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Abstract

Lithium is known to accelerate the corrosion of zirconium alloys in light water reactor
conditions. ldentifying the mechanism by which this occurs will allow alloying additions and
alternative coolant chemistries to be proposed with the aim of improved performance.
Accommodation mechanisms for Li in bulk ZrO, were investigated using density functional
theory (DFT). Defects including oxygen and zirconium vacancies along with lithium, zirconium
and oxygen interstitials and several small clusters were modelled. Predicted formation
energies were used to construct Brouwer diagrams. These show how competing defect
species concentrations change across the monoclinic and tetragonal oxide layers. The
solubility of Li into ZrO; was determined to be very low indicating that Li solution into the
bulk, under equilibrium conditions, is an unlikely cause for accelerated corrosion.

1. Introduction

Zirconium alloys are the cladding of choice for the fuel in most pressurised water reactors
(PWRs) due to their low thermal neutron capture cross-sections and low corrosion in high
temperature, aqueous conditions [1]. Previous publications have shown that zirconium alloy
corrosion may occur within a reactor due to gamma and neutron irradiation [2—7]. In the case
of radiolysis, this both increases coolant acidity and may also increase the level of oxygen and
hydrogen in the coolant, available for the corrosion process [8-10]. Due to boron’s high
neutron capture cross section, it is often added to the coolant water as a shim against excess
reactivity. This addition is in the form of boric acid which further reduces pH necessitating a
buffer, which is often in the form of lithium hydroxide [11]. During operation, boron is often
found in combination with lithium in thick oxides and CRUD (corrosion products) formed on
the cladding, which accumulates in high burnup areas [12]. This is known to cause axial offset
anomalies due to the alteration in flux caused by localised high boron concentration. It can
reduce reactor efficiency to as low as 70% over several months due to a shutdown margin
reduction towards the end of cycle [13,14]. New reactor designs hope to remove the need for
boron in favour of a balancing reactivity through control rod movements and burnable
absorbers. However, lithium will still be required to mitigate pH changes due to radiolysis
[15]. In the absence of boron, lithium has been found to accelerate the corrosion of the



zirconium alloy fuel cladding [6,16—18]. Whilst lithium accelerated corrosion has been
demonstrated, the mechanism that underpins this has yet to be identified [19]. The benefits
of a better mechanistic understanding cannot be understated as this may lead to innovations
for mitigating accelerated corrosion and increasing margins to failure. All of this would
increase performance whilst allowing for extended fuel residence times and prolonged, new
advanced fuel cycles.

Under normal conditions, zirconium alloy forms two polymorphs of oxide on the surface. For
lithium to accelerate corrosion, oxygen must be transported through the zirconium oxide
(ZrO2) layers to the underlying metal substrate. At the oxide/water interface, the monoclinic
ZrO; polymorph predominates and is known to contain pores that range from 10 to 100 um
in diameter meaning this layer offers little protection [20]. Between the monoclinic oxide
layer and the metal substrate is a layer of tetragonal ZrO, several hundred nanometres thick
[21]. This is the result of the Pilling-Bedworth ratio between the metal substrate and
tetragonal oxide layer, where the compressive stresses help stabilize the tetragonal
polymorph [22].

This investigation into the bulk monoclinic and tetragonal polymorphs of ZrO; probes the
impact of lithium at a range of concentrations and identifies subsequent defect
concentrations throughout the oxide layers. Brouwer diagrams are created to highlight defect
concentrations and are compared to previous investigations [23]. In addition, the solubility of
lithium is calculated. These data aid in the development a mechanistic understanding for
oxygen transport through the bulk versus other potential routes.

2. Methodology

2.1 Density Functional Theory

Density functional theory (DFT) calculations were undertaken using the Vienna Ab initio
Simulation Package (VASP). The Project Augmented Wave pseudopotential library within
VASP was utilized with plane wave simulations [24]. A quasi-Newton algorithm was used to
relax ions into their instantaneous ground state. In addition, a PBE functional (Perdew-Burke-
Ernzerhof) was used with a cut-off energy at 500 eV. Initially a 2x2x2 k-point mesh was
employed, later increased to a 4x4x4 k-point mesh to increase accuracy for all calculations.
The electronic relaxation and atomic force threshold criteria were 10 eV and 103 eV/A,
respectively. The monoclinic [25] and tetragonal [26] ZrO; unit cells containing 4 and 2
formula units, respectively, were first allowed to relax under constant pressure so all cell
parameters and atomic positions were optimised. The relaxed unit cells were then extended
to a 2x2x2 supercell for the monoclinic ZrO; structure containing 32 formula units and a
3x3x2 tetragonal ZrO; supercell containing 36 formula units. The dimensions of these
supercells were such that each simulation cell had similar dimensions along its three cell
vectors. Constant pressure calculations were conducted on the supercells before performing
constant volume calculations with the introduction of defects to the supercells to gain final
values for further investigations. Constant volume calculations are preformed to restrict
zirconium exchange but allow oxygen exchange to/from a hypothetical reservoir [27].



2.2 Brouwer Diagrams

A Brouwer diagram shows defect equilibria for an oxide system by plotting defect
concentrations against the partial pressure of oxygen (See section 2.3). In Kroger-Vink
notation where X has a neutral charge, e is positive and ' is negative [28], the defects under
consideration were point defects including; (0;) (0;) (0{"), (V) (Vg) (V®),
(217 (Zr7) @r™) (257 (@), (VA (Va) (V) (V) (V) (Lif) (Li;)  with the
addition of a split oxygen interstitial (0 — Split). The split oxygen interstitial contains a
displaced oxygen atom and an interstitial oxygen atom equidistant from the original, now
vacant, oxygen site (the point defect fractional coordinates may be found in the
supplementary material). In addition, small clusters were also considered including {Vo:Vz},
{Vo:2Vz}, {Lii:Vo}, {Lii:Vz} and {2Lii:Vz} (shown in figures 1b and c) with charges ranging from
neutral to +4 depending on the specific cluster.

Figure 1. a) Monoclinic ZrO2 unit cell with no defects b) Monoclinic ZrO2 unit cell with a vacant zirconium site and 2 lithium
interstitials {2Lii:VZr} c) Monoclinic ZrO2 2x2x2 supercell with a vacant zirconium site and 2 lithium interstitials {2Lii:\VZr}.

By calculating the total energies of the perfect structure and structures containing lithium
defects, the defect ingress through solubility could also be identified [29] along with
formation energy of ionic defects.

DFT can also provide electronic information concerning the perfect supercell structures
including band gap, valence and conduction bands, which are used in the creation of the
Brouwer diagram, using Fermi-Dirac statistics to provide electron and hole concentrations
upon which charge defect equilibria could be attributed. A novel aspect of the Defect Analysis
Package V2.7 script created by Murphy and Neilson [30] is that a particular defect
concentration may be stipulated where all other defect equilibria, including those of electrons
and holes, are calculated. In the case of this investigation, lithium concentrations are
stipulated from 1073 to 10! per ZrO, formula unit and a temperature of 635K was used for all
calculations as a normal (water) operating temperature of a PWR [31]. In order to account for
coulombic self-interaction, the screened Madelung correction was used [32] and the oxygen



chemical potential temperature dependence employed the real gas model [33] with the
Kasamatsu method used for defect concentration statistics [34]. Further details on Brouwer
diagram calculations may be found in recently published work by Neilson et al. [35].

2.3. Partial Pressure

Here we use Brouwer diagrams to understand the corrosion behaviour of Zr metal whilst in
thermodynamic contact with a source term of lithium ions that represents the lithiated
coolant environment. Thus, defect concentrations are plotted against the oxygen partial
pressure (Py,). For simplicity, we consider the highest oxygen partial pressure to be at the
coolant-oxide interface. From this interface to the metal-oxide interface, the partial pressure
will reduce. Henry’s law is used to compute the partial pressure of oxygen (Py,), , which states
that the amount of absorbed oxygen in a liquid is proportional to the partial pressure at the
surface. The partial pressure of oxygen, Py,, at the water-oxide interface will change with
temperature and therefore alter the availability of soluble oxygen. However, the
proportionality factor in Henry’s law is typically measured at room temperature and rarely
extended above 100°C [36,37]. However, Tromans [38] deduced a temperature-dependent
relationship between the molar solubility, caq, and partial pressure with:

{0.046-T2+203.35-T-ln(T/298)—(299.378+0.092-T)(T—298)—20591}

8.3144-T
= (1)

Equation 1 agrees with experiment from room temperature to 616 K [38] with a value of 3.13
x 10 mol/L molar solubility of oxygen in water; the relationship is illustrated in Figure 2.

log4oPg, (atm)

1 1 1 i L 1 1

300 350 400 450 500 550 600
Temperature (K)

Figure 2: The partial pressure of oxygen in water, between room temperature and 616 K, plotted using
Equation 1.



At a temperature of 342°C (616 K) the corresponding partial pressure is -5.35 atm, as seen in
Figure 2, and calculating past this to 635 K indicates the partial pressure of oxygen is -5.46
atm, which may be considered as the water/oxide interface position in the Brouwer diagrams
presented here. Whilst radiolysis may affect the value of Py, at the water/oxide interface and
into the oxide layers (a likely increase of oxygen availability), this is beyond the scope of the
current investigation.

3. Results & Discussion

3.1. Formation energy and Band gap

To identify the dominant charged defect amongst competing defects (i.e., which will exhibit
the greatest concentration), all individual defect formation energies must be calculated. A
lower formation energy increases the likelihood that the particular charged species will have
a higher concentration. The formation energies, however, are plotted against the band gap,
up to 3.5 eV for monoclinic and up to 3.8 eV for tetragonal [39], where more negatively
charged defects will have a higher concentration at the top part of the band gap (conduction
band) and positively charged defects will have higher concentrations at the bottom of the
band gap (valence band). The predicted charge state for a given defect species is established
across the band gap by calculating the formation energy, E}{q, via:

Efa = B2 — EREece + ) st + q(Byom + k) + Esw @
i

EDfT
Ey g is the valence-band maximum of the perfect supercell, n; is the number of atoms added
or removed, and Eg), is a charge correction term for the Screened Madelung correction for
electrostatic self-interaction [32,40]. The parameters u; and p, are the chemical potentials
of the defect species and the electrons relative to Ey g, respectively. The formation energies
are plotted against the band gap in Figures 3 and 4, for both the monoclinic and tetragonal
forms of ZrO;, respectively. This methodology has been employed successfully in previous
work by Murphy et al. [41]. The defect formation energies shown are the energy difference
between the valance band maximum, given as zero to the left, and to the top of the bandgap,
right, as the conduction band minimum. This offers a fermi energy range within the band gap
coinciding with a variation in charged defects.

where Ep2T . is the DFT energy of the perfect cell, is the DFT energy of the defect cell,
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Figure 3. Formation energies for monoclinic ZrO: as a function of the Fermi energy for a) lithium defects b)
oxygen interstitials c) vacant oxygen d) vacant zirconium. The solid line represents the formation energy
minimum for the defect type.

As shown in Figure 3a for lithium defects, singly charged lithium interstitials (Li;) are
dominant from 0 to ~1.4 eV towards the valence band after which the cluster{2Li;: V;,'}" is
favoured up to the conduction band at 3.5 eV. In Figure 3b for oxygen interstitials, the neutral
charged split interstitial (0 — split) is prevalent in the valence region and the simple doubly
charge oxygen interstitial (0;") is favoured towards the conduction region. In Figure 3c,
doubly charged oxygen vacancies (V,,°) are prevalent across most of the band gap from the
valence band through to ~2.8 eV with the remaining being neutral vacancies (V) at the
conduction band. Finally, in Figure 3d, the fully charged zirconium vacancy (V') is dominant
throughout the band gap. Similar results are observed for tetragonal ZrO; as illustrated in

Figure 4.
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Figure 4. Formation energies for tetragonal ZrO: as a function of the Fermi energy for a) lithium defects b)
oxygen interstitials c) vacant oxygen d) vacant zirconium. The solid line represents the formation energy
minimum for the defect type.

In some circumstances, defects can often be problematic due to the alteration of electronic
properties within the semiconductor. This can give rise to a cascade of problems such as
charged regions attracting further defects. However, experimentally doping semiconductors
can produce n or p type semiconductors by changing the electron or hole concentrations,
altering the electronic properties, which is beneficial to the electronic industry. This may
also open an avenue for experimentation to corroborate these findings [42].

3.2. Brouwer Diagrams

Brouwer diagrams for the monoclinic and tetragonal ZrO, polymorphs at constant volume are
plotted in Figures 5 and 6, respectively. The plots show the log of defect concentrations
against the log of partial oxygen pressure. Lithium has a constant concentration throughout
the partial pressure range, and charge neutrality is conserved throughout, and includes
electrons, holes and defects. The range of defect concentrations were limited to 10-2° per ZrO,
as defect concentrations below this level were considered negligible. The water/oxide
interface is marked at the higher partial pressure with a reducing partial pressure moving left
towards the metal/oxide interface.
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When considering a comparison with previously published Brouwer diagrams, the non-
lithiated Figure 5d confirms past attempts that used Boltzmann statistics with only subtle
differences where electron and hole concentrations were equal for a short range of partial
pressure at the point of intercept [23]. However, here we show Fermi-Dirac statistics which
highlight a single point convergence and divergence of electrons and holes. With further
comparison of the previously published work of the diagram without lithium, defects follow
the same trend where double charged vacant oxygen (V") and electrons dominate low P,

nrr

and zirconium vacancies (Vz,') along with holes are dominant towards the oxide/water
interface at higher Py, .

As lithium is added to the monoclinic system at concentrations of 101! per ZrO; (Figure 5c),
(V5") and (V") concentrations remain the same at log Pp,= 0, however, as partial pressure
is reduced moving into the material, (V") concentrations increase relative to the undoped
system, whilst (V") decreases. Additionally, electron concentrations are equal to the

concentration of lithium at very low partial pressures.

Considering the concentration of 107 lithium per ZrO, formula unit, the dominant lithium
defects are (Li;) and the {2Li;: V;'}"’ cluster, which share similar concentrations across the
Py, range modelled. The same observation holds true when the total lithium concentration
is reduced to 1077. At higher lithium concentrations, the electron concentration is slightly
higher at lower P, . However, as the lithium concentrations become comparable to that of
electrons at 10! Li concentration, the (Li;) and electrons are charged balanced causing an
increase of electron concentration at low Py,. Conversely, the {2Li;:Vy,"}"' cluster is charge
balanced by (V') causing a reduction of {2Li;:V;;'}"" concentration at lower P,,. The

relationship between {2Li;:Vy''}" and (V5°) can be seen where at 10 and 107 lithium



concentration, the (V;°) shows a linear relationship on the graph between lithium and oxygen
vacancies. As the {2Li;:V;''}" concentration drops, due to electron and (Vz'")

concentrations at 107! Li concentration, the (V°) is facilitated to increase in concentration at
IOW POZ'

As lithium concentrations are increased to 10”7 (Figure 5b) and then further up to 103 (Figure
5a), the isolated zirconium vacancy (Vz') reduces as the {2Li;:V;''}" concentration
increases (where the vacancy is bound within the structure). Oxygen vacancy (V)
concentrations show a linear increase with Li concentration, although their concentration
remains lower than the concentrations necessary to impact significant changes in bulk
behaviour. There are negligible changes in concentration for (V) defects at extremely low
partial pressures and split oxygen interstitial at the high partial pressures. A bond length of
1.49 A for the split interstitial was observed, consistent with a peroxide ion defect that has
been previously observed in MgO [43], ThO,, amorphous ZrO; [44] and yttria doped zirconia
[5].
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Figure 6: Brouwer diagrams at 635 K showing defect concentrations [D] per unit tetragonal ZrO» for (a) 1073 Li
per ZrOz (b) 107 Li per ZrO2 (c) 10! Li per ZrOz and (d) no lithium concentration. The faint vertical black line
represents the water oxide interface.

In Figure 6, it is apparent that the overall defect concentrations for the tetragonal polymorph
are higher than in the monoclinic case. Comparing the undoped cases in Figure 5d and 6d, the
increased concentration of defects in the tetragonal system suggests an increase in overall
corrosion limiting defect carriers, highlighting the lack of protection afforded by the
tetragonal layer in this regard. In addition, the intersection of the curves for electrons and

holes occurs at lower partial pressures corresponding to a position further into the oxide away
from the coolant interface.

Where the monoclinic polymorph shows (V;)') concentrations that are below 102°
concentration at high lithium concentrations, 103, the (Vz'') and (V5°) maintain



concentrations at zero log partial pressure regardless of lithium concentrations in the
tetragonal structure. Itis also observed that the point of intersection between (V') and (V")
is brought closer to the surface with an increase of lithium.

At the highest lithium concentration, (V,;°) is dominant for most of the partial pressure range
only to be overtaken by (V') near to the surface. As with the monoclinic polymorph, the
lithium is predominantly accommodated through lithium interstitials of +1 charge and a small
cluster of two lithium atoms around a vacant zirconium site with an effective -2 charge. Due
to the overall higher defect concentrations for the tetragonal polymorph, at Li concentrations
of 101! per ZrO; and less, there is little change when compared to the lithium free Brouwer
diagram. As with the monoclinic polymorph, the dominant lithium defects are (Li;) and the
{2Li;:V;"}" cluster. However, close to the water oxide interface at higher Py, the (Li;) is
reduced in concentration due to an increase of holes. This interaction allows for an increase
of (V5°) and a reduction of (V') close to the water oxide interface. As the lithium
concentrations drop to 10! and below, the lithium no longer has an impact on electron, hole,
oxygen or zirconium defects. Previous Brouwer diagram literature shows the tetragonal
polymorph at temperatures ranging up to 1500 K [32,45]. The higher temperatures, which are
well above expected operational temperature, may account for additional stress of the
tetragonal polymorph. However, here, the overall picture remains the same as can be seen in
Figure 6 and, as such, the higher temperatures have been omitted.

3.3. Predicting the Solubility of Liin Bulk ZrO2

The equilibrium solubility of Li into bulk ZrO; can be predicted by reviewing the results of the
Brouwer diagrams, Figures 5 and 6, forming reactant and product equations that can be used
in conjunction with DFT values to predict solution energies. In all cases the reference state is
chosen to be the ternary Li»ZrOs. Higher solution energies are associated with lower lithium
concentration and vice versa. For completeness, the values for both monoclinic and
tetragonal solution energies are provided for each reaction.

According to the Brouwer diagrams, at high oxygen partial pressures ,Li is accommodated via
charged lithium-zirconium vacancy clusters ({2Li;:V;''}") that are charge balanced with
(Li]) that can be described via the following reaction from Li2ZrOs:

2Li,Zr05 + %02 + Zr) - {2Li5: VY + 2Li; + 2770, (3)

The reaction energies are large: 4.06 eV per Li for monoclinic and 5.8 eV for the tetragonal
zirconia. These values are consistent with Li exhibiting an extremely low solubility at higher
oxygen partial pressures.

At lower oxygen partial pressures, Figures 5a and 6a indicate oxygen vacancies (V") charge
balance the ({2Li;:V;!'}’) cluster and (Li;). When considering the vacant oxygen charge
balance to the cluster, the following solution reaction can be considered from Li;ZrOs:

Li,ZrOs; + 05 + Zry — {2Li;: V"Y' + V5 + 2Zr0, (4)



The predicted solution energies are 8.58 eV per Liinto tetragonal and 5.34 eV into monoclinic
ZrOy. Again, solution energies are high indicating that Li bulk solubility will be very limited.

4, Summary

The defect formation energies presented in figures 3 and 4 indicate which charges are
preferred across the band gaps, with (V;°) being dominant at the valence band and (V") at
the conduction band. For lithium defects, the ({2Li;: Vy,'}") cluster is dominant for most of
the band gap with a small preference for (Li;) at the valence band end. This means, when
positioned on the Brouwer diagram, high electron concentrations will favour the positive
(Li}), and higher hole concentrations will favour the ({2Li;: Vz''}").

The Brouwer diagrams presented in this investigation that used Fermi-Dirac statistics gave
subtle differences, with enhanced accuracy but do not fundamentally alter the picture
previously reported in literature when considering no lithium [23]. The ability to stipulate a
defect species concentration is novel to the Brouwer diagram script created by Murphy et al.
[30]. This is particularly advantageous as it provides a basis for comparison in real world
applications where lithium concentrations are added to coolant water within a nuclear
reactor. Should lithium have entered into solid solution, the Brouwer diagrams would offer
insight into the implications for altered defect concentrations that may aid in the transport of
oxygen to the metal substrate, effectively enhancing corrosion rates. The Brouwer diagrams
indicate that the oxygen vacancy concentration is increased by the presence of lithium. It has
been previously reported that lithium, (Li;), can reduce the volume of both monoclinic and
the tetragonal polymorphs [23]. By combining the volume changes from all defect
concentrations included in the Brouwer diagrams with constant pressure calculations that
allow for volumetric relaxation, a small reduction in volume for the monoclinic polymorph
was observed with a minimal effect to the tetragonal polymorph. However, due to the very
low predicted lithium bulk solubility, this may be largely discounted.

To conclude, due to the high predicted solution energies of lithium into bulk ZrO, polymorphs,
it is reasonable to discount the idea that lithium accelerated corrosion proceeds via
modification of the bulk oxide. This is consistent with current literature, which indicates
lithium segregates along grain boundaries rather than via bulk ingress [46]. Grain boundary
effects could facilitate oxygen transport where surface effects could facilitate the dissociation
of water or a potential drop across the oxide. Future work will use the methods developed
here to consider amorphous structures to provide an insight into grain boundary defect
behaviour.
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Supplementary data

Previous publications have utilised the CASTEP DFT when creating Brouwer diagrams. This
investigation used CASTEP to confirm Brouwer diagram outputs with VASP DFT.

Table 1. Monoclinic/ defect formation energies computed by VASP and CASTEP at constant volume. Only most
stable defect coordinates/cluster arrangements are reported.

Defect Monoclinic
VASP eV CASTEP eV | Site/Fractional coordinates
%4 4.78 5.97 4e (0.5,0.6,0.4)
V5 2.18 3.05 4e (0.5,0.6,0.4)
Vy 0.10 0.16 4e (0.5,0.6,0.4)
Vi 4.30 6.38 4e (0.4,0.8,0.6)
Vyr 3.86 5.90 4e (0.4,0.8,0.6)
Vyr 3.76 5.81 4e (0.4,0.8,0.6)
V! 4.06 5.98 4e (0.4,0.8,0.6)
V! 4.69 6.31 4e (0.4, 0.8, 0.6)
o 0.83 1.67 4e (0.5, 0.5, 0.8)
0; 1.55 3.72 4e (0.5, 0.5, 0.8)
o, 2.95 4.78 4e (0.5, 0.5, 0.8)
Zr{* 12.56 13.72 4e (0.5,0.0,0.2)
Zr; 9.85 9.93 4e (0.5,0.0,0.2)




zr 7.17 6.53 4e (0.5, 0.0, 0.2)
Zr{" 5.24 3.59 4e (0.5, 0.0, 0.2)
Zri” 3.90 0.97 4e (0.5, 0.0, 0.2)
Li; 4.51 5.41 4e (0.5, 0.5, 0.8)
Li; 0.82 1.74 4e (0.5, 0.5, 0.8)
Liz, 8.05 5.58 4e (0.5, 0.5, 0.8)
Liy! 12.42 9.39 4e (0.5, 0.5, 0.8)
(2Li;: Vg }" 2.13 6.21 -
{2Li;: Vyp}" 6.20 9.97 -
{2Li;: Vyp}" 10.61 13.96 -
{Lizr:Vo} 4.90 4.55 -

Table 2. Tetragonal defect formation energies computed by VASP and CASTEP at constant volume. Only most stable defect
coordinates/cluster arrangements are reported.

Defect Tetragonal
VASP eV CASTEP eV | Site/Fractional coordinates
V5 5.62 5.59 4d (0.6, 0.3, 0.5)
V5 2.31 2.59 4d (0.6, 0.6, 0.5)
Vs -0.84 -0.92 4d (0.6, 0.6, 0.5)
Vs 5.20 6.67 2b (0.8, 0.6, 0.4)
Vyr 5.68 6.48 2b (0.8, 0.6, 0.4)
Vyr 6.44 6.46 2b (0.8, 0.6,0.4)
Vi 7.40 6.63 2b (0.8, 0.6, 0.4)
V' 8.61 7.03 2b (0.8, 0.6, 0.4)
o 5.47 3.38 16h (0.6, 0.4, 0.4)
0; 3.40 4.23 16h (0.6, 0.4, 0.4)
o/ 5.47 5.36 16h (0.6, 0.4, 0.4)
Zr{ 13.12 13.04 16h (0.8, 0.6, 0.4)
Zr; 9.90 9.63 16h (0.8, 0.6, 0.4)
Zry 6.86 6.02 16h (0.8, 0.6, 0.4)
VACE 4.75 3.35 16h (0.8, 0.6, 0.4)
Zr" 2.65 0.50 16h (0.8, 0.6, 0.4)
Li 6.07 5.89 16h (0.4, 0.4, 0.6)
Li; -0.52 4.26 16h (0.4, 0.4, 0.6)
Liy, 7.95 5.96 16h (0.4, 0.4, 0.6)




Liy! 13.80 10.36 16h (0.4, 0.4, 0.6)
(2Li;: Vg }" 3.02 6.68 -
{2Li;: Vyp}" 8.12 11.03 -
(2Li;: Vyp )" 13.58 15.65 -
{Lizr:Vo} 4.35 3.78 -

The formation energies for the various defects and clusters are detailed in Table 1 for
monoclinic ZrO; and Table 2 for tetragonal ZrO;.There is good consistency between the trends
and values provided by the VASP and CASTEP simulations.



