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Assessing Li accommodation at amorphous ZrO2 grain boundaries 

Gareth F. Stephens a,*, Megan W. Owen b, El Mehdi Ghardi a, Alberto Fraile a, Susan Ortner c, 
Michael J.D. Rushton a, William E. Lee a, Aidan Cole-Baker a, Simon C. Middleburgh a 

a Nuclear Futures Institute, Bangor University, Bangor, LL57 1UT, UK 
b Department of Materials, Imperial College London, London, SW7 2AB, UK 
c National Nuclear Laboratory, Culham Science Centre, Abingdon, Oxfordshire, OX14 3DB, UK   

H I G H L I G H T S  

• Lithium is known to accelerate the corrosion of zirconium alloy. 
• Complex grain boundaries can be considered amorphous. 
• Defect concentrations are predicted for amorphous zirconia. 
• Oxide/water interface partial pressure of oxygen is predicted. 
• Brouwer diagrams highlight predicted defect concentrations. 
• The solubility of Li into amorphous ZrO2 is found to be possible.  

A R T I C L E  I N F O   

Keywords: 
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Zirconia defect concentration 

A B S T R A C T   

Nuclear Pressurised Water Reactors (PWRs) use zirconium alloys as a fuel cladding, preventing the cooling water, 
at elevated pH using lithium hydroxide, from interacting with the fuel. Boron, as boric acid, is added to the 
coolant as a reactivity shim. Future reactor designs are considering removing soluble boron reactivity control to 
aid plant simplification. The presence of lithium in the absence of boron in the coolant has, however, been found 
to accelerate the corrosion of zirconium-based alloys under certain conditions and the mechanisms by which this 
occurs is under investigation. The ingress of lithium into the bulk oxide layer of zirconium alloy has been 
addressed in a previous study and was found to be unlikely. Here, atomistic simulations were used to produce 
Brouwer diagrams from which the solubility of lithium in amorphous structures representing complex grain 
boundaries have been predicted. The solubility of lithium in these amorphous structures is predicted to be high 
and will produce an elevated concentration of oxygen defects within the amorphous structure. This could offer a 
mode for transport of oxygen to the metal oxide interface and, potentially, offer a mechanism or part of a 
mechanism for observed lithium-accelerated corrosion of Zr-based alloys.   

1. Introduction 

Nuclear pressurised water reactors (PWRs) use zirconium alloys to 
clad the fuel, separating the coolant from the fissile fuel. Zirconium al-
loys are used due their low neutron cross section and adequate corrosion 
in high temperature aqueous environments of a typical light water 
reactor (~300◦C) [1]. Boron is often added to the coolant water in the 
form of boric acid, which acts as a shim to control the reactivity of the 
core [2]. The pH is elevated (at operational temperature to around 
7-7.4) to minimise the corrosion of the water-wetted stainless steels and 

nickel-based and zirconium alloys. Lithium is added to the coolant 
chemistry to minimise corrosion by countering the negative effect of 
boric acid in the form of lithium hydroxide (LiOH). This is to obtain an 
elevated pH with ~2 ppm Li (as LiOH) for a pH of 10 at room temper-
ature without Boric acid, normal guidelines restrict upper Li concen-
trations to 3.5, and even 5 ppm for some plant operations, for early cycle 
high B content, which means the pH is slightly lower early in each 
operational cycle [3]. 

Boron combined with lithium has been found within crud deposits on 
the fuel cladding [4]. These deposits can induce axial offset anomalies in 
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the neutron flux which have been shown to reduce the overall efficiency 
of electricity generation by up to 70% during the course of several 
months due to end of cycle shutdown margins from a reduction in 
available capacity [5,6]. To combat this, new small modular reactor 
(SMR) designs aim to remove this phenomenon by operating soluble 
boron-free primary circuits, relying on control-rods alone to control the 
reactor [7]. Despite this, radiolysis effects would persist and the pH 
balance within the coolant water would still need to be controlled, hence 
the continued interest in the use of Li in the primary circuit [8]. 

Previous investigations have identified that, in the absence of boron, 
lithium can accelerate the corrosion of zirconium alloys [9–17]. The 
mechanism for this has yet to be fully understood [11]. A number of 
hypotheses have been considered in the past, such as electronic aspects, 
including the change of redox potential in the coolant or enhanced water 
conductivity through impurities [18]. Volumetric changes of grains or 
pore growth may contribute to oxygen availability to the metal/oxide 
interface [17,19]. Recent studies have, however, narrowed the potential 
mechanisms, noting for example the significant low solubility of Li in 
bulk ZrO2 (1.94 eV monoclinic and 2.2 eV tetragonal) [20]. Experi-
mental evidence of Li enrichment along grain boundaries has been 
observed [21] using atom probe tomography. 

The oxide that forms on zirconium alloys consists of two main 
polymorphs: tetragonal and monoclinic. The tetragonal polymorph is 
found in higher concentrations at the surface and the metal-oxide 
interface [22] and is stabilised by compression and small grain sizes 
[23]. This polymorph was once suggested to offer partial protection 
from corrosion in normal conditions. It is, however, highly soluble in 
high-temperature water [24] and studies with ZIRLO, which produces a 
significantly thinner tetragonal layer that is more corrosion resistant 
than Zircaloy [25]. This indicates that an alternative mechanism is 
involved in which the tetragonal layer is not protective. The 
tetragonal-rich layer grows into the metal and maintains a relatively 
constant thickness as individual oxide grains grow or experience stress 
relief and transform to the monoclinic polymorph. Most of the mono-
clinic part of the oxide contains a high density of cracks and nanopores 
[26,27]. Where these are interconnected and connect to the surface, the 
predominantly monoclinic layer is unprotective [24]. A third structure 
can also be considered: the grain boundaries. [28]. Grain boundaries can 
be considered low-angle or high-angle. Low angle boundaries have a 
clear, orderly structure which can be related back to the lattice structure 
of the grains, but high angle boundaries are more difficult to describe. 
They may show short range order or some repetition in their structures, 
but they have much in common with amorphous structures. Evidence 
shows that highly complex grain boundaries are expected to form in 
oxides [28]. Migration along grain boundaries in some oxides is ex-
pected to be more rapid than through the bulk, [29]. Also, diffusion rates 
are significantly higher than the bulk, in agreement with experimental 
assessments of complexity in grain boundaries [30–33]. 

After noting that the solubility of Li is low in the monoclinic and 
tetragonal polymorph bulk crystals [20] it is prudent to assess the sol-
ubility of Li at the complex grain boundary structures that may exist 
within PWR zirconium oxides, and to assess the mechanism by which Li 
is accommodated. The present investigation uses amorphous zirconia as 
an analogue to the complex grain boundary structures (similar to pre-
vious work in ZrO2 [29] and UO2 [34]). It then employs atomic scale 
modelling, combining classical molecular dynamics, reverse 
Monte-Carlo and density functional theory, to produce Brouwer dia-
grams that predict defect concentrations and complexes within the 
amorphous phase. This allowed solution energies to be predicted and 
compared against the crystalline solution energies to show whether Li is 
likely to segregate to amorphous grain boundary regions. Volume 
changes resulting from lithium incorporation into the amorphous 
structures were also calculated. 

2. Method 

Creating a simulated amorphous structure which could then be used 
to assess defect formation energies and predictive defect concentrations 
required several steps. The method used within this investigation fol-
lowed previous work [35] where molecular dynamics was first used to 
melt and quench a relatively large number of atoms from a crystal 
structure into an amorphous structure. To reduce the size of the resulting 
structure and enable a less computationally expensive number of atoms 
for further study, reverse Monte-Carlo was used which can retain a 
representative distribution of atoms at a much smaller scale. With the 
smaller structures obtained, the defect formation energies could then be 
calculated using density functional theory along with electronic struc-
ture calculations. This method has been shown to produce representa-
tive zirconia amorphous structures using empirical potentials and 
comparable to experimental results [36]. These could then be used to 
create Brouwer diagrams which provide an indication of expected defect 
concentrations in the amorphous structures. 

2.1. Molecular Dynamics 

The amorphous structure was created using classical molecular dy-
namics with the LAMMPS package [37] with a supercell of 6144 atoms 
of cubic ZrO2 with 2048 formula units in an 8 × 8 × 8 structure in a 
similar manner to previous work [29]. The structure was heated grad-
ually from 300 to 5000 K in the isothermal-isobaric thermodynamic 
ensemble (NPT) with a heating rate of 10 K/ps followed by a 10 ps 
equilibration in the liquid state. The melt was then cooled to room 
temperature (300 K) using a cooling rate of 2.35 K/ps to produce a 
quenched amorphous structure [29,36]. The obtained amorphous 
structure was further relaxed at 300K for 1000 ps. The 
Cooper-Rushton-Grimes (CRG) model was used for the multi-body pair 
potentials to account for atomic interactions [38,39]. The 
isothermal-isobaric thermodynamic ensemble (NPT) used the 
Nosé-Hoover thermostat and barostat [40]. Constant volume calcula-
tions are required when producing Brouwer diagrams as this sets a limit 
in defect dilution [41,42]. The structure containing 6144 atoms is 
comprised of 64 supercell structures containing 96 atoms each that 
could individually be used in density functional theory calculations. To 
alter the stoichiometry in a manner that can be tractably handled with 
integer numbers of atoms in the density functional theory calculations 
(after the reverse Monte Carlo scheme described subsequently), vacant 
oxygen and vacant zirconium sites were added to the MD stage, 
removing 64 oxygen atoms for one structure and 64 zirconium atoms for 
another from the, 6144 atom supercell. This would produce a single 
vacancy in the reduced structure ready for density functional theory. 
Similarly for interstitials, 64 oxygen and 64 zirconium atoms were also 
added to the 6144 atom structure to produce the oxygen and zirconium 
interstitials that results in a single interstitial specie after the Monte 
Carlo supercell reduction. These were calculated at constant volume to 
test whether this would have any bearing on the eventual defect con-
centrations when producing the Brouwer diagrams. This could then be 
compared with a standard amorphous structure at constant pressure and 
a freedom of volumetric movement during the MD calculations, 
reducing the structure using Reverse Monte Carlo (RMC), and then 
introducing defects with constant volume calculations using density 
functional theory. 

2.2. Reverse Monte-Carlo 

Reverse Monte Carlo was used to reduce the structure size from 6144 
to a 2 × 2 × 2 supercell of 96 atoms containing 32 formula units of ZrO2 
that could then be readily computed using density functional theory 
calculations in a computationally tractable manner. This is to reduce the 
number of atoms in the structure to enable density functional theory 
calculations which are much more computationally expensive. The 
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purpose of using RMC is to avoid possible crystallisation in small cells 
[36]. In order to achieve this, a method had previously been devised to 
maintain Zr-O, O-O and Zr-Zr partial pair correlations using RMC [36]. 
To confirm that the remaining structure maintained the radial distri-
bution function (RDF) after RMC, the RDF prior and post RMC were 
compared and found to be in good agreement and was repeated 10 times 
to ensure consistent results. RDF confirmation was made after each 
subsequent DFT calculation to ensure the structure remained amor-
phous. Fig. 1 shows a particular structure that has been reduced to 96 
atoms using RMC and has also undergone a DFT relaxation under con-
stant volume along with the addition of a lithium interstitial (blue). 

2.3. Density functional theory (DFT) 

The Vienna Ab initio simulation package (VASP) was used for DFT 
calculations with project augmented wave pseudopotentials (PAW) 
[43–46]. The Perdew-Burke-Ernzerhof (PBE functional) was used with a 
cut-off energy of 500 eV. Plane wave simulations were conducted with a 
quasi-Newton algorithm to relax ions into their instantaneous ground 
state. The atomic force threshold criteria were set to 10− 3 eV/Å with the 
electronic relaxation criterion set to 1 × 10− 4 eV. The structure was first 
relaxed with constant pressure calculations before constant volume 
calculations could be made, as required for Brouwer diagram calcula-
tions [38]. At each stage, RDF calculations were made to ensure the 
structure remained amorphous. Defects could then be added where all 
structures were first calculated with a 2 × 2 × 2 k-point mesh, which was 
then increased to a 4 × 4 × 4 k-point mesh to increase accuracy. Charged 
defects were calculated by adding or subtracting electrons to the 
supercell which were allowed to relax to a preferable position whilst 
maintaining an overall negative or positive charge, respectively. To 
maintain consistency with previous bulk work [20], the k-point mesh 
was set as Monkhorst-pack with increased accuracy due to an increase in 
sampling points. Each defect was positioned in 10 separate locations at 
random within the amorphous structure to gain both a range of values 
and to find the averages. 

2.4. Brouwer Diagram and Formation Energy of Charged Defects 

Brouwer diagrams provide an indication of defect concentration 
against the partial pressure of oxygen, which can be considered analo-
gous to the distance from the oxide-water interface in an oxide scale 
within a material. The value of partial pressure at the water-oxide 
interface was previously estimated to be 10− 5.46 atm, or 10.1325 Pa, 
at 635 K and [20], a typical temperature for reactor operation [20]. 

The formation energy graph is used to predict defect formation en-
ergies as a function of the Fermi level change (Given in Fermi energy) 
across the bandgap. The lower the formation energy of a defect species, 
the more likely that the defect will feature on the Brouwer diagram with 
higher concentrations. The Brouwer diagrams present predicted defect 

concentrations throughout a semiconducting material whilst maintain-
ing charge neutrality. 

The Fermi energy vs formation energy graphs and Brouwer diagrams 
were calculated using the DefAp 2.7 script which also required the 
electronic properties of the structure that were available from the DFT 
calculations [20]. The defects considered had a range of charges from 
neutral to ±4 and included interstitials (over-coordinated), vacancies 
(under-coordinated), substitutions, and small clusters of defects. The 
defects are described in Kröger-Vink notation [47] where the superscript 
× indicates a relatively neutral charge on the defect i.e., the site is 
associated with the same charge state whether it is occupied as in the 
perfect crystal or by a defect. • indicates that the defect site is more 
positively charged than in the perfect crystal, and ′ a relatively negative 
charge. Interstitials were thus (O×

i ) (O′
i) (O″

i), 
(Zr×i ) (Zr•i ) (Zr••i ) (Zr•••i ) (Zr••••i ), (Li×i ) (Li•i ); Vacancies were 
(V×

O ) (V•
O) (V••

O ), (V×
Zr) (V′

Zr) (V″
Zr) (V

″′
Zr) (V

″′
Zr). The substitutions (LiO) and 

(LiZr) were reviewed but were not found during Brouwer diagram cal-
culations with the exception of the small cluster of 2 lithium atoms 
around a vacant zirconium site {2Lii:VZr}. For each Brouwer diagram, 
the maximum DFT energy values were used to make one calculation and 
then again with minimum over all defect location changes. These two 
calculations were combined to produce a range of values of defect 
concentration per unit formula ZrO2. 

2.5. Lithium Solubility in Amorphous ZrO2 

Lithium solubility could be ascertained by attempting chemical re-
action equations using the DFT energies and comparing reactant and 
product energies. A positive value would represent an endothermic re-
action, indicating low possibility of solubility, and a negative value 
would represent an exothermic reaction and indicate possible solubility 
[48]. 

3. Results 

3.1. Producing Amorphous ZrO2 

To confirm that the structures produced after the molecular dy-
namics melt/quench process and that the smaller structures that were 
subsequently produced by reverse Monte-Carlo for density functional 
theory were amorphous, radial distribution function (RDF) calculations 
were made for both the LAMMPS structure and the final VASP structures 
to ensure that no long-range order was observed after the conversion 
into the smaller system using reverse Monte-Carlo. 

Ten molecular dynamic calculations were conducted and were 
checked for radial distribution to ensure that the amorphous structures 
were consistent with previous works [29] and that any deviations in 
distribution were minimal without any sign of crystallisation. Fig. 2 
shows typical RDF distributions from these calculations, highlighting 

Fig. 1. Amorphous 2 × 2 × 2 ZrO2 supercell post Reverse Monte-Carlo and post DFT relaxation with a) a standard amorphous structure and b) lithium intersti-
tial (blue). 
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the good repeatability of the systems. 

3.2. Lithium accommodation and defects within the amorphous structure 

The concept of defects within a glassy or amorphous system is not 
new [30]. As local order is observed in these systems [49–51], structural 
vacancies and interstitial species are readily identified from the overall 
energy of the system and although not associated with a lattice. For ease 
of communication in this work, they shall be generally referred to as 
vacancies and interstitial species and their topology is explained where 
appropriate. 

The defects under consideration for the Brouwer diagrams must fit 
within the bandgap of the defect free semiconductor oxide. The lowest 
formation energies (i.e., most stable) of these defects will feature on the 
Brouwer diagram with greater concentrations. The bandgap was calcu-
lated ten times from the density of states (DOS) within VASP with an 
average of 2.78 eV ±0.26. Whilst experimental measurements of the 
bandgap vary greatly for amorphous ZrO2 (Range from 3.7 and 6.12 eV) 
which has been attributed to density changes and defects within the 
amorphous structures [52,53]. Photoluminescence has identified a 
bandgap of 2.8 eV, which is representative of the value gained during 
simulations [53–55]. Fig. 3 reports the formation energies of the most 
stable defects as a function of bandgap Fermi level. All other defects 
were not found within the Brouwer diagram calculations by either 
having a higher formation energy or were calculated outside of the 
Fermi energy range. 

Fig. 3 reports that the -2 charged vacant zirconium site (V″
Zr) and the 

small cluster of 2 +1 lithium interstitials around a (V″′
Zr) vacant 

zirconium site {2Lii : VZr}
″ (structure in Fig. 4) share the lowest for-

mation energy across the bandgap. The double positive charged vacant 
oxygen defects show the lowest formation energy towards the valence 
band (0 eV) where the double negative charged anion cluster, 
{2Lii : VZr}

″, shows a lower formation energy towards the conduction 
band (2.96 eV). This provides an indication that the aforementioned 
defects will feature heavily in the Brouwer diagrams. Vacant oxygen 
defects are expected to be prevalent where electron concentrations are 
higher than the hole concentration, and that the small cluster will be 
more prevalent where hole concentrations are higher, and enough Li is 
present. 

Interestingly, the -4 charged vacant zirconium (V″′
Zr) is predicted to 

form with a high formation energy across the bandgap. This is unlike the 
previously published results assessing behaviour in crystalline mono-
clinic and tetragonal systems [20], so the (V″′

Zr) defect is expected to be 
less prevalent in the amorphous structure. When comparing these defect 
formation results with previous work, [20], where deviation in stoi-
chiometry are found to be more likely in amorphous structures than that 
of crystalline ZrO2, we have found that the formation energy of Oi to be 
lower than the energies previously reported for the bulk crystalline 
structures (5.23 eV in bulk and 3.67 eV in amorphous) [20]. in Fig. 3, the 
formation energy is < 5 eV across the bandgap. A O-O bond distance of 
1.43 Å was observed with the introduction of an oxygen interstitial 
which has been previously reported as a predicted peroxide [36]. It was 
hypothesised that the peroxide might be a route for oxidation along the 
grain boundaries. 

As the Li containing cluster is an extrinsic defect, the concentration 
of this and other Li containing defect clusters was specified in order to 
assess concentration dependent behaviour. By altering the lithium 
concentration, this can provide an indication of the increase or decrease 
of intrinsic defects as a result of the lithium’s inclusion within the 
structure. The Brouwer diagram shows defect concentrations on the y- 
axis and the partial pressure of oxygen, PO2 on the x-axis. The PO2 

associated with the water-oxide interface at 635 K is shown by the 
vertical line The lithium concentration is altered from 10− 1 in Fig. 5 a, 
and then reduced through 10− 5, 10− 11 and finally to zero lithium in 
Fig. 5 b, c, and d, respectively. Ten calculations were conducted with the 
maximum and minimum values are shown with a range given in a 
shaded area. The concentration of Li locally within the grain boundary 
may be significantly higher than the overall bulk concentration. 
Experimental work has shown lithium segregation along grain bound-
aries [21]. 

When calculating the solution energies of lithium into the zirconia 
structures, it was previously identified that lithium was unlikely to form 
a solution with the bulk ZrO2. However, when comparing this with the 

Fig. 2. A range of partial radial distributions ((g(r)) vs radius (r/A)) of O-O, O- 
Zr, Zr-Zr and all atoms. 

Fig. 3. Average formation energy for each defect type across the bandgap.  

Fig. 4. 2 Li atoms around a vacant Zr location.  
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amorphous structure, a possible solution energy can be considered: 

2Li•i + 2O×
i + Zr×Zr + 2e″→{2Lii : VZr}

″
+ ZrO2 + 2h•• (1)  

Li2ZrO3 + O×
O + Zr×Zr→

{
2Li•i : V″′

Zr
}″

+ V••
O + 2ZrO2 (2) 

The reaction equation above (1) assesses whether the lithium inter-
stitial is more stable than the lithium cluster. The energy difference was 
found to be between 3.0 to 3.2 eV depending on defect location. This 
indicates that the small lithium cluster is more likely to form solution 
than the isolated lithium interstitial. Assessing the lithium solution into 
the structure via equation (2) produces an average solution energy of 
-0.38 eV (with a standard deviation of 1.27 eV), highlighting a signifi-
cant portion of the considered clusters are soluble within the structure. 
This behaviour is similar to the deviation in oxygen stoichiometry in 
UO2 observed, whereby a range of solution energies were predicted, 
including a significant portion of negative solution energies [56]. This 
solution mechanisms also increases the number of vacant oxygen defects 
within the structure as is reported in the Brouwer diagrams (see Fig. 5). 

Previous works within literature showed, after 195 days exposure to 
water containing 250 wt. ppm Li, atom probe had identified a concen-
tration of 0.0013 ± 0.001 at. % Li averaged across the sample. 
Furthermore, the lithium segregation along the grain boundaries pro-
duced between 0.2 to 0.6 at. % Li concentrations [57]. For this reason, a 
range of Li concentrations were reviewed. The study also identified the 
lithium segregation grain boundary width to be between 1 and 1.5 nm. 
The Li found along grain boundaries provide an indication of 
complexion, but further work would need to be undertaken to identify 
the level of complexion. Previous work has identified the grain bound-
ary complexity in chromium doped UO2 where similar techniques may 
be employed [58]. Other work has also showed that the number of 
non-CSL grain boundaries dominates most ceramics [59]. 

When comparing the concentrations in Fig. 5, the highest lithium 
concentration of 10− 1 (a) shows a large increase in (V••

O ) per ZrO2 when 
compared to the zero Li figure (d), particularly at the water/oxide 
interface. In addition to this, the electron and hole convergence is 
brought to the water/oxide interface, which would usually be a position 
of equal ratio for anionic and cationic defects. As the lithium 

concentrations are reduced, the impact on intrinsic defects is reduced. 
This might explain experimental work which shows that only higher Li 
concentrations within coolant water will accelerate the corrosion rate 
[15,17]. 

4. Discussion 

Creating the amorphous structures for simulation provided two 
methods which had the potential to provide two different results. On one 
hand, the defects were produced during the molecular dynamics stage 
where under-coordinated, over-coordinated or extrinsic defect struc-
tures containing around 8000 atoms could be produced. All structures 
required an equal volume to that of the stoichiometric structure to 
ensure that a limit of defect dilution could be provided, which is the case 
when producing Brouwer diagrams. These defects could then be reduced 
through Monte-Carlo to around 100 atoms and the relaxed energy for 
the structure through DFT calculations, continuing with constant vol-
ume, could be gained for Brouwer diagram calculations. On the other 
hand, the stoichiometric amorphous structure could be produced via 
molecular dynamics, reduced through Monte-Carlo and then have the 
defects applied at the DFT calculations stage. Whilst the later reduced 
the number of steps required in molecular dynamics and Monte-Carlo 
calculations reducing computational time overall, the argument could 
be made that, in particular, the properties of an under-coordinated or 
over-coordinated amorphous structure could be different. For this 
reason, both methods were conducted and, in the case of Brouwer dia-
gram calculations, the results were similar enough to be considered 
negligibly different and did not alter the final outcome. Whilst this might 
be the case for amorphous ZrO2, that is not to say that it is something 
which could be deemed the norm for all cases and care should be taken 
with any future work using a similar method. Whilst more computa-
tionally expensive, the first method is expected to produce the most 
reliable results, but no such study is known to have taken place to verify 
this. 

Changing the location of a defect within the amorphous structure has 
been found to slightly alter the defect concentrations that can be ex-
pected when presented in Brouwer diagrams. This does not only alter the 
concentration of the defect in question, but also has a knock-on effect of 

Fig. 5. 635 K amorphous ZrO2 Brouwer diagrams with defect concentrations [D] per unit amorphous ZrO2 for (a) 10− 1 Li (b) 10− 5 Li (c) 10− 11 Li and (d) no Li with 
only intrinsic defects. The black solid line represents electron concentrations, black dashed is holes, blue dashed is {2Lii : VZr}

″, red dashed is (V••
O ), and the green 

solid line at the bottom right is (Ox
i ). The vertical black line to the right of the diagrams represents the calculated water oxide interface [20]. Shaded areas represent 

the minimum to maximum values calculated for each defect. 
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other defects, including the electron and hole concentrations. The only 
exception to this is where the defect species has a stipulated concen-
tration, such as lithium used in this investigation. 

Whilst creating Brouwer diagrams require a solution limit of defects 
by maintaining a constant volume throughout all calculations, each 
defect would produce an increase or decrease in pressure as a result. 
These pressures range from -46.3 kbar in the case of the plus two 
charged vacant oxygen (V••

O ) and 31.08 kbar in the negative four 
changed vacant zirconium (V″′

Zr). For the small lithium cluster (2Lii : VO)
″ 

there is a pressure increase of 23.9 kbar. These pressure changes are high 
in relation to each defect and present a possible limitation to the 
method, but is inevitable given the relatively small size of the supercells 
that are computationally viable. Defects such as the plus two charged 
vacant oxygen have, however, been identified within yttria-doped ZrO2 
samples up to 10 kbar experimentally [60] and, although a reduction in 
vacant oxygen defects were found, up to 149 kbar through simulation 
[61]. That being said, this is likely an area that would require further 
study to verify or provide an indication of possible deviation in pre-
dictions from empirically obtained data. 

The Brouwer diagrams indicate that lithium increases the vacant 
oxygen concentration, particularly at the water/oxide interface. Whilst 
current experimental evidence has shown that lithium does segregate 
along the complex grain boundaries [21], further experimental work 
will need to be conducted to confirm the increase of vacant oxygen 
concentration and validate these simulated results. This would provide a 
solid foundation to underpin the mechanisms by which lithium accel-
erates the corrosion of zirconium alloys and provide a base in which to 
investigate methods in which to mitigate this. Solutions may include 
alloying additions that may suppress the elevation of vacant oxygen 
concentrations or alternative alkaline coolant additives which may 
prevent the increase in vacant oxygen also. Both of these potential routes 
of investigation could use similar methods shown in this work to identify 
targeted experiments for validation and provide a solution to the lithium 
accelerated corrosion issue. 

5. Conclusion 

A combination of molecular dynamics, reverse Monte-Carlo, and 
density functional theory have been used to investigate the observed 
phenomenon of accelerated corrosion of Zr-based cladding in a pres-
surised water reactor coolant containing Li. The role and stability of Li at 
amorphous grain boundaries in the ZrO2 structure have been investi-
gated. The structure was determined and compared to previous 
modelling work using radial distribution function analysis. 

Brouwer diagrams have shown that, if amorphous zirconia can be 
used as an analogue for high-angle grain boundaries, then an increase in 
the grain boundary lithium concentration will induce greater concen-
trations of under-coordinated cation sites in the boundary (for ease 
referred to as vacant oxygen sites). Previous work has shown that vacant 
oxygen defects can become a source of oxygen transport in crystalline 
and amorphous systems [29,31–33]. 

Li has been calculated to be soluble in the amorphous structure with 
respect to the Li2ZrO3 compound, using the results from the Brouwer 
diagram to inform the solution mechanism. The same method that found 
solubility in the bulk to be low was utilized [20]. The solution energy of 
-0.38 eV with a standard deviation of 1.27 means that the solubility is 
largely temperature independent, however this does not consider kinetic 
effects related to Li ingress. The increase in oxygen vacancy concen-
tration within the amorphous phase may account for an accelerated 
corrosion rate within environments with higher lithium concentrations 
and further work to assess the impact of the Li solution on kinetics is 
underway. 

We can conclude that Li accommodation along disordered grain 
boundaries is mechanistically viable and corroborates with experi-
mental observations [21]. 
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