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HIGHLIGHTS GRAPHICAL ABSTRACT

o This study demonstrates that the inner-
cathode mechanism, previously pro-
posed for protons, also applies to Lithium: Smoking gun evidence
lithium cations. of the inner cathode mechanism

e The mechanistic investigation reported
here addresses lithium enrichment
within the inner oxide scale, as docu-
mented in the literature.

e Alloy uptake and lithium enrichment
are attenuated because the hydrogen Hydroxylated
evolution pathway is not applicable to grain boundajes O O
lithium, unlike hydrogen.

e Regarding the consequences of enrich-
ment, this work supports further explo-
ration of alternative pH-control buffers
for PWR operation.
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ARTICLE INFO ABSTRACT

Keywords: Lithium hydroxide is widely used for pH control in pressurized water reactors, yet lithium incorporation in
Ir}ne_r'cath"de mechanism chromia-forming Ni-base alloys has been linked to degraded corrosion resistance. Using lithium as a tracer for
Lithium uptake protons, we show that Li" uptake is consistent with an inner-cathode mechanism for oxidation by water, in which

Alloy/oxide interface lithium incorporation
Oxide scale sensitization

Chromia-former Ni-base alloys

Density functional theory

hydroxylated oxide grain boundaries transport molecular water equivalents toward a cathodic region near the
alloy/oxide interface. First-principles calculations demonstrate that both H' and Li" promote chromium
oxidation by NiO and catalyse metallic nickel precipitation within the oxide scale, compromising scale integrity.
Unlike hydrogen, lithium cannot be removed by molecular evolution and therefore accumulates at the inner
cathode. This work provides a mechanistic elucidation of experimentally observed lithium enrichment, which
has been suggested to promote stress corrosion cracking in LiOH-containing reactor water.

Nuclear reactor performance is governed by the interplay between chemistry [1,2]. Jointly with maintenance, these factors determine the
load-bearing alloy structure and composition, radiation, and water economy of the plant [3].
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In pressurized water reactors (PWR), alkali hydroxides (MOH) play
an important role in controlling the pH under plant operation conditions
[4]. The titrant is added to mitigate the corrosive impact of the neutron
absorber that is boric acid. In western PWR reactors lithium hydroxide
(LiOH) has been widely used, while potassium hydroxide (KOH) has
been used for pH control in Water-Water Energetic Reactor (VVER)
designs.

Concerns have repeatedly been raised regarding the potential detri-
mental impact of Lit ions [5-10]. Lithium is known to accumulate in the
inner (Cr-rich) protective part of the duplex oxide scale that forms on
Alloy 690 [11,12]. This is unexpected at first glance since the anode
reaction — upon releasing electrons from the alloy/oxide interface to the
cathode at the oxide/coolant interface — creates a positive space charge
attracting anions while repelling cations, including Li*.

How can cations, either H' or Li*, overcome the electric barrier and
migrate inwards beyond the alloy/oxide interface? In order to resolve
this and similar questions one must resort to modelling, be it by means of
experiment or theory [13-19].

Our mechanistic understanding emerges from experiment-guided
first-principles atomistic modelling. Employing this approach, an anal-
ogous paradox was resolved by us in the context of detrimental
hydrogen pick-up in zircaloy upon zirconia formation due to oxidation
by water [20-22]. More dramatic, the mechanism was generalized to
apply in case of inward diffusion of Y>* along oxide grain boundaries
during alumina formation on FeCrAl(RE) under low-Pg,o [23-26].
Transient local screening of the instantaneous negative space charge
owing to inward diffusion of protons to an “inner” cathode site proximal
to the metal/oxide interface is what causes the inward migration of Y3,
and, therefore, formation of yttrium aluminum garnet (YAG) clusters
along the alumina grain boundaries (GB) [24]. The cathodic reaction is
either hydrogen evolution, hydrogen pick-up, or hydride ions accom-
modation in oxygen vacancies forming oxy-hydrides [24,27,28]. The
complementary reaction at the anode is the newly formed M*" reacting
with the surplus O% from the reduction of the protons, to produce new
metal oxide.

This understanding was recently extended to the oxidation of load-
bearing chromia forming nickel base alloys by water [29]. A potential
cause for hydrogen induced embrittlement in Alloy 690 upon chromia
formation was validated, revealing a viable pathway for hydrogen
pick-up owing to stress corrosion.

In the three said cases, the reactions are driven by the highly
reducing scale former, that is zirconium, aluminum or chromium as
facilitated by the corresponding oxide GBs forming hydroxylated oxide
interfaces conveying molecular water-equivalents. This offers sustained
delivery of oxidizing agents, i.e., H', to the reducing “inner” cathode.
Proximity to the anode at the receding metal/oxide interface is achieved
albeit separated by a thin at times porous barrier oxide, see references
[20-22] for Zircaloy. In case of NiO on alloy 690, the essential trans-
formations investigated include Hy(g) evolution, H acting catalyst for
the oxidation of Cr by NiO to form CryO3 and metallic Ni precipitates,
and H incorporation in alloy and/or in Ni(s) precipitates [29].

Here, in light of recent experimental observation confirming the
accumulation of Li in the inner layer of the oxide scale on Alloy 690 [7,
11,12] and our recent comprehensive mechanistic study of effective
water transport in hydroxylated grain boundaries [29], the scope of this
work is to explore the viability of Li* acting as proton analogue in the
water conveyer mechanism for the oxidation of the nickel base chromia
former. This work provides a general mechanistic understanding of
chemical reactions involving either hydrogen or lithium that are ulti-
mately accumulated at the alloy-oxide interface. We also address key
structural differences between the interfaces containing hydrogen and
their lithium analogue. We do so by means of first-principles density
functional theory, resorting to total energy calculations that include full
geometry optimization on lamellar superstructures subject to periodic
boundary conditions [29]. Enrichment of lithium presumably results
from ppb Li"/H™ ion exchange reactions and transport along pathways
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maintained by the electrochemical inward diffusion of protons. Such
exchange reactions between Li* and H' from hydroxyl groups are
common in the synthesis of cathode materials for Li-ion batteries [30]
and it has been recently debated in the field of next-generation high--
voltage batteries [31]. This work contributes to a general understanding
of how Lit/H" ions’ reduction is taken to reflect in electrochemical
reactions, in particular for the chromium oxidation in load-bearing
nickel alloys. Thus, reduced Lit either accumulates at the cathode or
undergoes pick-up by the metal. Notably, the third pathway corre-
sponding to Hy evolution is inaccessible for Li. These reactions are
summarized in Table 1 and in Fig. 1.

The oxy-hydroxide interface in Fig. 1(a) naturally forms by the hy-
drolysis at NiO grain boundaries. In the fully lithiated interface shown in
Fig. 1(b), lithium tends to occupy nickel sites in the NiO lattice. Ex-
periments reported in the literature also evidence the presence of Li in
the vicinity of NiO [7,11,12].

Chromium oxidation (R1) is the most important reaction step of
chromia forming functional alloys, where the following steps are
conditioned by it. In R1, neighbor oxygen atoms to Li/H are consumed
by forming chromia. Somewhat fortuitously, the energetics of Li-O at
NiO and its analog comprising H-O at the nickel oxy-hydroxide inter-
face, on acting chromium oxidizing agents, come out almost identical,
see Table 1. Indeed, where hydrogen is incorporated in the resulting Ni
double-layer, Fig. 1(c), lithium again terminates the NiO grain bound-
aries, compare Fig. 1(d), and Fig. 1(b).

Two main piggybacking reactions follow:

1. R2a recovers fresh hydroxylated/lithiated interfaces by dissociating
from the Ni double-layer, thus readying those for a second chromium
oxidation cycle. A book-keeping note is that each such cycle re-
generates H'/Li*. Thereby, the nominal negative charge associated
with oxygen abstraction by Cr, i.e., R1, renders Ni(II) reduced to Ni
(0) (see R2a in Table 1). These catalytic cycles are responsible for the
precipitation of Ni(s) particles in the oxide scale.

2. R2b incorporates H/Li in the Ni base alloy or Ni precipitates. Both H
and Li associate to vacancies [V, @Ni(s) to form [V ]@Ni(s), X =H or
X = Li. Thus, the corresponding pick-up processes are controlled by
diffusion. A key difference in the pick-up is that hydrogen occupies
octahedral interstitial sites in vicinity of a metal vacancy while
lithium occupies the metal vacancy site. Also differing is that
hydrogen pick-up is slightly endothermic albeit spontaneous because
of the TAS term, while lithium pick-up is exothermic by 38 kJ/mol.

For the case of the oxy-hydride interface, a third possible chemical
transformation is the hydrogen evolution reaction, R3. Crucially, in case
of lithium, such a reaction is not accessible. This, in conjunction with the
low metal vacancy diffusivity at reactor operation conditions, is what
renders lithium enriched near the alloy/oxide interface, thereby iden-
tifying the site where the cathode processes take place. These results
offer what can be regarded as smoking..ugun evidence for the inner
cathode mechanism for hydrogen.

Our mechanistic understanding of lithium accumulation at the alloy/
oxide interface is consistent with recent findings reported by Tsai and
co-workers on increased stress corrosion susceptibility caused by lithium
incorporation at the alloy/oxide interface in Ni-base alloys [12]. They
recently demonstrated that Li* ions tend to accumulate at the alloy/-
oxide interface in Alloy 600, up to 20 at%, particularly within Cr-rich
inner oxide layers and along oxidized metal grain boundaries and
showed that lithium promotes the formation of a flaky oxide scale with
poor adherence to the alloy matrix. Spectroscopic measurements and
Mott-Schottky analysis further revealed that the oxide film becomes
thicker when LiOH is used as the pH control agent compared to KOH,
and that the higher oxidation rate is accompanied by reduced corrosion
resistance. Based on these findings, the authors proposed a mechanism
for oxide scale formation in a water medium containing LiOH,
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Table 1
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Enthalpy of formation (AH) per mol X (X = Li,H) for the reaction steps in the water conveying mechanism within oxidized grain boundaries of Ni-base alloys. AAH
represents the difference in AH for each chemical reaction, using as reference the reaction where X = H.

Reaction step Chemical reaction

AH AH AAH
(kJ-mol 1 of X atoms) (kJ-mol 1 of X atoms)
X=H X =Li
R1 [0X]” Ni(IT)[0X] ™ -(NiO),, + 4/3Cr(s)—[X] Ni(II)[X] " -(NiO), + 2/3Cr>05 -103.07 -97.74 +5.33
R2a [X]” Ni(IT)[X]~ (NiO),+(NiO),_5 + 2[Vm]@Ni(s)—~[0X] Ni(Il)[0X] " -(NiO),,_, + 2[ V] @Ni(s) -24.98 -30.32 -55.30
R2b [X]”Ni(I)[X]~-(NiO),, + 2[Vw)QNi(s)—Ni(0)-(NiO),, + 2[VX] @Ni(s) +7.72 -37.59 -45.31
R3 [X]”Ni(IT) [X]~-(NiO),,—Ni(0)-(NiO),, + X(g) +32.04 —
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Fig. 1. Panels (a)-(e) show interface models representing oxidized grain boundaries of Ni-base alloys involved in the water-conveying mechanism. Atoms are colored
as follows: green for nickel, red for oxygen, light cyan for hydrogen, and orange for lithium. In each panel is indicated the crystal orientation of the NiO lamellae used
in the input structure used for atomistic simulations. (a) depicts the oxy-hydroxide interface, and (b) the same interface with H atoms replaced by Li. (c) shows the
oxy-hydride interface, and (d) its Li-substituted analogue. (e) represents the oxy-metal interface, which is a product of the chemical transformations R2b, and R3.
Panels (f) and (g) show reaction coordinate diagrams, where the y-axis corresponds to the potential energy of the reaction landscape and the x-axis to the reaction
coordinate (reaction progress), for interface transformations containing (f) hydrogen (X = H in Table 1) and (g) lithium (X = Li in Table 1).

emphasizing the influence of the hydration enthalpy of Li* ions for its
incorporation in the alloy/oxide scale interface. Moreover, in contrast to
Li*, experimental studies indicate that K* ions are located primarily in
the outer oxide layer, thereby avoiding detrimental enrichment near the
alloy/oxide interface [8,12]. In addition to differences in ionic size and
solvation behavior, solid-state chemical effects may also play a role —
for example, KFe(III)O: is expected to segregate away from the cathodic
region under the prevailing reducing conditions. This would explain

why K ions undergo different diffusion pathways during oxide scale
formation under the prevailing conditions.

Here, we highlight the electrochemical oxidation drive causing
lithium to accumulate in the inner oxide layers of Alloy 600 by Li™
tracking the fate of H' to an inner cathode region in vicinity of the alloy/
oxide interface.

In conclusion, a generic mechanistic understanding is offered for the
inward transport of cations against the electric field when molecular
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water is the sole oxidizing agent. This mechanistic understanding has a
strong impact in the field of both nuclear materials and high-voltage
battery technology. By emphasising the existence of an inner cathode
as conceptual paradigm, when water acts oxidizing agent, this work
highlights that, at steady state,

1. Water molecules undergo hydrolysis at outer oxide interfaces to form
hydroxide ions that migrate toward an inner cathodic region where
protons of hydroxide origin accept electrons from Cr at the alloy/
oxide interface, i.e., the anode region; the proton reduction renders
the inner cathode negatively charged.

2. Similarly, the resulting Cr*" cations from the electron donation build
a positive space charge at the alloy/oxide interface. The build-up of
positive and negative space charges is ultimately alleviated by
counter-diffusion of metal cations and oxygen anions, which is rate
limiting for the scale growth. The negative space charge near the
cathode may be intermittently screened by secondary cations from
solution, here Li™.

3. Once at the cathode, neither H* nor Li* remain passive spectators but
actively participate in electrochemical transformations. The
comparative analysis in this work highlights how H* and, to an even
greater extent, Li* enrich near the cathode, where they may catalyse
the oxidation of chromium by nickel oxide to form particulate
metallic nickel precipitates embedded in the oxide. In nuclear power
plant operation, this may compromise the protective nature of the
barrier oxide, rendering it more susceptible to stress corrosion
cracking.

4. In response to stress build-up, the passive layer may develop nano-
porosity from strands of oxygen vacancies [21,27], such that either
hydrogen or lithium pick-up in the chromia forming alloy may result.

5. In as much as the fates of hydrogen are notoriously difficult to study
experimentally, here, lithium serves to track the hydrogen pick-up
channel in chromia forming nickel base alloys [12,29].

The generic nature of this electrochemical understanding carries
beyond the nickel base chromia formers in load-bearing alloys under
LWR conditions. In a recent investigation, motivated partly by the
lithium accelerated oxidation kinetics of Zr cladding alloys, Zhang and
co-workers report lithium readily diffusing through 2-10 um thick oxide
layers, and further penetrating the metal substrate to several hundred
nanometers [32]. The present study explains lithium enrichment by
tracking H" to an inner cathode, where it possibly undermines oxide
scale integrity. Beyond the alloy/oxide interface and tracing the
hydrogen pick-up, lithium ultimately accumulates in point defects
within scale forming structural alloys.

1. Modelling considerations

The resilience of load-bearing alloys under aggressive environments
is commonly attributed to kinetic control of oxidation. According to the
prevailing view, protection arises from the formation of a well-adherent,
continuous, and slow-growing barrier oxide that is sustained as well as
challenged by this environment. The ideal electrochemical description
of this slow growth was originally formulated by Carl Wagner to explain
parabolic scale growth and recently it was generalized by us to include
the impact of grain boundary density evolution. It involves a cathode at
the gas/oxide interface where oxidants are reduced by electron uptake,
an anode at the alloy/oxide interface where metal cations are generated,
and a growth rate governed by coupled electron and ion transport
through the oxide scale.

This “outer-cathode” mechanism typically dominates oxidation in O2
environments, and also in 100% H20 environments provided that the
oxide exhibits sufficient electronic conductivity. Thus, in both cases, at
high temperatures, O*" species are formed through electron transfer: for
oxygen, %02 + 2e¢- — 0%; for water, H20 + 2e” — Ha(g) + 0%, with
protons serving as the oxidizing species in case of the latter.
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At intermediate temperatures, the barrier oxide may be short-
circuited by low-entropy water-derived species that migrate along hy-
droxylated interfaces within the oxide scale. These pathways can sustain
an “inner-cathode” process near the alloy/oxide interface, thereby
facilitating electron transfer from the anode. Although proton reduction
remains the cathodic reaction, the constrained environment suppresses
hydrogen evolution and enables alternative disposal routes for reaction
products. For example, hydride ions may occupy oxygen vacancies [24,
27,28] or become absorbed by the underlying alloy [20,22,29].

The resulting complex, heterogeneous oxide morphology—formed
through segregation, precipitation, and leaching—is not well suited to
rigorous thermodynamic treatment beyond semi-qualitative analysis.
Gibbs energy changes tell of spontaneity of the reactions under the
relevant conditions. While accurate, these may be misleading as equa-
tion of states do not include the time-aspect, i.e the reaction channels
accessible on the time scale of the redox- and diffusion processes.
Moreover, the change in entropy is commonly subdivided into trans-
lational, rotational, and vibrational degrees of freedom. In our study,
these contributions are understood to be cancelled as the local coordi-
nation of Li on the reactant side and on the product side are very similar.
In case of the final step, that is the dissolution of Li in the alloy, however,
while being a very slow process, the entropy change is deemed to sup-
port this process, i.e., the dissolution into the alloy, which is also
observed to take place. Nevertheless, since only parts per billion of
lithium is added into the coolant, the overwhelmingly dominant process
is the proton reduction that is conditioned by the oxidation process,
directing and enriching lithium at the inner cathode.

Thus, cancellation of entropic effects is expected on the time scale of
the solid-state mini-processes. Enthalpic stabilities of intermediates
along the reaction decide the resulting reactant-intermediate-products
trajectory, while TAS is employed as a conceptual framework owing
to the said ambiguity in the time-domain. This is exemplified by the
formation of Hy owing to the translational and rotational entropy con-
tributions in the gas phase. The confining environment presented by the
inner cathode geometry, however, suppresses the instantaneous trans-
lational degrees of freedom, while rotational transform into vibration
contributions is not dissimilar to those a priori in the Ni-OH groups prior
to the reduction step.

Throughout, we employ first-principles electronic structure calcu-
lations to quantify the enthalpy changes of elementary steps as an
exploratory approach to identify potentially viable pathways. While
viability and mechanistic understanding are central here, activation
energies are not considered.

Notably, this methodology is compatible with the experimental re-
ports addressed here concerning Li enrichment near alloy/oxide in-
terfaces and Li uptake into the nickel base alloy. This approach is
particularly effective for testing the internal consistency of compre-
hensive mechanistic frameworks such as the one here, which we have
developed previously in our studies.

Our scientific approach rests on a synergistic interplay between
experiment and theory: experiments identify phenomena, theory pro-
vides model-based interpretation and evaluates the significance of ob-
servations, and targeted experiments subsequently refine quantitative
understanding once relevance is established. This methodology, sub-
dividing oxidation of metals by water into viable mini-processes has
proven robust and productive in the context of corrosion in nuclear
materials.

The results reported in this work were obtained by spin-polarised
calculations based on density functional theory [33,34] in the imple-
mentation with plane waves [35] and pseudopotentials using the
CASTEP code [36] within the Materials Studio framework [37]. The
Perdew, Burke, and Ernzerhof (PBE) GGA functional [38,39] was
employed in all calculations. Core electrons were described by on-the-fly
generated norm-conserving pseudopotentials [40], and a plane-wave
energy cut-off was set to 1200 eV. The k-point sampling of the Bril-
louin zone was made by means of the Monkhorst-Pack scheme [41,42]
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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 107 eV/atom for two consecutive SCF cycles. A Gaussian smearing
scheme with a width of 0.1 eV was used to facilitate convergence. All
structures were fully optimised using the L-BFGS [43,44] algorithm with
a total energy convergence tolerance of 10 eV/atom, maximum force
tolerance of 0.03 eV/A, maximum stress tolerance of 0.05 GPa, and
maximum displacement tolerance of 10 A.

Chemical transformations that take place in oxide scales are
implicitly pressurized. Modelling oxide grain boundary interfaces in
oxide scales by means of standard DFT calculations should take into
consideration the stress field resulting from Pilling-Bedworth expansion
while maintaining the adherence to the underlying alloy. Here, a 2 GPa
uniaxial external pressure applied normal to the interface results in a 2 A
grains separation. This interface width is stable in the sense that adding
pressure only causes increased lateral deformation of the slabs. These
values find support in experiments that report 2-3 GPa oxide scale stress
[45-48]. Notably, the work to bring the interfaces together is approxi-
mately 24 kJ/mol. Indeed, were we to consider free-standing lamella,
the first reaction step would be halved, i.e., exothermic by 75 kJ/mol in
forming the Ni-H and Ni-Li interfaces. This should be taken to reflect the
stresses involved rather than any shortcoming of the model. From a
conceptual perspective it tells of the robustness of our emerging un-
derstanding. For reference, oxidation of chromium by HyO(1) and by NiO
(s) to form chromia and Hy(g) or Ni(s) is exothermic by 90 kJ/mol and
145 kJ/mol, respectively [49].
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