-
mately 22 wt% of chromium, but the authors showed that it decomposes
after ageing at room temperature [87]. On the other hand, local hydrides
are likely to form at the crack tip, e.g., by the nucleation of nickel
oxy-hydrides, as described here. These may indeed constitute transients
supporting the crack propagation in Ni-base alloys [86]. As much as
hydride formation is known to support hydrogen embrittlement in
load-bearing components, it is likely to impact SCC and crack propa-
gation in Ni-base alloys [88].

3.3. The fate of hydrogen

The nickel oxy-hydroxy-hydride transients, that form as the nickel
oxy-hydroxide oxidises chromium, may react further along three main
paths. All three involve the formation of nominal Ni(0), i.e., Ni metal
particles incorporated in the oxide scale. In a first pathway, H" and H~
may recombine to form Hy, that is the hydrogen evolution (outer cath-
ode) channel. For the second pathway, H™ and H~ may react with NiO to
form Ni(OH), that in turn oxidises Cr and recovers the H" + H™ pairina
cyclic manner, rendering feasible the formation of metallic nickel par-
ticles in the oxide scale, as one Ni(0) is produced in each of such cycle. In
fact, there has been a debate on the literature regarding the presence of
pure Ni metal particles in oxidised grain boundaries of Ni-base alloys in

Ni(0),-[H|Ni(II)[OH " |Ni(II)-(NiO)

n—m

PWR. Some authors claim that Ni metal is a result of sputtering during
experiments [89], while others support the notion that unoxidised Ni
metal from the alloy matrix is incorporated in oxide particles at grain
boundaries [39,90]. The possibility we put forward here is that metallic
Ni particles form a result of cyclic H" + H ™ assisted chemical trans-
formations of NiO into Ni(0) inside the oxide scale, albeit in vicinity of
the oxide/alloy interface. Lastly, in a third pathway, H™ and H may be
picked up by the alloy.

It is noted that in case of first and third channels one Ni(0) is formed
per HY + H™ pair, while the second cyclic channel represents a catalytic
process for the thermodynamically preferred oxidation of 2/3Cr(0) by
NiO to form 1/3Cr,03 and Ni(0). Each of the three reaction channels are
addressed in the following.

—Ni(0),,,,-[OH"|Ni(II)[OH™Ni(Il)-(NiO)
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Table 5

Reaction enthalpy for the hydrogen evolution reaction (HER)
associated with the transformation of the nickel oxy-hydride
into nickel oxy-metal interface. AHppr of the chemical reac-
tion R6 is normalised by the number of hydrogen atoms for
three different lamella thicknesses.

Number of layers AHprr (kJ/mol)

4 +31.61
6 +32.04
8 +19.12

3.3.1. Hydrogen evolution reaction (HER) to form Ni(0)

On oxidation by water, HyO effectively reacts with M(0) to form Hy
and MO where it is common to assign M to the role as anode, the
reduction of H'" being the cathode. In the present study, we explore the
ability of NiO to effectively convey water, in the form of hydroxylated
nickel oxide particles in grain boundaries, to the scale/alloy interface.
An intermediate nickel oxy-hydroxy-hydride is formed because of the
chromia formation, i.e., H™ associated with hydroxide ions [O(-IH
(+D]" become reduced to H upon chromia formation (see reaction R3).
In this context, the hydrogen evolution reaction (HER) channel proceeds
by recombining H~ and H' from the [H~|Ni(Il)[H"] moiety. Upon
hydrogen evolution, the remaining electrons from the hydride moiety
act as the reducing agent to form Hy, thus transforming Ni(Il) into its
metallic form Ni(0), i.e.,

[HTINi(II)[H"]-(NiO),_,—Ni(0)-(NiO),_, + H»(g) (R6)

x—

It becomes interesting to find that this reaction is somewhat endo-
thermic by 20-30 kJ/mol, see Table 5. What would make the reaction
R6 spontaneous is the entropy associated with the release of the H; into
the gas phase. Here, however, the confining surroundings near the scale/
alloy interface would render the HER kinetically hindered as its real-
isation is conditioned by Hy diffusion through the oxide scale grain
boundaries [77]. This opens for other fates of hydrogen in the transient
nickel oxy-hydroxy-hydride, than a priori HER, i.e., hydrogen being
picked up by the alloy.

3.3.2. Hydrogen catalysed cyclic Ni(0) build-up in NiO
On liberating Ni(0), H"and H- may react with NiO to form new Ni
(OH)y, i.e.,

[H™|Ni(I)[OH " |Ni(II)-(NiO), —~Ni(0)-[OH "~ |Ni(II) [OH "~ |Ni(I)- (NiO)

n—1

(R7)

Repeatedly, the Ni(OH); in turn may act to oxidize Cr(0), while
recycling hydrogen,

(R8)

n—m—1

Table 6

Reaction enthalpy for the cyclic Ni(0) build-up associated with the
transformation of the nickel oxy-hydride into nickel oxy-hydroxide.
AHppr is normalised by the number of hydrogen atoms for three
different lamella thicknesses.

Number of layers AHppr (kJ/mol) per H atom

4 —26.20
6 —24.98
8 —40.77
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Table 7

Reaction enthalpy for hydrogen-vacancy complexes associated with the trans-
formation of the nickel oxy-hydride into nickel oxy-metal interface. AHpgr of the
chemical reaction R9 is normalised by the number of hydrogen atoms for three
different lamella thicknesses.

Number of Hydrogen in the octahedral site
layers adjacent to a vacancy

AHppr (kJ/mol) per H atom

Hydrogen in the tetrahedral site
adjacent to a vacancy
AHppr (kJ/mol) per H atom

4 +7.30 +10.81
6 +7.72 +11.23
8 —5.20 -1.69

The corresponding enthalpies of formation are shown in Table 6. Our
results show that a cyclic process is indeed thermodynamically favour-
able. Experimentally, Marchetti et al. reported the presence of nickel
hydroxide for all corrosion durations of alloy 690 [29]. Also, Ni(0) is
found in contact with NiO and CryO3 in grain boundaries [35,91,92].
The cyclic hydrogen catalysed process in vicinity of the scale/alloy
interface that effectively facilitates the oxidation of Cr(0) by NiO to form
Ni(0) and chromia may be sustained if the hydrogen activity is main-
tained there. Loss of hydrogen, i.e., H and H_, may happen owing to the
HER or by hydrogen pick-up in the alloy. In the next session, we will
describe a third possible chemical transformations that may happen at
grain boundaries.

3.3.3. Hydrogen uptake

The third fate of hydrogen, besides the hydrogen evolution reaction
and the catalytic hydrogen assisted oxidation of Cr(0) by NiO to form
chromia and Ni(0), is hydrogen uptake by the alloy or in the growing Ni
(0) particles incorporated in the oxide scale. While the solubility of
hydrogen in Ni(0) is low, hydrogen pick-up and mobility in stainless
steel and nickel base alloys is greatly enhanced when associated with
metal atom vacancies. In as much as defects migrate to alloy grain
boundaries, the GB:s are expected to become enriched by the so-called
hydrogen-vacancy complexes, a topic has been extensively reported
[21,93-95]. Here, we put this information into the context of corrosion
of nickel-base alloys owing to hydrogen pick-up. For the results shown in
Table 7, we consider the reaction enthalpy for hydrogen - thatis 4(H™ +
H') from nickel oxy-hydroxy-hydrides — being transferred into tetra-
hedral or octahedral sites adjacent to Ni vacancies in face-centred cubic
Ni(s), i.e.,

%Ni(o)m~[H’]Ni(11)[OH’]Ni(II) + [Viecenits)) ~Ini), ., -Nio-Nio

2 m+1
+ e )

While it is tempting to conclude that the affinity of hydrogen to the
FCC Ni(s) vacancies depends on the thickness of the resulting Ni(0)-NiO
lamellae, the fact that the enthalpy changes are small lend greater
importance to any entropy changes associated with the hydrogen
incorporation. This, considering the TAS contribution to the Gibbs free
energy at the T ~ 600 K which is the operating temperature of PWRs.
The competitiveness of the hydrogen pick-up channel is further
strengthened considering the suppression of the hydrogen evolution
reaction owing to the confining surroundings at the scale/alloy inter-
face. Also, hydrogen pick-up is understood to terminate the highly
correlated cyclic hydrogen catalysed NiO reduction by Cr(0) oxidation.

Table 8
Reaction enthalpy for the segregation of nickel oxy-metal
interface into pure Ni(0) and NiO.

Number of layers AHppr (kJ/mol)

4 —84.87
6 —105.09
8 —138.86
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3.4. On granular Ni(0) in the oxide scale

The hydrogen-assisted oxidation of Cr(0) by NiO to form chromia
and Ni(0) offers a mechanism for the formation of granular Ni(0) in the
mixed oxide matrix. Connection with metal-oxide segregations as evi-
denced by microscopy studies [35,91,92] is made here by demonstrating
the spontaneous further decomposition of the Ni(0)-(NiO),_, lamellae, i.
e.,

Ni(0)-NiO—Ni(s) + NiO(s) (R10)

The results are shown in Table 8. Thus, the Ni(0) terminated NiO
lamellae - resulting from (R3) Cr(0) oxidation driven by nickel hy-
droxide Ni(OH), condensation to model formation of hydroxide termi-
nated nickel oxide grains; reduction of the said into nickel oxy-hydroxy-
hydride moieties that are furthermore prone to either hydrogen evolu-
tion (R6) or hydrogen pick-up (R9), possibly following stages of
hydrogen catalysed cyclic reduction of NiO to Ni(0) by further Cr(0)
oxidation (R7 and R8) - are found to readily segregate into NiO and Ni
(0).

3.5. Implications of the proposed mechanism for hydrogen pick-up owing
to oxidation by water

The potential usefulness of the emerging understanding of stress
corrosion cracking in terms of stress-induced intermittent microscopic
cracking and re-healing of an a priori protective oxide scale, which in
turn supports sensitisation processes towards macroscopic cracking and
component failure, is highlighted. Here, it is owing to hydrogen pick-up,
a secondary process that results from water acting oxidant. The chro-
mium activity loss at the oxide scale interface is owing to hydrogen
associating with vacancies in the alloy, preferentially along alloy grain
boundaries. Thus, it mitigates the outward diffusion of Cr and supports
the inward diffusion of oxygen into alloy grain boundaries.

The interplay between physical hydrogen added to the coolant to
control the reducing potential and chemical hydrogen associated with
molecular water has been experimentally observed previously [19,20].
Here, this is explained by physical hydrogen controlling the oxide scale
thickness while also affecting the rate of re-healing. Thus, the chemical
hydrogen pick-up during scale cracking and re-healing is little affected
at low partial pressures of molecular hydrogen. On increasing the pHa,
the chemical oxidation reaction still causes fractional hydrogen pick-up,
while the parallel reduction reaction described in this work renders the
scale re-healing process slowed down. At high pHo, the thin oxide scale
is less sensitive to mechanical stresses and thus the stress corrosion is
much suppressed. A "sweet spot" that maximises the hydrogen pick-up at
a particular pHj is inferred in agreement with the experimental obser-
vations [19,20].

4. Conclusions

This work reports a comprehensive understanding of crack tip
oxidation in chromia-forming nickel base alloys relevant to the sensiti-
sation of alloy grain boundaries towards stress corrosion cracking. As
the oxidising agent, water is effectively conveyed to the oxide/alloy
interface to react with chromium to form chromia. The build-up of a new
protective oxide scale upon repeated oxide cracking requires easily
accessible chromium in the alloy, mainly conveyed along alloy grain
boundaries. This access becomes increasingly challenged with time not
exclusively owing to depletion processes but also due to compound
formation involving chromium in the alloy grain boundaries such as
inherent carbon producing Crp3Cg and Cr;Cs3 as well as oxygen uptake
along alloy grain boundaries. Here, possible oxidation-driven hydrogen
uptake infers alloy vacancy pinning. Thus, access of Cr at the crack tip
becomes increasingly impeded, while grain boundary oxidation is
enhanced and correspondingly the risk for component failure.

The emerging mechanistic understanding elucidated in this work is
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consistent with the following:

e Hydroxylated NiO grain boundaries are stable steady-state moieties
in reactions of water with NiO(s) when water is the limiting reactant,
e.g., owing to subsequent chromium oxidation.

Transient nickel oxy-hydroxy-hydrides are formed, driven by the

oxidation of chromium by the nickel oxy-hydroxide moieties.

The biuld-up of nickel metal and nickel oxide heterostructures as

transients disproportionate whereby hydrides H recombine with

protons H'

o to produce Hy(g), i.e., the hydrogen evolution reaction, albeit
being suppressed in vicinity of the oxide/alloy interface owing to
the crack tip confinement;

o to serve as a catalyst for the oxidation of chromium by nickel oxide
to form metallic nickel particles, co-existing with nickel oxide and
chromia in the vicinity of the crack tip;

o to become absorbed in nickel metal particles as well as in the alloy
in the vicinity of metal atom vacancies.

The competing processes, driven by the effective oxidation of chro-
mium by water and controlled by the fates of hydrogen, provide a uni-
fied understanding of the complex oxide composition observed at the
crack tip of nickel-base chromia formers. The fraction of hydrogen that
becomes picked up by the alloy - but not in metallic nickel inclusions in
the oxide or evolving as Hj — is taken to be harmful at late stages when
access to the chromium, decisive for the passivating oxide scale to form,
becomes limited by its mobility. This situation is postponed in alloy 690
as compared to alloy 600.
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