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ABSTRACT

Oxidation of metals by water generates hydrogen which can enter the solid causing serious degradation
of its mechanical properties and may also influence the corrosion rate. The present work focuses on
hydrogen pickup during the corrosion of zirconium alloys in an agueous environment. Transmission
electron microscopy using Fresnel imaging on three different samples of oxidized Zr has been used to study
the type, distribution, concentration and connectivity of nano-porosity as a function of depth through the
oxide layer. Extensive interconnected nano-pipes are found in the non-protective outer part of the oxide,
while in the protective barrier layer closer to the metal-oxide interface, continuous nano-pipes turn into
individual nano-pores. Ab initio calculations show that molecular hydrogen is formed spontaneously by the
reaction of water with oxygen vacancies in zirconium oxide. Molecular dynamics simulations reveal that
these H, molecules can diffuse rapidly through nano-pores and nano-pipes as small as 0.5 nm in the oxide
layer. Calculations demonstrate that molecular hydrogen dissociates spontaneously on surfaces of suboxides
found experimentally at the metal-oxide interface. Oxygen vacancies in ZrO enable the ingress and diffusion
of H atoms with an energy barrier of approximately 65 kJ/mol. Further diffusion of hydrogen through
oxygen-saturated o-Zr metal is fast, leading to the formation of thermodynamically stable zirconium
hydrides. Thus, formation and diffusion of molecular hydrogen through nano-pores in the bulk oxide and
ingress of H atoms via suboxides is a possible mechanism of hydrogen pickup in any metal or alloy covered
by an oxide scale that contains nano-porosity.

Keywords: hydrogen pickup; oxide-film constitution; zirconium; transmission electron microscopy;
ab initio calculations

1. Introduction

Corrosion of metals in aqueous environments is seen in almost every aspect of our world where
metals and alloys are deployed. Despite the practical importance of this universal process, the exact
nature of the underlying mechanisms is still unclear. Dynamic, multi-scale processes lead to the
formation of complex, textured oxide films involving metal-oxide and oxide-water interfaces, mass
and electron transport, numerous kinds of lattice defects (point defects and grain boundaries), phase
transitions, modification of the microstructure by stress, and temperature effects. Alloying
elements and second phase particles add further complexity. Thus, trying to understand and
simulate all these phenomena on all length and time scales remains a daunting endeavor.
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Nevertheless, by combining advanced techniques for nano-scale characterization with state-of-the-
art computational approaches, significant progress can be achieved, affording unprecedented
insight into some of the critical aspects of this oxidation process.

The chemical reaction of metals with water produces metal oxides and releases hydrogen by a
cathodic reaction. This hydrogen either escapes in the form of molecular hydrogen or is picked up
by the metal, often leading to degradation of its mechanical strength.

The Zr-water system has a particularly important practical application since Zr alloys are used
in light water nuclear reactors as fuel cladding and in fuel assembly components [1]. Hydrogen
pickup and the formation of zirconium hydrides is well known to have a detrimental impact on the
mechanical properties of these materials [2]. At the high temperatures experienced in loss of
coolant accidents (LOCA) zirconium reacts vigorously with water vapor resulting in the rapid
production of hydrogen. Mixed with oxygen from air, this can lead to hydrogen explosions as
witnessed at the Fukushima power plant in 2011.

There is currently no complete mechanistic understanding of the reaction of water with
zirconium, the formation of hydrogen, its transport through the oxide and ingress into the metal
despite the large number of publications on this subject. It has been proposed [3-5] that transport
of hydrogen through the oxide occurs via solid-state diffusion assisted by oxygen vacancies.
Implicitly it is assumed that the diffusing species is H*. On the surface of ZrO> in contact with
water, Sato et al. [6] have demonstrated a proton migration mechanism in the form of a cooperative
transfer of protons and positive charges involving intermediate water molecules as proton
acceptors and donors. Such a mechanism is possible if water is present, which may not be the case
close to the Zr metal-oxide interface. In both mechanisms, protons need to enter solid ZrO2, which
may involve both overcoming an energy barrier and the availability of a sufficiently high
concentration of oxygen vacancies or other defects since the solubility of hydrogen in
stoichiometric ZrO» without oxygen vacancies is extremely low [7]. Cox and Wong pointed out
the likely path of hydrogen pickup via structural flaws in the oxide film [8]. Hence, mechanisms
involving the hopping of H* between -OH groups or the migration of -OH groups along grain
boundaries or in cracks are other possibilities [9].

For many years, the detailed structure of the metal/oxide interface has been a subject of interest.
In an early study, Iltis and Michel [10] measured a thin layer of a sub-oxide without suggesting a
clear composition. More recent studies have been able to show that this sub-oxide has a
stoichiometry close to ZrO. For instance, analysis of Zircaloy-2 samples oxidized in a steam
autoclave [11] revealed a sub-oxide with an oxygen content of approximately 50 at. % and a layer
thickness of about 200 nm. Similar studies on other commercial alloys corroded in pressurized
water showed varying thicknesses of the same metastable ZrO suboxide at different stages of the
oxidation process [12-15]. All these authors also observed an oxygen concentration gradient over
a distance of 200 - 400 nm into the metal from a level close to the sub-oxide of about 30 at. %
down to a few atomic percent. In addition, several different types of nano-porosity have been
observed in the oxide close to the metal/oxide interface by Fresnel imaging in a transmission
electron microscope [16]. Recent positron annihilation Doppler broadening spectroscopy
experiments on oxides on Zircaloy-4 samples have also identified a heavy supersaturation of



oxygen vacancy complexes near the metal oxide interface that the authors suggest could develop
into these nano-scale pores [17].

There has been a good deal of focus on the concept that H transport through the oxide occurs
preferentially along grain boundaries. Extensive computational studies by Panas and coworkers
[18,19 and references therein] have provided detailed insight into the role of oxygen vacancies and
alloying elements at grain boundaries in the oxidation of zirconium. Recently, these authors have
demonstrated evidence for the possible alignment of oxygen vacancies in tetragonal ZrO, causing
a “nano-pore mediated HPU-avalanche”. Thus, both grain boundaries and local porosity can offer
pathways for hydrogen ingress to the metal matrix, and which are activated depends on the
environmental conditions.

In this paper we focus on the formation, transport, and pickup of hydrogen for the system
water/a-zirconium, demonstrating the possible role of molecular hydrogen in this process. While
small amounts (typically less than 2%) of alloying elements such as Fe, Ni, Cr, Sn, and Nb play
an important role in zirconium alloys, the overall mechanism described in the present work is of
generic nature and independent of a specific zirconium alloy, although we are well aware that these
alloying elements effect the rates of this process [20,21]. The mechanism for hydrogen transport
described here could also be relevant for any metal or alloy which forms a nano-porous oxide scale.

2. Experimental Methods

Three materials were used in the experimental part of this work; model Zr-0.5Nb and Zr-1Nb
alloys and commercial Zircaloy-4, all supplied by the Westinghouse Electric Company in the
recrystallized (RXA) condition. Small samples were oxidized in an autoclave in pure water at 360
°C and 18 MPa. The choice of these samples was to explore whether the distribution of nanoscale
porosity was the same in oxides grown on different Zr alloys and at different stages of the oxidation
process. The Zr-0.5Nb and the Zircaloy-4 samples were taken at a relatively early stage of aqueous
corrosion, before the first kinetic transition, while the Zr-1Nb sample is taken well past this first
transition. The values for hydrogen pick-up fraction (HPUF) in the metal matrix for these samples
were also measured. Detailed sample information and corrosion data are summarized in Table 1
and Figure 1.

Table 1
Summary of sample information and corrosion data.

Avg. oxi HPUF
Corrosion  Weight gain  Hydrogen vg. oxide u

iti 9 thickness
Sample ID Composition (wt%) time (days)  (mg/dm?) (ppm)
(Om)
Zr-1Nb Zr-1.03Nb-0.05Fe 225 61.8 106 4.0 12%
Zr-0.5Nb Zr-0.53Nb-0.04Fe 75 314 5 21 1%
Zircaloy-4 Zr-1.36Sn-0.21Fe-0.11Cr 60 26.1 7 1.7 3%
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Fig. 1. Weight gain and hydrogen pickup curves for the three selected corroded Zr-alloy materials. The
specific samples selected for study are highlighted by the red arrows.

Cross sectional transmission electron microscopy (TEM) foils containing both the oxide layer and
the metal matrix were prepared using the in-situ lift-out FIB method [22] with an initial milling
current of 7000 pA, gradually decreasing to 300 pA at 30 kV, and further thinned to a uniform
thickness of ~50 nm using a low energy beam at 2 kV and 200 pA. This is very important to avoid
the complex images that result with specimens much thicker than the oxide grain size. There will of
course be some stress relaxation during FIB-extraction process to make these very thin TEM
specimens, but the primary use of TEM in this work is in detecting systematic differences in the
distribution and concentration of buried nano-porosity from samples at selected stages of the
oxidation process. All the TEM specimens have been prepared using the same FIB-techniques, so
any differences in the characteristic porosity observed between the samples are unlikely to be a result
of the sample preparation technique [12,15]. TEM characterization of the distribution of pores was
carried out using a JEOL 2100 LaBe microscope operated at 200 kV. The morphology of nano-pores
can be revealed clearly using Fresnel imaging conditions [23,24]. Under these conditions, buried
pores show dark contrast in over-focused conditions and bright contrast in under-focused conditions.
Since the images depend strongly on the selected defocus value (Af), here Af = +1000 nm was used
for consistency for all the results shown. In order to determine the distribution of pores through the
thickness of the oxide, a series of Fresnel images were captured at various distances from the metal-
oxide (O/M) interface in each sample. For the first time, we have also carried out a quantitative
analysis of nano-porosity concentration as function of oxide depth in the Zr-0.5Nb sample. Because
the nano-pores (typically 2 — 5 nm in diameter) are distributed in a 3-dimensional array in the TEM
thin foil, the apparent number density will change with sample thickness, and thus a precise local
thickness measurement is required. The thicknesses of the regions of interest were determined to be
40-60 nm using Electron Energy Loss Spectroscopy (EELS) in a JEOL ARM 200F microscope
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operating at 200 kV with a step size of 10 nm, a convergence angle of 30 mrad and a collection angle
of 40 mrad using the method described in [25].

A guantitative measurement of the concentration of nano-pores and nano-pipes as a function
of location in the oxide was performed for the Zr-0.5Nb sample. To improve the statistical
significance, three large regions (~500 nm by 500 nm) were selected at different oxide depths, and
at least three high-magnification micrographs were taken from each of these regions. The
concentration of nano-porosity was then defined as the total length of nano-pores and nano-pipes
along the corrosion direction per unit sample volume.

3. Computational Methods

The structure and energy of zirconium oxides, their surfaces, and their interactions with water and
hydrogen were computed using density functional theory (DFT) [26,27] with the generalized
gradient approximation describing electronic exchange-correlation effects as given by Perdew et
al. [28]. The resulting effective Schrodinger equations were solved using the projector augmented
wave method [29] as implemented in the Vienna ab-initio simulation package (VASP) [30,31]
within the MedeA® materials modelling platform [32]. Energy barriers for processes such as the
ingress of H into suboxide and diffusion barriers inside suboxide were determined either by a drag
method or by the nudged elastic band method [33]. In the drag method, an H atom is moved
stepwise in one direction, for example perpendicular to a surface, and the total energy is minimized
in each step by allowing the moving atom to relax in the two directions perpendicular to the drag
direction and all other atoms to relax without constraints. This method is well suited to investigate
energy barriers for the ingress of H from a surface into the interior of a solid. The nudged elastic
band method finds the lowest energy path between an initial and a final configuration by
constrained minimization of the energy and forces for a series of intermediate configurations
connecting the initial and final state.

Processes such as the diffusion of water and hydrogen molecules in nano-pipes without bond-
breaking were simulated by molecular dynamics using a valence forcefield, i.e. a description of
interatomic interactions for systems with predefined interatomic bonds such as Zr-O or O-H bonds
and so-called non-bonding interactions, namely long-range electrostatic interactions, weak van der
Waals attractions and short-range repulsion, for example between hydrogen and water molecules.
In the present work, the functional form for such a valence forcefield is that given by Sun et al.
[34]. The parameters optimized for the present zirconium oxide are listed in Table 2 employing the
Waldman-Hagler combining rules [35] for the van der Waals interactions. The parameters for water
and molecular hydrogen were taken from the pcff+ forcefield as implemented in the MedeA®
software [32].

The development of additional parameters needed to describe the structure and flexibility of
ZrO, were guided by experimental crystallographic data and ab initio calculations. The resulting
forcefield for t-ZrO- reproduces well the experimental density, lattice parameter and interatomic



distances of this oxide. At elevated temperature, as used in the present application, molecular
dynamics simulations show some flexibility of the lattice while maintaining its overall structure
including nano-pores and nano-crevices. This is sufficient for the present purpose. Any other use
of this forcefield for t-ZrO, beyond the current scope would require additional parameter
optimization or a different type of interatomic potential. However, the important interactions
between the water molecules, the dissolved H> molecules and the hydroxylated oxide surfaces are
well described by the present forcefield. The molecular dynamics simulations have been carried
out with the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [36] as
integrated in the MedeA® platform.

Table 2

Forcefield parameters for the molecular dynamics simulations of water interacting with hydroxylated surfaces
of tetragonal ZrO..

Parameters (energies in units based on kcal/mol)

Forcefield term bo (A) k2 ks Ka
Bond stretching
EP(Zr-O), O inside oxide 2.135 1000 0 0
E®(Zr-O), O of -Zr-OH group 2.2 1000 0 0
Eb(H-0), H of -Zr-OH group 0.97 700 -1500 1800
EP(H-0), H of H20 0.97 563.28 -1428.905 2004.7658
EP(H-H), H of H2 0.7412 414.2185 -805.6549 914.1296
Bond angles tb(deg)
E3(O-Zr-0) 112.3 -300 0 0
E3(Zr-O-H) 112.3 -300 0 0
E3(Zr-O-Zr) 120.3 -300 0 0
E?(H-O-H) in water 103.7 49.84 -11.6 -8.0
Zr OinZr O in-ZrOH H in-ZrOH O in water H in water Hin H2
Charges 1.6 -0.8 -0.8 0.4 -0.806 0.403 0
Non-bond r° 3.5 3.38 3.5 1.05 3.608 1.098 1.421
Non-bond & 0.1 0.1 0.07 0.08 0.274 0.013 0.0216
4. Results

4.1 Experimental observations on the morphology of nano-pores and nano-pipes in ZrO> and at the
metal-oxide interface

Previous work on the microstructure of oxide films on zirconium fuel cladding alloys has been
carried out using X-ray diffraction [37,38], scanning electron microscopy (SEM) [37,39,40],
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conventional TEM [12,41-45], transmission Kikuchi diffraction [14,15] and crystal orientation
mapping in the transmission electron microscopy mode, giving a clear picture of the characteristic
features. The bulk oxide is predominantly monoclinic with some stress-stabilized tetragonal oxide
near the metal-oxide interface. Generally, the outer 100-700 nm of the oxide contains small
equiaxed grains, 20-30 nm in diameter, and under this equiaxed layer there are layers of larger
elongated columnar grains oriented parallel to the oxide growth direction. The thin layer of ZrO
sub-oxide described above is often found at the metal/oxide interface in materials from both of the
major classes of zirconium fuel cladding alloys (Nb-containing and Nb-free) [12-15]. Thus from
the water-ZrO- surface, any in-diffusing species will encounter bulk polycrystalline ZrO,, possibly
a thin ZrO suboxide layer and oxygen-saturated Zr metal — Zr(Osa) (~ 30 at% O) [12,14,15,24]
before reaching the underlying bulk metal. For the three samples in this study, we used EELS
multiple linear least squares (MLLS) phase mapping to identify the ZrO and Zr(Osa) phases. It is
found that the 225-day Zr-1Nb sample has ZrO suboxide grains forming a sawtooth layer of around
130 nm thickness, followed by a uniform 180 nm Zr(Osa) layer. The Zr-0.5Nb and Zircaloy-4
samples have thinner suboxide layers, around 100 nm, plus a 100 nm Zr(Osat) layer. It is within
these variations in local microstructure that we have now analyzed the morphology and distribution
of nano-porosity, and systematic differences were observed at different locations in the oxides.

As an example of this kind of analysis, the set of high-resolution over-focused images in Figure
2(a) show the types of nano-pores observed as a function of depth through a typical oxide layer
grown on the Zr-1.0Nb sample corroded for 225-days. Close to the metal-oxide interface, where
we expect the oxide to be electrochemically protective, the so-called barrier layer [46-48], several
different kinds of nanoscale porosity can be seen. Around 200 nm from the interface, some of the
grain boundaries between the columnar oxide grains are decorated with a ‘string-of-pearls’
arrangement of interconnected porosity that we have termed nano-pipes (a-3). The individual pores
become gradually less well connected closer to the metal/oxide interface (a-2, a-3), so that <200
nm from the interface mostly isolated 1-3 nm pores are observed within the oxide grains (a-2),
although there is a rare example of a nano-pipe running right down to the oxide/sub-oxide interface
in a-1. At the same location, we can identify flake-shaped porosity/nano-cracking 5-10 nm in
length running parallel to the metal-oxide interface (a-2). At the end of some of the columnar ZrO;
grains in (a-1) there is also continuous porosity at the zirconia-suboxide interface. Individual pores
are also observed in the ZrO suboxide layer (a-1). This kind of complex, partly interconnected
porosity has been suggested to play an important role in the rate-determining oxygen transport
processes during corrosion [12,49]. In the present context, nano-porosity near the oxide-metal
interface could provide pathways for the diffusion of molecular hydrogen, as will be discussed
below.

Further from the metal-oxide interface, more continuous interconnected nano-pores/nano-pipes
are observed along many of the grain boundaries, and some of these have evolved into larger micro-
cracks (a-4). From this observation, we suggest that the outer layers of oxide are short circuited in
the overall electrochemical corrosion cell, so that the only protective barrier layer will be the thin
oxide layer between the nearest interconnected nano-pipes and the underlying metal. This is
consistent with in-situ electrical impedance spectroscopy measurements taken at multiple points
through the pre-transition period, where the impedance characteristics of the developing corrosion
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film is found to take on the characteristics of an outer "porous™ layer and an inner "protective"
layer [50].

Figures 2 (b) and (c) show the results of the same through-depth porosity analysis for Zr-0.5Nb
and Zircaloy-4 samples, respectively. The two Zr-Nb alloy samples have similar oxide
nanostructures even though they are at different stages in the corrosion process. If we define the
barrier layer as the region where only isolated pores can be identified, both of these two alloys
have a similar barrier thickness of ~200 nm (b-1, b-2, b-3). Above that layer, a porous structure
with continuous interconnected nano-pores/pipes is observed, (b-4). The Zircaloy-4 alloy has a
similar corrosion rate to the 0.5Nb alloy [51] but with a hydrogen pick up fraction (HPUF) at least
3 times higher for the samples studied (Table 1). The results in Figure 2(c) show that the apparent
barrier layer in the oxide on Zircaloy-4 (the region free of interconnected porosity) is only ~100
nm thick (c-1, c-2), and more continuous nano-pipes and nano-cracks can be found throughout the
porous oxide (c-3, c-4). In comparison, as mentioned above, the two Zr-Nb alloys have barrier
thickness of ~200 nm . This may be a result of the higher volume fraction of equiaxed grains seen
in oxides on the Zircaloy-4 sample [39,52], and suggests an easy transport path for hydrogenic
species that can explain the higher measured HPUF value for this material.
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Fig. 2. Nano-porosity as function of depth in the oxide on three Zr alloys: (a) Zr-1.0Nb 225-day, (b) Zr-
0.5Nb 75-day, (c) Zircaloy-4 61-day. TEM Fresnel images from samples (Af= +/-1000nm so the porosity
shows dark/white contrast) showing the distribution of nano-porosity as function of depth through the oxide.
Nano-pores/pipes are highlighted by red arrows and the ZrO./ZrO interface is highlighted by the yellow
dashed line in (a-1, b-1,c-1). Protective and non-protective oxide is marked on top of the images.

4.2 Simulations of the ingress of water into nano-pores and nano-pipes and reactions with ZrO>

In the presence of nano-pipes and nano-pores in the oxide film as shown in the previous section,
water molecules from the aqueous phase can readily diffuse through the oxide film. The
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experiments presented above resolve nano-pipes and nano-pores of the size of several nanometers,
and the present simulations reveal that water molecules (with diameter on the order of 0.3 nm) can
diffuse in nano-pipes with a diameter as small as about 1 nm while hydrogen molecules can diffuse
through nano-pipes as long as the nano-pipe diameter is larger than about 0.5 nm, as illustrated in
Figure 3. Here, ZrO; is represented by the tetragonal phase mostly for computational convenience.
In the present consideration of the diffusion of water and hydrogen molecules in nano-pipes, the
key aspect is the spacing between the walls of the nano-cracks and nano-pores and their coverage
with hydroxyl groups rather than the details of the interior of the solid phase. It should be noted,
though, that prior to sample preparation, t-ZrO, may exist at the metal-oxide interface as this phase
is stress-stabilized.
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Fig. 3. Ingress of water molecules into pores of ZrO, and H, diffusion. The c-axis of t-ZrO, is
perpendicular to the water/oxide interface; the side-walls of the crack are (100) planes; (a) model of a
nanopore in t-ZrO, with water at 550 K and 150 bar; (b) ingress of water into the pore after 50 ps of
molecular dynamics; (c) generation of molecular hydrogen by reaction of water with vacancies in side
walls; (d) diffusion of H, molecules into the pore of about 0.5 nm width. For clarity, the hydrogen atoms
in the H, molecules are visualized as large, light-blue spheres. Note that H, molecules diffuse through
pores which are too narrow for water, thus reaching closer to the metal/oxide interface.

Two different cases of reactions of water molecules with oxide surfaces are considered here.
The first case involves stoichiometric surfaces and the second case sub-stoichiometric surfaces.
Water molecules can react with stoichiometric surfaces of ZrO,, as they may exist at the
oxide/water interface and on the walls of pores. Quantum mechanical simulations reveal
spontaneous dissociation and formation of surface hydroxides. This process is common for many
metal oxides reacting with water [53-55]. If this reaction involves the breaking of Zr-O bonds at
the surface, and if reactive species such as 0,0 are present, e.g. from radiolysis, Zr ions can be
dissolved leading to initiation of cracks, as discussed by Cox [56].
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A quite different process occurs when water molecules reach oxygen vacancy sites, as they are
likely to be present in regions close to the metal-oxide interface. Ab initio simulations of the
reaction of water with sub-stoichiometric oxide surfaces reveal a strongly exothermic dissociation
of water molecules. When a water molecule reacts with an oxygen vacancy, the site is filled with
the oxygen atom from the water molecule and two hydrogen atoms are released, which bind in two
neighboring sites as shown in Figure 4.

[010]

Fig. 4. Reaction of a water molecule with an oxygen vacancy on a t-ZrO»(100) surface. (a) a water molecule
approaches an oxygen vacancy on a t-ZrO»(100) surface; (b) with a release of 275 kJ/mol the water molecule
is chemisorbed and dissociated. The oxygen atom fills the vacancy, one H atom remains attached to O, the
other H atom binds to Zr; the values next to the H atoms are atomic charges; (c) formation and desorption
of H, molecule with a significant exothermic reaction enthalpy. The structures and energies are obtained
from ab initio calculations. The ZrO; surface is represented by a slab and only the top layers are shown for
clarity.

One of the H atoms of the water molecule remains attached to the oxygen atom that fills the
vacancy whereas the other H atom binds to a Zr atom. The charges of these two H atoms have
opposite sign, as obtained from quantum mechanical calculations employing the so-called Bader
charge analysis [57]. The H atom attached to O has a positive charge (0.63), and thus could be
termed “acidic H” while the H atom bonded to Zr has a negative charge (-0.55), i.e. it can be called
“hydridic H”. These two H atoms can recombine and escape as H2 molecule in an exothermic
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reaction. With increasing temperature, entropy favors the formation of H> molecules, thus this
reaction is likely to occur. It is important to note that this reaction requires the initial oxygen
vacancy to be neutral, i.e. the energy levels corresponding to the dangling bonds of the Zr atoms
adjacent to the vacancy are occupied. Using an Ellingham diagram for the reaction Zr + %20, —
ZrO,, the partial pressure of O at the metal/oxide interface is of the order of 10 atm. From a
Brouwer diagram, at 360 °C (633 K) the concentration of neutral oxygen vacancies is higher than
that of positively charged vacancies below an oxygen partial pressure of approximately 100 atm.
This implies that neutral oxygen vacancies are likely to exist in the proximity of the metal/oxide
interface. Another way of rationalizing this scenario comes from an analysis of the electronic band
structure. The electronic level associated with the oxygen vacancy is in the band gap of ZrO>
approximately 2 eV below the minimum of the conduction band. Hence, if electrons occupy the
bottom of the conduction band, they can neutralize the oxygen vacancy states. Of course, there will
be some differences between m-ZrO,, t-ZrO>, and hexagonal ZrO.

In the case of a positively charged surface vacancy, as may exist near the water/oxide interface,
the adsorption and dissociation of a water molecule filling the vacancy is still strongly exothermic,
but both H atoms remain bonded to surface oxygen atoms. In this case, the formation of molecular
hydrogen requires supply of additional electrons for a cathodic reaction to occur. This aspect of
the corrosion process involves the transport of oxygen ions and charge transport, which is highly
complex and beyond the scope of the present paper focusing on H transport.

The (100) surface of t-ZrO> is one of many possible reactive surfaces, but it is reasonable to
assume that other surfaces containing O vacancies exhibit similar properties. For example,
computations performed for the t-ZrO, (001) surface show the same overall reaction pattern, albeit
with somewhat different specific values for the reaction enthalpy. Hence, it is reasonable to assume
that this reaction mechanism applies to a range of different surfaces whenever an oxygen vacancy
is present, including surfaces of monoclinic ZrO, which is the more likely structure in oxides
formed by aqueous corrosion [52,58-60].

After the dissociation of a water molecule by filling a neutral vacancy in ZrO; in a crack or
nano-pore, one could imagine that the hydrogen atoms enter the bulk oxide and diffuse within the
oxide. However, computations of H atoms migrating from the oxide surface into bulk ZrO>
demonstrate that this process is unlikely due to high energy barriers for H ingress into oxides [61].
Thus, it is reasonable to assume that H> molecules are produced as a result of water molecules
reacting with oxygen vacancies on inner surfaces of the oxide layer.

While transport of hydrogen in the form of protons along hydroxylated grain boundaries is very
likely to occur, for example via a Grotthuss mechanism as investigated by Sato et al. [6] and
possibly also in “dry” grain boundaries containing hydroxyl groups, transport in this form involves
energy barriers that can be significant. In contrast, transport of hydrogen in molecular form is
essentially without barriers and thus very fast, provided that channels of sufficient width are
present, as described in the present work.

4.3 Diffusion of H2 molecules in nano-pores and nano-pipes and reaction with suboxide and
oxygen-saturated Zr
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If H> molecules are formed close to the oxide/water interface, they are likely to escape into the
aqueous phase. If, on the other hand, the above reaction takes place deeper inside the oxide film
and if there is a network of nano-pores reaching the region of suboxide or the metal-oxide interface,
H> molecules can diffuse in these nano-pores if the diameter is at least 0.5 nm. This is the result of
molecular dynamics simulations using a classical forcefield as illustrated in panel (d) of Figure 3.

As evident from the experimental characterization of oxide films on similar samples, a
zirconium suboxide (ZrO) is often found, and oxygen-saturated o-Zr metal (Zr30) is always
observed in the interface region between the metal and the zirconium dioxides [13-15,62]. In the
following it will be demonstrated that these suboxides can play a critical role in the dissociation
and pickup of hydrogen.

Computations reveal that on surfaces of ZrO, Zrz0, and Zr, molecular hydrogen can dissociate
spontaneously releasing a significant amount of heat. As illustrated in Figure 5 for a Zrz0 (0001)
surface, the dissociation of an H2 molecule on this surface releases 94 kJ/mol per H atom.

For the resulting chemisorbed H atoms on the ZrsO(0001) surface, DFT calculations reveal an
equilibrium position in three-fold hollow sites. These H atoms are slightly negatively charged, i.e.
they are hydridic in nature. In fact, the equilibrium position of H in pure a—Zr as well as in hydrides
are tetrahedral sites with similar bond lengths as H chemisorbed on the Zr30(0001) surfaces in
three-fold hollow sites. Similar processes occur on other crystallographic surfaces of Zrz0 as well
as on ZrO and on pure Zr. It is worthwhile noting that O-saturated Zr metal contains up to about
30% oxygen. In this case, about 1/3 of all octahedral interstitial sites of the hexagonal close-packed
lattice of a-Zr are occupied with interstitial oxygen atoms, either disordered or ordered. Thus, the
Zr30 structure shown Figure 5 also represents O-saturated Zr metal.

J—)H2

-94 kJ/mol

Zr,0(0001)

Fig. 5. Dissociation of an H, molecule on a Zr;O(0001) surface. The reaction releases 94 kJ/mol per H
atom. Computations reveal an equilibrium position of H atoms occupying three-fold hollow sites on this
surface.
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Fig. 6. Energies of dissociation of Hz and barriers for ingress into Zr and its suboxides. The dissociation of
molecular hydrogen and the chemisorption on the surfaces of ZrO, Zr;0, and Zr are strongly exothermic,
namely -111, -94, and -111 kJ/mol, respectively. The barrier for ingress of H atoms is lowest for Zr;O and
highest for ZrO, as shown in the row below the surface. At low H coverage, the transfer of H from the
surface into the bulk requires an energy between 58 and 62 kJ/mol. Increasing H coverage will raise the
chemical potential of adsorbed H, thus facilitating the ingress.

The next step in the hydrogen pickup process is the ingress of H atoms from the suboxide
surfaces into the interior of these phases. The present computations demonstrate that this could be
a rate-limiting step, especially if there is a layer of dense zirconium monoxide. However, the
oxygen-saturated Zr (Zr30) exhibits a barrier for the ingress of H as low as 20 kJ/mol. A summary
of the barriers for H pickup into ZrO, Zr30, and Zr is illustrated in Figure 6.

In all cases shown in Figure 6, H atoms are more stable on surfaces than in the bulk. However,
this holds only for isolated H atoms on the surfaces of Zr metal, oxygen-saturated Zr(Osat), Zr30,
and ZrO-suboxide phases. As the coverage increases, the chemical potential of H atoms
chemisorbed on these surfaces rises. Together with entropic effects, at a certain concentration it
becomes favorable in terms of Gibbs free energy for H to migrate into the bulk phase rather than
remaining as chemisorbed species.

In fact, it is reasonable to assume that the “surfaces” underlying Figures 5 and 6 are in reality
nano-scale patches of suboxide adjacent to nano-pores, where the relative H concentration could
be quite high, thus providing a thermodynamic driving force to overcome the barriers for H ingress
and to spread inside the bulk phases.

The present calculations show that fully stoichiometric hexagonal ZrO presents a high barrier
for H ingress whereas the presence of oxygen vacancies in the ZrO phase greatly reduces this
barrier. In fact, calculations of the diffusion barrier of H atoms give a value of above 200 kJ/mol
in fully stoichiometric hexagonal ZrO while the presence of oxygen vacancies reduces the barrier
dramatically to 65 kJ/mol. It is reasonable to assume at the ZrO/ZrO; interface, where the oxygen
activity will be low (according to an Ellingham diagram, the oxygen partial pressure in this region
is very low, namely of the order of 10 atm), both phases exhibit oxygen vacancies thus
facilitating the ingress of hydrogen.
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Once inside oxygen-saturated Zr such as ZrO1.x and Zr30, the present calculations show that
the diffusion barriers for H are relatively low, namely in the range of 30 to 70 kJ/mol. For regions
under tensile strain, as they exist near the metal/oxide interfaces, the barrier can be even lower.
The thermodynamic driving forces for this H migration are (i) the free energy of solution of H in
Zr metal, (ii) the precipitation of hydrides if a critical concentration of dissolved H is reached, and
(iii) the associated gradients in the H concentration. Thus, once hydrogen atoms are inside the
suboxide and oxygen-saturated Zr region, they will diffuse through the interface between the
hexagonal ZrO into the oxygen-saturated a.-Zr and onwards towards Zr metal to form dissolved H
or to find nucleation sites for zirconium hydrides. This would complete the path for H from a water
molecule to dissolved hydrogen or metal hydrides.

In addition, if nano-pipes larger than 1 nm in diameter exist allowing water molecules to reach
suboxide, the present ab initio calculations show a spontaneous dissociation of water on suboxide
surfaces leading to a configuration analogous to the reaction of a water molecule with an oxygen
vacancy in ZrOz, namely the formation of an OH group and a hydridic hydrogen. After
dissociation, the acidic and hydridic hydrogen atoms can react to form an H, molecule, which
would supply additional H to dissolve in the metal or to form hydrides.

5. Discussion

Based on these new observations, and previous work on similar oxides [12, 63] we use a schematic
in Figure 7(a), (b), and (c) and the quantitative pore density measurements in Figure 8 to summarize
the distribution and types of porosity we observe. Most of the top part of the oxide is so porous
that it can play no part in the electrochemical cell generated by the corroding metal and the aqueous
environment — the porous or ‘fossil’ oxide. The electrochemical barrier, or protective, layer is only
the thin region near the metal-oxide interface where no nano-pipes are observed, Figure 6(b) and
(c). This barrier layer includes both suboxide and the oxygen saturated Zr(Osat) layer with isolated
pores located in the suboxide ZrO. The pore density obtained from quantitative measurements
(Figure 8) increases significantly towards the oxide surface, confirming the visual impression of
changes in pore concentration we gain from the images in Figure 2.

Here we should distinguish between the preferential diffusion paths for hydrogenic species
offered by grain boundaries in the nano-crystalline oxide layers [8, 9, 18, 19] and the porosity
described here. The nano-pores nucleate preferentially, but not exclusively, on oxide grain
boundaries, and are often seen to align along grain boundary planes to form the nano-pipes, Fig. 2
a-3, b-3 and c-2. Thus although a nano-pipe is geometrically constrained to lie in an oxide grain
boundary, the rapid diffusion path that they offer is not just an accelerated grain boundary diffusion
phenomenon but a route by which hydrogen molecules are able to penetrate close to the
metal/oxide interface.
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Suboxide l e

A-—_Zr(om) Zr+2Zr(Ogy)

Fig. 7. Nano-pores and nano-pipes distribution in ZrO, corrosion films. (a) Schematic of the size and
distribution of nano-pores and nano-pipes in the oxide layer. Panels (b) and (c) show magnified cartoons of
nano-pores and nano-pipes in the protective oxide near the metal-oxide interface. The change in color in the
metallic substrate reflects the oxygen content measured in previous work [14, 63]. The panel on the right-
hand side shows the proposed mechanism for H uptake. Channels for the diffusion of molecular hydrogen
can be as small as 0.5 nm and thus may not be visible in the TEM images.

Distances from O/M interface (nm)

Corrosion direction

S_————_

O/M interface

0
0 2 4 6 8 10 12 14 16 18 20
Nano-pore density (x10™ nm/nm°)

Fig. 8. Quantitative porosity measurements as a function of location in the oxide and corresponding TEM
Fresnel images showing the nano-pore morphology in the oxide on the 75-day Zr-0.5% Nb sample. The inset
shows regions selected for quantitative measurements. The thicknesses measured by Electron Energy Loss
Spectroscopy (EELS) [64] in regions 1 and 2 are ~55nm, and in region 3 is ~35nm.
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Combining these experimental observations with the results from the present simulations, we
conclude that water molecules can diffuse through nano-pipes reaching a region close to the metal-
oxide interface as shown in Figures 2 and 7. In this region, ZrO: is likely to contain a relatively
high concentration of oxygen vacancies. As the present quantum mechanical calculations show,
water molecules react strongly with vacancies releasing hydrogen, which recombines to form
molecular Ho. The hydrogen molecules can diffuse through nano-voids as small as 0.5 nm in
diameter, i.e. through nano-pipes and nano-pores which are too small for the diffusion of water
molecules. From these facts one must infer that molecular hydrogen is likely to be present in
nanopores close to the metal-oxide interface. One possibility is the presence of a network of nano-
pores with a diameter between 0.5 nm and 1 nm, which are not resolved in the present TEM images,
but would allow diffusion of molecular hydrogen. Atom Probe Tomography analysis of the
metal/oxide interface region of Zr-2.5Nb alloys corroded in deuterated water [65] has detected D
in isolated nanopores of this size but has not observed D in nano-pipes close to the suboxide region,
perhaps emphasizing the relative rarity of these penetration paths. We suggest that molecular
hydrogen can easily escape during sample preparation for TEM or APT analysis, while chemically
bound hydroxyl groups on the walls of nano-pipes are more likely to persist.

For the above reasons, it seems plausible that some hydrogen molecules reach the suboxide
region. The present simulations demonstrate that molecular hydrogen spontaneously dissociates
on suboxide (ZrO) surfaces and that ingress into these suboxide grains is energetically possible,
especially for ZrO containing oxygen vacancies, thus providing a pathway for hydrogen pickup by
the metal. In this mechanism, the cathodic reduction of hydrogen takes place at the sites where
water molecules react with oxygen vacancies in the oxide, provided that the electronic energy level
associated with the oxygen vacancy (“the vacancy level”) is occupied with electrons. As mentioned
above, such neutral oxygen vacancies are likely to exist near the metal/oxide interface. The actual
uptake of hydrogen from nano-pipes and nano-pores into the solid phase occurs closer to the
metal/oxide interface, namely in the region of the suboxide barrier layer.

Even if no static continuous network of nano-pipes extends to the suboxide region, dynamic
processes during the advance of the metal-oxide interface can temporarily open pathways for the
migration of hydrogen trapped in nano-pores. In the present model, trapped hydrogen could exist
in molecular form. Another possibility is the presence of H atoms occupying chains of oxygen
vacancies as proposed by Lindgren et al. [19]. Depending on the concentration of oxygen vacancies
in the region near the barrier oxide, it might then be possible for H atoms to diffuse through the
oxide in a vacancy-assisted mechanism, as discussed earlier.

The present simulations show that the direct ingress of H atoms from ZrO(0001) facets into
defect-free ZrO is hampered by a high barrier of well over 100 kJ/mol (cf. Figure 6). However, the
present calculations demonstrate that oxygen vacancies inside ZrO enable ingress and diffusion of
H towards the metal. Such vacancies are likely to exist as the advancing front of oxidized zirconium
transforms oxygen-saturated a-Zr of the approximate composition ZrOo3 into a metastable ZrO
phase and subsequently into ZrO2.x, which finally ends as stoichiometric ZrO..

Furthermore, in the temperature range of interest, the chemical potential of an H atom inside
ZrQ is still lower (i.e. energetically more favorable) than H in the form of a molecule. In addition,
ingress through a different facet of ZrO or via other oxygen-saturated phases such as Zr;O would
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provide pathways into ZrO. Once an H atom reaches the interstitial region inside ZrO, the
subsequent steps towards the precipitation of a hydride involve smaller activation barriers if
oxygen vacancies are present in this suboxide. Thus, the step with the highest energy barrier for
the H pickup process could well be the ingress of H atoms into a suboxide after dissociative
adsorption of an H2 molecule on a suboxide surface. In fact, an experimental study of the kinetics
of the reaction of an oxidized zirconium alloy with hydrogen (without water) by Une [66] suggests
that the rate-controlling step of the hydrogen ingress is a phase-boundary controlled reaction with
an activation energy of 68 kJ/mol. Remarkably, this value coincides with the computed barrier of
65 kJ/mol for vacancy-assisted H diffusion through the ZrO barrier layer (cf. Figure 6).

The other rate-limiting factors are (i) the topology of the nano-porosity of the oxide film near
the metal-oxide interface, (ii) the concentration and accessibility of oxygen vacancies in this
region, and (iii) the charge neutrality of these oxygen vacancies.

Given these rate-limiting factors, one could rationalize the effect of alloying Zr with Nb which
empirically is known to reduce the hydrogen pickup fraction [67-69]. Comparing Figure 2(a) and
(c), one can see that the oxide films in both of the Zr-Nb samples, Figure 2(a) and (b) have a lower
concentration of nano-porosity than the oxide on Zircaloy-4, Figure 2(c), which would correlate
directly with the measured lower hydrogen pick up fraction because fewer H atoms could reach
the metal-oxide boundary.

There may well be other mechanisms enabling the transport of hydrogen through oxide films.
For example, a recent computational work by Sato et al. using ab initio molecular dynamics [6]
demonstrated the hopping of protons on a hydrated surface of cubic ZrO2. This mechanism is likely
to occur if (i) the pH of the agueous phase is low, i.e. if the surface is acidic and there are enough
protons in solution, and (ii) the oxide surface inside cracks or pores is in contact with water.
However, this transport mechanism does not address the cathodic reaction that would be necessary
to reduce a solvated HsO™" ion into a negatively charged hydridic H atom migrating into the
suboxide and ultimately into Zr metal to form hydrides. The same issue exists with mechanisms
involving hydrogen transport as H* through the oxide via a vacancy-assisted mechanism. In this
model it remains unclear, at which site the reduction from a proton to a hydridic hydrogen would
take place. It could occur inside the oxide in regions with a sufficiently high local Fermi level or
at phase boundaries.

In the present model, the reduction of the H atoms of the water molecules to neutral H atoms
would occur directly at the site where a water molecule fills a neutral surface vacancy and an H»
molecule is formed. Here, a “neutral vacancy” means an oxygen vacancy with occupied electronic
levels originating from the dangling bonds of the neighboring Zr atoms.

This would be the cathodic site deep inside the oxide layer. In the case of doping with niobium,
the excess electrons from the Nb atoms would provide the electrons to neutralize oxygen vacancies
in regions closer to the oxide/water interface, thus moving the reduction site away from the metal-
oxide interface and thereby reducing the hydrogen pickup fraction, as seen in experiments.
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6. Summary and Conclusion

In summary, the present combined experimental and computational investigation provides
evidence for a possible mechanism of hydrogen pickup resulting from the oxidation of a metal by
water. In this proposed mechanism, water molecules penetrate through cracks of the outer porous
layers of the corrosion film into regions of significant concentrations of oxygen vacancies. Water
molecules fill vacancies in a highly exothermic reaction with H atoms dissociating and forming
spontaneously molecular hydrogen. These H> molecules escape either to the oxide/water interface
and dissolve in the aqueous phase or they diffuse through cracks and nano-pipes through the porous
oxide reaching the layer of suboxides near the metal/oxide interface. Hydrogen molecules
dissociate spontaneously on suboxides such as ZrO. The newly formed H atoms penetrate into the
suboxide, diffuse further through regions of oxygen saturated zirconium metal towards the interior
of the unoxidized metal, finally forming thermodynamically stable zirconium hydrides that act as
sink for hydrogen atoms. The present work shows that (i) pathways for this process are likely to
exist in the form of nano-pipes and (ii) the uptake of H atoms into suboxides forms the highest
energy barrier of approximately 65 kJ/mol. Thus, a possible mechanism leading to hydrogen
pickup during the oxidation of zirconium in an aqueous environment has been identified.

While the oxidation of zirconium and its alloys exhibit unique features, it is reasonable to
assume that the mechanism described in the present work occurs also in the oxidation of other
metals and alloys with nano-porous oxide films. In any case, a key experiment to help refine our
understanding would be the detection of molecular hydrogen inside oxide films close to the metal-
oxide interface, either as a diffusing species in nano-pipes or trapped in nano-pores.

In conclusion, the present work demonstrates the power of combining high-resolution
experimental characterization with computational materials modeling and simulations in
unravelling complex processes such as the oxidation and hydrogen pickup of metals exposed to
aqueous environments.
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