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Abstract 
With a global push to reach net zero, the need to consider small modular reactors (SMRs) to reduce 

costs and accelerate delivery of nuclear power has become clear. SMRs would benefit greatly from 

simplifications in design which could also reduce engineering, operation and running costs. One 

particular simplification under consideration is a boron-free coolant chemistry whereby reactivity 

management could be maintained through control rod operations. Issues associated with boric acid 

within the coolant chemistry could be eliminated, which can increase efficiency, particularly at the 

end of cycle. 

To elevate the pH of the coolant water, combatting the radiation hydrolysis effect, lithium is added 

to the coolant chemistry as lithium hydroxide. In the absence of boron, lithium has been found to 

accelerate the corrosion of the zirconium alloy fuel cladding in some circumstances. The mechanisms 

that underpin this phenomenon have not been identified and formed the basis for this thesis.  

This work was divided into two areas of investigation where, first, a simulation route was 

undertaken to explore potential predictions which might provide an indication of the mechanisms 

that could cause the accelerated corrosion of the zirconium alloys. These simulations were focused 

on the likely location that Li would reside within the bulk or grain boundary ZrO2 structures and how 

the Lithium might affect the oxide layer. From this, the impact of Li on defect chemistry could be 

assessed. Once the simulations provided sufficient data and focus, experimentation could then take 

place with the aim of validating the simulated results.  

Literature provided a number of hypotheses: 

1. Lithium forms solution into the bulk zirconium oxide reducing the crystal volume, promoting pore 

growth which might allow oxygen to pass through the oxide layer and reach the metal surface [1,2]. 

The work carried out within this document used a combination of density functional theory, 

Brouwer diagram and solution energy calculations to produce a number of predictions. The 

solution energy of lithium into the bulk oxide structures, however, was high indicating that the 

solution of lithium would be unlikely. This result led to the second hypothesis where lithium 

might form solution along the grain boundaries.  

2. Previous works have identified that grain boundaries can be complex in structure [3,4]. 

Investigations were carried out to compare solubilities of Li in these amorphous grain boundaries 

and compare these values to the bulk solubilities.  

In this work, it was found that lithium formed solution into the amorphous structure and the 

Brouwer diagrams suggested that an increase of lithium within the grain boundaries would 

also increase the oxygen vacancy concentrations, particularly at the water oxide interface. 

This provided an indication that oxygen could be transported through the oxide layer via 

oxygen vacancy sites along the grain boundaries.  

From the results of the simulations, amorphous ZrO2 and lithium doped amorphous ZrO2 were 

created and characterised. Through thermal analysis, it was found that lithium produced 

amorphous phase stability where an increase in lithium would increase the temperature 

required to crystallise the sample. It was also found that lithium segregates outside of the 

resulting crystallised bulk oxide and that the lithium phase was highly soluble in water. This 

did provide verification for the simulations that showed low solubility of lithium into the bulk 

material and good solubility into the amorphous structure.  
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The work within this thesis outlines the above hypotheses and highlights the route by which Li can 

accelerate corrosion of Zr-alloys by preferentially attacking grain boundaries in the protective oxide 

layer. 
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1. Introduction 
The main focus of this work was to understand the mechanisms that underpin the accelerated 

corrosion of zirconium alloys when subject to lithiated coolant water within a fission nuclear reactor. 

Gaining an understanding of the basic principles of a fission reactor from the literature may grant 

insights into potential hypotheses that were drawn from previous works. There are, however, many 

physical interactions taking place within the core of a reactor which include thermal gradients, 

hydraulic flux and pressures, coolant chemistry, oxidation, hydriding, neutron flux, fission products, 

radiation damage, amongst many other interactions. Understanding the materials used could also 

provide an indication of possible mechanistic causes for lithium accelerated corrosion of zirconium 

alloys.  

Before getting too far ahead with the specific problem, a general idea of nuclear fission power and 

the materials used can provide a foundation on which to build a hypothesis.  

1.1. Nuclear Power 
To an absolute basic level, in most forms of on grid electrical power plant, a heat source is used to 

heat water. The water may undergo a phase change to steam which can then be used to turn a 

turbine which generates electricity. At this level, a nuclear reactor is no different in this respect. 

The basic principle of a fission nuclear reactor is a self-sustained chain reaction which was first 

achieved by Enrico Fermi in 1942 at the University of Chicago [5]. This used natural uranium, which 

contains low amounts of the desired uranium 235U (0.7%) and mostly 238U (99.3%), placed between 

graphite blocks which were used to slow an incoming neutron enough to increase the likelihood of 

fission with 235U. Fission is the reduction of a larger “parent” atom to one or more “daughter” atoms 

with a release of energy. This fission reaction produces smaller elements along with an average of 

2.5 neutrons which may then continue causing further fission events. The heat produced from this 

reaction is then used to heat the coolant water which may then turn a turbine to generate 

electricity.  

1.1.1. Nuclear Fission 
Through nuclear fission, the event can produce virtually all lighter elements than the “parent” atom 

with common reactions producing daughters from the parent uranium atom such as: 141Ba + 92Kr + 

2n, 95Sr + 138Xe + 2n, 95Y + 138I + 2n, 98Nb + 135Sb + 2n. e.g.: 

 

𝑛0
1 + 𝑈92

235 → 𝑋𝑒54
138 + 𝑆𝑟38

95 + 2( 𝑛0
1 ) Equation 1 

 

Equation 1 shows a neutron (n) combining with a uranium 235 atom which causes a fission event 

producing xenon 138, strontium 95 and two neutrons. Each fission reaction of U235 produces roughly 

200 MeV [6] where the most probable products have roughly a 95 and 137 mass number in a 

probability distribution as shown in Figure 1. 
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Figure 1 Probability distribution of fission fragment [7]. 

The examples provided produce 2 neutrons but often have fission events producing 3 neutrons or 

more hence the 2.5 neutron average. The average likelihood of one neutron from an event causing a 

fission event with another 235U atom is denoted k as the reproduction constant. Criticality and a 

sustained, controlled reaction has a k value of 1. A value above 1 would indicate a runaway reaction 

and below 1 would be below self-sustained reaction or criticality [5]. 

In order to slow fast neutrons to thermal neutrons which have a higher likelihood of causing a fission 

event, a moderator material is used. In the case of the first reactor build, this was graphite blocks. 

Graphite is able to interact with fast neutrons either with elastic collision or absorption and 

emission. This slows the initially fast neutrons to thermal neutrons. Today in water cooled reactors, 

water is used which also doubles as coolant. There are two main types of water used depending on 

the type of reactor. Light Water Reactors (LWR), which is standard water and can absorb neutrons, 

or Heavy Water Reactors (HWR) which is deuterium oxide (D2O or 2H2O). Deuterium oxide works as 

well as a moderator but is less likely to absorb neutrons. For this reason, heavy water is used within 

reactors that use natural uranium rather than enriched uranium as it increases the number of 

thermal neutrons available for reaction. Whilst enriching uranium is expensive, so too is creating 

deuterium oxide where most countries do not have their own production capability. 

To control the level of fission events and maintain criticality with K=1 within the reactor core, control 

rods are used in order to absorb neutrons and to reduce the likelihood of fission events. Control rods 

are typically stainless-steel tubes filled with boron carbide, silver-indium-cadmium [8] or a cadmium-

based variant [5]. The control rods are lowered between the uranium fuel rods to reduce or lower 

the reaction events where rods can be partially lowered or fully lowered in a particular sequence. In 

the event of an emergency, all rods can be lowered together causing a reactor shutdown known as 

SCRAM. 

The fuel itself, typically UO2 (Uranium dioxide), is often clad in a variation of zirconium alloy 

(Zircaloy) containing a typical mix of tin (Sn), iron (Fe), chromium (Cr), niobium (Nb) and nickel 

(Ni)[9]. These alloy additives hold desirable properties that are introduced to the metal with specific 

advantages.  
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Every component within the reactor core, primary circuit and (when used) secondary circuit needs 

to be meticulously tested to ensure that the materials can undertake their task with minimal 

corrosion or failure when subject to heat, pressure and, where needed, irradiation.  

1.2.2. Pressurised Water Reactors 
Because the work focused on the zirconium cladding used in the current, most popular reactors in 

the world, the pressurised water reactor, the general components are given in Figure 2. 

 

Figure 2 PWR Primary and Secondary Circuit typical materials [8]. 

The materials that are within a reactor core must be expected to withstand a high level of neutron, 

thermal and aqueous flux. In the case of the cladding, neutrons need to be able to pass through as 

freely as possible with minimal hindrance or interaction whilst maintaining a reliable heat transfer. 

Zirconium alloy has been identified as a suitable option due to a low neutron cross-section and 

corrosion resistive properties [10,11].  

This document has briefly outlined the basic aspects and history of a nuclear reactor but will now 

focus on the interactions between the water-based coolant/moderator, the fuel and fuel cladding. 

1.2.3. The Future of Reactor Designs (Coolant chemistry reduction) 
With the current drive to produce small modular reactors (SMRs), developing methods to reduce 

complexity and, hence, reduce running, design and maintenance costs has become an area of 

interest within the industry. One particular method is to remove additives from the coolant 

chemistry such as boron [12]. Boric acid is added to the coolant water and is used as a chemical 

“shim” to control the reactivity of the core as a neutron poison due to boron having a large neutron 

cross section [13]. Removing boron has many beneficial outcomes, particularly with overall 

efficiency of the reactor. When combined with another coolant additive, lithium hydroxide (LiOH), 

boron and lithium can combine at high burnup regions with other CRUD materials (by many thought 

to be the acronym for Chalk River Unidentified Deposit but is also thought to derive from the Welsh 
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word Cryd meaning disease or plague, both definitions of which are used to describe undesirable 

deposits left on surfaces within the reactor [14]). Due to the high neutron cross section of boron, 

which acts as a neutron absorber, this can reduce local reaction rates which have been identified to 

reduce the electric generation efficiency up to as much as 70% over several months. This is due to a 

reduction of capacity through shortened fuel cycles and shutdown margins [15,16]. This 

phenomenon is known as axial offset anomalies which could be prevented in the absence of boron 

from the coolant water. The chemical shim could be replaced by a shim rod, which is, essentially, 

additional control rods to manage the level of reactivity [12]. 

Although boron is added as an acid which requires a pH balancing additive to prevent additional 

corrosion, a base additive is still required to elevate the pH up to 10 at room temperature [17]. This 

is due to the acidic nature of radiolysis which, much like boric acid, can cause corrosion of internal 

components if not pH balanced by a base material [18]. 

There is a particularly large hurdle that needs to be crossed when considering a boron free coolant 

chemistry. In the absence of boron, lithium within the coolant chemistry has been found to 

accelerate the corrosion of the zirconium alloy fuel cladding material [19–26]. Whilst there was 

much evidence to support the case for lithium accelerated corrosion of zirconium alloy cladding, 

there was no strong evidence to underpin the mechanisms of this accelerated corrosion.  

Identifying the mechanism by which lithium accelerates the corrosion of zirconium alloys was the 

basis of this work which will be reviewed in much more detail later in the chapter. Prior to this, 

gaining an understanding of surrounding aspects of the zirconium alloy fuel cladding might provide 

an indication of other potential sources that may combine with lithium to initiate the accelerated 

corrosion.  

1.2. Fuels and Fuel Cladding 
In conjunction with this work, Megan W. Owen et al. worked to identify oxidation effects of the 

cladding material from the zirconium alloying additions [27]. The simulation work focused undoped 

and highly doped zirconium oxide grain boundaries and compared these to crystalline equivalents. It 

was discovered that oxygen diffusivity was found to be much higher in amorphous ZrO2 structures 

than bulk ZrO2 structures, both doped and undoped. This did open an avenue for further 

investigation as a potential cause of accelerated corrosion due to lithium. If lithium were to increase 

the availability of oxygen pathways through the grain boundaries, it might have provided a 

mechanism by which lithium accelerated the corrosion of zirconium alloys. This will be discussed and 

investigated in subsequent chapters and partially provides the basis for hypothesis two which would 

look at lithium ingress along grain boundaries which might increase oxygen diffusion to the metal 

oxide interface.  

1.2.1. Fuels In Use 
 Usually, the fuel used within a nuclear reactor are not associated with lithium accelerated corrosion. 

There are, however, a number of mechanisms which may explain corrosion through hydrogen pickup 

which is usually associated with hydrogen embrittlement of the zirconium alloy cladding material. 

This could also have a detrimental impact on corrosion rates. It has also been shown that hydrogen 

pickup increases when electron transport decreases [11]. This would indicate that an increase in 

bandgap for the oxide would reduce hydrogen intake and prevent hydrogen embrittlement. The 

most widely used fuel in PWRs, and heavy water reactors, is UO2 and, as mentioned, this can 

produce a vast array of fission products which would require an in-depth analysis to identify how or 

if these fission products may accelerate the corrosion of the zirconium alloy internally [28]. What will 

be shown later in this chapter is that lithium has been found to accelerate the corrosion of zirconium 
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alloys without any assistance from fuels used, so this can largely be ruled out for further 

consideration.  

1.2.2. Fuel Claddings in use 
The first instance of Zirconium to be used as a cladding material was due to Admiral Rickover (1975) 

of the US Navy who needed a material within a small reactor that offered low corrosion in aqueous 

high temperature environments and minimal neutron interference [29]. A pressurised water nuclear 

reactor was chosen as a small power source that could fit within a submarine offering many benefits 

over conventional power sources. This resulted in the Mark I PWR in Idaho and the Mark II reactor 

being placed within the first nuclear submarine, the US Nautilus [29]. However, this used zirconium 

in a form as pure as possible. As zirconium was sourced from different purification manufacturers, it 

was noted that manufacturers provided the material slightly more or less pure than the others. But 

the purer zirconium was less corrosion resistant. Analysis of the less pure material found iron, 

chromium and nickel and also indicated that additives such as tin, tantalum and niobium may 

improve corrosion resistance. Tin was selected due to low effect on neutron economy [29] 

producing Zircaloy-1. Zircaloy-1 displayed a particular issue where, over time, the rate of corrosion 

would increase. An alternative would be needed which came by accidental means. At the Bettis 

fabrication shops, a melted Zircaloy-1 ingot was accidentally contaminated with stainless steel. This 

produced Zircaloy with 1.5% tin, 0.14% iron, 0.10% chromium and 0.06% nickel (Table 2) [11]. This 

produced Zircaloy-2 with, however, high hydrogen pickup issues that were evident and higher tin 

concentrations were considered to be of concern during longer lifetime uses [29,30]. For this reason, 

an attempt to make a new composition, Zircaloy-3, was made. For this, a reduction in tin was made 

from 1.5% to 0.25%. In testing, it was identified early that a network of exaggerated collections of 

intermetallic phases caused Fe-Cr corrosion known as “stringers” [29]. This required further 

alteration which brings us to Zircaloy-4. The high hydrogen pickup, which causes zirconium hydride 

embrittled regions, of Zircaloy-2 was still a problem but was found to be a result of nickel coating 

during fabrication which, in turn, suffered from higher hydrogen absorption [29]. Removing the 

nickel reduced the corrosion resistance so an increase of iron to substitute the nickel was made [11] 

producing Zircaloy-4. Table 1 contains typical cladding materials used in boiling water reactors 

(BWR) and pressurised water reactors (PWR).  

Table 1 Typical commercial zirconium alloys used as cladding [8]. 

Reactor Type Zr alloy Composition Thermomechanical Treatment 

BWR Zircaloy-2 (1.5% Sn, 0.15% Fe, 

0.1% Cr, 0.05% Ni) 

Recrystallized 

PWR Zircaloy-4 (1.5% Sn, 0.2% Fe, 

0.1% Cr)  

Cold-worked and stress relief 

anneal 

PWR ZIRLO (1-2% Nb, 1% Sn, 0.1% 

Fe) 

Quench and temper/stress 

relief anneal 

PWR M5 (1% Nb) Recrystallized 

 

Fuel cladding rods can vary in length but are usually an approximate diameter of 10 mm with a 

thickness of 0.6 mm [11]. The fuel cladding rods function is the first defence in preventing fission 

products from entering the primary circuit.  
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Table 2 Chemistry of zirconium alloys irradiated in pressurized water reactors to high burnup [29,31]. 

Alloy 

Nominal alloy composition weight percent (wt%) 

Sn Nb Fe Cr Cu V Ni O 

Zircaloy-1 2.5        

Zircaloy-2 1.5  0.12 0.10   0.05  

Zircaloy-3 0.25  0.25      

Zircaloy-4 1.30   0.20 0.10         

E110   1.00             

E635 1.20 1.00 0.35           

Zirlo 1.00 1.00 0.10           

M5   1.00           0.14 

J-Alloys 

J1   1.80             

J2   1.60   0.10         

J3   2.50             

AXIOM alloys 

X1 0.30 0.7-1 0.05   0.12 0.20     

X2   1.00 0.06           

X4   1.00 0.06 0.25 0.08       

X5 0.30 0.70 0.35 0.25     0.05   

X5A 0.45 0.30 0.35 0.25         

 

In works obtained from literature, zirconium alloys (Zircaloys) containing no niobium, such as 

Zircaloy-4, in high lithium hydroxide environments were found to exhibit accelerated corrosion with 

higher relative hydrogen uptakes of approximately 50% in autoclave conditions. Zircaloys containing 

1% or above of Nb took longer to exhibit accelerated corrosion with a lower hydrogen uptake [32].  

1.2.3. Zircaloy-4 structure. 
The composition of Zircaloy-4 needs to be within parameters set by ASTM (American Society for 

Testing Materials) document B353. Whilst the name indicates this would just be for the US, the 

ASTM is one of the international standards organisations that provides details on current safe 

operational and production specifications for materials and components across many industries and 

by many countries. This includes optimal use and compositions of materials within nuclear reactors.  

  



7 
 

Table 3 Typical Zircaloy-4 properties.[33][34]. 

Property Value 

Density 6.56 g/cc 

Tensile Strength Ultimate >= 413 Mpa 

Tensile Strength Yield >= 241 Mpa @Strain 0.200 

Elongation at Break 20% 

Modulus of Elasticity 99.3 Gpa 

Poisson’s Ratio 0.37 

Shear Modulus 36.2 Gpa 

Electrical Resistivity 0.0000740 ohm-cm 

Coeff of Thermal Expansion, linear 6.00 μm/m- °C @Temperature 25.0 °C 

Specific Heat Capacity 0285 J/g-°C 

Thermal Conductivity 21.5 W/m-K 

Melting Point 1850°C 

Boiling Point 4375°C 

Chromium, Cr 0.10% 

Iron, Fe 0.20% 

Oxygen, O 0.12% 

Tin, Sn 1.40% 

Zirconium, Zr 98.50% 

Alpha Phase Crystal Structure Hexagonal Closed Packed up to 810°C 

Beta Phase Crystal Structure Body Centred Cubic (Total Beta at 980°C) 

 

As shown in Table 3, at room temperature and up to 810°C, the alpha phase Zircaloy-4 (α-phase) is a 

hexagonal closed packed structure (hcp). It is possible to have a metastable beta phase (β-phase) 

body centred cubic structure (bcc) below this temperature which may need to be taken into 

consideration [35]. The bulk of the material is usually α-phase up to 810°C where the structure will 

begin to change to the β-phase in order to maintain the lowest internal energy as a process of 

entropy [36]. This is a result of free energy with the entropy contribution becoming increasingly 

important at higher temperature. The β-phase will totally dominate the bulk material content at 

980°C before melting at 1850°C [33].  

The additives used to promote favourable properties in Zircaloy-4 are split between solid solution 

and second phase precipitates (SPPs). Tin usually forms a solid solution with zirconium between 50 

and 170 ppm where the SSPs of iron, chromium and, in the case of Zircaloy-2, nickel forms in crystals 

between 1 μm and 100 nm [37].  
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Table 4 Lattice parameters of Zr phases and intermetallic phases [37]. 

Species Space group Lattice parameters 

a (nm) b (nm) c (nm) 

Pure αZr P63/mmc 0.322 - 0.520 

Pure βZr Im3̅m 0.359 - - 

Pure ωZr P6/mmm 0.506 - 0.312 

C15 Laves ZrCr2 Fd3̅m 0.712 - - 

C14 Laves ZrCr2 P63/mmc 0.505 - 0.814 

Zr2Cr (Speculative) I4mcm 0.625 - 0.537 

Zr3Fe Cmcm 0.330 0.1086 0.885 

Zr2Fe I4mcm 0.625 - 0.563 

C15 Laves ZrFe2 Fd3̅m 0.702 - - 

C14 Laves ZrNi2 P63/mmc 0.498 - 0.811 

Zr2Ni I4mcm 0.625 - 0.563 

ZrNi Cmcm 0.332 0.984 0.407 

C15 Laves ZrNi2 Fd3̅m 0.649 - - 

C14 Laves ZrNi2 P63/mmc 0.492 - 0.804 

Zr3Sn Pm3̅n 0.564 - - 

Zr5Sn3 P63/mmc 0.848 - 0.588 

Zr5Sn4 P63/mmc 0.883 - 0.599 

ZrSn2 Fddd 0.570 0.965 1.00 

Zr2V (Speculative) I4mcm 0.746 - 0.568 

C15 Laves ZrV2 Fd3̅m 0.738 - - 

C14 Laves ZrV2 P63/mmc 0.523 - 0.847 
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Table 4 includes a new concept to this review of phases. These are representations of atomic size 

ratios which are between 1.05 and 1.67 and have a composition of AB2 (laves). The three types of 

laves are the cubic (C15), hexagonal (C14) and hexagonal (C36). In all of these, the A atoms take the 

positions as diamond and hexagonal diamond, respectively, and the B atoms are in tetrahedral 

positions around the A atoms [38]. 

 

Figure 3 Crystal structures of Zr alloys. Zr are green where alloy agents are blue [37]. 

There are also a number of rules that can determine whether metal A will form with metal B as an 

intermetallic solution or as a compound. These are known as the Hume-Rothery rules [37]. In order 

to create an intermetallic solution, metal A and B must have an atomic diameter within 15% of one 

another. They must also have the same crystal structures, similar electronegativity and the same 

valency [36]. In relation to Zircaloy in the α-phase, this is evident as Cr and Fe prefer to occupy 

interstitial sites due to their smaller atomic diameter where the other elements considered are in 

substitutional sites [37]. 

As mentioned, there are second phase precipitates within the material as alloying additives. The 

primary precipitate in Zircaloy-4 is the Zr(Fe, Cr)2 hexagonal intermetallic C14 laves structure [39]. It 

was also suggested that the size, distribution and chemical composition of second phase precipitates 

have an effect on corrosion where smaller precipitates can reduce nodular corrosion. Precipitates, 

however, need to be larger than a particular size to ensure that, where corrosion does occur, that it 

is uniform [39–41]. 

1.2.4. Zirconium alloys and issues within a nuclear reactor 
There are a number of notable issues that have been witnessed with zirconium alloys within nuclear 

reactors. For example, 13% of fuel failures are debris-induced failures for PWRs but 35 % for BWRs 

[42]. 40% of fuel failures are from grid-to-rod fretting [42,43]. There are other issues such as 

anisotropic irradiation growth [8]. Issues that have already been mentioned are hydriding [44] and 
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crud induced localized corrosion [45]. The main focus of this investigation, however, was waterside 

corrosion with an emphasis on the lithium accelerated corrosion, in particular, which we will look 

into in more detail.  

1.2.5. Oxide Layer Formation of Zirconium Alloys 
Zircaloy forms oxide layers that are formed in oxygen rich environments which can be considered 

corrosion in much the same way that iron rusts. Zirconium alloy holds similar properties to stainless 

steel where a thin oxide layer protects the main bulk of the material. Should the material be 

damaged or scratched, the oxide layer will quickly reform. In water, the reaction that takes place 

which forms the oxidised layer is: 

Zr + 2H2O = ZrO2 + 2H2 + Q Equation 2 

Where Q is heat and equal to 6530 KJ/Kg [46]. When oxygen penetrates the metal, ZrO is created. 

This then becomes ZrOsaturated before combining to another oxygen atom to become ZrO2. This then 

pushes the oxide layers above it outward. During production, the primary tetragonal oxide layer is 

usually formed with a columnar crystal order which has a black appearance [47]. But within a 

reactor, crystal growth can be randomly orientated and equiaxed. 

 

 

Figure 4 Corrosion process in zirconium alloys. Thick arrows indicate rate-limiting steps [48]. 

Figure 4 shows the current process of oxidisation and hydrogen pickup which form part of the 

corrosion mechanism of Zircaloy within water. In figure 4, a blue circle represents negative 2 charged 

oxygen atom, an orange triangle is a positively charged hydrogen atom, a green square is an oxygen 

vacancy with plus two charge, a red rectangle is a plus four charged zirconium atom, a grey rectangle 

is a neutral charged zirconium atom and a purple oval is an electron. Stage 1 (upper right), 2H2O, 

water dissociates to form 4H+ positively charged hydrogen cations and 2O2- negatively charged 

oxygen anions. This dissociation can be caused by thermal energy enabling the bond to be broken 
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through vibration. Stage 2 (middle right), an oxygen vacancy on the oxide surface is able to absorb 

the negatively charged oxygen. At this stage, transport of the oxygen to the metal surface is at 

question so we move to stage 3 (upper left), during the oxidisation process, zirconium releases 4 

electrons to become positive (Zr4+) and, stage 4 (lower left), combines with 2 negatively charged 

oxygen atoms to become zirconium dioxide (ZrO2). At stage 5 (lower right), the remaining electrons 

produced from zirconium oxidisation and the positive hydrogen protons may recombine to produce 

neutrally charged hydrogen. The hydrogen may form in the water, oxide layer or on the metal 

surface where the latter is termed hydrogen pickup. Again, the mechanism for transportation is not 

clear, however, the transport of the single proton hydrogen cation with relatively small volume will 

pass through the oxide layer with greater ease than the oxygen if only volume were to be taken into 

account. The charge may cause hindrance during its path, but this could also be said for the oxygen 

anion [48]. Much of the oxide weight gain through corrosion of zirconium alloys have been 

experimentally analysed showing a clear correlation between water exposure time and oxide weight 

gain [49]. 

The supposedly corrosion protective tetragonal zirconia layer at the metal oxide interface has 

caused some debate. This is due to the actual effectiveness of the protectiveness provided from 

corrosion. This is due to previous works identifying that ZIRLO has a much thinner oxide layer whilst 

also preventing lithium accelerated corrosion for longer periods than Zircaloy-4 which has a thicker 

tetragonal layer [50]. If the oxide is allowed to continue in growth stress relief allows the tetragonal 

polymorph to form monoclinic ZrO2 [47]. This stress relief also enables cracks to form through the 

outer layers. Oxygen ions can also diffuse through the tetragonal layer to the oxide/metal (O/M) 

interface [51]. Though, it is worth noting that tetragonal and monoclinic layers, there-after, can also 

have a cyclic variation [52]. The rate of corrosion for zirconium alloy is as follows: 

𝜔 = 𝐴𝑡𝑛  Equation 3 
 

Where ω is the weight gain in mg/dm2, t is the exposure time (days), A and n are constants where n 

is the characteristic of the particular alloy [48]. Experimental works have also been conducted to 

identify the correlated hydrogen pickup with water-side corrosion of zirconium alloys [53]. 

It was unclear what the exact mechanism is for the initial transportation of oxygen to the metal 

through the tetragonal oxide layer though it has had some recent advancements that will be 

discussed later. Previous hypotheses included that it is possible that the oxygen may pass between 

grain boundaries [54]. However, evidence had been provided to suggest that lithium within coolant 

water can produce pores within the oxide layers allowing oxygen to penetrate the metal surface, 

accelerating corrosion rates [55]. Whilst this does provide a avenue of investigation that has a good 

potential to limit accelerated corrosion, it would not prevent the normal corrosion apparent in un-

lithiated water. Understanding the formation energies of the intermetallic molecular structure can 

provide an insight into the corrosion process and what energies are required to allow corrosion to 

take place.  

𝐸formation =
1

𝑥 + 𝑦
𝐸(𝑍𝑟𝑥𝑀𝑦) − (

𝑦

𝑥 + 𝑦
𝐸(𝑀) +

𝑥

𝑥 + 𝑦
𝐸(𝑍𝑟)) Equation 4 

 

Equation 4 [37] provides the formation energies of intermetallic phases where E(ZrxMy) is the energy 

of a cell simulating the intermetallic and E(M) and E(Zr) being the single atom of the respective 

element.  



12 
 

It has been found that Fe, Ni and Sn intermetallics have negative enthalpies of formation which 

favour C15 ZrFe2, ZrNi, and Zr5Sn4 through density functional theory simulations [37]. A similar 

method is hoped to be used in order to understand the potentials involved in the bulk material 

compared to that of the corrosion layers when different additives are added to the coolant.  

 

Figure 5 Axial variation of oxide thickness on zirconium alloy fuel rods. BQ Zr-4 is Zircaloy-4 that was processed with a beta 
quench near the final tube size, conventional Zr-4 is Zircaloy-4 with 1.5% Sn, and Improved Zr-4 is Zircaloy-4 with 1.3% Sn. 

Zero elevation is the lowest point in the fuel assembly, at which the colder cooling water first comes in [48]. 

Whilst normal oxide weight gain can be experimentally achieved in an autoclave, it is worth noting 

that a phenomenon occurs within reactor conditions that results in periodic oxide thickness 

differences along the fuel cladding. The periodic suppression of oxide thickness in Figure 5 are a 

result of cooler temperatures in these areas. This is due to an increase in turbulence as a result of 

spacers and lower reactivity due to parasitic thermal neutron absorption of the grid material [56]. 

The oxide that forms on Zircaloy at the metal oxide interface has also found body centre cubic (bcc), 

face centred cubic (fcc) and hexagonal closed packed (hcp) structures. Even ω-Zr sub-oxide phases 

have been found [51]. The oxide layer at the metal oxide interface, however, is the tetragonal phase 

zirconia and is usually several hundred nanometres thick. As mentioned, the growth continues with 

an increased distance from the metal-oxide layer, there is a reduction in compressive stress which 

allows the formation of the monoclinic phase [57]. This also allows crack formation from 3 μm 

thickness which reduces the ability of the oxide layer to protect and allow oxygen diffusion to the 

metal surface. There is evidence that suggests the partially protective oxide layer can prevent 

hydrogen pickup [58]. When hydrogen is able to diffuse into the material, it may collect, forming a 

pocket of hydrogen gas. This can pressurise and burst through the material weakening the local area. 

In addition to this, hydrogen can also cause embrittlement of the alloy reducing mechanical 

effectiveness.  
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Figure 6 Metal Oxide layers with zone (1) representing monoclinic phase and (2) representing tetragonal phase. Visible 
cracks extend onto the oxide layer [57]. 

It is expected that there is a reduction in oxygen when approaching the metal oxide boundary and a 

higher oxygen content under an SEM would produce a brighter appearance [57]. This was also 

confirmed in literature as an energy dispersive x-ray spectroscopy scan (EDS). It was, however, noted 

from literature that EDS could only be used as an indication rather than quantifiable data. This was a 

result of the x-ray emissions increasing from the metal side as the current scan area approaches the 

boundary from the oxygen side.  

 

Figure 7 (A) EDS scan showing oxygen and zirconium concentrations at metal oxide boundary and (B) The same EDS scan 
across the metal oxide interface. The white arrows indicated the area scanned [57]. 

This was also confirmed using atom probe analysis with an indication of particular boundaries: 
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Figure 8 Atom probe analysis of the oxide/metal interface for Zircaloy-4 corrosion [48]. 

 

 

Figure 9 SEM of Zircaloy metal/oxide boundary. Darker tetragonal phase region (2) with monoclinic phase region (1) 
becoming brighter as a result of higher oxygen concentrations [57]. 

Where previous results showed that cracks would form perpendicular to the metal oxide layer, the 

above Figure 9shows cracks forming parallel to the metal oxide layer. The perpendicular cracks are 

thought to be a result of compressive stress at the tetragonal phase boundary which eventually gives 

way to cracks in higher layers in the monoclinic boundary during growth where the perpendicular 
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cracks have been attributed to equiaxed monoclinic zirconia grains [59]. It was also found, in reactor 

neutron irradiated samples of three cycles, the microstructures were also unstable where extra grain 

growth was observed as a result of electron beam microscopy [60]. In addition to this, samples taken 

where crystals were formed within a reactor show a larger proportion of nanocrystallised zones which 

do not hold a characteristic orientation, as shown in Figure 10. 

 

Figure 10 Equiaxed monoclinic oxide crystallisation microstructure a) General view, b) zoomed view showing intergranular 
decohesion (arrows) [60]. 
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Figure 11 Raman spectroscopy of pure zirconium with zirconia cross section [57]. 

In the Raman spectroscopy from literature, Figure 11, tetragonal phases are evident at roughly 270 

and 430 cm-1
. Rough confirmation of this can be found showing tetragonal phase peaks at 287 and 

447 cm-1 and monoclinic peaks at 177 and 190 cm-1 [61]. The 17 cm-1 slight shift in peak value is 

common to all values so can be attributed to specific instrumentation used, laser parameters or 

oxide crystal purity where peak width would broaden. It was more likely to be a result of higher 

compressive stress in the sample area creating a higher frequency. 

Strong evidence suggests that there is an increase in corrosion resistance of zirconium alloys where 

the second-phase particles are greater in size than a tenth of a micron [62] with minimal tin as to 

perform its function within the alloy [63,64].  

In addition to oxidisation of zirconium alloys, it has also been found that PWR reactor grown oxide 

layers contained up to 1% iron rich areas [59]. Given that, in this case, Zircaloy-4 used contained 

roughly 0.2% Iron, this would indicate that there was a redistribution of Iron into specific areas, iron 

was obtained from another source through the coolant or that the distribution of iron through the 

original material was not uniform.  

The initial partially protective tetragonal oxide layer has been found to grow in an orientation that 

favours a (001) orientation. This produces a minimal footprint on the metal interface and is likely 

driven by the compressive stress at the initial oxide/metal interface [54]. However, during higher 
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temperatures, the crystal growth of the monoclinic phase with less compressive stress produces a 

softening of the metal matrix [54].  

Experimental data from literature was in agreement that oxidisation happens in all aqueous 

environments at medium to high temperatures (260 to 400 °C) [55,65]. Corrosion accelerants have 

been identified and higher temperatures are known to accelerate this further. However, the physical 

mechanics for the transport of oxygen to the metal surface have had many possible explanations 

which also conflict. D. J Park et al [47] provided three such proposed models. It was first thought that 

areas of lower intermetallic particle concentration enabled nodular oxide morphology. This allowed 

for greater proton migration and, hence, hydrogen pick-up. It was then thought that hydrogen build 

up occurred mostly at the metal oxide interface producing an eventual pressure that would break 

through the oxide layer allowing nodular corrosion at that site. The next proposed mechanism 

suggested that solute cations Fe2+, Fe3+, Cr3+ or Ni2+ could replace a Zr4+ site which could produce 

more oxygen vacancies in the ZrO2-x lattice. This creates an area with a “nearly depleted solute 

element and a near-stoichiometric oxide layer” which is unstable in any kind of corrosive 

environment producing a porous oxide layer. This then allows the transport of hydrogen and also 

oxygen for further corrosion. This particular idea has further evidence where Zircaloy-4 was 

subjected to lithiated water acting as the alkaline, corrosive environment [55]. The final idea 

suggests that corrosion is the result of larger second-phase particles that are in contact with the 

metal surface. It may be possible that grain boundaries of the larger second-phase particles allow 

transport of hydrogen into the metal matrix. Again, this would allow for an accelerated oxide 

corrosion in the local area. However, there is also evidence that suggests corrosion is the cause of 

hydrogen pickup. A coupled current charge compensation model of corrosion kinetics has suggested 

that a reduction in electron transport causes hydrogen ingress in order to close the reaction [48]. 

This is a large area of debate between researchers as evidence can indicate particular kinetics of 

oxidation by interpretation but do not definitively cover all examples [66].  

Another structure to consider is the grain boundaries which can be considered as complex structures 

of the amorphous polymorph [3,4]. Figure 12 shows possible complexions of polycrystalline Ni 

ranging from low complexion (A) to higher complexion (C). 

 

Figure 12 Bilayer complexion of general grain boundaries in polycrystalline Ni [3]. 
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The amorphous grain boundary phase can produce under-coordinated and over-coordinated 

structures which represent an increase or decrease of intrinsic defects. They can also be regions in 

which extrinsic defects may segregate outside of the bulk material [67]. 

For the case of second phase precipitates, they are often crystals comprising of a number of 

elements as shown in Figure 13. The figure shows a particular precipitate which has been colourised 

to highlight the different phases. The precipitate is located at the metal/oxide interface with the 

primary dark blue background as the oxide layer and the lower pink shows the metal Zircaloy 

interface. The colours within the precipitate are red for Iron and green for chromium. It is also 

noteworthy that the precipitate itself oxidises which is highlighted in Figure 13 at the upper most tip 

where the chromium has high oxygen levels.  

 

Figure 13 Scanning transmission electron microscope image with dual electron energy loss spectroscopy RGB composite of a 
second phase precipitate at Zircaloy metal/oxide interface. Pink = Zr, blue = O, red = Fe and green = Cr [39]. 

In Figure 13, K. Annand et al showed that diffraction patterns provide evidence for a possible 

pseudocubic structures that did not fit the known tetragonal ZrO2 or Fe2O3 structures with a lattice 

parameter at roughly 4.7 Å. The work also does indicate that the second phase precipitates corrode 

in a manner where iron seems to be segregated into veins within regions that are yet to be oxidised 

where the rest of the precipitate is mixed chromium and zirconium oxides. Furthermore, it was 

found that around Zr2Fe precipitates, cracking occurred perpendicular to the metal oxide interface 

to the sides of the precipitate but, in contrast, Zr(Fe, Cr)2 precipitates showed cracks parallel to the 

metal/oxide to the above the precipitate and occasionally beneath [39]. This may be the result of the 

Pilling Bedworth ratio which can be seen as pressure as a result of lattice volume differences 

between phases. We will touch upon the Pilling Bedworth ratio in more detail in the next section.  

1.2.6. The Pilling Bedworth Ratio 
The Pilling Bedworth ratio is generally used for oxide layers at the metal/oxide interface and is used 

to describe the volume difference of unit cell between the metal crystal and the oxide crystal. As 

well as weight gained by the addition of oxygen, the unit cell also changes in volume resulting in 

reduced volume or increased volume. Where the volume is reduced, the ratio is below 1 which 

would form gaps between crystal boundaries. This offers poor protection and an increased rate of 

oxidisation. Where the ratio is between 1 and 2, the oxide layer volume is slightly greater than the 
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metal which results in compressive stress of the oxide and tensile stress to the metal. However, 

providing the higher ratio of 2 is not passed, this produces a partially protective layer preventing 

oxygen or hydrogen transportation to the metal surface as seen with stainless steel and Zircaloy. 

Should the volume ratio be greater than 2, the compressive stress becomes too much for the oxide 

to remain uniformly on the metal surface producing dislocations and overlapping which offers little 

protection as shown on Figure 14. 

 

Figure 14 Visualisation of the Pilling Bedworth ratio. To the left, a ratio less than one. The middle is between 1 and 2 and 

the right has a ratio greater than 2 [2].  

The pilling Bedworth ratio of Zr to ZrO2 is 1.56 which is adequate to hold continuous coverage but 

would cause some compressive stress [68]. It has been found that 1 μm of zirconium alloy produces 

1.56 μm thickness of zirconia (Zirconium dioxide)[48] but has also been found to be as low as 1.48 

with a value of 1.51 based on lattice parameters [39]. In contrast, Zr2Fe fully oxidised has a value of 

1.67 which could be the mechanism for crack formation. The difference between the ZrO2 and fully 

oxidised Zr2Fe produces a compressive stress of the Zr2Fe and tensile stress of the ZrO2. This strain is 

along the growth direction of the crystal which results in cracks parallel to the metal oxide interface 

as mentioned before. For a fully oxidised mixture of monoclinic ZrO2, Cr2O3 and α-Fe2O3, these have 

a Pilling-Bedworth ratio of 1.89 [39]. However, as noted and shown in Figure 13 the iron is often 

oxidised in veins within the precipitates which reduces the ratio. This is further reduced by the 

addition of ZrCr2 which has a ratio of 1.78. A combination of these reductions provides an actual 

ratio of about 1.53 [39] which can be comparable to the surrounding oxide matrix of 1.51. This does 

not account for un-oxidised chromium within the precipitate which could lead to a lower ratio 

producing smaller cracks parallel to the metal/oxide interface above the precipitate and occasionally 

below. This could explain why a higher iron ratio to chromium results in increased crack formation. It 

is worth noting that the tetragonal ZrO2 has been categorised as “partially protective” throughout 

this document. This is, predominantly due to the pilling Bedworth ratio of the oxide layer to the 

metal. There are, however, reasons to believe that this is not the case. The main reason for this is 

that the Zircaloy product ZIRLO produces a distinctively thin tetragonal zirconium oxide layer and 

exhibits prolonged resistance to corrosion over other Zircaloys [50]. This indicates that lattice 

matching between the metal and oxide layers may not be as pivotal in corrosion prevention as 

previously thought. Understandably, the oxide development of zirconium alloys has been of high 

interest for many years and has been extensively investigated [69–83]. But little is known about the 

mechanisms behind lithium accelerated corrosion.  

1.2.7. Lithium Accelerated Corrosion 
In the case of stainless steels, experimental evidence supports that oxide corrosion can be reduced 

when subject to lithiated water [52]. It is thought, in stainless steels, that lithium has a higher 

potential to form a bond with oxygen resulting in a lack of oxygen available to form oxide layers at 

the metal oxide interface[24].  

Tests have been conducted using borated (H3BO3) and lithiated (LiOH∙H20) water at high 

temperatures to find the levels of corrosion by oxidisation on stainless steel [84]. These showed that 

a higher level (ppm) of lithium within solution at 300oC (573.15 K) produced a higher pH level by 

calculation, which is to be expected. In PWR reactors, current levels of H3BO3 are 900 – 1800 ppm 

(by weight) with LiOH being 2 – 5 ppm lithium to bring the pH range between 6.9 and 7.4 at high 
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temperatures [85]. Whilst this solves an acidic corrosion problem, it also brings an additional 

problem of higher radiation dose rates and crud. To address this, zinc is added to the coolant [85]. 

These previous works focus mainly on the stainless-steel corrosion levels but do investigate the 

possible oxide solubility levels that could prevent the corrosion and oxide build up on the fuel 

cladding materials. The results from both papers showed some promise on pH levels by varying just 

the lithium levels for the former or both the boron and lithium levels with Zn included with the later 

shown in Table 5 Compositions of testing coolant solutions (ppm, by weight). Zinc NOT included 

[84][84] Table 5 and Table 6: 

Table 5 Compositions of testing coolant solutions (ppm, by weight). Zinc NOT included [84]. 

B as H3BO3 (ppm in H2O) Li as LiOH∙H2O (ppm in H2O) pH at 573.15 k 

1500 2.2 6.8 

1500 23 7.7 

1500 230 8.6 

1500 690 9.1 

 

Table 6 Compositions of testing coolant solutions (ppm, by weight). Zinc included as ZnO at 10 ppb [85]. 

B as H3BO3 (ppm in H2O) Li as LiOH∙H2O (ppm in H2O) pH at 573.15 k 

1500 2.3 6.9 

1200 3.6 7.1 

900 5.0 7.4 

 

In comparison, a large increase in lithium is required in order to make small changes in pH where the 

boron level is kept constant where zinc is not used, but small changes in lithium where boron levels 

are reduced have a similar trend where zinc is included. Though, because the presented results do 

not include the data of solutions without zinc in the later paper (Table 6), it is difficult to make an 

absolute comparison. It was later remarked that zinc should be tested in actual PWR reactors 

indicating a particular success [85]. In addition, an increased pH showed an increase in iron corrosion 

but a reduction in chromium corrosion. It was further noted that there was a distinct reduction of 

stainless-steel corrosion resulting from solutions where zinc was introduced. There are, however, 

potential issues that may become present when using lithium. 

Turning the attention to Zircaloy cladding, as already discussed, lithium has been found to accelerate 

corrosion. There are a number of papers that have experimental data to confirm this, but the 

mechanisms were elusive with hypotheses including substitutional lithium in zirconia sites increased 

anion vacancies, formation of Li2O in oxide films produced pores in the cubic ZrO2 allowing further 

corrosion and, finally, LiOH alters the corrosion crystal growth producing crystals with a reduced 

volume [26,86,87]. Figure 15 provides some experimental data highlighting the level of lithium 

within a sample after a set time within an autoclave [24]. The recommended lithium content for 12-

month cycles is 2.2 ppm and for 18 months 3.5 ppm according to the paper. For this experiment, the 

lithium content is set to 1.5 ppm for the lower scale and 70 ppm to highlight any difference at much 

higher levels of lithium. From Figure 15, it is easy to see that at lower lithium levels, after the 

suggested barrier layer, there is an almost uniform level of lithium within the oxide layer even after 

360 days. However, with 70 ppm, there was a significant increase in lithium concentration after 50 

days which remained consistent up to 150 days before another significant increase up to 204 days 

within the autoclave.  
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Figure 15 Lithium (ppm) in oxide layer from metal surface. a) (Bottom dashed line with no accelerated corrosion after 360 
days in the autoclave.) is 1.5 ppm Li and 650 ppm B. b) (Solid lines with a range of days in autoclave with strong accelerated 

corrosion at 204 days) is 70 ppm Li and 0 B using secondary ion mass spectrometry [24]. 

A continuation of the same experiment at 70 ppm lithium [88], it was found that the oxide grains 

that formed prior to strong lithiated accelerated corrosion were columnar oxide grains. After 

accelerated corrosion, smaller equiaxed grains were produced with open grain boundaries which 

had the potential to create porous pathways to further accelerate corrosion as seen in Figure 16. 
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Figure 16 Zirconium oxide before and after strong lithiated accelerated corrosion [88]. 

It was also noted that there was evidence to suggest that where potassium was used, in place of 

lithium, there was no evidence of accelerated corrosion [88]. The  summary suggests that the 

partially protective oxide layer had a reduction in depth, even in areas where lithium has not 

penetrated. It was thought that this may be a result of enhanced oxide production due to lithiated 

accelerated corrosion at higher oxide layers which allow this increased production but required 

further investigation. Subsequent experimentation has shown that an increase in boron within the 

water reduces the effect of lithiated corrosion and, more to the current subject, that the accelerated 

oxidisation as a result of lithiated corrosion does reduce the depth of partially protective oxide layer 

[26]. In relation to the reduced effect of lithiated accelerated corrosion, the evidence shows that 10 

ppm and 70 ppm lithium within the coolant chemistry has a similar oxide growth rate as that with no 

lithium introduced to the system at all where 650 ppm B is added as shown in Figure 17. However, 



23 
 

this would come at a cost where an increase in boron within the coolant will reduce the number of 

reaction events within the reactor and, in turn, reduce the overall efficiency and output. However, 

with levels experimented being only 650 ppm and current guidelines suggest 1000 ppm, this is well 

within guidelines.  

 

Figure 17 Corrosion oxide depth with A) no boron additive and B) 650 ppm boron within the water chemistry [26]. 

In addition to the experimental data obtained in relation to lithiated accelerated corrosion, LiOH can 

produce axial offset anomalies (AOA). Boron within the water accumulates in parts of the reactor 

with higher boiling areas (sub-cooled nucleate boiling) which can then combine to form Lithium 

Borate (LiBO2) within the crud layer [89]. Lithium borate absorbs neutrons generating a loss in fission 

events at the top of the reactor, reducing power. In 2001, 20 US reactors were known to have issues 

that were related to AOAs. One of which even reduced power output to 70% for several months 

[90]. Previous work investigated potassium in favour of lithium for, apparently, this very reason [89]. 

However, it is important to note that should boron still be used within the reactor, it can still 

produce lithium as a neutron reaction [91]: 

10B (n) →7Li (α) 
 

Equation 5 

Alternative additives have also been the subject of experimentation such as ammonium hydroxide 

(NH4OH) [55], sodium hydroxide (NaOH) [92] and, as mentioned, potassium hydroxide (KOH). 

However, where second phase precipitates are taken into account, it has been found that in high 

temperature lithiated water, the second phase precipitate does not begin to corrode until 300 nm 
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from the metal surface along with the ZrO2 where it was suggested that iron precipitates stabilise 

the tetragonal ZrO2 [39]. Whilst the evidence suggests that the tetragonal structure is partially 

protective, at best, if the tetragonal structure is protective, a change in alkaline additive whilst 

maintaining boron within the coolant chemistry might aid corrosion rather than prevent it.  

Simulations for the oxidisation process in lithiated water have been conducted and show that a 

higher lithium concentration does increase the rate of corrosion of Zircaloy and is known as lithium-

accelerated corrosion [1]. This has also been confirmed experimentally [55]. Through simulation, 

within the oxide layer, lithium becomes a positively charged interstitial defect which increases the 

level of free electrons, negatively charged oxygen interstitials and zirconium vacancies [2]. The 

lithium interstitials and zirconium vacancies reduce the volume of tetragonal ZrO2 which reduces 

compression stress and, so too, the Pilling Bedworth ratio which promotes the tetragonal oxides 

transformation to monoclinic [2]. Through simulation, the mechanism of volume reduction is that 

the positive lithium interstitial resides within the O-O bonds sharing the surrounding electrons of the 

oxygen. This reduced the ionicity and, in doing so, reduced the repulsion between the oxygen. This 

had been suggested to produces a 3.2% volume reduction in monoclinic ZrO2 and a 4.8% volume 

reduction in tetragonal ZrO2 [1]. 

The energy volume (E-V) profile can be fitted using the Birch-Murnaghan equation of state [1]: 
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Where V0 = the equilibrium volume, E0 = equilibrium energy, B0 = the bulk modulus and 𝐵0
′  = the 

isothermal derivative with respect to pressure. And in addition to this, the stress-volume (P-V) 

relationship: 
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This gives the enthalpy-stress relationship by calculating H = E + PV (where H is the enthalpy and E is 

the internal energy) at constant pressure (P) [1]. This paper and an additional follow up paper have 

used the electron shell structure 2s22p4 for oxygen and 4s24p64d25s2 for zirconium [1,93] and have 

made the zirconium vacancy quadruple negative charged: VZr’’’’ and the oxygen interstitial double 

negative charged: Oi’’. The Lithium is a positively charged interstitial: Lii
• 

Other metals were used as a pH buffer moving down group 1 of the periodic table. Over a 300-day 

time period, the corrosion weight gain for lithium was found to be 2500 mg/dm2 where the other 

metals were all less than 200 mg/dm2 [2]. The materials considered were LiOH (Lithium hydroxide), 

NaOH (Sodium hydroxide), KOH (Potassium hydroxide), RbOH (Rubidium hydroxide), and CsOH 

(Caesium hydroxide). Yang et al. considered this to be the result of the ionic radius of the element as 

an interstitial defect within the ZrO2. The ionic radius of Zr4+ is 72 pm and in order of size, Li+ = 76 

pm, Na+ = 102 pm, K+ = 151 pm, Rb+ = 161 pm and Cs+ = 174 pm. This made the other alkaline metals 

less likely to be situated in an interstitial site and, in addition, the other metals increased the volume 

of the tetragonal ZrO2 which prevents pores from forming as they do with lithium.  
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Figure 18 Volume change in ZrO2 with interstitial alkaline material in a) monoclinic and b) tetragonal ZrO2 [1]. 

There is also a possible mechanism that may aid the lithiated accelerated corrosion within a nuclear 

reactor. Under high energy radiation, it has been found that atomic displacements are quite 

common in zirconium [94]. Namely, Frenkel pairs, where an atom is forced out of its normal lattice 

location and placed elsewhere as an interstitial. This produces a vacant site that may allow 

substitution. For example, should a zirconium atom become displaced, this opens a vacant site for a 

lithium atom. The reduction in repulsion of the surrounding oxygen atoms will reduce the volume of 

the lattice at the site. The volumetric simulations produced by Yang et al., however, have not 

identified the plausibility through solution energies that would need to be calculated in order for 

such an interstitial or substitution to be a viable prospect in the bulk ZrO2 structures. Though, it is an 

area where further investigation would need to take place and forms the basis for the first 

hypothesis. Could the accommodation of lithium into the bulk oxide produce a volume change that 

would reduce the volume of the crystals and promote pore growth allowing oxygen to ingress into 

the metal? 

To investigate the solution of lithium into the bulk oxide further, the phase diagrams for LiZrO do 

follow similar trends in publications where physical experimentation and calculation are used: 
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Figure 19 Li2O-ZrO2 Phase diagram from 1991 [95].  Figure 20 Li2O-ZrO2 Phase diagram from 1989 [96]. 

As seen in Figure 19 and Figure 20, most phase diagrams do not show a solid solution of lithium into 

the bulk ZrO2. There are, however, exceptions.  

 

Figure 21 Phase diagram of ZrO2 and Li2O (with Li2CO3) showing a small amount of Li solid solution to the far left from 1981 
[97]. 
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 Figure 21 shows a possibility for lithium to form solid solution into both monoclinic and tetragonal 
ZrO2. This marked a position in which to begin the investigation.  

1.2.8. Literature hypotheses for Lithium Accelerated Corrosion to Guide a Plan 
Through the literature review, there were two main areas in which to investigate. The most basic 

start would be to look at the bulk material. This is because it had the most historically well-defined 

structures for simulation and would be the most productive start to the investigation. It could 

answer the question, does lithium accommodation in the bulk material reduce the volume of the 

oxide crystal and promote pores along grain boundaries as a result? 

The second hypothesis would require additional steps to produce a close to true amorphous 

structure through simulation and enable that structure to be calculated through density functional 

theory simulations. This hypothesis would investigate the possibility of lithium forming solution 

along complex grain boundaries causing a change in oxygen diffusion which could provide a highway 

for oxygen to the metal oxide interface that was identified by Megan Owen et al. [27]. As 

mentioned, grain boundaries can range between little thickness and disorder to disordered 

amorphous structures that may provide a location for defect segregation.  

 

Figure 22 High resolution microscopy of undoped UO2 (a and b) with thin and ordered grain boundaries and (c and d) at the 
bottom which show disordered grain boundaries with greater thickness [98]. 
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In Figure 22, a and b show well defined grain boundaries with little disorder or thickness and more 

complex grain boundaries with greater thickness in c and d.  

Once the possible solution of lithium, either within the grains themselves or the grain boundaries 

could be identified, this could then be used to experimentally verify the results for validation.  
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2. Methodology 
When attempting to identify potential routes to investigate a particular problem, it is often quicker 

and cheaper to conduct simulations to gain an idea of plausibility for a hypothesis before moving on 

to experimental verification of the results. The simulation method selected is dependent on the 

scale in which the investigation is to take place. At the very small atomistic scale, first principal 

calculations may be conducted in the Å scale. This would be used to identify possible point defects 

that may be found within a structure. From there, molecular dynamics can be used which operates 

in the nm scale. As the name suggests, molecular dynamics identifies the molecular and atomic 

positions over time with a particular input criterion. Moving further up the scale, there are many 

methods which can be utilised such as kinetic Monte-Carlo or cluster dynamics. Given that our main 

objective is to identify the solubility of lithium into zirconia, first principle (Ab-initio) and molecular 

dynamics should be sufficient to identify the point defects and small defect clusters that may be 

expected. 

2.1. Atomistic Crystal and Amorphous Structure Modelling of Li doped ZrO2 
The crystal structures under investigation are the monoclinic and tetragonal phases of zirconia. Both 

of these structures are readily available in the Physical Sciences Data Science Service Inorganic 

Crystal Structure Database (ICSD) [99–102]. From this database, the monoclinic [103] and tetragonal 

[104] structures were used. From here, defects could be added to both structures and analysed 

using ab-initio simulation software.  

The amorphous structure, however, was not readily available and needed to be produced using 

molecular dynamics. By melting a larger structure and rapidly quenching it, this could produce a 

good amorphous representation. The resulting structure, however, was much too large to analyse 

point defects through ab-initio software and needed to be reduced. For this, reverse Monte-Carlo 

was used to maintain radial distributions of the amorphous structure atoms whilst minimising the 

structure size to one that could then be used in the ab-initio software, much as was the case with 

the crystal, bulk, structures. Due to more steps being involved in creating the amorphous structure, 

and that the methods both eventually converged, the order in methodology will be of the 

amorphous structure simulations.  

2.1.1. Molecular Dynamics 
LAMMPS is the Large-scale atomic/molecular massively parallel simulator which uses potentials to 

gain a large-scale simulation of molecular dynamics [105]. LAMMPS has the ability to model solid, 

liquid and gaseous materials and the transitions for metals, ceramics and oxides, amongst many 

others. LAMMPS uses the Newtonian equations for motion and can use pairwise potentials to obtain 

the optimal atomic separation.  

𝐹 = 𝑚𝑎 Equation 8 
 

Equation 8 shows Newton’s second law of motion which states that the force of on object, F, is equal 

to the mass, m, times by acceleration, a.  

�⃗� = −∇⃗⃗⃗𝑈 Equation 9 

 

Equation 9 shows the vector for Newton’s second law where U is the potential of the object and �⃗�  is 

the gradient, with respect to the vector, [109] 
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When the pairwise potentials are applied to the objects, whether atomic or molecular, with the 

relative coordinates, the objects are relaxed into favourable locations with respect to each other in 

the surrounding area. By increasing pressure/temperature on the structure, this can result in altered 

separation between objects. This is a very simplified representation of how LAMMPS works, as the 

potentials used require a great deal of derivation from electron density to many-body effects 

including angular terms and screening effects between atoms. The used potentials usually have an 

empirical basis and are specific to the atoms/molecules being calculated. For example, in the 

structure calculated in this work, the potentials were developed for fluorite structured actinide 

oxides [106,107]. 

To create the amorphous structure a method previously used in the literature by Megan Owen et al. 

was followed [27]. A 6144 atom supercell was used containing 2048 formula units of cubic ZrO2. This 

was heated at 10 K/ps to 5000 K from 300 K to allow the structure to become entirely molten and 

amorphous using the NPT isothermal-isobaric thermodynamic ensemble which used the Nosé-

Hoover thermostat and barostat [108]. This was then rapidly cooled back to 300 K at 2.35 K/ps and 

then further relaxed for 1000 ps at 300 K. This ensured that the amorphous structure would be 

maintained. The atomic interaction potential model used was the Cooper-Rushton-Grimes (CRG) 

multi-body pair potentials [106,107].  

2.1.2. Reverse Monte-Carlo 
Reverse Monte-Carlo is a method used to reduce a molecular dynamics supercell, (8 x 8 x 8 unit 

cells) down to a supercell that can be used efficiently in ab initio calculations (around 100 atoms 

with 2 x 2 x 2 unit cells) without losing the main structural properties. This method was developed 

and tested by Michael Rushton et al. [109]. The details of the molecular dynamics cell were provided 

for the calculation including the total number of atoms, including species, and atom positions. The 

partial radial distribution, atomic density, atomic species concentration, separation distances, and 

total structure factor were calculated. These values are the “measured” values.  

The structure was reduced in size from 6144 atoms down to 96 atoms by Fourier transform of the 

partial radial distribution function. From this, the partial structure factor was calculated and then the 

total structure factor was calculated. The root mean squared (RMS) difference between the 

measured total structure factor and the calculated total structure factor were compared. A random 

atom was selected and moved within a stipulated maximum distance. If the move resulted in atomic 

distances becoming too close, the move was rejected, otherwise, the move was accepted. After the 

move, the partial radial distribution function, partial structure factor and total structure factor were 

recalculated. If the RMS difference between the new calculation was less than that of the previous 

calculation and the measured value, the move was accepted. If the move produced a greater value 

difference, this could still be accepted if within the Metropolis Hastings algorithm [110]. This was 

repeated until the difference oscillated in equilibrium.  

2.1.3. Density Functional Theory 
The ab initio simulation used was VASP (Vienna Ab initio Simulation Package) which uses Density 

Functional Theory (DFT) to identify the ground state energy of a given structure. Energy calculations 

analyse ground state energies and electronic properties resulting from atomic position variations 

within a structure. The motion of electrons resulting from atomic nuclei position forms the basis of 

the calculation of the structures ground state energy [111–114]. 

The Schrödinger equation is used to calculate the ground state energy for electrons moving in a field 

of nuclei. For simplification, the problem can be broken into two parts. The Born-Oppenheimer 

approximation is used to calculate the electron and nuclei problems separately [115]. For the nuclei 
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calculation, the adiabatic potential energy surface function is used [115]. This is given as the ground 

state energy, E, as a function of nuclei, M, at position, R; E(R1,…,RM). This can then be applied to 

solve the problem including electrons with the time-independent, nonrelativistic Schrödinger 

equation Ĥ𝜓 = E𝜓 where Ĥ is the Hamiltonian operator and ψ are the eigenstates (set of solutions) 

[115]. Each Eigenstate solution, ψn, has an eigenvalue, En. Expanding the Schrödinger equation for 

interacting multiple j electrons and nuclei gives the following equation [115].  

[
ℏ2

2𝑚
∑∇𝑖

2

𝑁

𝑖=1

+ ∑𝑉(𝑟𝑖)

𝑁

𝑖=1

+ ∑∑𝑈(𝑟𝑖, 𝑟𝑗)

𝑗<𝑖

𝑁

𝑖=1

 ] 𝜓 = 𝐸𝜓  Equation 10 

 

Where ħ is the Plank constant and m is the mass of the electron. The bracketed three terms from left 

to right are the kinetic energy of each electron, the interaction energy between all atomic nuclei and 

each electron, and the interaction between each electron. E is the ground state energy of the 

electrons and ψ is the electron wave function containing the spatial coordinates of each electron: ψ 

= ψ(r1,…,rN) [115].  

Hohenberg and Kohn proved a theorem stating that “the ground-state energy from the Schrödinger 

equation is a unique functional of the electron density.” [115]. This was followed by the second 

theorem “The electron density that minimizes the energy of the overall functional is the true 

electron density corresponding to the full solution of the Schrödinger equation.” [115]. These are 

extremely useful tools that are utilized to simplify the Schrödinger equation down to three 

dimensions in total, rather than three dimensions per electron. It also states that the electron 

density could be altered until the energy from the functional is minimized.  

Another proved simplification which makes DFT a viable computational option is that of Kohn and 

Sham [115]. This involved solving the Schrödinger equation for a single electron at a time to create a 

set of equations. These equations are similar to the Schrödinger equation already presented with 

some alterations. The summations are removed and there is an addition of the Hartree potential. 

This is the Coulomb repulsion between the currently calculated electron and the combined electron 

density of all other electrons [115]. 

The self-consistency of the Kohn and Sham simplification can be solved by a series of steps. First, a 

trial electron density could be applied. Solve the Kohn and Sham equations with trial electron 

density to produce single particle wavefunctions. Calculate the electron density from the Kohn and 

Sham single particle wavefunctions. Compare the calculated electron density with the Kohn and 

Sham equations electron density. If the densities are the same, the electron density is at the ground 

state. If the values are different, the trial density should be altered and repeat the steps again.  

The exchange-correlation function is required to identify the electron density at each point in space. 

This is, however, an unknown value and requires approximations. The simplest approximation is that 

of a homogeneous uniform electron gas [115]. Because this is used to calculate each exchange-

correlation at each point in space, this is called the local density approximation (LDA). With locally 

calculated approximations, a generalized gradient approximation (GGA) can be applied to the local 

electron density. Further refinements to the GGA have been made where the most widely used 

approximation is the Perdew-Burke-Ernzerhof (PBE) [116] which have been used for all calculations 

within this work.  
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Electrons which are closest to the core of an atom are not usually of any interest where the outer 

valence electrons are more likely to provide interactions or information of a materials 

characteristics. To further simplify the simulations, the electron potentials for each atom species can 

be split between simple approximations for fixed core electrons whilst maintaining reliable 

properties of the outer valence electrons. This splitting of electron potentials is known as 

pseudopotentials. The most widely used pseudopotentials are the project augmented wave (PAW) 

potentials and have been used throughout this work.  

When conducting calculations on periodic structures, it is more convenient to solve the equations in 

reciprocal space on primitive cells. The reciprocal space primitive cell is known as the Brillouin zone. 

The convenience associated with this is that Bloch’s theorem which states that the periodic potential 

for the wavefunction of an electron can be solved in reciprocal space [115]. The sampling points of 

the Brillouin zone are known as the Bloch vectors or k-points. The central point of the Brillouin zone 

is the gamma (Γ) and when used, as part of the calculations, a gamma k-point mesh is centred 

around the gamma point. The more popular k-point mesh used is the Monkhorst-Pack [115]. This 

samples the Brillouin zone with a homogeneously spaced mesh. The Monkhorst-Pack k-point mesh 

was used throughout this work.  

In general, a higher number of k-points would logically indicate a higher degree of accuracy, but this 

is at the expense of computational cost. Convergence testing, however, can be used to identify 

sufficiently accurate calculations with minimal computational cost. A 4x4x4 k-point mesh proved to 

be more than sufficient and was used throughout this work. Additional convergence testing was also 

used to identify the stopping criteria. The electronic relaxation stopping criteria was set to 1 x 10-4 

eV with an atomic relaxation stopping criterion of 1 x 10-3 eV. The cut-off energy was set to 500 eV 

for the plane-wave-basis set.  

Calculated defects were placed in multiple positions, including Wykoff positions for the bulk crystal 

oxides and random positions within the amorphous structures to identify the most suitable location.  

2.1.4. [121]Defect Solution Energies 
The defect solution energies were straight forward to calculate and simply identified the difference 

between the ground state energy of the initial combined reactants and the energy of the combined 

products produced. The solution energy can give an indication of plausibility for defects to form 

within the subject structures. Solution energy equations use Kröger-Vink notation which will be used 

for the remainder of this document [117,118]. Defect interstitials are represented as a subscript “i” 

of the particular element. For example, a lithium interstitial would be given as Lii. A vacancy is given 

as a “V” with a subscript element such as a oxygen vacancy VO. A substitution is given by the 

substituting element with the element being replaced as a subscript. For example, lithium on a 

zirconium site would be presented as LiZr. Defects can have a charge associated with them and with 

Kröger-Vink, this is represented as ‘ for a negative charge, • for a positive charge and x for a neutral 

charge. The number of each is representative of the charge such as •• is a +2 charge. A plus two 

charged oxygen vacancy would be given as VO
••. These can also be combined for cluster defects such 

as two lithium interstitials around a zirconium vacancy site with an overall negative two charge 

{Lii
••: VZr

′′′′}′′. Both sides of the equation should conserve atoms, charge and atomic sites. An 

example of a chemical equation is as follows.  

 

Li2ZrO3 + OO
× + ZrZr

× → {Lii
••: VZr

′′′′}′′ + VO
•• + 2ZrO2 Equation 10 
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Both the OO
× and ZrZr

×  occupy positions within the supercell solid structure and Li2ZrO3 is introduced 

as a reactant.    

2.1.5. Formation Energy against Fermi Level 
The formation energy vs Fermi energy plots produce an indication of the formation energies 

associated with the Fermi level across the bandgap energy. To calculate this, VASP can be used to 

provide the bandgap energy and the ground state energy difference between the defect structure 

and the structure containing no defects which can be plotted vs Fermi level. In this work, the 

software DefAp 2.7 was used [119]. 

The calculation is made with the following equation.  

 

∆𝐻𝐷,𝑞(𝐸𝐹 , 𝜇) =  [𝐸𝐷,𝑞 − 𝐸𝐻] + ∑𝑛𝑖𝜇𝑖

𝑖

+ 𝑞𝐸𝐹 + 𝐸𝑐𝑜𝑟𝑟 Equation 12 

 

∆𝐻𝐷,𝑞(𝐸𝐹 , 𝜇) is the calculated ground state defect formation energy at the given Fermi level.  

[𝐸𝐷,𝑞 − 𝐸𝐻] is the difference in ground state energy where ED,q is the defect structure energy with 

charge q, EH is the energy of the host structure without defects.  

∑ 𝑛𝑖𝜇𝑖𝑖  is the chemical potential where ni is the number of atoms added or removed (+1 for atom 

removed, -1 for atom added), µi is the chemical potential and i is the atomic species.  

𝑞𝐸𝐹 is the charge of the defect, q, multiplied by the given Fermi level across the Bandgap.  

𝐸𝑐𝑜𝑟𝑟  is defect-defect charge interaction with periodic images. This is calculated using the following.  

𝐸𝑐𝑜𝑟𝑟 =
𝑞2𝑣𝑀

𝑠𝑐𝑟

2
=

𝑞2𝛼

2𝜖𝐿
 Equation 13 

 

The screened Madelung potential, 𝑣𝑀
𝑠𝑐𝑟, is used for a point charge general dielectric within a 3-D box 

and is generally used for cubic supercells (other options available for non-cubic supercells [120]) 

where 𝑣𝑀
𝑠𝑐𝑟 =

𝛼

𝜖𝐿
 and α is the coefficient 2.837, 𝜖 is the dielectric constant of the host material and L 

is the length of the host supercell.   

2.1.6. Brouwer Diagrams 
Brouwer diagram calculations can provide an indication of possible defect concentration through a 
material measured as the partial pressure of oxygen. Producing the Brouwer diagrams utilised the 
same software that was used to produce the formation energy vs Fermi energy diagrams [119]. The 
DFT energy values were required with constant volume calculations to provide a defect dilution 
limit, which is convention [119,121].  

Historically, Brouwer diagrams used simple calculations where the partial pressure of oxygen was 
split to three areas (low, medium and high).  
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Figure 23 Basic Brouwer diagram with three sections of high (right) medium (middle) and low (left) partial pressure of 
oxygen [122]. 

The Brouwer diagram above (Figure 23) shows defect concentrations of defects on the y-axis at 

changes in partial pressure of oxygen on the x-axis. In general, the partial pressure of oxygen is 

analogous to the depth within the material. At high partial pressures to the right, this can be 

considered as the water/oxide interface, in our case. To the left, this can be considered working 

towards the metal oxide interface.  

The sum of charge multiplied by defect energies should sum to zero throughout the partial 
pressures. First, the chemical potentials are calculated and then the defect concentrations are 
calculated. The equations used to calculate Brouwer diagrams are as follows [123]. 

 

𝜇𝑍𝑟𝑂2(𝑠𝑜𝑙𝑖𝑑) = 𝜇𝑍𝑟(𝑇, 𝑃𝑂2) + 𝜇𝑂2(𝑇, 𝑃𝑂2) Equation 14 

 

In Equation 145, the chemical potentials for each constituent, per formula unit, is given by µ with the 
partial pressure of oxygen given as 𝑃𝑂2

 at temperature T. To calculate the concentrations of each 

defect to form the Brouwer diagram, the charge of each defect multiplied by the sum of all defects 
must be equal to zero with the following [123]. 

 

 

∑𝑞𝑖𝑐𝑖

𝑖

− 𝑁𝑐 exp (−
𝐸𝑔 − 𝜇𝑒

𝑘𝐵𝑇
) + 𝑁𝑣 exp (−

𝜇𝑒

𝑘𝐵𝑇
) = 0  Equation 15 
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In Equation 15, from left to right, the first term is the sum of defect charges. The next term is the 
concentration of electrons, and the last term is hole concentration where qi is the charge of the 
defect. ci is the concentration of the defect. Eg is the band gap. µe is the electron chemical potential 
(also the Fermi Level at zero Kelvin). kB is the Boltzmann constant. T is the temperature. Nc is the 
density of the conduction band. Nv is the density of states of the valence band. The temperature 
used within this work was set to 635 K as the general operating temperature of PWR reactors.  

2.2. Experimental Techniques 
Once the simulations provided a solid indication for an area of further investigation, synthesis and 

characterisation of the samples could begin.  

2.2.1. Synthesis of undoped and Doped ZrO2 
To create amorphous ZrO2, a plan was made loosely based on previous works [124] where, in place 

of zirconium nitrate, lithium hydroxide and ammonium hydroxide, zirconium butoxide, lithium tert-

butoxide and butanol was used. 

A solution of LiOC(CH3)3 in n-butanol (12.5 mM, 100 mL) was prepared using the following 

procedure: Lithium tert-butoxide (0.1 g, 12.5 mmol) was weighed using a glovebox analytical 

balance. The powder was then removed from the glovebox and transferred to a glass beaker. A small 

amount of n-butanol was added, and the beaker swirled to dissolve the contents. The solution was 

then poured into a volumetric flask (100 mL) and made up with n-butanol.  

To create amorphous ZrO2, Zirconium n-butoxide Zr(OC4H9)4 solution (7 mL, 2.19 M, 80 wt % in n-

butanol) was added to a round bottom flask (100 mL) and stirred whilst mixing in (not for pure ZrO2 

but Li doped ZrO2) lithium to create Li - ZrO2 in a butanol solution. This was then stirred for 1 hr at 70 

°C under reflux. Deionized water (equivalents listed below) was added dropwise, and the resulting 

mixture stirred under reflux at 70 °C for 2 hrs. The reflux apparatus was removed, and the solution 

added to a flat bottom flask, and the mixture stirred overnight at 90 °C on a magnetic mixing 

hotplate until the solvent evaporated completely. The completed experiment resulted in a fine 

powdered Li doped amorphous ZrO2.  

Table 7 shows the sample masses required to gain the desired lithium defect concentration.  

Table 7 Lithium tert-butoxide mass used to produce required lithium concentrations. 

Li concentration (% mol) Li tert-butoxide mass (g) Deionized water (mL) 

0 - 1.13 

0.1 0.0013 1.13 

1 0.013 1.13 

5 0.0658 1.13 

10 0.13 1.4 

20 0.246 2 

30 0.39 3 

40 0.52 4 

50 0.615 5 

60 0.738 5 

 

Using slightly higher volumes of deionised water ensured hydrolysis of Li tert-butoxide and 

zirconium n-butoxide where any additional water would evaporate.  
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2.2.2. Raman Spectroscopy 
Raman spectroscopy is a method to identify molecular characteristics of a sample. It can be used to 

analyse the structure of ZrO2 up to the metal oxide interface [26,125]. A sample is subject to an 

incident laser and is inelastically scattered. The  molecular bonds vibrate and absorb specific 

wavelengths resulting in a reduced energy light to be emitted from the sample. The Raman 

spectrometer filters out any reflected light of the same wavelength of the initial laser. This results in 

a spectrum of light with higher intensities associated with the specific wavelengths resulting from 

energy loss through molecular phonons. For extremely pure monoatomic samples, such as diamond, 

this would result in one narrow and high intensity peak associated with the carbon molecule. For 

more complex structures, multiple lines may be present. Defects can cause peak broadening as well 

as peak shifts.  

The Raman spectrometer used in this work was the Bruker SENTERRA II with a 532 nm laser at 25 

mW of power. The aperture was set to 15 µm and the optical lens used a combination of 20 and 50 

times optical zoom. Five coadditions (repeated measurement at the same location) were used to 

reduce noise with an integration time of 1 second. 

2.2.3. X-ray Diffraction 
X-ray diffraction is a powerful method to identify crystal structures through changes in constructive 

interference produced when x-ray diffraction occurs. An x-ray source is aligned with a sample with 

an angle θ and a detector at the same, apposing, angle producing 2θ as shown in Figure 24.  

 

Figure 24 X-ray diffraction incident and reflection angle [126]. 

From the obtained XRD peaks, the Bragg’s equation can be used to identify the distance between 

the atomic layers.  

𝑛𝜆 = 2𝑑 sin 𝜃 Equation 11 
 

Where n is the peak number, λ is the x-ray wavelength, d is the distance between atomic layers and 

θ is the incident angle.  
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Bragg-Brentano reflection for powder diffraction was performed with the Malvern Panalytical Aeris 

XRD with an Empyrean Cu LFF HR X-ray tube. Limitations of XRD include no depth profiling and 

inability to identify amorphous structures. 

2.2.4. Scanning Electron Microscopy 
Scanning electron microscopy (SEM) uses a focused beam of electrons which results in back-

scattered and secondary electrons that are excited from the surface. The secondary electrons are 

detected producing a topographical visualisation of the sample surface as shown in Figure 25. 

Backscattered electrons, on the other hand, are electrons that originate from the electron source 

and are elastically scattered back out of the sample. The larger the atoms (higher atomic number) 

within the sample, the brighter the material region appears.  

 

Figure 25 Basic components of an SEM [127].  

The SEM can also be coupled with an energy dispersive x-ray detector (EDS) to identify the chemical 

composition of the sample. The electron beam used during SEM imaging can also cause x-rays to be 

immitted from the sample which provide a signature energy level associated with the specific 

elements present along with relative concentration. There is, however, a limitation where the 

dispersed x-rays have a very low energy from lithium, placing it in the noise range.  

2.2.5. Simultaneous Thermal Analysis with Mass spectroscopy and thermogravimetric 

analysis 
As the name suggests, the simultaneous thermal analyser (STA) can accomplish multiple tasks 

simultaneously providing thermogravimetric (TG), differential scanning calorimetry (DSC) and mass 

spectroscopy data whilst heating a sample. A sample can be placed within the furnace and the STA 

can be programmed to conduct specified heat, dwell and cool rates under different environments. 

TG can provide an indication of mass changes such as weight gain through oxidation and hydrogen 

uptake as well as weight loss during events such as changes in polymorph changes through, for 
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example, evaporation. The environmental and mass loss gas could be monitored through mass 

spectroscopy during the process. The DSC can monitor heat transfer between the internal furnace 

and the sample which could provide evidence of polymorph changes, melting and solidification.  

The STA with mass spectroscopy equipment used in this work was the Netzsch STA 449 F with the 

Netzsch QMS 403 Aëolos Quadro mass spectrometer, Figure 26. 

 

Figure 26 Schematic of simultaneous thermal analyser [128]. 

2.2.6. Scanning Transmission Electron Microscopes with Electron Energy Loss Spectroscopy 
Much like an SEM, a scanning transmission electron microscope (STEM) uses a focused electron 

beam focused on a sample. Where this differs from the SEM is that the samples are required to be 

100 nm or less in thickness as the electrons are required to pass through the sample. High resolution 

transmission electron microscopy can detect oxide grain morphologies as a result [125]. Each 

element reduces some of the energy of electrons through inelastic scattering at varying levels 

depending on the particular atom in question. As a result, Electron Energy Loss Spectroscopy (EELS) 

can produce a chemical map of the sample. 

The equipment used during this investigation was the JEOL ARM 200F (S)TEM operating at 200 kV 

equipped with a Gatan GIF Quantum 965 ER with EELS capabilities.  

2.2.7. Inductively Coupled Plasma Optical Emission Spectroscopy 
Inductively coupled plasma optical emission spectroscopy (ICP-OES) can provide the elemental 

concentration within a sample. ICP-OES excites orbital electrons to a higher energy level using a very 

high temperature plasma (~8000 K). When the electron returns to a lower energy level, light is 

emitted with a specific wavelength which can be attributed to a specific element. The atomic 

concentration can be identified through the intensity gained of the particular wavelength. In this 

work, the Agilent 5800 spectrometer was used.  
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3. Atomistic Modelling of Lithium and Alloying Additions in Bulk ZrO2 

 

The work in this chapter pertaining to lithium defects within the bulk oxide along with solution 

energies was published in the papers. 

“The accommodation of lithium in bulk ZrO2” in the Solid State Ionics Journal [129] (1st author) 

The contribution of the author to this work was all simulations and first draft manuscript creation.   

and in the Top Fuel conference proceedings “Lithium accommodation in ZrO2” [130]. (1st author) 

The contribution of the author to this work was all simulations and first draft manuscript creation.   

 

Previous work had hypothesised that lithium ingress into the bulk material may alter the volume of 

the structure [1]. This went on further to suggest that a lithium induced reduction in volume may 

open pores within the oxide which would explain the evident accelerated corrosion caused by 

lithium which was demonstrated under thermal gradient in autoclaves [55]. This chapter 

investigated the accumulation of potential intrinsic and extrinsic defects within the bulk zirconia 

structures to identify potential routes for lithium to accelerate the corrosion of the zirconium alloy 

Zircaloy-4.  

As discussed in chapter 1.2.5, there are two main polymorphs of bulk ZrO2 that are formed on 

zirconium alloys as a result of oxidation in water. Primarily, the tetragonal polymorph is observed to 

form at the metal oxide interface which is under compressive stress, and this gives way to the 

monoclinic polymorph through stress relief [47,51,131] as the thickness of the oxide layer grows and 

is less restrained by the metal substrate. The mechanism for this, typically between room 

temperature and 400 °C, is through the diffusion kinetics of moisture in-diffusion on oxygen 

vacancies [132].   

This chapter looks at the predicted intrinsic defect concentrations expected in each of these 

polymorphs of ZrO2 and then the change of intrinsic defects (defects occurring from the native 

material) concentrations that may be expected with the introduction of extrinsic defects (defects 

produced from a foreign element) by the alloying elements in the metal or from the reactor coolant. 

Any lithium defects that may be found within the oxide layer originate from the coolant water. The 

chromium, iron and tin defects have the potential to originate from the coolant water through 

corrosion of other primary loop components. But can also be found at the metal oxide interface 

because of alloying additions within the zirconium alloy itself. Defects included were interstitials, 

vacancies, and substitutions.  

Brouwer diagrams were utilised to produce an indication of defect concentration throughout the 

tetragonal and monoclinic oxide layer. Each defect or element may have an impact on other defect 

concentrations which will be assessed with the combined dopant Brouwer diagrams. The expected 

volume change of the oxide associated with the ingress of dopants will be reviewed and, finally, the 

solution energies will also be addressed to assess if the defects are soluble within the bulk oxide.  

To accomplish this, density functional theory (DFT) was first used to calculate the lowest energy 

configuration for each structure (perfect and defect structures) as described in chapter 2.1.3. Then, 

formation energy values across the bandgap were produced, as outlined in chapter 2.1.5. Brouwer 

diagrams were produced to provide an indication of defect concentrations, described in chapter 
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2.1.6, which also provided a base for expected volumetric changes associated with the concentration 

of combined defects. Finally, the solution energies were calculated from DFT reactant and product 

energy differences as given in chapter 2.1.4. 

By evaluating the lithium solubility into bulk ZrO2 along with possible concentrations, the overall 

change in bulk volume was simulated to address the hypothesis of volumetric reduction producing 

potential porosity in the oxide layers [133].  

It is worth mentioning that, due to the two polymorphs, this chapter is quite long. In addition to this, 

the number of lithium, chromium, iron and tin defects that have been found in the two bulk 

polymorphs produced complexities requiring a lengthy breakdown. An unfortunate conclusion to 

this chapter is that the solution of lithium was calculated and found to be unlikely in the bulk ZrO2 

oxide. For this reason, the chromium, iron and tin results for this chapter have been moved to the 

Appendix section. Whilst the results for this chapter are disappointing, the chapter provides a 

foundation of techniques used for further investigation and produced evidence that discounts the 

hypothesis that lithium will change the volume of the bulk oxide.  

3.1. Tetragonal ZrO2 (Undoped) 
The initial zirconium oxide layer that forms at the metal/oxide interface is tetragonal ZrO2. At 

equilibrium without extrinsic defects, intrinsic defects are still expected to form and can be assessed 

[175]. These defects include oxygen vacancies, zirconium vacancies, oxygen interstitials and 

interstitial zirconium. Each of these defects may also be associated with a charge (e.g., the +2 

charged oxygen vacancy [176]. The formation energy of each intrinsic defect could be plotted as a 

function of the Fermi level across the bandgap which was found to be 3.8 eV through DFT 

calculations, which confirms  previously calculated values [177]. Zirconium interstitials are calculated 

with a Fermi level outside of the bandgap range, so are omitted from the final calculations. 

Zirconium vacancy defects, including ionic charges of -1 to -4, produce a calculated plot of formation 

energy versus Fermi energy (the change of Fermi level across the bandgap). The general principle of 

formation energy diagrams is that a negative charged defect has a higher formation energy at the 

top of the valence band at EF = 0 and lower formation energy at the bottom of the conduction band 

at the top of the bandgap energy and vice-versa for positive charged defects. In simple terms, this is 

due to the “cost” of transferring electrons to and from a pseudo electron reservoir and the material. 

An increase in Fermi level is accompanied with an increase in electron energy level. For a positively 

charged defect, donating an electron at such high energies becomes increasingly difficult producing 

a higher formation energy. Because the formation energies are calculated using 0 K temperature DFT 

calculation values, there are no finite-temperature effects on the Fermi energy to consider.   
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Figure 27 Formation energy of zirconium vacancy with a range of charges across the Fermi energy of the bandgap of 
tetragonal ZrO2. 

The lowest formation energy defect is more likely to be the prevalent defect within the structure 

when competing with other defects of the same type, Figure 27. In the case of zirconium vacancies, 

the negative four charged defect, (VZr
′′′′),  is prevalent across the entire bandgap, so is likely to 

dominate. However, this does have a negative four charge and will require charge balancing from a 

positively charged defect, for example holes or positively charged point defects. 
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In the relaxed structure, the oxygen defects move away from the zirconium vacancy site in the x 

direction as seen in Figure 28. The atomic radii used for all structural figures in this document are 

based on experimental results outlined in literature known as the “Crystal” radii [134].  

Figure 28 Tetragonal ZrO2 with zirconium vacancy (green) 
position middle right. 
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Figure 29 Formation energy of oxygen vacancy with a range of charges across the Fermi energy of the bandgap of 
tetragonal ZrO2. 

For oxygen vacancy defects, the bandgap is shared, with respect to Fermi level, between the +2 

charged (VO
••) and the neutral charged oxygen vacancy defect (VO

×), Figure 29. The lowest part of 

the bandgap is given as zero on the plot and represents the valence band and to the right is the 

conduction band at the top of the bandgap at 3.8 eV. Where the Fermi level is close to the top of the 

valence band to the left, the oxide would be negatively charged favouring the plus two oxygen 

vacancy defect (VO
••). It would be expected that the plus two charged oxygen vacancy would follow 

electron concentrations. 
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In the oxygen vacancy structure (Figure 30), the remaining oxygen defects spread on the z-plane but 

did not affect the other surrounding atoms to any visually remarkable degree.  

Figure 30 Tetragonal ZrO2 with oxygen vacancy (Marked in blue) 
position middle. 
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Figure 31 Formation energy of oxygen interstitials with a range of charges across the Fermi energy of the bandgap of 
tetragonal ZrO2. 

For oxygen interstitials, Figure 31, we have introduced a “split” interstitial. This is where one oxygen 

atom is displaced, and an additional oxygen interstitial atom share a region around the original 

oxygen site. This split interstitial is found closer to the valence band (0 eV) to the left of the plot, 

where the negative two charged oxygen interstitial, (Oi
′′), is more favourable towards the 

conduction band on the right.  

Brouwer diagrams may be produced using the data from the formation energy vs Fermi energy 

calculations. 
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When viewing the structure of a split oxygen interstitial (Figure 32), the two oxygen atoms offset in 

the x-direction around the initial oxygen site but remain on the general z-plane without altering the 

surrounding atomic locations.  

 

Figure 32 Tetragonal ZrO2 with split oxygen interstitial (Circled 
blue) position middle right. 
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Figure 33 Brouwer diagram at 635 K of intrinsic defects in tetragonal ZrO2. The vertical black line shows the water oxide 
interface. 

 

The Brouwer diagram of intrinsic defects in tetragonal ZrO2 shows two main defects that follow the 

electron and hole defect concentrations, Figure 33. The (VO
••) defect concentration follows the 

electrons (red dashed) where the (VZr
′′′′) follows the hole concentration (purple dashed). The lower 

concentration of (VO
• ) causes a reduction of (VZr

′′′′) towards lower partial pressures of oxygen and, 

conversely, (VZr
′′′) and (Oi

′′) causes an increase in (VO
••) at higher partial pressures towards the water 

oxide interface. Establishing the expected intrinsic defects offers an indication of changes that may 

take place as a result of extrinsic defects, such as Li, Cr, Fe and Sn.  

3.2. Li Doped Tetragonal ZrO2 
Several defects were considered when applying lithium defects in tetragonal ZrO2 including 

interstitials, substitutions and small clusters. These included (Lii), (2Lii), (LiO), (2LiO), (LiZr), 

(2Li: VZr), and (2LiZr) with various charges. Only the lithium interstitials, (Lii), and the small defect 

cluster of two lithium interstitials around a zirconium vacancy site, (2Li: VZr), were identified as 

potentially stable and of consequence to defect populations in tetragonal ZrO2. All other defects 

were found outside of the bandgap when calculating formation energy vs Fermi energy.  
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Figure 34 Formation energy of lithium defects with a range of charges across the Fermi energy of the bandgap of tetragonal 
ZrO2. 

From the formation energy vs Fermi energy plot, the most stable defects are the +1 charged lithium 

interstitial, Figure 34, (Lii
•) and the -2 charged defect cluster (2Lii

•: VZr
′′′′)′′. The (Lii

•), green, is more 

likely to form close to the top of the valence band to the left of the plot, where the (2Lii
•: VZr

′′′′)′′, 

orange, cluster has a lower formation energy towards the top of the bandgap and bottom of the 

conduction band. However, when calculating the Brouwer diagrams, the extrinsic defect 

concentration is provided as a stipulated concentration where all other intrinsic defects are 

calculated around it. These means that the lithium concentration will be 10-3 overall, if stipulated as 

such. There is the ability to add an allowable deviation of extrinsic defect concentration, which 

becomes important when adding multiple different elements for extrinsic defects. The Li doped ZrO2 

Brouwer diagram provides an indication of defect concentrations based on the concentration of Li 

within the system. It does not, however, provide evidence of the solubility of Li into the system and 

this will be reviewed later in the chapter. The intrinsic defect Brouwer diagram is added to the figure 

to provide comparison with lithium doped ZrO2 at various concentrations. 
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The lithium interstitial has very little effect on surrounding atoms when considering local positions 

(Figure 35). There is, however, a slight change in location of oxygen atoms which move inward 

towards to the lithium interstitial.  

 

Figure 35 Tetragonal ZrO2 with lithium interstitial (blue) middle. 
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The two lithium interstitials around a zirconium vacancy site along with an oxygen vacancy (Figure 

36) show that the lithium interstitial defects are found in areas between oxygen sites. There is a little 

deviation, visually, in oxygen atom locations surrounding the cluster of defects.  

From this, the tetragonal zirconia Brouwer diagram containing lithium and intrinsic defects could be 

calculated to highlight defect concentrations throughout the tetragonal oxide layer.  

 

 

  

Figure 36 Tetragonal ZrO2 structure with the small cluster of 
two lithium interstitials around a zirconium vacancy site. 



51 
 

 

Figure 37 Li doped tetragonal ZrO2 Brouwer diagrams with the Li concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only. 
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The lithium doped tetragonal ZrO2 Brouwer diagram, Figure 37, is given in lithium concentrations 

between 10-3 and10-11 and compared with the Brouwer diagram only considering intrinsic defects. 

The vertical black line to the right of the plots shows an estimation of the water oxide interface. Blue 

represents defects containing Li, red are oxygen vacancies, purple are zirconium vacancies and green 

represents oxygen interstitial defects.  

The most evident intrinsic defect concentration changes that can be seen is at the highest 

concentration of extrinsic defects 10-3 Li in Figure X(a), as expected. All intrinsic defects are affected 

by lithium apart from (VO
×) and (VZr

′′′) which remain unchanged, with the exception of a small 

change in (VZr
′′′) at 10-3 Li concentration. The largest change is that of (VO

••) and (VZr
′′′′). At 10-3 Li, 

(VO
••) is shown to have a higher concentration through most of the partial pressure range. However, 

this is reduced to intrinsic levels around the water oxide interface. Conversely, (VZr
′′′) is shown to be 

repressed through most of the oxide with the exception of the water oxide interface, where it 

resumes intrinsic levels. The dominant lithium defects are the (Lii
•) and (2Lii

•: VZr
′′′′)′′ which combine 

to meet the stipulated concentration with (Lii
•) dominating at lower partial pressures and 

(2Lii
•: VZr

′′′′)′′ at the higher partial pressures. As the lithium concentration is reduced to 10-7, Figure X 

(b), a smaller deviation is observed when compared to the system only considering intrinsic defects, 

as is expected. Finally, with a lithium concentration at 10-11, c), the intrinsic defects are largely 

unchanged from zero lithium concentration Figure 37(d).  

3.3. Monoclinic ZrO2 (Undoped) 
After the tetragonal zirconium oxide layer at the metal oxide interface, the monoclinic oxide layer is 

found and extends to the water oxide interface. As with the tetragonal, this oxide layer may have 

intrinsic defects including oxygen vacancy (VO), zirconium vacancy (VZr), oxygen interstitials (Oi) 

and zirconium interstitials (Zri). It was also found with the monoclinic oxide that the zirconium 

interstitial was found outside of the bandgap so was omitted from further calculations. The bandgap 

in the monoclinic structure was found to be 3.5 eV which confirms previous work in the literature 

[177]. The defect formation energies were plotted starting with the zirconium vacancy having a 

negative two, three and four charge. The neutral and negative one charge defects were omitted, as 

these were found to be outside of the bandgap during calculations. 
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Figure 38 Formation energy of zirconium vacancy with a range of charges across the Fermi energy of the bandgap of 
monoclinic ZrO2. 

For the zirconium vacancy defects in the monoclinic structure, Figure 38, there is one clear defect 

that has the lowest formation energy across the bandgap and that is the negative four charged 

zirconium vacancy. This defect, however, does have a positive formation energy towards the valence 

band to the right but then has a negative formation energy from roughly 2 eV through to the bottom 

of the conduction band to the right. The negative three zirconium vacancy defect has a negative 

formation energy from roughly 2.7 eV through to the bottom of the conduction band. The negative 

two charged zirconium vacancy defect has a positive formation charge throughout the bandgap.  
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The monoclinic structure, by definition, looks less uniform than the tetragonal structure. But 

changes in atomic positions are still apparent. The zirconium vacancy structure (Figure 39) shows no 

big change in zirconium or oxygen positions over a perfect, relaxed, structure.  

Figure 39 Monoclinic ZrO2 structure with a zirconium 
vacancy defect (green) centre. 
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Figure 40 Formation energy of oxygen vacancy with a range of charges across the Fermi energy of the bandgap of 
monoclinic ZrO2. 

In the case of oxygen vacancy defects, the plus two charged defect shows the lowest formation 

energy towards the top of the valence band to the left, Figure 40. This defect is the only oxygen 

vacancy defect to have a negative formation energy which extend from the valence band to 

approximately 0.5 eV into the bandgap. It remains the lowest formation energy defect up to 

approximately 2.7 eV. This is followed by a small Fermi energy of plus one oxygen vacancy which is 

replaced by the neutral charged oxygen vacancy defect which has the lowest formation energy for 

the remainder of the band gap to the bottom of the conduction band. 
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In the monoclinic ZrO2 structure with an oxygen vacancy defect (Figure 41), the zirconium atom 

positions remain largely unchanged. The oxygen atoms also change slightly in position around the 

defect.  

Figure 41 Monoclinic ZrO2 structure with a oxygen vacancy 
(red) defect. 
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Figure 42 Formation energy of oxygen interstitials with a range of charges across the Fermi energy of the bandgap of 
monoclinic ZrO2. 

Finally, the oxygen interstitial shows two defects that share the lowest formation energies through 

the bandgap, Figure 42. From the top of the valence band, the neutral charged split interstitial has 

the lowest formation energy up to, roughly, 1.5 eV. From there, the negative 2 charged oxygen 

interstitial has the lowest formation energy to the bottom of the conduction band to the right. Only 

the negative 2 charged oxygen defect shows a negative formation from around 3 eV up to the 

bottom of the conduction band to the right. The neutral charged and the negative one defects do 

not have a lowest or negative formation energy across the band gap. 
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Much like the zirconium vacancy and oxygen vacancy monoclinic structures, the split oxygen 

interstitial structure, Figure 43, shows little change in zirconium and oxygen atom positions. The split 

oxygen defect is found slightly above the central point within the structure which slightly changes 

the surrounding oxygen atom positions.  

Figure 43 Monoclinic ZrO2 structure with a split oxygen 
interstitial. 
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Figure 44 Brouwer diagram at 635 K of intrinsic defects in monoclinic ZrO2. 

The intrinsic defect Brouwer diagram for monoclinic ZrO2, Figure 44, is not too dissimilar to that of 

the tetragonal. All defects, whilst maintaining the same trends, are at a reduced concentration when 

compared to the tetragonal Brouwer diagram. Where electrons and the plus two charged oxygen 

vacancy (VO
••) defects reach almost 10-5 concentrations at lower partial pressures, for the 

monoclinic, they reach almost 10-10. Because of the overall reduction in all defect concentrations, 

the neutral charged oxygen vacancy (VO
×) is bellow the 10-20 concentration cut-off and cannot be 

seen in the monoclinic Brouwer diagram. This is also the case for the negative three zirconium 

vacancy (VZr
′′′) and the negative two oxygen interstitial (Oi

′′). This does make for a more simplistic 

Brouwer diagram. A noteworthy difference in trends between the tetragonal and monoclinic 

Brouwer diagrams is that the split neutral charge oxygen interstitial (Oi
× − split) maintains the same 

concentration in both, which results in this defect sharing similar concentrations to the negative four 

zirconium vacancy defect (VZr
′′′′) at the highest partial pressure to the right. The (VO

••) defects closely 

follow the electron defect concentrations from the low partial pressure to the left of the diagram up 

to the roughly 10-20 atm partial pressure. Likewise, the (VZr
′′′′) closely follows the hole concentration 

at higher partial pressures to the right. Where both defects meet at roughly 10-20 atm, the oxygen 

vacancy defect (VO
••) deviates with an increase in concentration over the electron concentration 

towards higher partial pressures and the zirconium vacancy (VZr
′′′′) fluctuates from the hole 

concentration towards lower partial pressures. First, this shows an increase in concentration moving 

to the left, followed by a decrease. All other intrinsic defect concentrations seem unaffected by any 

other defect.  
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3.4. Li Doped Monoclinic ZrO2 
The first of the defects to be reviewed in the monoclinic structure is lithium. As with the tetragonal 

structure, the defects included were (Lii), (2Lii), (LiO), (2LiO), (LiZr), (2Li: VZr), (2LiZr), 

(LiZr: VO), and (2Li: VZr: VO) with various charges. And again, only the lithium interstitials, (Lii), and 

the small defect cluster of two lithium interstitials around a zirconium vacancy site, (2Li: VZr), were 

found to be within the bandgap during the calculations which resulted in all other defects being 

omitted. Due to the low number of possible lithium defects, these could be plotted on one 

formation energy figure.  

 

 

Figure 45 Formation energy of lithium defects with a range of charges across the Fermi energy of the bandgap in monoclinic 
ZrO2. 

For the lithium defect formation energy plot, Figure 45, the plus one charged lithium interstitial 

(𝐿𝑖𝑖
•) has the lowest formation energy towards the top of the valence band to the left. And the small 

negative two charged cluster (2Lii: VZr)
′′ has the lowest formation energy towards the bottom of 

the conduction band to the right. Both defects show a negative formation energy with the exception 

of the region between 1 and 1.5 eV Fermi energy which has a positive formation energy which 

coincides with the transition from (Lii
•) to (2Lii: VZr)

′′ of lowest formation energy. All other defects 

remain in positive formation energy, however, the negative one charged cluster (2Lii: VZr)
′ has a 

small negative formation energy at the very bottom of the conduction band to the far right. The 

neutral charged lithium interstitial and small cluster maintain a consistent, positive, formation 

energy. 
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The lithium interstitial in the monoclinic ZrO2 structure (Figure 46) shows only one subtle change in 

intrinsic atom position and that is with the two zirconium atoms either side of the lithium interstitial 

in the x direction which show separation of the zirconium atoms. But this does not affect any other 

atomic position.  

 

Figure 46 Monoclinic ZrO2 structure with a lithium 
interstitial (blue) centre. 
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For the cluster of two lithium interstitials around a zirconium vacancy site and an oxygen vacancy, 

Figure 47), there are very small changes in position of oxygen neighbouring defects which may be 

associated with the oxygen vacancy part of the cluster. 

With the collection of lithium defect formation energy calculations, the monoclinic Brouwer diagram 

could be produced.

Figure 47 Monoclinic ZrO2 structure with two lithium 
interstitials around a zirconium vacancy site with a oxygen 

vacancy. 
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Figure 48 Li doped monoclinic ZrO2 Brouwer diagrams with the Li concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only. 
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When viewing the highest lithium concentration of 10-3 per ZrO2, Figure 48, (a), both the plus one 

lithium interstitial (Lii
•) and the small cluster of negative two charged two lithium interstitials 

around a zirconium vacancy site (2Lii: VZr)
′′ dominate as the highest concentration defects across 

the partial pressure range. When reviewing the tetragonal defects earlier, the intrinsic defects held a 

much higher concentration in the absence of lithium, so were not affected quite so much as the 

monoclinic. The negative four zirconium vacancy defect (VZr
′′′′) is completely absent from the 

Brouwer diagram where the concentration is suppressed below the concentration range. The (VZr
′′′′) 

is replaced with the small negative one cluster (2Lii: VZr)
′ which follows the hole defect 

concentrations. There is a small concentration of neutral charged lithium interstitial defects (Lii
×) 

towards the lowest partial pressures to the right, but this defect does not appear to have any effect 

on the intrinsic defects. The most striking change is that of the plus two charged oxygen vacancy 

(VO
••) which has uncoupled from the electron concentrations and produces a linear concentration 

across all partial pressures. This results in a reduction in concentration at lower partial pressures to 

the left and an increase in concentration at higher partial pressures to the right towards the water 

oxide interface. The linear nature of this change looks to be a coupling with the lithium defect 

concentration of the negative two charged cluster (2Lii: VZr)
′′. It is likely that the plus one lithium 

interstitial (Lii
•) is charged balanced by the slightly lower concentration of the negative two charged 

cluster (2Lii: VZr)
′′. When the lithium concentration is reduced to 10-7 (b), we see a consistent 

reduction in the oxygen vacancy (VO
••), which remains linear, and the introduction of the zirconium 

vacancy defect (VZr
′′′′). This also coincides with the reduction in concentration of the (2Lii: VZr)

′ and 

the neutral charged lithium interstitial (Lii
×). When the overall lithium concentration is reduced to 

10-11, we begin to see more interactions between the defects as the lithium concentration becomes 

comparable to that of the intrinsic defects. The plus one charged lithium interstitial (Lii
•) reduces 

the electron concentration towards lower partial pressures to the left which coincides with a 

reduction in the negative two charged cluster (2Lii: VZr)
′′. Whilst the overall concentration of plus 

two oxygen vacancy (VO
••) decreases and the negative four zirconium vacancy (VZr

′′′′) decreases, this 

drop in electron concentration removes the linearity of both, causing an increase of (VO
••) and a 

decrease in (VZr
′′′′) at the lower partial pressures. Both the negative one small cluster (2Lii: VZr)

′ and 

the neutral lithium interstitial (Lii
×) have concentrations below the range given. Finally, (d) shows a 

return to the intrinsic defects only without any lithium.  

3.5. Volume Changes Due to Defects 
Previous simulation work in the literature has identified larger than expected changes in volume in 

structures when allowing volumetric relaxation using DFT on charged defects over neutral charged 

defects [179]. Whilst there are methods to mitigate this, for the purpose of this investigation, we 

attempted to identify overall changes in volume when all defects are combined in their respective 

concentrations. This is not to provide a specific value of volume change, but to identify trends 

associated with these changes.  

An increase in external pressure is expected to reduce the volume of the structure in all cases when 

applied. However, understanding the extent of compression, and its dependence on defects, may 

provide a method of pore growth or an increase in relative pressure resulting in 

mechanical/compressive failure. By reviewing a selection of defects for the tetragonal and 

monoclinic structures at pressures ranging from zero to three GPa, we can gain a general 

understanding of structural volume change under compression. Simply applying the volume change 

per defect multiplied by the defect concentration per ZrO2 was used to calculate relative volumetric 

changes.  
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Figure 49 External pressure from zero to three GPa in tetragonal ZrO2 neutral charge for a perfect (defect free) supercell 

(White), electrons (black), holes (black shaded), oxygen vacancy (red and red shaded), oxygen interstitial (green and green 

shaded), lithium interstitial (blue), and two lithium interstitials around a single zirconium vacancy (blue shaded). 

For the tetragonal structure, Figure 49, we can see a general trend of reduced volume associated 

with increased pressure for all defects. Whilst this was expected, it was helpful to confirm this and to 

find a fairly linear volume reduction due to pressure. Whilst the defect structures oxygen vacancy, 

oxygen interstitial, lithium interstitial and the small cluster of two lithium interstitials around a 

zirconium vacancy site all show a linear volume reduction associated with increased pressure, they 

all reduce at different rates. The plus one charged oxygen vacancy, neutral charged oxygen 

interstitial and plus one charged lithium interstitial all had the same gradient of volume change (28° 

or 1:2.246). The plus two charged oxygen vacancy had a reduced gradient (23° or 1:2.356), the 

negative one charged oxygen interstitial had a greater gradient (26° or 1:2.050) and the plus one 

charged lithium interstitial had a greater gradient still (28° or 1:1.881). The perfect structure, 

however, maintained a 20° gradient from zero to two GPa, at three GPa, the volume dropped 

substantially. The electrons, however, showed no consistent gradient through the change in 

pressure. The hole defect showed a rapid reduction in volume from zero to two GPa but levelled off 

at three GPa. Other than an expected reduction in volume due to volume change, there appeared to 

be no other trends that could be associated with the defect gradient differences.  
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Figure 50 External pressure from zero to three GPa in monoclinic ZrO2 neutral charge for a perfect (defect free) supercell 

(White), electrons (black), holes (black shaded), oxygen vacancy (red and red shaded), oxygen interstitial (green and green 

shaded), lithium interstitial (blue), and two lithium interstitials around a single zirconium vacancy (blue shaded). 

In the case of the monoclinic structure, there was a much greater volume change associated with 

the defects, Figure 50, and this will be reviewed later. All the structures had a linear volume 

reduction associated with pressure increase in the monoclinic structure. The volume change 

associated with pressure was much less than what was observed in the tetragonal structure. The 

perfect structure, holes, plus two charged oxygen vacancy, neutral charged oxygen interstitial, 

negative one oxygen interstitial, and the cluster of two lithium interstitials around a zirconium 

vacancy site all had a relative gradient of 7°. electrons had an 8° gradient and the plus one charged 

oxygen vacancy and plus one lithium interstitial had a 6° relative gradient. 

The tetragonal structure showed less volumetric difference between defects at a single pressure 

than what we see in the monoclinic structure. When pressure was applied, however, the tetragonal 

structure showed greater volumetric changes with increasing pressure. It was likely that the more 

uniform tetragonal structure withstood defects by subtle local atomic movements to the defect 

where the overall volume change is much lower when compared to the perfect structure. The 

monoclinic structure was a little less uniform where small local changes of atomic location had a 

knock-on effect on next nearest neighbours resulting in greater volumetric differences between 

defects overall. The monoclinic 2x2x2 supercell structure had 32 units of ZrO2 where the tetragonal 

structure has 36. Even so, the perfect tetragonal structure had a smaller volume than the monoclinic 

due to efficient atomic ordering. All defects found on the Brouwer diagram will, however, need to be 

reviewed to confirm this.  

Whilst the volume change associated with pressure produced fairly predictable results, finding the 

overall volume change associated with all defects combined could provide a clearer picture to 
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address hypothesis one (volume change could produce pores and accelerate corrosion). Using the 

defect concentration data gained from the Brouwer diagrams combined with volumetric data from 

constant pressure DFT calculations, the overall change in bulk ZrO2 structure volume could be 

calculated providing an indication of an increase in pressure or an increase in oxygen pathways.  

 

Figure 51 Defect volume change per ZrO2 in the tetragonal structure. 

When viewing all of the defects calculated within the tetragonal ZrO2 Brouwer diagram and the 

volume changes per ZrO2, Figure 51, many defects reduce the volume. There are, however, equal 

defects that increased the volume as there are that reduced the volume. The volume change ranged 

from -1.36 to 1.22 Å3 per ZrO2 with the greatest increase of volume from the iron substitution on a 

zirconium site with an oxygen vacancy and a negative three charge. The defect that reduced the 

volume the most was the chromium interstitial with a positive four charge. In the tetragonal 

structure, all lithium defects caused an increase in volume. The plus one charged lithium interstitial 

showed a small increase in volume, particularly when compared to the small cluster lithium defects. 

The volume of the perfect tetragonal structure was found to be 1267 Å3 with 36 ZrO2 units 

producing 25.2 Å3 per ZrO2.  
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Figure 52 Defect volume change per ZrO2 in the monoclinic structure. 

 

In the monoclinic structure, most defects caused an increase in volume where 20 defects caused an 

increase in volume and only 8 caused a decrease, Figure 52. The greatest increase in volume at 1.05 

Å3 per ZrO2 was caused by the small cluster of an iron substation on a zirconium site with an oxygen 

vacancy and a negative four charge, which is similar to that of the tetragonal structure. The defect 

that caused the greatest reduction in volume was the zirconium vacancy defect with a negative four 

charge. The small lithium clusters, again, caused an increase in volume. The lithium interstitial with a 

plus one charge, however, caused a reduction in volume. Previous work in the literature has shown a 

decrease in volume for the plus one charged lithium interstitial in both the tetragonal and 

monoclinic structures [180]. More so for the monoclinic structure than the tetragonal structure but 

understanding how this might affect overall volume change will provide a more complete picture.  

The volume change per ZrO2 could not be an accurate representation unless it was combined with 

the concentration of defects per ZrO2 which was provided by the Brouwer diagrams. Combining the 

data from both could produce an overall volume change through the oxide layer.  
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Figure 53 Combined volume change from the perfect (No lithium) tetragonal ZrO2 structure and all defects found in the 

Brouwer diagram showing the sum of all defects and concentrations per ZrO2 with lithium doped and undoped. 

When all defect volume changes were multiplied by the defect concentration found within the 

Brouwer diagram and summed, the overall volume change could be calculated from the water oxide 

interface (10−5.14 𝑃𝑂2
 𝑎𝑡𝑚) and through the oxide layer, Figure 53. For the tetragonal structure, the 

volume changed between the structures containing Li, Cr, Fe, Sn and the structure containing Cr, Fe, 

Sn (No Li) were virtually the same at first glance. Figure 53Error! Reference source not found. shows 

the change in volume from the perfect ZrO2 structure. Both the 10-3 per ZrO2 lithium concentration 

and no lithium structures showed very little change in volume from the perfect structure and 

remained at zero for most of the partial pressure range. However, at higher partial pressures, 

towards the water/oxide interface to the right, the volume dropped by -0.45 Å3 per ZrO2. This drop 

began at roughly 10−10 𝑃𝑂2
 atm all the way up to the water/oxide interface. Though, it is important 

to point out that the tetragonal structure is unlikely to be in contact with the water/oxide interface, 

as it predominantly resides towards the metal oxide interface as a thin layer before stress relief gives 

way to the monoclinic structure. 

Because the cladding material is an alloy, measuring the net volume change difference between the 

combined intrinsic and alloying additive defects and the forementioned including lithium defects in 

the tetragonal structure provided a more accurate depiction. 
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Figure 54 Volume difference (ΔV) between tetragonal ZrO2 containing Cr, Fe, Sn and tetragonal ZrO2 containing 10-3 Li, Cr, 

Fe and Sn across a partial pressure of oxygen range. 

The comparison in volume change between the tetragonal ZrO2 structure containing the alloying 

addition defects and the lithium doped with alloying addition defects could be considered as a much 

more representative indication of expected volume change due to lithium ingress, Figure 54. In 

general, lithium increased the volume of the structure overall with the highest volume increase at 

the water/oxide interface (0.0003 Å3 per ZrO2). Moving into the oxide layer, at around 

10−10 𝑃𝑂2
 𝑎𝑡𝑚, the volume difference drops where lithium reduced the volume of the alloyed 

structure down around -0.00005 Å3 per ZrO2. From the lowest partial pressure up to 10−25 𝑃𝑂2
 𝑎𝑡𝑚, 

lithium increases the volume consistently at 0.00023 Å3 per ZrO2. Overall, the change in volume 

between the alloyed structure and the lithium doped alloyed structure was very small when the 

defects were all given concentrations predicted in the Brouwer diagrams. With the lithium 

concentration being stipulated and constant across the partial pressure range, the dip in volume was 

a result of lithium affecting the concentration of other defects. In the 10-3 per ZrO2 lithium 

concentration Brouwer diagram containing all defects, the 10-3 per ZrO2 lithium increased the plus 

two charged oxygen vacancy whilst also reducing the negative four zirconium vacancy defects. Both 

of which produced a reduced volume in the tetragonal ZrO2 structure. The zirconium vacancy defect 

produced a larger volume reduction than the oxygen vacancy defect. The oxygen vacancy 

concentrations between 10—25 and 10-10 𝑃𝑂2
 atm, however, exceeded all other intrinsic defect 

concentrations when compared to the no lithium Brouwer diagram.  
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Figure 55 Combined volume change from the perfect monoclinic ZrO2 structure and all defects found in the Brouwer 

diagram showing the sum of all defects and concentrations per ZrO2 with lithium doped and undoped. 

When comparing the volume difference between the perfect monoclinic structure against the 

alloying defects and the combined alloying and lithium defects there was more disparity than what 

was given in the tetragonal structure, Figure 55. The monoclinic structures containing the alloying 

additions maintained no apparent change to the perfect structure with alloying defect 

concentrations provided in the monoclinic Brouwer diagram. With the addition of 10-3 per ZrO2 

lithium per ZrO2 showed an increase in volume from 10-15 𝑃𝑂2
 atm up to the water/oxide interface. 

This reached an increased volume up to 1.4 Å3 per ZrO2 at the water/oxide interface.  

Given that the volume change in the alloying defects without lithium appear to maintain a consistent 

volume similar to that of the perfect structure, it was no surprise that the change in volume between 

the alloy addition defects structure and the lithium doped alloying addition defects produced very 

similar results.  
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Figure 56 Volume difference between monoclinic ZrO2 containing Cr, Fe, Sn and monoclinic ZrO2 containing 10-3 Li, Cr, Fe 

and Sn across a partial pressure of oxygen range. 

When reviewing the monoclinic ZrO2 Brouwer diagram containing all defects, including lithium, it 

was apparent that the plus two charged oxygen vacancy defect concentration was increased greatly 

over the non-lithiated diagram, particularly towards the water/oxide interface. Should lithium form 

solution into the alloyed monoclinic structure, an increase in volume, predominantly at the 

water/oxide interface, has the potential to cause the outer oxide layers to form a compressed region 

and may even cause the outermost layers to break away, Figure 56. But this would require further 

investigation.  

3.6. Solution Energies 
Whilst calculations could be made to predict the formation energy of defects, the defect 

concentration and the volume change that may result from the defects within the structures, should 

a defect require external energy to form solution into the structure, it would make it unlikely to 

physically occur.  

Because Sn did not affect any other defect concentration, according to the Brouwer diagram, 

creating solution energy reactions became tricky as the inclusion of other defects to balance the 

equation were not apparent.  

The highest Sn defect concentration in the tetragonal structure was that of the small cluster 

(SnZr: VO)×, most reactions calculated produced a solution energy between 2.8 to 13.0 eV which 

were very high indicating a low likelihood of solution forming. There was, however, one reaction that 

produced a low solution energy.  

SnO2 + 3VO
•• + VZr

′′′′ + 2e′ → (SnZr: VO)× + 4OO
× Equation 17 
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Equation 17 produced a solution energy of -1.8 eV in the tetragonal structure indicating high 

solubility.  

For the monoclinic structure, the interstitial (Sni
••••) showed the highest defect concentration in the 

Brouwer diagrams and produced solution energies that indicated a high likelihood for tin solution. 

The highest solution energy found was 3.3 eV which was found across three reactions. Five other 

reactions produced very negative solution energies with the most plausible value being obtained 

from equation 18 which produced a -0.87 eV solution energy. 

Sn3Zr5 + 10Oi
× → 3Sni

•••• + 5ZrO2 + 12e′ Equation 18 

 

The tin defects all showed plausible solution energies but required intrinsic defects to balance the 

reaction equations. As mentioned earlier, evidence of tin being found throughout the bulk material 

has been found which indicates that further investigations might be needed to identify the species 

of tin and intrinsic defects that may be found to produce a reliable reaction.   

For iron defects, the (FeZr: VO)′′ defect showed the highest concentration in the tetragonal 

structure. Most reactions calculated produced a solution energy between 0.5 to 1.8 eV. The solution 

energy from equation 19 produced a very low solution energy of -3.6 eV, which indicates very high 

solubility.  

FeZrO3 + 2e′ + ZrZr
× + OO

× → (FeZr: VO)′′ + 2ZrO2 Equation 19 

 

The next highest iron concentration defect in tetragonal structure was the iron substitution on a 

zirconium site with a negative one charge (FeZr
′ ). The highest solution energy found through the 

reaction calculations was 2.3 eV with all others being below 0.2 eV indicating a favourable reaction. 

Equation 20 produced a solution energy of -1.3 eV indicating high solubility.  

Fe2Zr + 3VZr
′′′′ + 5h• → 2FeZr

′ + ZrZr
×  Equation 20 

 

For the monoclinic structure, the highest iron concentration defect was the positive one charged 

interstitial (Fei
•). This produced mixed results with positive values between 3.5 to 3.6 eV and 

negative values between -0.02 and -5.9 eV. The most plausible reaction showing -0.02 eV is given in 

equation 21.  

Fe3O4 + 4VO
•• + 5e′ → 3Fei

• + 4OO
× Equation 21 

 

The iron defect with the second highest concentration in the Brouwer diagram is the small positive 

one charged cluster (2FeZr: VO)•. The reaction solution energies produced mixed results with 

positive values from 0.5 to 6.9 eV. The negative solution energies were, however, relatively low from 

-1.75 to -6.4 eV. The most plausible of these being the -1.75 eV given in equation 22. 

Fe2O3 + 2VO
•• + VZr

′′′′ + h• + ZrZr
× → (2FeZr: VO)• + ZrO2 + OO

× Equation 22 
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It was identified when calculating the Brouwer diagrams that iron defects had the potential to 

reduce the oxygen vacancy defect concentration. The two later equations for the monoclinic 

structure showed oxygen vacancy defects in the reactant which would result in reduced oxygen 

vacancy concentrations. In the tetragonal structure, however, there were no reactions that could be 

found with a negative solution energy which would result in a reduction in oxygen vacancy defect 

concentration. The most favourable reaction resulting in reduced oxygen vacancy defect 

concentration was calculated to -2.84 eV and given in equation 23. 

2FeZrO3 + 3VO
•• + 2VZr

′′′′ + 3h• + ZrZr
× + OO

× → (2FeZr: VO)• + 2ZrO2 Equation 23 

 

The two highest chromium defect concentrations in the tetragonal structure were the plus three 

charged interstitial (Cri
•••) and the negative one charged cluster (CrZr: VO)′. Both of which produced 

only positive solution energies from 2.27 to 6.2 eV for the interstitial and 6.04 to 9.79 eV for the 

small cluster. Other chromium defects, however, produced more promising results such as the 

substitution on a zirconium site with a negative three charge (CrZr
′′′) in equation 24 which produced 

a solution energy of -1.11 eV.  

Cr2Zr + 3VZr
′′′′ + 6h• → 2CrZr

′′′ + ZrZr
×  Equation 24 

  

The highest concentration defect found in the monoclinic structure was the chromium substitution 

on a zirconium site and a negative three charge. All calculated reactions produced negative energy 

results between -0.41 and -7.27 eV. The most plausible being the former with the reaction found in 

equation 25.  

Cr2Zr + O2 + 2VZr
′′′′ + 2h• → 2CrZr

′′′ + ZrO2 Equation 25 

  

The chromium defect with the second highest concentration found in the monoclinic Brouwer 

diagram was the negative two charged small cluster (CrZr: VO)′′. The calculations were found to 

produce only negative values between -2.55 and -6.15 eV indicating a high likelihood of solubility. 

The former is given in equation 26.  

 

Cr2O3 + VO
•• + 2ZrZr

× + OO
× + 6e′ → 2(CrZr: VO)′′ + 2ZrO2 Equation 

26 

  

The solubility of chromium is found to be plausible and can also explain variations in intrinsic defects 

that were found in the Brouwer diagrams. These are related to a decrease in oxygen vacancy and 

defects that have been shown, but these do not account for oxygen vacancy and increases in 

concentration which were also identified in the Brouwer diagrams.  

Finally, the lithium defects have shown a large increase in oxygen vacancy defects on the Brouwer 

diagrams, particularly towards the water oxide interface and these are predominantly associated 

with the negative two charged small cluster (2Lii: VO)′′. All attempted calculation for solution 

energies in the tetragonal and monoclinic structures were positive suggesting that the solution was 

unlikely. The energies were found between 2.80 to as high as 23.96 eV.  
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Li2ZrO3 + OO
× + ZrZr

× → {2Lii
•: VZr

′′′′}′′ + VO
•• + 2ZrO2 Equation 

27 

 

This produced a solution energy of 2.29 eV in the tetragonal structure and 2.80 eV in the monoclinic 

structure. This has been confirmed with experimental data that shows the segregation of lithium 

along the grain boundaries [181].  

3.7. Summary and Discussion 
This chapter aimed to address the first hypothesis to find if lithium incorporation into the bulk oxide 

would alter the volume of the structures or if lithium might alter intrinsic defect concentrations that 

might aid the transport of oxygen from the water oxide interface to the metal oxide interface. This 

was the first stage in identifying a route in which lithium accelerates the corrosion of zirconium 

oxides.  

The methods used in this chapter first identified the possible defects that may be found within the 

structure including the intrinsic defects, the potential alloying defects that may be found within the 

zirconium alloy (Zircaloy-4) and the introduced lithium defects. The formation energy of these 

defects were reviewed across the bandgap of both the tetragonal and monoclinic defects to find 

how charge might alter the concentrations of these defects. These defects were then calculated into 

Brouwer diagrams to assess the defect concentrations that may be found across the oxide layer. 

Volumetric changes were reviewed when all defect concentrations were combined and the solution 

energy for the highest concentration defects were evaluated to identify the plausibility of these 

defects to form solution into the tetragonal and monoclinic oxides.   

The formation energy diagrams presented the possible formation energy of each defect that could 

be calculated within the Fermi level across the bandgap for both the tetragonal and monoclinic 

oxides. The formation energy of a defect within the structure is the required energy needed to form. 

Higher formation energies would require more energy to form and, thus, would be less likely to 

occur. The lower formation energy defects indicated a higher likelihood of these defects featuring in 

the Brouwer diagrams where positive charged defects held a lower formation energy at the top of 

the valence band which is indicative of a low Fermi level and a negatively charged structure. The 

opposite was found with negatively charged defects that held lower formation energies towards the 

bottom of the conduction band with a high Fermi level indicating a positively charged structure. The 

results were as expected where higher charged defects held a lower formation energy towards the 

respective Fermi level change. The more negative charged defects held a lower formation energy at 

higher Fermi energies and vice-versa for the positively charged defects. Neutral charge defects held 

a constant formation energy across the bandgap.  

Whilst the formation energy across the bandgap diagrams provided a good indication of defects that 

may form with a preference to defects with a lower formation energy, this did not guarantee their 

appearance on the Brouwer diagrams themselves. The defects needed to produce charge neutrality 

across the oxide layer and required available opposite charged defects to achieve this. In general, 

this might give the indication that the neutral charged defects could fill the Brouwer diagrams but 

the formation energy was required to be sufficiently low against competing charged species to 

appear on the diagrams.  

Brouwer diagrams containing lithium with intrinsic defects showed that lithium would increase the 

oxygen vacancy defects, particularly towards the water oxide interface at higher partial pressures. 

Should lithium form solution into the bulk oxide structures, this would provide a route for oxygen to 
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pass through the oxide by “hopping” from vacant site to vacant site forming a highway for oxidation 

at the metal oxide interface. This would only occur, however, when the lithium concentration was 

greater than that of the oxygen vacancy defect concentration (approximately 10-11 per ZrO2
 for 

tetragonal and 10-17 in monoclinic).  

Chromium was found to slightly increase the oxygen interstitials in the tetragonal structure and also 

increase the zirconium vacancy concentration towards the water oxide interface. This also coincided 

with a slight decrease in oxygen vacancy defects. In the monoclinic structure, the opposite was 

found. Chromium increased the oxygen vacancy defect concentration significantly and reduced the 

zirconium vacancy defects below the evaluated range.  

In the tetragonal structure, iron changed the intrinsic defect concentrations above the water oxide 

interface at high partial pressures but show very little changes into the oxide. In the monoclinic 

structure, on the other hand, the iron greatly reduced the oxygen vacancy defect concentration and 

increase the zirconium vacancy concentrations.  

In both the tetragonal and monoclinic structures, the tin defects showed no apparent bearing on the 

intrinsic defect concentrations. This is due to tin having a similar oxidation state, atomic radii and 

occupy the same lattice site as zirconium [123]. 

Whilst each extrinsic defect elements had been reviewed individually with the zirconia intrinsic 

defects, bringing all of these defects together could provide a greater indication of possible defect 

concentrations when all defects compete. This also had the undesirable effect of producing Brouwer 

diagrams with such a large number of defects that it became difficult to identify changes associated 

with individual defects. By hiding the chromium, iron and tin defects and leaving only the lithium and 

intrinsic defects, the effect that lithium may have on the structures could become more apparent. At 

higher lithium concentrations (10-3 per ZrO2), the oxygen vacancy was no longer increased at the 

water oxide interface in the tetragonal structure. This was due to the iron suppressing the oxygen 

vacancy defects in this region. There was, however, an increase of oxygen vacancy in a small region 

midway through the oxide layer (10-15 to 10-30 𝑃𝑂2
). This resulted in lithium only affecting the 

concentration of oxygen vacancy with lithium concentrations of approximately 10-7 per ZrO2 upward. 

At the same time, the zirconium vacancy defects were reduced in concentration over the same 

partial pressure region. In the monoclinic structure, lithium still increased the oxygen vacancy 

concentration at the water oxide interface but reduced the concentration deeper into the oxide. 

Again, this was the result of iron mitigating the effects of lithium within the structure. The zirconium 

vacancy concentrations in the monoclinic structure was very low when all Cr, Fe and Sn defects were 

present which makes it difficult to determine which elemental defect was the cause. Given that 

chromium was identified as a zirconium vacancy suppressant earlier, this was the likely cause.  

By identifying the expected defect concentrations through Brouwer diagram calculations, these 

values could then be combined with volumetric relaxed DFT structure calculations to produce an 

overall indication of volume change. Volumetric changes through density functional theory, 

however, have shown to exaggerate volume changes associated with charged defects when 

compared to the neutral charged defect structures [135]. That is not to say that an indication of 

volume change could not be evaluated in a general form to confirm or to form an argument to the 

literature hypothesis that lithium could reduce the bulk volume and create pores in the oxide [1].  

For both the tetragonal and monoclinic structures where all defect concentrations and associated 

volume changes were combined, the overall volume change between lithiated and non-lithiated 

structures was found to be extremely small where lithium increased the volume at the water oxide 



14 
 

interface by approximately 3×10-4 and reduced the volume by as little as -5×10-5 Å3/ZrO2 in the 

moving into the oxide. For the monoclinic structure, on the other hand, there was an increase in 

volume at the water oxide interface of approximately 1.3 Å3/ZrO2, but this did not extend into the 

oxide to any real depth where the remaining oxide shows very little change in volume due to lithium.  

Whilst the previously acknowledged literature work has identified a route to mitigate the 

exaggerated volume changes in charged defects [135], this would likely fall under the bracket of 

future work to gain a more accurate representation of volume change. For the purposes of this 

work, an indication of volumetric change was sufficient to form an argument against the hypothesis 

that lithium causes volumetric changes in the bulk oxide which may accelerate corrosion through the 

formation of pores.  

A small amount of work aimed to find how pressure within the material might affect the volume of 

the structures containing defects. This work applied external pressure to the structures from 1 to 5 

GPa. This was, however, fairly uneventful where the output produced no unexpected results where 

an increase in pressure produced a general reduction in volume.  

The calculated solution energies of defects with the highest concentrations for each element 

provided a good indication that tin, iron and chromium would all form solution within the tetragonal 

and monoclinic bulk oxide. They did, however, show that lithium was unlikely to form solution in 

bulk ZrO2 and this was confirmed experimentally in the literature where lithium was found to 

segregate along the grain boundaries [67]. This indicates that lithium would not increase the oxygen 

vacancy defects within the bulk oxide or cause changes in the volume through bulk ingress. Due to 

this, it stands to reason that lithium is unlikely to cause the accelerated corrosion of zirconium alloys 

via bulk ZrO2 and other possible mechanisms would need to be investigated such as accommodation 

in complex grain boundaries.  
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4. Atomistic Modelling of Lithium and Alloying Additions in 

Amorphous ZrO2 

 

The lithium doped aspect of this investigation was published in the paper. 

“Assessing Li accommodation at amorphous ZrO2 grain boundaries” in the Journal of Nuclear 

Materials [136] (1st Author) 

The iron aspects were briefly investigated in the paper 

The contribution of the author to this work was all simulations and first draft manuscript creation.   

 

“Mechanistically Understanding the Role of Lithium in Accelerated Corrosion of Zirconium Alloys 

Using Advanced Characterisation and Atomistic Simulation” ASTM International Symposium 2022 

[67] (3rd Author) 

The contribution of the author to this work was all simulations and first draft of simulation sections.  

 

The previous chapter set out to address volumetric changes that may have occurred due to lithium 

accommodation in the bulk material set out by hypothesis one. It was, however, found that lithium 

was unlikely to form solution in the bulk material. This led the investigation to the grain boundaries 

where many of the previous techniques could be used to assess the solubility of lithium along the 

complex grain boundaries which could be considered amorphous. This could also address hypothesis 

two which could assess lithium accommodation along grain boundaries that could potentially form 

pores or grain boundary phases.  

As mentioned in the methodology section, creating an amorphous structure of ZrO2 required 

additional steps in order to produce a representative structure. In summary, this involved creating a 

large atomic structure (roughly 6000 atoms) and melting the structure to remove any long-range 

order using molecular dynamics. Reverse Monte-Carlo could then be used to reduce the structure 

down to around 100 atoms whilst maintaining a representative amorphous structure. From here, the 

DFT calculations could continue to gain the values needed to produce formation energy and 

Brouwer diagrams along with gaining volumetric changes and solution energies for the defects of 

interest found in the Brouwer diagrams. Whilst lithium was the main dopant under investigation, as 

with the bulk ZrO2 calculations, the Zircaloy-4 alloying additions were reviewed to find the changes 

that may occur as a result of lithium ingress into the amorphous structure.  
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Figure 57 Typical partial radial distributions ((g(r)) vs radius (r/Å)) of O-O, O-Zr, Zr-Zr of amorphous structure after 
molecular dynamics [136]. 

The figure above, Figure 57, shows the radial distribution of atoms after molecular dynamics, of 

which, ten runs were conducted to ensure repeatability. A typical amorphous structure can be seen 

in Figure 58. The volume was not constrained during molecular dynamic calculations resulting in a 

non-cubic supercell shape. These showed very little changes and confirmed literature results [137]. 

This provided good evidence of an amorphous structure and could be used to monitor the radial 

distribution of atoms post reverse Monte-Carlo to ensure that the smaller structures  for DFT 

calculations remained amorphous and representative producing the same radial distribution as seen 

in Figure 57. These were also in good agreement with the molecular dynamics radial distribution 

results. The radial distributions for both over-coordinated (oxygen interstitial) and under-

coordinated (oxygen vacancy) structures were found to be almost identical with no noteworthy 

differences from the standard amorphous structure. Radial distributions were also checked after all 

DFT calculations to ensure there were no re-arrangements into an ordered structure. Once this was 

confirmed, the formation energy against Fermi energy plots could be made.  
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Figure 58 Amorphous ZrO2 structure containing 6144 atoms post molecular dynamics melt and quench. 

The molecular dynamics simulation used to create the amorphous structure allowed the cell 

dimensions freedom of movement. Whilst the input cell was cubic, as can be seen in Figure 58, the 

dimensions for that particular simulation resulted in a box of dimensions 13 × 10.5 × 2.1 µm. 

4.1. Intrinsic Defects in Amorphous ZrO2 (Undoped)  
As with the bulk oxide section, starting with the intrinsic defects provides a good foundation to add 

extrinsic defects onto. Highlighting the formation energy against the changes in Fermi level, as 

before, can provide an indication of defects that may be favoured with lower formation energies, 

particularly those with a negative formation energy. This is not to say that defects with positive 

formation energies will not feature on a Brouwer diagram. But it requires favourable conditions to 

show with any meaningful concentration. As mentioned, a material which is n-type will have a lower 

Fermi energy level (towards the top of the valence band to the left of the formation energy diagram) 

and with a p-type material, the Fermi energy level will be higher (towards the bottom of the 

conduction band to the right). The first defect to look at is the zirconium vacancy. It is worth noting 

that, in the case of amorphous structures, there is some debate as to whether the terms vacancy or 

interstitial can be used. These can also be described as under-coordinated or over-coordinated, 

respectively. However, for simplicity and consistency with the bulk oxides, the terms vacancy and 

interstitial will be used for the remainder of this work. The bandgap was calculated to 2.78 eV ± 0.26 

and experimental bandgap values in the literature range from 3.7 to 6.12 eV as a result in density 

fluctuations of the amorphous structure [138,139]. Photoluminescence has found a bandgap of 2.8 

eV in amorphous ZrO2 structures [138,140,141], which is representative of the values gained.  
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Figure 59 Formation energy of zirconium vacancy with a range of charges across the Fermi energy of the bandgap of 
amorphous ZrO2 [142]. 

All defects show a positive formation energy at the top of the valence band to the left of the 

formation energy diagram which indicates that a negatively charged material will have a low 

concentration of zirconium vacancies, Figure 59. The neutral charged zirconium vacancy (VZr
× ) 

maintains a positive formation energy across the Fermi energy which indicates that this will not 

likely feature on the Brouwer diagram. Towards the bottom of the conduction band to the right 

where the material has a positive charge overall, the negative charged zirconium vacancy defects are 

likely to have higher concentrations. An increasingly negative charge in zirconium vacancy defect 

results in a lower formation energy, particularly at the bottom of the conduction band. The negative 

four charged zirconium vacancy (VZr
′′′′) holds the lowest formation energy at all points through the 

Fermi level and will likely feature in the Brouwer diagram over all other zirconium vacancy defects. 

Shifting the attention to the oxygen vacancy defects in the amorphous ZrO2 structure, the formation 

energy diagram becomes a little more complex and less straight forward than that of the zirconium 

vacancy formation energy diagram.  
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Figure 60 Formation energy of oxygen vacancy with a range of charges across the Fermi energy of the bandgap of 
amorphous ZrO2 [142]. 

The neutral charged oxygen vacancy defect (VO
×) holds a positive formation energy across the Fermi 

energy and is unlikely to appear in the Brower diagram, Figure 60. Towards the bottom of the 

conduction band, all oxygen vacancy defects have a positive formation energy indicating that the 

concentrations of these defects will be low where the material has an overall positive charge. 

Towards the top of the valence band to the left, two oxygen vacancy defects have a negative 

formation energy being the plus two and plus three charged oxygen vacancy defects ((VO
••) and 

(VO
•••) respectively). This indicates that these defects would have higher concentrations in a 

negatively charged material. As the positive two oxygen vacancy defect (VO
••) has the lowest 

formation energy across the Fermi energy range, it is likely to have a higher concentration over the 

other oxygen vacancy defects. Where this diagram differs to that of the zirconium vacancy formation 

energy diagram, is in the lack of uniform transition between charge and formation energy. Where 

zirconium vacancy defects have a lower formation energy with a more negative charge, the oxygen 

vacancy formation diagram shows the positive two defect with the lowest formation energy and 

both the more and less positive defects have higher formation energies. This is likely the result of 

the electron configuration of the structure where the oxygen vacancy defect with two electrons 

removed (VO
••) produces a more favourably relaxed structure to that of the other charges of oxygen 

vacancy. It is unfortunate that the plus three and plus four oxygen vacancy defects ((VO
•••) and 

(VO
••••) respectively) for the bulk structures were calculated outside of the Fermi level so this could 

not be compared to the monoclinic and tetragonal structures.  

The final intrinsic defect to be reviewed is that of the oxygen interstitial.  
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Figure 61 Formation energy of oxygen interstitials with a range of charges across the Fermi energy of the bandgap of 
amorphous ZrO2 [142]. 

In the amorphous structure, the oxygen interstitial defects all have a positive formation energy 

across the entirety of the Fermi energy range, Figure 61. This is very different to that of the bulk 

oxides where both the monoclinic and tetragonal structures show a negative formation energy for 

the negative two charged oxygen interstitial (Oi
′′). The neutral charged oxygen interstitial formation 

energy is also found between 2 and 3 eV in the bulk oxides where, for the amorphous structure, it is 

just below 4 eV. Given that the oxygen interstitial defects are only found in low concentrations at 

higher partial pressures in the bulk material, if the amorphous Brouwer diagram follows similar 

trends, it is unlikely that the oxygen interstitial defects will be present for the amorphous structure 

Brouwer diagram with comparable concentrations. The neutral charged oxygen interstitial (Oi
×) has 

the lowest formation energy across much of the Fermi energy range from the top of the valence 

band to the left. The bottom of the conduction band to the right shows the lowest formation energy 

for all of the negatively charged defects indicating that a positively charged material would favour 

these defects over the neutral charge interstitial. The crossing point of the formation energies at 

~2.5 eV means that the energy differences at EF = 0 are proportional to charge.  

Due to the potential differences that can be gained between amorphous structures, as mentioned, 

ten alternative structures were created for each defect. Whilst this made negligible differences in 

the formation energy vs Fermi energy diagrams, it did produce subtle variations for the Brouwer 

diagrams. As what became evident in the bulk structure Brouwer diagrams, a variation in one defect 

concentration can have an impact on other defect concentrations. For this reason, the amorphous 

Brouwer diagrams introduce a range of concentration for each defect within the concentration 

range. The range of concentration difference can be seen as a shaded area for each defect, Figure 

62.  



21 
 

 

Figure 62 Brouwer diagram at 635 K of intrinsic defects in amorphous ZrO2. The vertical black line shows the water oxide 
interface. D represents the defect concentration per ZrO2. Zirconium vacancies are not present within the Brouwer diagram 

but are included in the legend to highlight the difference with the bulk oxide Brouwer diagrams.  

The Brouwer diagram for the amorphous structure, Figure 62, is distinctly different from that of the 

bulk oxide Brouwer diagrams (Figure 63)The point at which electrons and holes converge is at very 

high partial pressures (>0) in the amorphous structure where bulk was in the region of 10-33 𝑃𝑂2
/atm 

for tetragonal and 10-19 𝑃𝑂2
/atm for the monoclinic structure.  

This does make the amorphous oxide predominantly negatively charged throughout the oxide layer, 

where only intrinsic defects were present. This results in a lack of negatively charged defects such as 

the negative four charged zirconium vacancy (VZr
′′′′) which shows high concentrations at higher 

partial pressures in the bulk structures. This also results in the relatively high concentration of the 

positive two charged oxygen vacancy defect (VO
••). The neutrally charged oxygen interstitial defect 

(Oi
×), on the other hand, shows a negligible range of concentrations indicating a fairly indifferent 

Figure 63 Intrinsic defects for tetragonal ZrO2 Brouwer diagram from chapter 3.1 to the left and 
monoclinic Brouwer diagram from chapter 3.3 to the right. 



22 
 

location preference when producing an over-coordinated amorphous structure. There are fewer 

intrinsic defects in the amorphous Brouwer diagram when compared to the bulk diagrams (Figure 

63) and is due to the relatively high formation energies related to most defects for the amorphous 

structure along with a higher electron concentration throughout the oxide layer. This would favour a 

positively charged defect over a negative one. The relatively high plus two oxygen vacancy defect 

concentration, over that of the bulk oxide, can be seen as a possible pathway for normal corrosion 

along (amorphous) complex grain boundaries. This could be through a form of oxygen “hopping” 

between oxygen vacancy sites as found in the literature [137].  

4.2. Lithium Doped Amorphous ZrO2 

The first extrinsic defect to be calculated in the amorphous structure is lithium. Very few lithium 

defects could be calculated within the Fermi level range. 

 

Figure 64 Average formation energy for lithium defects across the bandgap of amorphous ZrO2 [142]. 

The general trends of the lithium defects follow what is expected, in that the positive lithium 

interstitial have a lower formation energy at lower Fermi energies and that negative defects have a 

higher formation energy at lower Fermi energies, Figure 64. The only defect to show a negative 

formation energy is the negative two charged small cluster of 2 lithium interstitials around a 

zirconium vacancy site (2Lii: VZr)′′, Figure 65. Both cluster defects, (2Lii: VZr)′′ and (2Lii: VZr: VO)′′, 

show a lower formation energy towards the bottom of the conduction band to the right which 

indicates that a positive charged material will favour these defects. The positive one charged lithium 

interstitial (Lii
•) has a lower formation towards the top of the valance band indicating that it would 

favour a negatively charged material.  
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The actual concentration of lithium that may be found along the grain boundaries is likely to have a 

range depending on exposure time, amongst other potential factors. As stated earlier in chapter 3, 

lithium is unlikely to form a solution within the bulk material. This indicates that the concentration 

may be substantially higher along grain boundaries due to segregation. The literature has identified 

a general concentration of up to 0.013 ± 0.001 at. % lithium average across an atom probe ZrO2 

sample and between 0.2 to 0.6 at. % segregation along the grain boundaries [143]. This was with a 

maximum of 195 days exposure and up to 250 wt. ppm lithium concentration in autoclave water. For 

this reason, a higher value of 0.1 per ZrO2 was given for the amorphous Brouwer diagram which is 

much higher than what was given to the bulk Brouwer diagrams (0.001 per ZrO2 Li concentration). 

This is simply to provide a much greater range of concentrations to cover all bases. This was also 

included for all considered structures.  

Figure 65 Small cluster of two lithium interstitials 
around a zirconium vacancy site in amorphous ZrO2. 
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Figure 66 Brouwer diagram at 635 K of 0.1 Li per ZrO2 and intrinsic defects in amorphous ZrO2. The vertical black line shows 
the water oxide interface. 

When viewing the Brouwer diagram containing 0.1 lithium per ZrO2, Figure 66, it is immediately clear 

that the small cluster of two lithium interstitials around a zirconium vacancy site, (2Lii: VZr)′′, not 

only matches the concentration of oxygen vacancy, (VO
••), at equal concentrations, but also limits 

the oxygen vacancy range variation that was noted in the intrinsic defect Brouwer diagram. These 

two defects charge compensate one another throughout the partial pressure range. The electrons 

and holes converge at much lower partial pressures as a result of lithium also. The formation energy 

diagram showed that the small cluster (2Lii: VZr)′′ would favour a positive charged material. This 

has been accomplished by increasing the plus two charged oxygen vacancy defect (VO
••). 

To understand how lithium might affect the intrinsic defects through a range of lithium 

concentrations, as with the bulk oxide chapter, placing 10-1, 10-5 10-11 and intrinsic defect diagrams 

side by side can highlight the changes that may be expected, Figure 67.  



 

 

Figure 67 635 K Brouwer diagrams with defect concentrations [D] per unit amorphous ZrO2 for (a) 10-1 Li (b) 10-5 Li (c) 10-11 Li (d) intrinsic defects [142].  



 

The highest lithium concentration Brouwer diagram, Figure 67, 10-1 (a), has already been discussed, 

but as the concentration is reduced to 10-5 (b), the electron concentration at the lowest partial 

pressures to the left are higher than that of the lithium. Where this is the case, the plus two charged 

oxygen vacancy (VO
••) follows the electron concentration. Not only this, but the shaded range of 

oxygen vacancy defects returns. This shows a charge decoupling of the lithium and oxygen vacancy 

concentrations when electron concentrations are higher than lithium. The oxygen vacancy is then 

charge coupled with the electron concentration. At higher partial pressures to the right. The oxygen 

vacancy defects remain elevated in comparison to the undoped Brouwer diagram (d). The point at 

which the electrons and holes intersect at higher partial pressures is also shifted to higher partial 

pressures to the right compared to 10-1 Li concentrations (a). When the lithium concentration is 

below the minimum undoped oxygen vacancy concentration (10-11 (c)), lithium no longer has any 

effect on the intrinsic defects at all. This might provide an indication as to why lithium accelerated 

corrosion only occurs when LiOH in the coolant water is above a temperature dependant 

concentration [55]. 

4.3. Cr Doped Amorphous ZrO2 

The chromium defects within the amorphous structure has been identified in the literature, 

however, this has been found in the form of chromium nanoparticles rather than a solution within 

the amorphous ZrO2 complex grain boundaries [144]. In the interest of completion, chromium was 

investigated to identify if there was potential for chromium to feature in the Brouwer diagrams with 

any defect species or charges. The defect species calculated with a Fermi level within the bandgap 

were few, only producing formation energies for the interstitials and the small cluster of two 

chromium interstitials around a zirconium vacancy site.  

 

Figure 68 Formation energy of chromium interstitials with a range of charges across the Fermi energy of the bandgap of 
amorphous ZrO2. 



 

 

 

The chromium interstitial defects, Figure 69, calculated with a Fermi level within the bandgap range 

were the positive two and positive three interstitial defects, Figure 68. Both have a negative 

formation energy towards the top of the valence band to the left indicating a favoured negatively 

charged material. Above a 1 eV Fermi level, both defects have a positive formation energy indicating 

that a positively charged oxide will not favour these defects. The lowest formation energy is found 

with the positive three interstitial (Cri
•••) at the top of the valence band.  

Neither the chromium substitution defects are the cluster of two chromium interstitials around a 

zirconium vacancy coupled with an oxygen vacancy could be calculated with a Fermi level within the 

bandgap range. The cluster of two chromium interstitials around a zirconium vacancy site shows 

many of the charges reviewed in the formation plot.   

Figure 69 Chromium interstitial in amorphous ZrO2. 



 

 

Figure 70 Formation energy of two chromium interstitials around a zirconium vacancy site with a range of charges across 
the Fermi energy of amorphous ZrO2. 

An interesting aspect of the formation diagram showing two chromium interstitials around a 

zirconium vacancy site (Figure 71) is that, despite many charge variations being present, the neutral 

charged defect was calculated with a Fermi level outside of the bandgap range, Figure 70. All of the 

chromium defects shown in the formation energy plot show negative formation energies. The 

positively charged defects all favour a negatively charged oxide with the lowest formation energies 

at the top of the valence band to the left. The negative charged defects have a lower formation 

energy at the bottom of the conduction band to the right, which would favour a positively charged 

oxide. Most of these defects, if not all, would be expected to be found with relatively high 

concentrations in the Brouwer diagrams. The defects are also fairly predictable in that the higher the 

charge, the steeper the gradient associated between the negative and positive charges of oxide 

across the bandgap.  



 

 

 

 

Chromium does not feature on an amorphous Brouwer diagram, but as mentioned, this does 

confirm previous experimental work that has identified Cr as segregating in nanoprecipitates rather 

than forming a solution into the ZrO2 amorphous structure along grain boundaries [145]. This is due 

to the calculation of chromium defects being unable to determine a Fermi level that gave charge 

neutrality.  

4.4. Fe Doped Amorphous ZrO2 

Much like the chromium defects, only the iron interstitials and two iron interstitials around a 

zirconium vacancy site were calculated within the Fermi range. The iron interstitials offered a few 

more charges of the defect species and the small cluster even presents a neutral charged defect.  

Figure 71 A small cluster of two chromium 
interstitials around a zirconium vacancy site in 

amorphous ZrO2. 



 

 

Figure 72 Formation energy of iron interstitials with a range of charges across the Fermi energy of the bandgap of 
amorphous ZrO2. 

The neutral charged iron interstitial held a Fermi level outside of the bandgap so was not included in 

the formation energy plot. All the interstitial defects, Figure 73, that were calculated within the 

Fermi range have a negative formation energy and have the lowest formation energy at the top of 

the valence band to the far left, Figure 72. Ionic iron interstitials have been found to stabilise the 

cubic, tetragonal and monoclinic zirconia structures in literature and form solid solution [146]. Once 

again, the highest charged defect has the lowest formation energy. At the bottom of the conduction 

band to the far right, all of the interstitial defects have a positive formation energy which indicates 

that the defects favour a negative charged oxide. 



 

 

 

 

The small cluster of two iron interstitials around a zirconium vacancy site, Figure 75, had a range of 

charges that could be calculated within the Fermi range, both positive and negative in charge.  

 

Figure 74 Formation energy of two iron interstitials around a zirconium vacancy site with a range of charges across the 
Fermi energy of the bandgap of amorphous ZrO2. 

Figure 73 Iron interstitial in amorphous ZrO2. 



 

The cluster defects are similar to that of the chromium cluster formation energy plot, Figure 70, in 

many ways. All the defects have a negative formation energy where positive charged defects have a 

lower formation energy at the top of the valence band to the far left and the negative charged 

defects have a lower formation energy at the bottom of the conduction band to the right, Figure 74. 

The higher the charge, the steeper the gradient between the negative charged oxide to the left and 

positive charged oxide to the right in relation to Fermi level. One defect which appeared in the iron 

cluster formation energy plot which is not on the chromium plot is the neutral charged cluster. As 

expected, this defect maintains a consistent formation energy across the bandgap and does show a 

very low formation energy.  

 

 

 

Figure 75 shows two iron interstitials around a zirconium vacancy site in an amorphous structure. 

The structure orientation was selected for clarity of defect position for presentation purposes.  

Much like the lithium doped amorphous ZrO2 Brouwer diagram, the iron doped amorphous ZrO2 

Brouwer diagram is interesting in how sparce the number of defects were.  

Figure 75 Two iron interstitials around a zirconium vacancy site 
in an amorphous ZrO2 structure. 



 

 

Figure 76 Brouwer diagram at 635 K of 0.0024 Fe per ZrO2 and intrinsic defects in amorphous ZrO2. The vertical black line 
shows the water oxide interface. 

As mentioned, defects were placed in ten different locations providing a range of concentrations as 

a result. In the case of iron defects in an amorphous zirconium structure, the range of oxygen 

vacancy defect concentration from maximum to minimum was quite large making it difficult to 

present this in the Brouwer diagram results. The oxygen vacancy ranged from what can be seen in 

the Brouwer diagram above Figure 76, down to a value outside of the concentration range given (10-

20 per ZrO2). This obscured the results, so the decision was made to show only the maximum 

concentration for the oxygen vacancy defect. The other defects, however, were not altered. The only 

iron defect to feature on the Brouwer diagram is the plus two charged iron interstitial (Fei
••). This 

was set to the alloying concentration of 0.0024 per ZrO2, the iron interstitial elevates the electron 

concentration causing it to have high concentration across the oxide. This also caused the hole 

concentration to fall across the oxide layer also which maintains a low concentration (~10-17 per 

ZrO2). The oxygen vacancy and oxygen interstitial defects remained unchanged as a result of this. 

However, at low partial pressures to the left, there is a small reduction in iron interstitial 

concentrations when the oxygen vacancy concentration is at the highest point. This was due to an 

increase of the plus two charged oxygen vacancy reducing the plus two charged iron interstitial to 

maintain charge neutrality. As mentioned, however, altering the location of the oxygen vacancy 

within the amorphous structures resulted in a large range of results which removed the oxygen 

vacancy defect from the Brouwer diagram when at the minimum. The oxygen vacancy defects, 

although difficult to see, are lower than what would be found in the intrinsic defect only Brouwer 

diagram. This will be evident in the multiple plots with varying iron concentration, side by side 

(Figure 77). Interestingly, when the stipulated concentration is removed during the calculation, the 

iron concentration seen in the 0.0024 per ZrO2 is found to be exactly the same indicating that this is 

the preferred concentration of iron in the amorphous structure.  



 

 

Figure 77 635 K Brouwer diagrams with defect concentrations [D] per unit amorphous ZrO2 for (a) 10-1 Fe (b) 10-5 Fe (c) 10-11 Fe (d) intrinsic defects.



 

With the variations of iron defect concentration side by side, Figure 77, it is possible to see the 

changes in oxygen vacancy defects concentration as a result. It is clearly the opposite of what we 

find with the lithium defect Brouwer diagram. This is due to the iron charge coupling with electron 

concentrations, where lithium charge coupled with vacant oxygen concentrations. Here, the higher 

iron concentration (10-1 (a)) reduces the oxygen vacancy defects whilst also increasing the electron 

concentration to similar levels to that of the iron interstitial. The holes are reduced almost to a point 

of being below the concentration range of the Brouwer diagram (10-20 per ZrO2). The oxygen 

interstitials, as is a common theme, was completely unchanged by iron concentration. As the iron 

concentration is reduced (10-5 (b)), at lowest partial pressures to the left shows that the electron 

concentration returns to interstitial only levels (d) which is also coupled with the oxygen vacancy 

defect concentrations. This, however, was only for a short partial pressure as at around 10-28 partial 

pressure of oxygen, where the iron interstitial crosses the electron and oxygen vacancy defect 

concentration, the electrons re-combine with the iron interstitial and the oxygen vacancy defect 

concentration is reduced from this point when compared to the intrinsic defect only Brouwer 

diagram. As with the lithium Brouwer diagram, Figure 67, when the extrinsic defect concentration 

drops beneath that of the electrons and oxygen vacancy defects, the intrinsic defects no longer 

seem to be affected by the iron within the structure. Upon closer inspection, however, electron and 

oxygen vacancy defects are slightly reduced whilst the hole concentration is slightly increased. The 

overall trends, however, are relatively unchanged. At 0 𝑃𝑂2
, the electron, hole and oxygen vacancy 

defects intersect at a concentration of ~10-10 per ZrO2 where iron has a concentration of 10-11 per 

ZrO2 whereas there was an increase in electron and oxygen vacancy concentration of ~10-1 per ZrO2 

where no iron was present.  

4.5. Sn Doped Amorphous ZrO2 

The number of tin defects that were calculated within the bandgap was quite high in comparison to 

other extrinsic defects reviewed in the amorphous structure.  



 

 

Figure 78 Formation energy of tin interstitials with a range of charges across the Fermi energy of the bandgap of 
amorphous ZrO2. 

For the tin interstitials, only one tin interstitial was calculated with a negative formation energy, the 

plus four charged interstitial (Sni
••••), Figure 78. This negative formation energy is at the top of the 

valence band to the far left but only remains negative up to, roughly, 0.5 eV. The trends found in the 

formation energy vs Fermi energy showed that the higher charged defect has the lowest formation 

energy and as the defect charge decreases, the formation energy increases at the valence band 

maximum to the left for positively charged defects. The gradient was also steeper for higher charged 

defects. The plus one interstitial (Sni
•) and the plus three interstitial (Sni

•••) are the only defects 

which do not have a lowest formation energy across any of the bandgap. The neutral charged 

interstitial (Sni
×) holds the lowest formation energy at the bottom of the conduction band to the far 

right.  



 

 

 

Figure 80 Formation energy of tin substitutions on zirconium sites with a range of charges across the Fermi energy of the 
bandgap of amorphous ZrO2. 

In the case of tin substitution defects, Figure 79, the formation energy results across the bandgap 

are less typical, Figure 80. Whilst the gradients are typical where an increase in charge results in a 

steeper gradient, the order in which the defects are presented does not follow the expected order. 

At the extremes, the negative four substitution holds the lowest formation energy at the bottom of 

the conduction band to the very far right and the neutral charged substitution at the top of the 

valence band to the far left, which is expected. It would normally be expected for the negative three 

Figure 79 Tin interstitial in an amorphous ZrO2 
structure. 



 

defect to have the lowest formation energy replacing the negative four moving away from the 

bottom of the conduction band, but this is not the case. There are a number of potential reasons for 

this. One route could be through larger than normal variations in DFT energy. This trend, however, 

was also identified in tetragonal ZrO2 in the literature [147]. It was also stated that tin occupies the 

same lattice site, has the same oxidation state and has a similar ionic radius to Zr. For this reason, 

the tin has little effect on the intrinsic defect concentrations.  

 

 

 

 

Figure 81 Tin substitution on a zirconium site 
in amorphous ZrO2. 



 

 

Figure 82 Formation energy of two tin interstitials around a zirconium vacancy site with a range of charges across the Fermi 
energy of the bandgap of amorphous ZrO2. 

In the case of the small cluster of two tin interstitials around a zirconium vacancy site, Figure 81, the 

formation energy vs Fermi energy diagram is much more typical, Figure 82, with the exception of the 

neutral charged cluster which shows a very high formation energy in comparison to the remaining 

defects. The formation energy for all of the charged defects, asides from the neutral charged defect, 

hold a negative formation energy with the exception of a small region of positive formation energy 

for the negative four cluster at the top of the valence band to the left. The lowest formation energy 

is also found at the top of the valence band to the far left with the plus two charged cluster 

(2Sni: VZr)
••. This suggests a preference for a negatively charged oxide for the plus charged defect. 

For a positively charged oxide, the negative four charged cluster (2Sni: Vzr)′′′′ has the lowest 

formation energy at the bottom of the conduction band to the far right. 



 

 

 

 

The tin defects could not be calculated within the Brouwer diagram concentration range, Figure 83. 

Given that tin defects seemed to show a good presence within the bulk of ZrO2 whilst having little 

interactions with intrinsic defects, had the Sn defects of been present, it is likely that there would 

have been minimal interaction in the amorphous structure also. Atom probe results from literature 

have shown no tin segregation along grain boundaries, which may offer evidence to support this 

[144]. The literature also showed that tin can be found throughout the bulk of the material.  

4.6. Combined Dopant Amorphous ZrO2 

Given the very few defects that were calculated and featured on the Brouwer diagrams, this offered 

more flexibility in presenting the diagrams. The only extrinsic defects being an iron interstitial (Fei
••) 

and a small lithium cluster (2Lii: VZr)′′. 

Figure 83 Two tin interstitials around a zirconium 
vacancy site in amorphous ZrO2. 



 

 

Figure 84 635 K Brouwer diagrams with defect concentrations [D] per unit amorphous ZrO2 for (a) 10-5 Li and 24x10-3 Fe (b) 10-5 Li and no Fe (c) 2.4x10-3 Fe and no Li (d) intrinsic defects only 
[143]. 



 

The Brouwer diagrams containing lithium and iron defects presented an interesting set of results, 

Figure 84. In the diagram containing both lithium and iron (a), it can be seen that the iron interstitial 

(Fei
••) is couple with the electron concentration and that the electrons are elevated to a 

concentration of around 10-2 per ZrO2. The lithium cluster (2Lii: VZr)
′′, however, did not have any 

effect on the intrinsic defects that had been previously observed in the lithium and intrinsic defects 

only Brouwer diagram, Figure 67. The oxygen vacancy defects (VO
••) have a reduced concentration 

when compared to the level found in the intrinsic defects only diagram (d). The diagram showing 

only lithium defects along with intrinsic defects (b), shows that the lithium cluster (2Lii: VZr)
′′ does 

not affect the electron concentration, but it does couple with the oxygen vacancy defects (VO
••) and 

increases the concentration of the oxygen vacancy defects, particularly towards the water oxide 

interface to the far right. It is apparent, however, that lithium only increases the concentration of 

oxygen vacancy defects when the lithium is at a higher concentration than what the oxygen vacancy 

defects are at intrinsic levels (d). Finally, the diagram showing the iron defects without lithium (c) 

produces the same intrinsic defect changes that we could see in the iron with lithium defect 

Brouwer diagram (a).  

In summary, lithium will increase the level of oxygen vacancy defects if sufficiently high enough in 

concentration. Where iron is introduced, however, this subdues the effects of lithium on the intrinsic 

defects and also reduces the oxygen vacancy concentration as well as elevating the electron 

concentration. This is also coupled with a reduction in hole concentration. Iron can only subdue the 

effects of lithium on the oxygen vacancy concentrations when at a sufficiently high enough 

concentration (above 10-10 per ZrO2). 

4.7. Volume Changes Due to Defects 
Previous work in literature has indicated a potential volumetric change associated with defects and 

that lithium, in particular, may reduce the volume and cause a more porous network within the 

oxide [1]. An advantage of producing Brouwer diagrams that provide an indication of defect 

concentration per ZrO2 is that the constant pressure DFT calculations (degrees of freedom include 

ion positions, cell shape and cell volume) can produce volumetric variations due to defects and then 

be applied to the calculated concentration. This may provide a more accurate simulation for a 

change in volume. The first thing to view is the volume change calculated through DFT per ZrO2. It is 

worth noting again that charged defects can show exaggerated volume changes through DFT [135]. 

Whilst this can be mitigated, this work aims to gain a general indication of volume change rather 

than a specific value.  



 

 

Figure 85 Volume change per ZrO2 in amorphous ZrO2 for a selection of defects at 0 K. 

Figure 85 shows the volume change (Δ) for a selection of defects over the amorphous structure with 

no defects per ZrO2. The volume changes related to defects in the amorphous structure was a little 

unexpected, Figure 85. It would be expected, in general, for an interstitial to increase volume and a 

vacancy to reduce volume as seen in the literature [148]. Electrons are expected to increase volume 

through columbic repulsion and holes are expected to reduce volume. In the bar graph above (Error! 

Reference source not found.), however, we see a neutral charged zirconium vacancy defect (VZr
× ) 

increases the volume and the plus two charged iron interstitial (Fei
••) decreases the volume. There 

are large ranges of volume change, presented as error bars, due to the different locations of defects 

within the amorphous structures. On the most part, the range of volume difference between defect 

locations can account for this to a degree. However, it does indicate that the change in volume is not 

as predicted in the literature [1]. In particular, the positive one charged lithium interstitial was found 

to decrease the volume of bulk oxide in the literature, where in the amorphous structure, it is found 

to increase the volume.  

Applying the defect volume change per ZrO2 to the Brouwer diagram defect concentrations may 

present an overall indication of volume change when applied to the combined defects.  

By combining the volume changes per ZrO2 and the concentration per ZrO2, the overall volume 

changes due to all the defects combined can be calculated. The lithium concentration was set to 10-1 

(the highest calculated concentration) and iron to 2.4 x 10-3 per ZrO2 which, when combined with all 

the other defects, produced a volume change between approximately 0.052 and -0.046 Å3 per ZrO2. 

At lower Li concentrations (10-3), this value ranges between 0.0008 to -0.004 Å3 per ZrO2. This 

indicates that the change in volume is very small when considering all defects combined, even with 

the highest stipulated concentration of lithium.  



 

4.8. Solution Energies  
Many reactions were calculated to identify the likelihood of defect solution within the amorphous 

structure at 0 K. Some reactions were found to be very high with a positive solution energy and 

others very low. Whilst a negative value indicates solution is possible with an exothermic reaction 

(producing heat), an extremely negative solution energy would indicate a very explosive reaction. 

Therefore, the negative values needed to be within reason. A positive solution energy, on the other 

hand, would indicate that the reaction is unlikely and would require external energy and influences 

to occur.  

Table 8 Reaction and solution energy for lithium and iron into zirconium oxide 

Reaction 
Solution energy 

eV 

2Li2ZrO3 + ZrZr
× → {2Lii

•: VZr
′′′′}′′ + 2Lii

• + 3ZrO2 5.7 

2Li2ZrO3 + VZr
′′′′ + ZrZr

× → 2{2Lii
•: VZr

′′′′}′′ + VO
•• + 3ZrO2 2.3 

Li2ZrO3 +
1

2
O2 + ZrZr

× → {2Lii
•: VZr

′′′′} + 2h• + 2ZrO2 8.8 

Li2ZrO3 +
1

2
O2 + ZrZr

× → {2Lii
•: VZr

′′′′} + 2Lii
• + 2ZrO2 5.3 

Li2ZrO3 → 2Lii
• + VO

•• + O2 + ZrO2 + 3e− 5.5 

Li2ZrO3 + VZr
′′′′ + 2Lii

• → 2{2Lii
•: VZr

′′′′}′′ + VO
•• + 2ZrO2 -0.01 

FeZrO3 + VO
•• → Fei

•• + ZrO2 2.8 

Fe3O4 + 4VO
•• → 3Fei

•• + 2h• 4.4 

Fe2O3 + 3VO
•• → 2Fei

•• + 2h•  5.0 

FeZr2 + 3Oi
× + VO

•• → Fei
•• + ZrO2 1.7 

Fe2O3 + Fe2Zr + VO
•• + 6h•••••• → 4Fei

•• + ZrO2 -1.1 

 

Negative solution energies were found for both lithium and iron, but not in all reactions, Table 8. In 

the case of lithium, the introduction of Li2ZrO3 along with a zirconium vacancy (VZr
′′′′) and two 

lithium interstitials (Lii
•) can result in the cluster (2Lii

•: VZr′′′′)′′ and an increase in oxygen vacancy 

(VO
••) which is found in the Brouwer diagrams with high lithium concentrations (above 10-11 per 

ZrO2). This defect, however, required the introduction of the lithium interstitial as part of the 

reactant.  

To check if the lithium interstitial is more stable than the cluster, equation 28 can provide an 

indication.  

2Lii
• + 2Oi

× + ZrZr
× + 2e′′ → {2Lii: VZr}’’ + ZrO2 + 2h•• Equation 

28 
 

This produces an energy of 3.0 eV indicating that the cluster is much more stable. Equation 29 

provided a solution energy of -0.38 eV with a standard deviation of 1.27 eV which accounts for the 

average of each defect location change. 

Li2ZrO3 + OO
× + ZrZr

× → {2Lii
•: VZr

′′′′}′′ + VO
•• + 2ZrO2 Equation29 

 

Whilst the standard deviation is greater than the negative solution energy, it allows for a large 

portion of lithium solution into the amorphous structure.  



 

In the case of iron, a combination of the Fe2O3 and Fe2Zr coupled with an oxygen vacancy (VO
••) and 

6 holes can react to form four iron interstitials (Fei
••). This highlights the reduction in oxygen 

vacancy and holes used in the reactant to form the product which confirms what was seen in the 

Brouwer diagrams also.  

4.9. Summary and Discussion 
This chapter aimed to answer the questions created by hypothesis in which lithium accommodation 

could be found along grain boundaries and potentially form pores or grain boundary phases. This 

required multiple steps to accomplish. Creating amorphous structures with sufficiently low number 

of atoms to use in density functional theory calculations could be attempted through two routes. 

The first method was to create amorphous structures through molecular dynamics multiple times 

and then to repeat this method with both over-coordinated and under-coordinated structures for 

both oxygen and zirconium to account for vacancies and interstitials, respectively. All of these 

calculations needed to have a fixed volume as that of the stochiometric zirconia structure and 

remain so throughout all calculations. The reason for this, as mentioned in the method section, is to 

provide a solution limit for defects and is a standard method when gaining values to calculate 

Brouwer diagrams [121]. The issue with this method is that lithium, in particular, does not currently 

have a robustly tested potential within zirconia to use during molecular dynamics calculations. This 

meant that the lithium defects needed to be added later when creating structures at the DFT stage. 

The alternative to this was to create a range of stoichiometric amorphous structures in molecular 

dynamics, simply to ensure consistency. The structures could then be reduced through reverse 

Monte-Carlo before being placed through DFT calculations. Through this method, the defects, 

including vacancies and interstitials, could be added to the constant volume structures. The first 

method is likely the preferred method, however, no substantial study has been carried out to 

confirm the differences to the knowledge of the author. For intrinsic defects, the two methods 

produced very similar results without any remarkable difference in the case of zirconia. Future work 

would likely be needed to review the differences of these two methods with different materials as 

changes in stoichiometry can, essentially, create a very different amorphous structure including the 

electrical properties. This could have the potential to produce vastly different formation energies, 

Brouwer diagrams, volume changes and solution energies.  

For the formation energy diagrams, they provide a good indication of which defects may feature on 

the Brouwer diagrams and how the concentration may change due to the charge of the material or 

defects throughout the oxide. This was found to be the case for the intrinsic and lithium defects. 

However, for the chromium and tin defects, despite producing negative formation energies, these 

defects were not found on the Brouwer diagram. The formation calculations are a simple 

dissociation of the defect components in relation to material charge whilst the Brouwer diagram 

calculations use multiple variables such as temperature, deviation from stoichiometry, oxygen 

partial pressure, and charge to build an indication of charge balanced defects across the partial 

pressure range. Whilst all of the iron defects produced negative values on the formation energy 

plots, only one defect featured on the Brouwer diagram being the plus two charged iron interstitial 

(Fei
••). This defect had neither the lowest formation energy or, even, the lowest formation energy at 

the valence band maximum or the conduction band minimum.  

The amorphous zirconia intrinsic and extrinsic defect Brouwer diagrams produce very few defects 

when calculated. This is particularly evident when held in comparison with the bulk zirconia Brouwer 

diagrams which are almost illegible due to the huge number of defects presented. This is due to the 

large variations in calculated relaxed energies of the defect structures. For intrinsic defects, there is 

a small concentration of neutrally charged oxygen interstitials, but these defects show no interaction 



 

with any other introduced defect at any concentration. The oxygen vacancy defects, on the other 

hand, show fairly high concentrations, particularly at greater depths into the oxide from the water 

oxide interface. When lithium is introduced, this causes the oxygen vacancy defects to increase, 

particularly at the water oxide interface. This, however, only occurs where the lithium concentration 

is higher than that of the intrinsic oxygen vacancy defect concentration. Iron, on the other hand, 

reduces the oxygen vacancy defect concentration overall but increases the electron concentration. 

The iron interstitial that causes this is plus two charged indicating that the oxide remains neutrally 

charged overall. The introduction of iron at sufficiently high concentrations prevents lithium from 

increasing the oxygen vacancy concentration. The chromium and tin defects were, unfortunately, 

unable to be calculated within the Brouwer diagram ranges of concentration and partial pressure. 

This is likely, again, due to the large variations in relaxed energies calculated due to no order in the 

amorphous structure.  

Calculating volume changes with respect to defects predicted with the Brouwer diagrams has shown 

that the overall volume change is extremely small in the amorphous oxide. Whilst there is a small 

range to be found, the volume change is equally likely to be positive as it is negative depending on 

defect location within the structure. This would likely require experimental work for verification as 

volume changes may be associated with several external factors such as temperature and 

environment. This does answer one part of the second hypothesis where pore growth through 

volumetric changes may be identified. This investigation has found that this is unlikely, but it cannot 

rule out the possibility. This would require a more in-depth investigation into the amorphous 

structures and potential volume change associated with the defect accommodation.  

By reviewing the potential defects presented on calculated Brouwer diagrams, the solution energies 

of possible reactions were also calculated to provide an indication of plausibility. Lithium and iron 

were both found to have a negative solution energy associated with both an increase in oxygen 

vacancy associated with lithium, and an oxygen vacancy reduction associated with iron. Again, future 

work would likely be needed to provide evidence for elevated iron concentrations in the amorphous 

structures preventing an increase of oxygen vacancy in high lithium environments. Whilst this would 

likely require an increase in iron as an alloying addition, it would require a host of investigations to 

assess this as a viable option to mitigate lithium accelerated corrosion. Alternative alkaline coolant 

additives is likely to be a more efficient area of investigation using the methods provided in this 

chapter to identify possible alternatives to prevent lithium accelerated corrosion.  

The second part of the second hypothesis is regarding grain boundary phase formation along grain 

boundaries. Unfortunately, this has not been addressed in this chapter and will pass to the next 

chapter which will begin the experimental techniques.     

 

 

 

 

 

 

 



 

5. Experimental Works – The Synthesis and Characterisation of 

Lithium doped ZrO2 (From Amorphous to Bulk) 
 

The work in this chapter was published. 

“Lithium stabilization of amorphous ZrO2“ [149] Progress in Nuclear Energy (1st Author) 

The contribution of the author to this work was to undertake synthesis, characterisation, SEM with 

EDX, Thermal analysis, mass spectroscopy and first draft manuscript creation. STEM with EELS and 

ICPOES were conducted by other authors.  

 

The experimental work set out to answer the question, how lithium could affect the ZrO2 oxide layer 

and how lithium would integrate into the structures, if at all. Given that the simulation work 

provided an indication of lithium solubility into the complex, amorphous, grain boundaries, 

producing lithium doped amorphous ZrO2 made logical sense as a first step. From there, further 

experimentation could be conducted to find how lithium would behave when the amorphous 

structure would crystallise and what form would it take. 

The steps utilised in this investigation were to first synthesise lithium doped ZrO2 at various lithium 

concentrations. If lithium does segregate along grain boundaries as the simulation work indicated, 

the concentration of lithium could potentially be much greater than would be expected if it was 

soluble across the whole oxide layer. Conversely, when the Zircaloy is first placed into the lithium 

doped aqueous environment, the lithium concentration in the oxide layer would be expected to be 

zero. For that reason, the lithium concentration range was initially very large from 0.001 mol % to 50 

mol %. From there, to confirm that the lithium doped and undoped structures were amorphous 

through Raman spectroscopy and x-ray diffraction (XRD). Scanning electron microscopy with energy 

dispersive x-ray (SEM/EDX) could provide information about the elemental distribution of the 

synthesised sample as well as evidence of atomic ratios of oxygen to zirconium to ensure that the 

ratio was correct. Simultaneously thermal analysis allowed for the samples to be heated up to the 

point where a change in morphology took place. By conducting thermal analysis with a range of 

lithium concentrations, this would provide an indication of stability or instability of the amorphous 

structure due to lithium concentration. In addition to this, the samples were simultaneously 

monitored through gravimetric changes and using mass spectroscopy (TG/MS), the gasses released 

from the sample could provide details of any losses such as lithium or steam. The resulting structure 

could then be again identified using Raman spectroscopy and x-ray diffraction. Scanning 

transmission electron microscope with electron energy loss spectroscopy (STEM/EELS) was used to 

identify the location of lithium within the crystallised samples to confirm if lithium had formed 

solution into the bulk material. Finally, inductive coupled plasma optical emission spectroscopy (ICP-

OES) was used to identify lithium in aqueous solution where the crystallised ZrO2 remained in 

solution.  

5.1. Synthesis of Li Doped ZrO2  
The synthesis of undoped and lithium doped ZrO2 was conducted without any apparent issues. The 

samples all produced a brilliant white, fine powder. The final structure, however, needed to be 

determined and confirmed to be amorphous. The lithium concentrations were 0.001, 0.01, 0.1, 1, 5, 

10, 20, 30, 40 and 50 mol % in ZrO2. The lower concentrations including 0.001, 0.01, 0.1, and 1 mol % 



 

which showed no changes from that of the undoped structure through all processes including 

simultaneous thermal analysis and XRD, so were omitted from further investigation.  

5.2. Raman Spectroscopy 
Raman spectroscopy was conducted on the samples with higher lithium concentrations to confirm 

that the structures were amorphous, and then again after heat treatment through the simultaneous 

thermal analysis to confirm that the structures had crystallised.  

5.2.1. Amorphous ZrO2 and Li doped ZrO2.  
 

 

Figure 86 Typical Raman spectrum of amorphous ZrO2. 

As can be seen in the Raman spectrum of a typical sample (this was the 50 mol % sample), Figure 86, 

there is an absence of any order as no definitive peaks could be identified which indicates no long-

range order within the sample. There were no notable differences between all samples which 

provided evidence that the samples were amorphous post synthesis. No change from the range of 

lithium concentrations could be observed between samples.  

For all samples a 2-dimensional map was created using the Raman microscope in order to confirm 

that the regions were void of any long-range order. An average intensity could be gained that would 

also double to remove any noise that may have occurred during each individual measurement, also 

known as coadditions. Due to the fine powder produced during synthesis, a general focus across the 

entirety of the mapped area was virtually impossible to achieve. This resulted in changes in relative 

intensity between sample points within the mapped area. This, however, did not provide any 

evidence to suggest that any long-range order was within the sample.   

 



 

5.2.2. Bulk ZrO2  
Once the samples had been heated in the simultaneous thermal analyser (STA) up to 600, 700 and 

1000 °C, which will be described later, confirmation was required to ensure that the morphology of 

the structures had changed.  

 

Figure 87 Averaged 2D map Raman of undoped and 5, 10, 20, 30, 40 and 50 mol % Li doped ZrO2 post simultaneous thermal 
analysis to 700 °C. Vertical lines are given for expected peaks for monoclinic (blue) and tetragonal (red) structures. 

When reviewing the post STA samples using Raman spectroscopy, evidence of long-range order 

could be seen, Figure 87. The peaks gained, however, were broad with low relative intensity when 

compared to the baseline for each sample which is indicative of short-range order and/or high 

intrinsic defect concentrations. It was later found, through STEM, that the crystal sizes were in the 

sub 100 nm range, which provides a small limitation for Raman spectral outputs for such cases. 

There are, however, small intensity peaks which can be seen to coincide with both tetragonal and 

monoclinic structures at low wavenumbers, particularly in the sub 300 cm-1 region, in all samples, 

These coincide with the tetragonal B1g phonon at 155 cm-1 and the monoclinic pair Bg and Ag 

phonons at 177 and 189 cm-1, respectively, confirming literature results [150] using the notation 

previously developed [151]. There does appear to be a small shift of the tetragonal peak at 260 cm-1 

which may also be associated with defects or stresses present in all samples. This is likely due to 

defects within the sample, as mentioned earlier.  

5.3. X-ray Diffraction 
The more successful method in identifying both the amorphous and crystallised structures was 

gained using XRD analysis. This is due to the XRD equipment being specifically designed for powders 

and requiring only the smallest of samples to gain a positive pattern. XRD was first utilised to ensure 

that the synthesised samples were amorphous in all cases, and then again, post STA thermal 

treatment.  



 

5.3.1. Amorphous ZrO2 and Li doped ZrO2  
As with Raman spectroscopy on amorphous structures, the XRD is expected to produce no apparent 

peaks in the absence of any order with an unremarkable pattern of results.  

 

Figure 88 XRD of a typical ZrO2 amorphous undoped structure (black) and 50 mol % doped (red). 

The XRD patterns for all samples confirmed that the structures were amorphous which were 

comparable to both simulation [152] and experimental work [153] in the literature. The 

characteristic lack of prominent peaks and low relative peak intensity provided evidence of no order 

and an amorphous structure, Figure 88. Due to low intensity peaks, this also highlights noise. The 

very broad peaks are of very low relative intensity and are produced from irregular surfaces. This 

was the case for all samples including undoped and lithium doped ZrO2 and corroborates with the 

Raman data obtained for the as-prepared samples.   

5.3.2. Bulk ZrO2  
Whilst it was important to ensure the samples were amorphous once synthesised in the previous 

section, it did provide XRD patterns that were low in features to discuss. The patterns for the 

samples gained post STA, however, were much more interesting offering many more points for 

discussion. The peaks gained from the samples were representative of what can be found from 

literature for bulk ZrO2 with the introduction of a number of interesting features.  



 

 

Figure 89 XRD patterns with a range of lithium concentrations from zero to 50 mol % in ZrO2 samples post 700°C heat-
treatment. 

The range of lithium concentrations from zero to 50 mol % doped ZrO2 heat treated to 700°C shows 

slight peak broadening for all patterns which is indicative of imperfections including defects such as 

vacancies or interstitials, Figure 89. More from this can be seen in the following plot which shows 

literature values. This is, however, consistent for all patterns so is not deemed as a result of lithium 

concentration. With lithium concentrations greater than 5 mol %, two small peaks either side of the 

first main peak ~30o 2θ gives an indication of some structural change due to lithium concentration. 

These small peaks are also reviewed in the following plot to identify the possible structure. There are 

subtle shifts in the vertex of the main peaks (± 0.2o 2θ), but these do not show a trend related to 

lithium concentration so cannot be attributed to lithium caused changes in lattice parameters. An 

interesting note to make is with that of the 5 mol % pattern which is missing the doublet in both the 

35.3 o and 60.4 o 2θ regions. Prior to conducting the 700°C STA thermal treatment runs a few samples 

were heated up to 600°C. However, this will be discussed later, the crystallisation temperatures 

reached almost 600°C, so the decision was made to increase this temperature up to 700°C. When 

reviewing the XRD patterns for the few samples that were heated to 600°C, there is a surprising 

difference.   
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Figure 90 XRD patterns with a range of lithium concentrations from zero to 50 mol % in ZrO2 samples post 600°C heat-
treatment. 

As with the 5 mol % XRD pattern for the 700°C heated sample, all samples with lithium included that 

were heated to 600°C are missing the doublets at ~30° and ~60° 2θ (monoclinic structure). The 

sample containing zero lithium maintains the doublet which gives an indication of some form of 

stability or pressure release through lithium dopants at the lower temperature, Figure 90. When 

increasing the temperature further to 1000°C, a different pattern is apparent.  



 

 

Figure 91 XRD pattern of undoped ZrO2 pre-heated up to 1000° C. Literature monoclinic ZrO2 is shown in blue [154] and 
tetragonal in red [155] vertical dashed lines.  

The XRD pattern for the undoped ZrO2 pre-heated to 1000°C pattern does look very different from 

that of the pre-heated patterns up to 600 and 700°C, Figure 91. The resulting pattern, however, 

shows only a change in ratio between peaks. The main peak seen at ~30° 2θ in the 600°C and 700°C 

XRD patterns is found in the 1000°C pattern but is overshadowed by the increase in ratio of the 

peaks either side of the 30° 2θ peak at 28° and 31° 2θ. These two peaks are also found in the 

lithiated samples that were heated up to 700 °C at much smaller ratios. There are also a number of 

peaks that are new to the 1000°C pattern including a doublet at 24° 2θ, and an additional cluster of 

small peaks between 54° and 58° 2θ.  

To identify the changes in structure as a result of lithium and from higher temperatures, comparing 

these values with possible literature structures was required.  

 

 



 

 

Figure 92 Literature XRD patterns for cubic ZrO2 [156], monoclinic ZrO2 [154], tetragonal ZrO2 [157], and the lithium zirconia 
structures of Li1.8ZrO3 [158], Li2ZrO3  [159], Li4Zr3O8 [160], and Li6Zr2O7 [161]. The final black plot to the bottom is the 50% 

lithium doped ZrO2 sample heated to 700°C for reference. 

When comparing the 50 mol % Li doped ZrO2 XRD pattern for the sample that was pre-heated to 

700°C with literature values, Figure 92, it was hard to associate any lithiated literature structure with 

what we produced. However, the cubic, monoclinic and tetragonal literature structures all have a 

potential to fit our XRD pattern. The highest relative intensity peak that was gained from our sample 

was at 30° 2θ which aligns with both the cubic and the tetragonal structure. The two smaller peaks 

either side of the 30 2θ peak is that of the 28° and 31° 2θ peaks which align with the monoclinic 

literature structure. The main difference in literature XRD patterns between the cubic and tetragonal 

structures is the presence of doublets in the tetragonal structure at 35° and 50° 2θ. The 50 mol % 

lithium ZrO2 sample shows both the doublet associated with the tetragonal structure along with the 

two 28° and 31° 2θ peaks indicating a presence of monoclinic ZrO2 within the sample, at a much 

lower ratio. Comparing the 600°C pre-heated samples, with the exception of the undoped structure, 

were more aligned with the cubic structure. At the higher temperature of 1000°C, the monoclinic 

ratio was much higher with a relative intensity that was slightly higher than the tetragonal peak.   



 

 

Figure 93 Literature XRD peaks for lithium oxide, hydride and hydroxide [162–166].The vertical black lines show the XRD 
peaks for 50 mol % post STA zirconia sample heated to 700 °C.  

When reviewing the high concentration lithium doped zirconia sample (50 mol %) against literature 

values for lithium oxide, hydride and hydroxide, Figure 93, the peaks did not match at all. This is not 

to say that a form of lithium hydroxide is not present, it is just not in a structure that can be 

identified through XRD. 

5.4. Scanning Electron Microscopy with EDX 
The first step in identifying the potential grain sizes and lithium location within the grains adopted 

the scanning electron microscopy with energy dispersive x-ray (SEM with EDX) method. The later, 

however, would not be possible due to the low energy of characteristic radiation produced from 

lithium which was placed within the low energy noise region which is not easy to detect and is hence 

a small limitation of the otherwise effective instrument. The powder was collected by placing carbon 

tape onto a 12.5 mm SEM stub and then lightly “dipping” the stub into the powder allowing the 

adhesive to pick up a small amount of the sample. The stub was then given a light brush to ensure 

that any remaining powder was sufficiently adhered to the stub, preventing any loss during the 

evacuation of the SEM chamber which could otherwise have the potential to damage the 

equipment.    

 



 

 

Figure 94 Image of the crystallised 50 mol % Li doped ZrO2 powder on carbon tape within the SEM. 

 



 

 

Figure 95 Typical SEM image of 50 mol % Li doped ZrO2 with a 10-micron scale bar (x 12000 magnification). 

When taking the SEM to the maximum zoom with sufficient resolution (x 12000 magnification), 

Figure 95, it was difficult to ascertain any specific grains individually. The larger structures (region A) 

seen were comprised of a cluster of grains that could not be resolved, and this was also the case for 

the smaller structures (region B) in the SEM image. This provided an indication that the grains would 

have a size diameter less than a micron and would require a more powerful method to resolve the 

individual grains. (Figure 94 shows the powder on carbon tape used for the SEM image). There is, 

however, a story that can be told where the small grains that cannot be resolved effectively clump 

together. It was later identified through thermal analysis that this clumping occurred during the 

drying stage of the sol-gel synthesis of amorphous samples where the samples were held at 100 °C 

for 2 hours. These clumps were likely, initially, held together by trapped water within the clumps 

themselves. This was later identified where a sample produced with sufficiently large clumps of 

grains was placed into the thermal analyser. When the thermal ramp-up stage was initiated, a 

sudden drop in gravimetric data was identified at, just above, 100 °C. This also coincided with an 

increase of steam produced which was gained through mass spectroscopy, as will be shown in the 

later sections. The sudden reduction in sample mass was caused by a rapid decompression of one 

such cluster which also had the unfortunate effect of distributing the light powder throughout the 

interior of the thermal analyser.  

As mentioned, EDX of the sample was restricted in the case of lithium but could still be used to 

identify the ratio of zirconium and oxygen. Given the uneven topology of the powder sample, 

gaining a full image in focus proved difficult.  

A 
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Figure 96 EDX of typical 50 mol % Li doped ZrO2 sample showing results of Li (blue) Zr (green) and O (red). 

The combined lithium, zirconium and oxygen EDX image through the SEM produced an indication of 

high zirconium (green) and oxygen (red) concentrations to the far left and high concentrations of 

lithium (blue) to the right, Figure 96. This, however, is not representative of the sample viewed. The 

far left of the sample is within focus for the EDX and the mid to right regions are out of focus. This is 

due to the topographical differences in powder height with respect to the point of incidence. 

Shifting attention to the left region, the zirconium defects seem to be fairly uniform and hold a 

backdrop of green to the oxygen. The oxygen, however, seems to be held in spot like regions 

throughout the image overlapping the zirconium. Upon closer inspection, there were areas of yellow 

which indicate a mix of zirconium and oxygen at relatively equal intensity. The spot like features of 

oxygen could also be areas containing water. But the low energy of hydrogen, as is the same with 

lithium, makes it impossible to ascertain through this method. It was possible, however, to split the 

elements to find the individual relative intensities.  



 

 

Figure 97 EDX of typical 50 mol % Li doped ZrO2 sample showing results of Zr (left, green)) and O (right, red). 

The zirconium EDX distribution across the image reached through the midpoint of the image in 

respect to left and right and was fairly unremarkable, Figure 97. The image showing the oxygen 

distribution was a little misleading in that it showed a much brighter region to the far left and a 

much greater dark region for most of the right and centre of the image. This, however, was 

comprised of relative intensity indicating that the far-left region for both images produced a higher 

intensity result. The oxygen “spots” that were seen in the combined image (Figure 96) were less 

prevalent here. The oxygen contrast between high intensity to the left of the image was far more 

striking. As mentioned, this could be the result of water being within the sample which was high in 

intensity across most of the image, but true ZrO2 could be found to the far left which increased the 

relative intensity at those regions when combined with water.  

 

Figure 98 EDX of typical 50 mol % Li doped ZrO2 sample showing results of Li. 

For completion, the EDX for lithium shows a generally uniform distribution across the entire image, 

Figure 98. Given that the EDX images represent relative intensity of energy dispersion and that the 

previous Zr and O images show a focused region to the left, this provides evidence of the 

instrument’s limitation in the case of lithium.   

 



 

Table 9 Elemental distribution of Zr and O for the sample made of 50 mol % Li doped ZrO2.  

Element Line Type Weight % Weight % Sigma Atomic % 

Zr L series 65.11 0.32 25.42 

O K series 33.26 0.28 74.01 

   Total 99.43 

 

The SEM with EDX results for 50 mol % lithium doped ZrO2 also provide a ratio of atomic percentage, 

Table 9. Where a 2 to 1 ratio of oxygen is expected for ZrO2, we find a 3 to 1 ratio of oxygen to 

zirconium. This is from a sample that has reached temperatures up to 700 °C, which should result in 

all water being evaporated from the system. The XRD results suggest that the sample is 

predominantly tetragonal ZrO2 with small amounts of monoclinic ZrO2. The XRD, however, does not 

show the form that the 50 mol % lithium might have taken through thermal treatment. Any 

indication of lithium is also absent from the XRD results. The EDX results suggest that the lithium 

may have formed an oxide. With the inability to see hydrogen within the system, it is also possible 

that the lithium had formed a hydroxide.  

 

 

Figure 99 Pure amorphous ZrO2 pellet pressed and viewed through SEM (12000 x magnification) 

As a small segway, in the image above, Figure 99, amorphous pure ZrO2 without lithium was placed 

in a pellet press up to 5 tonnes for 1 minute and placed into the SEM and provided a fascinating 

image. The image almost looks to produce grains. However, the clear lines are cracks formed within 

the pellet. Samples were also placed within the pellet press for all lithium concentrations of 

amorphous sample and where some were thermally treated. The results were not dissimilar to those 

gained from samples that remained as powder. Samples that were heated after being pressed 



 

exhibited a volume reduction resulting in the pellets cracking and falling apart. Because this didn’t 

yield any meaningful results to the investigation, this was left as a point of interest.  

5.5. Simultaneous Thermal Analysis 

 

Figure 100 Samples ranging from zero to 50 mol % Li doped amorphous ZrO2 heat treated through thermal analysis. 

Thermal analysis of the amorphous undoped and doped samples produced some spectacular results, 

Figure 100. The units of differential scanning calorimetry (DSC) highlighted in the given diagram are 

arbitrary because of the differences produced at low temperatures between 100 and 150°C. This 

was due to water content within the samples differing which resulted in large changes in DSC at the 

lowest temperatures which produced a large difference in y scale peaks and troughs at this point 

(100 to 150°C). When the data was normalised, this produced a trend of increased temperature 

required to produce a “dip” in DSC at temperatures above 400°C. This dip provides a point in 

temperature increase where the transfer of heat between the enclosed environment and the sample 

change. This can be associated with a change in polymorph of the sample. It was clear that the lower 

vertex of each peak drop in DSC shifts to higher temperatures with increasing lithium concentration, 

thus providing a potential trend. It was also apparent that peak broadening also incurred with 

increased lithium concentration. This broadening of peaks is shared with the shallowing of peaks 

that gives an indication that the transition of polymorph change was prolonged, through 

temperature increase, due to lithium concentration.  



 

 

Figure 101 Samples ranging from zero to 50 mol % Li doped amorphous ZrO2 showing the temperature of polymorph 
change at the lowest vertex point through thermal analysis. 

When the lowest vertex point of each dopant concentration from thermal analysis was plotted, 

Figure 101, the results were split into two regions. The undoped and 5 mol % Li samples had a 

polymorph change at much lower temperatures and did not follow the fairly linear trend that could 

be seen with the higher lithium concentration samples (10 to 50 mol %). There was a clear 

correlation between lithium concentration and the temperature at which the structure changed 

polymorph. A higher concentration of lithium resulted in a higher temperature required for a change 

in polymorph. This provided good evidence that the lithium stabilised the amorphous ZrO2, however, 

it could not be seen how this might have occurred.  

5.6. Mass spectroscopy and thermogravimetric analysis 
Mass spectroscopy provides the ability to monitor molecules that are given from the sample along 

with the gasses that may be present within the STA environment such as argon. By measuring these 

molecules, we could determine if lithium is ejected from the system during crystallisation. If no 

lithium is found, this would provide an indication that the lithium would still be within the sample.  



 

 

Figure 102 Mass spectroscopy of 50 mol % doped ZrO2 with maximum values of ion current shown across the full 
temperature range during thermal analysis. 

By taking the maximum ion current values gained through the entirety of the thermal analysis run, 

Figure 102, we could gain an understanding of any lithium or the molecular form of lithium that may 

be present. The mass to charge ratio (m/z) for lithium is 7 where molecular Li2 is 13 and has been 

marked on the mass spectroscopy plot and neither of which were gained with any relevant ion 

current. LiOH would produce a value of 24, LiO is 23 and LiH would be 8. None of which are present 

from the mass spectroscopy results. The results that were gained showed a large amount of H2O and 

small amounts of H2, CO, O2, NO2, Ar, and CO2. There is a small peak at 56 m/z and is likely to be 1-

butanol (C4H10O) which was used during the synthesis of the ZrO2 samples through the sol-gel route. 

The experiment was performed in an argon environment, so argon was expected to be found from 

mass spectroscopy. All other atoms and molecules are likely to have originated from the sample 

itself. The largest peak identified was that of water (steam) which could be investigated further.  



 

 

Figure 103 Mass spectroscopy of H2O gained during thermal analysis of lithium doped samples ranging from zero to 50 mol 
% Li in ZrO2 during the heating process up to 700°C. 

When viewing the H2O given from the sample during the heating process up to 700°C, Figure 103, we 

could identify the expected increase of H2O (steam) from the sample at 100°C which reduces slowly 

up to approximately 400°C. The rate of steam release from the samples is related to how dry the 

samples were at the point of thermal analysis. With samples containing no or 5 mol % Li, we can see 

that the steam is produced from the sample up to higher temperatures still until a sudden peak 

occurs between 400 to 450°C. This peak temperature coincides with the polymorph change 

observed through thermal analysis. What is interesting about this is that the higher lithium 

concentration samples, 10 to 50 mol %, do not show this peak during the polymorph change. Given 

that there is no mass spectroscopy evidence of lithium leaving the sample and that higher 

concentrations of lithium prevent steam from being evacuated during the polymorph change, it 

provides evidence that the lithium is perhaps combining with the H2O within the sample preventing 

steam release. If this is the case, there is potential that a hydroxide such as LiOH, an oxide LiO, or a 

hydride LiH being formed. But this needed additional tools to identify. For this reason, it was decided 

to attempt STEM with EELS to help identify the form that the lithium took.  



 

 

Figure 104 Thermogravimetric data through thermal analysis of lithium doped ZrO2 ranging from zero to 50 mol % Li-
content. 

When reviewing the thermogravimetric data gained simultaneously during thermal analysis, Figure 

104, it was clear that there was a large loss in the mass percentage of the 10 mol % Li doped sample. 

This was a result of the sample being much wetter than the other samples. For this reason, the 10 

mol % was removed to provide a clearer picture of the other lithium concentration samples.  

 

Figure 105 Thermogravimetric data through thermal analysis of lithium doped ZrO2 ranging from zero Li to 50 mol % with 
the omission of 10 mol % Li. 



 

 

 

The general loss of mass, as seen with the 10 mol % Li sample, was primarily from water removal 

through steam during the heating process, Figure 105. The mass loss seems fairly unremarkable and 

consistent for all samples with the exception of zero and 5 mol % Li which both exhibit a small drop 

in mass between 400 and 450°C. This also coincides with the temperature in which the polymorph 

changes for these samples and confirms the mass spectroscopy peaks in H2O observed earlier. This 

shows that all mass loss is predominantly produced by H2O gas for all samples.  

5.7. Scanning Transmission Electron Microscope with Electron Energy Loss 

Spectroscopy 
To help identify whether the lithium from the samples was incorporated into the bulk or segregated 

during the polymorph change during thermal analysis experiments, the STEM with EELS equipment 

was utilised at both Imperial College London and Oxford University. The samples were initially 

prepared at Imperial College London as mentioned in the method section.  



 

 

Figure 106 STEM with EELS equipment at the department of materials, Imperial College London. 

It was found that the STEM with EELS equipment at Imperial College London utilised a beryllium 

window, Figure 106. This would mean that any EELS signals gained from lithium would be filtered 

out. It did, however, produce an indication of crystal size of the samples roughly between 10 and 20 

nm.  



 

 

Figure 107. Typical grain size of ZrO2 samples post thermal analysis with grain sizes averaging between 10 and 20 nm. 
Pictured are clumps of grains from 100 nm. 

Although the images gained from Imperial College were fantastic and provided the first look at the 

crystals produced through thermal analysis, the STEM with EELS at Oxford University was chosen to 

continue the work as it had the ability to analyse lithium through EELS, Figure 107. The same 

samples that were prepared at Imperial College were used. This involved the samples being held in 

suspension in deionised water and pipetted a couple of drops of the resulting sample onto a copper 

grating and allowing it to dry before being placed into the STEM. Again, this produced some 

impressive images.  

 

 

 

 

 

 

 



 

 

Figure 108 STEM images of post thermal analysis Li doped ZrO2 increasing focus from a) through to d). The scale bar (green) 
is 20 nm for all images. 

Many of the crystal sizes, as with the previously gained STEM images, are seen to be between 10 and 

20 nm, Figure 108. There were, however, very few crystals that were found to be slightly larger. The 

STEM images show a general image of many crystals (a) and then identified larger crystals that were 

approximately 40 nm in diameter (b). Focusing into one such crystal (c) showed that there seemed 

to be possible substructures within the crystals due to changes in shade. This could be seen when 

further zooming into the sample (d).  

 

a) b) 

c) d) 



 

 

Figure 109  Image gained of 50 mol % Li doped ZrO2 sample from STEM where the scale bar (green) is set to 20 nm. 

The final image gained from STEM provided a spectacular view of the atomic columns within the 

crystals (bottom centre) Figure 109. This also confirms results gained from literature work [167]. 

These columns appear to remain consistent in atomic order across the previously assumed 

substructures indicating that these changes in shade are likely topological in apparent depth changes 

of the material and not individual crystals within a larger bulk structure.  



 

 

Figure 110 STEM HAADF image containing a cluster of ZrO2. The green rectangle indicates the location for EELS mapping. 
The red squares are given as 1, a base sample and 2 the membrane spectra. 

To produce the EELS spectra, some background areas were required such as that of the membrane 

that the sample sat upon, Figure 110. This could then be removed from the final spectra to provide 

only the sample spectrum without the membrane data.  

 

 

Figure 111 EELS spectra gained from sample with 50 mol % lithium doped ZrO2 with the expected Li edge indicated. 



 

The response from the sampled region was quite surprising in that no lithium could be identified 

above normal noise levels, Figure 111. Given that the mass spectroscopy indicated no lithium loss 

during heating and, conversely, no lithium within the sample using STEM with EELS, this provided a 

question of whether the lithium was lost in solution in deionised water during the TEM sample 

preparation. A simple litmus test could provide an indication of base level within the solution which 

would provide evidence that the lithium was, indeed, present within the deionised water. We had all 

the evidence needed to indicate that the ZrO2 had remained in suspension within the water.  

Table 10 Litmus test on 50 mol % Li doped ZrO2 in deionised water and a deionised water control. 

Sample 50 mol % Li doped ZrO2 
Deionised Water 

control 

Sample image 

  

Litmus test 

  
pH 10 7 

 

The litmus test provided evidence that lithium formed a solution within the deionised water 

producing an elevated pH of 10, which is above the neutral pH 7 that could be found in deionised 

water, Table 10. This isn’t absolute, as the pH of tetragonal ZrO2 has been previously found to be 

between 3 to 14 pH [168]. An alternative method was required to investigate the location of lithium 

within the samples post thermal analysis. The implications of this lithium solubility could be a means 

to break down the outer oxide layers through grain boundary degradation.  

5.8. Inductively Coupled Plasma Optical Emission Spectroscopy 
The inductively coupled plasma optical emission spectroscopy (ICP-OES) method was conducted by 

the BioComposits department at Bangor University and was divided into 2 parts. The first was to 

take the solid powder sample and identify the lithium to ZrO2 ratio. The second would look at the 

ratio of lithium to ZrO2 in the sample held in suspension/solution in deionised water. It was hoped 

that lithium could be identified within both samples to confirm that lithium was within the sample 

and to validate the mass spectroscopy spectrum which indicated no loss of lithium during thermal 

analysis. Both experiments were conducted on the 50 mol % lithium doped ZrO2.  

For the solid powder sample, lithium was found at 3.63 mg/g providing a 1:7.2 ratio of lithium to 

zirconium. For the sample in deionised water, lithium was found at 1.51 mg/L and only 0.29 mg/L of 

zirconium which produced a 1:0.2 lithium to zirconium ratio. Whilst this proves lithium was within 

the samples prior to being placed into deionised water, it also provides evidence of lithium forming a 

solution within the deionised water also. This supports the simulated results gained from both the 

bulk ZrO2 solution energy results which predicted that lithium was unlikely to form a solution into 

monoclinic or tetragonal ZrO2, but it also confirms that the lithium was within the sample during the 

amorphous stages too. It also provided evidence that the lithium remained within the sample during 

thermal analysis which confirmed the results gained through mass spectroscopy.  



 

The remaining samples that had been within deionised water from zero to 50 mol % Li were all dried 

and placed through the XRD again to ensure no structural changed had taken place and all samples 

were found to be identical to those that had not been placed in deionised water.  

5.9. Summary and Discussion 
The experimental methods used to synthesise and characterise lithium doped ZrO2, with a range of 

lithium concentrations from 0.001 to 50 mol %, was conducted successfully through the sol-gel 

route. Though, later, the lowest concentration samples (0.001 to 0.1 mol %) were removed as no 

meaningful data could be obtained through this route above zero lithium levels. Raman 

spectroscopy was successfully utilised to confirm an amorphous powder had been produced, 

however, due to the very small crystal sizes gained through thermal analysis, Raman could not 

produce distinctly clear peaks that could be analysed with any accuracy. XRD, on the other hand, 

produced clear results in all cases which provided evidence that the samples were predominantly 

tetragonal with a small ratio of monoclinic ZrO2 at 700°C but would also produce similar ratios of 

tetragonal to monoclinic ZrO2 when heated to 1000°C. For samples containing 5 mol % and less 

lithium, very little monoclinic ZrO2 was evident, higher lithium concentrations (10 to 50 mol %) did 

produce small monoclinic peaks. This does indicate that there may be some form of stress relief that 

may be associated with lithium during the change in polymorph from amorphous to crystal 

structure. Small grain sized zirconia and internal compressive stresses are known to stabilize 

tetragonal zirconia [169]. During the change of polymorph from amorphous to tetragonal, the 

lithium was segregated and may have produced a lithium hydroxide or lithium oxide. This process 

may have destabilized the tetragonal polymorph allowing monoclinic zirconia to form. When 

reviewing literature XRD peaks for lithium and zirconia (e.g., Li2ZrO3), no peaks could be associated 

with lithiated structures.  

SEM with EDX was not able to resolve individual crystals and could not gain data for lithium through 

EDX due to this being a low energy atom and in a region of noise. It did, however, provide a 

zirconium and oxygen map which provided much more oxygen than expected with a 3 to 1 ratio of 

oxygen to zirconium. Whilst XRD showed the samples to be ZrO2 this additional oxygen could have 

been part of a lithium oxide or lithium hydroxide which would produce higher oxygen concentrations 

through EDX. Thermal analysis produced some fascinating results that provided evidence that 

lithium stabilised the amorphous ZrO2 structure. An increase in lithium resulted in a higher 

temperature required to initiate a change in polymorph. Thermogravimetric and mass spectroscopy 

data associated with thermal analysis indicated that no lithium was lost during the heating process 

and that steam was the most prevalent ion to be produced from all samples. For zero and 5 mol % 

lithium samples, it was found that a sudden release of steam was produced at the temperature 

where the polymorph change was initiated. This was not found in samples containing higher 

concentrations of lithium (10 to 50 mol % Li) which gives an indication that lithium may have formed 

an oxide, hydride or hydroxide that prevented similar results. However, without identifying the 

molecular form which lithium takes post thermal analysis, this is only a hypothesis.  

STEM with EELS produced some clear images which provided an indication of typical crystal sizes 

between 10 to 20 nm in diameter. There were, however, a small number of crystals that were up to 

40 nm in diameter. Atomic resolution was obtained showing evidence of structural order within the 

crystal, but no lithium could be identified through EELS. It transpired that the method in which the 

samples were prepared, where the Li doped ZrO2 was placed in deionised water, the lithium formed 

solution within the water, where the zirconia remained in suspension. This was later confirmed by 

emission spectroscopy which found lithium to be at a ratio of 1:7.2 to zirconium in the solid sample 

which was not held in suspension/solution in water, and a ratio of 1:0.2 lithium to zirconium in the 



 

sample that had been in suspension/solution in deionised water. This not only confirmed that the 

lithium had remained within the sample during thermal analysis, but also confirmed the simulated 

predictions that found solution to be unlikely in bulk ZrO2 and was possible in amorphous ZrO2. 

Whilst this offers some evidence as to the effects of lithium in ZrO2, it also poses several questions. 

Further work, such as in-situ XPS, XAS or EXAFs, could answer questions such as what is the form in 

which lithium takes when segregated from the crystalising zirconia? If it is possible for lithium to find 

a path to the metal oxide interface, will this actively discourage the formation of crystals in favour of 

amorphous structures? If that is the case, could lithium be the reason for equiaxed grain growth 

over naturally occurring columnar growth that has been observed with samples subjected to lithium 

accelerated corrosion [170]?  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

6. Summary and conclusion 
The overall goal of this project was to identify the mechanism of how lithium accelerates corrosion 

of zirconium alloys. Initial research indicated that there were two main hypotheses, with a third for 

potential extra work, to guide the investigation path. First, the ingress of lithium into the bulk oxide 

(tetragonal and monoclinic) of the zirconium alloy would cause a change in volume and potentially 

promote pore formation which would allow oxygen ingress to the metal oxide interface, further 

increasing oxidation. Secondly, the lithium is accommodated along grain boundaries which further 

promoted grain boundary phases or formed pores. Lastly, lithium accommodation would induce 

electro-chemical effects that accelerate the hydrolysis of water. The first hypothesis was largely 

found to be unlikely, the second, however, provided sufficient results to warrant additional 

investigation and a plausible route. This largely negated the effort to pursue the third hypothesis in 

this work as the focus was applied to understand the second hypothesis extensively.  

Starting the investigation with the bulk oxide provided two benefits over alternatives when choosing 

which hypothesis to investigate first. The tetragonal and monoclinic oxide structures were already 

well defined and thoroughly investigated in the literature so comparison could be consistently 

maintained ensuring reliable and consistent results. This also allowed for lessons to be learned which 

could then be carried over when investigating more complex structures subsequently. 

Producing relaxed bulk zirconium oxide structures through simulation was successfully conducted 

gaining a base to which defects, such as those containing lithium, could be applied.  The electronic 

structure of the bulk oxide structures could also be gained and compared to literature and were 

found to produce reasonable results. 

Using the values gained from the bulk oxides of both defect free and defect structures, both 

formation energy vs bandgap plots and Brouwer diagrams to provide an indication of defect 

concentration through the oxide layers, could be calculated.  

The formation energy vs bandgap plots provided a good indication of which defects to expect where 

the defects with the lowest formation energies would be more likely to form. A positive charged 

defect was more likely to form in a negatively charged structure and a negative charged defect was 

more likely to form in a positive structure.  

The Brouwer diagram containing just lithium defects and intrinsic defects showed that two lithium 

interstitials around a zirconium vacancy (Lii: VZr)′′ would increase the oxygen vacancy concentration 

(VO
••), particularly at the water oxide interface. The lithium concentration, however, needed to be 

greater than the concentration of intrinsic oxygen vacancy defects to cause this change. This was 

apparent in both the monoclinic and tetragonal structures. When applying the alloying additions at 

concentrations expected to be found in Zircaloy-4 which included chromium, iron and tin, the tin 

had no apparent effect on the intrinsic defect concentrations. Chromium was found to increase the 

zirconium vacancy defects in the monoclinic structure, but not the tetragonal. Iron, on the other 

hand, was found to reduce the oxygen vacancy defect concentrations. When all extrinsic defects 

were combined, the iron defects would suppress the effect of lithium and prevent the increase of 

oxygen vacancy defects. This provides two main points of interest: in sufficiently high concentrations 

(>10-10 per ZrO2), lithium would increase the concentration of oxygen vacancy defects. Through this, 

oxygen may be allowed to “hop” along oxygen vacancy sites and provide a highway for oxygen to 

pass through the oxide. The second point is that should enough iron be present within the bulk 

oxide, this would prevent the effect that lithium has and could prevent lithium accelerated 

corrosion.   



 

When reviewing the possibility of pore growth due to lithium ingress into the bulk oxide, the volume 

changes resulting from each defect could be reviewed and combined at concentrations gained from 

the Brouwer diagrams. Despite DFT producing exaggerated volumetric changes when applied to 

charged defects, the volume change associated was very low in the tetragonal oxide with a volume 

variation  of 3×10-4
 Å3/ZrO2. The monoclinic structure was found to produce a slightly higher volume 

change, but only at the water oxide interface. The change in volume peaked at 1.3 Å3/ZrO2 but did 

not proceed to any real depth into the oxide layer. For this reason, the volume change could be 

considered negligible, and lithium would be unlikely to reduce the volume of the structure 

sufficiently enough to produce pores as a result.  

Finally, the solution energies of the main defects identified in the Brouwer diagrams were reviewed. 

Whilst a favourable solution energy for tin, iron and chromium defects were calculated, lithium 

produced a solution energy that was high and positive, indicating that lithium would be unlikely to 

form solution into either tetragonal or monoclinic zirconia and an unlikely route for lithium 

accelerated corrosion.  

With the solubility of lithium found to be unlikely in the bulk oxide, the attention could turn to the 

grain boundaries and to address the second hypothesis which would look at the potential for lithium 

to form solution in the grain boundaries and that this may promote pore growth or promote grain 

boundary phases. In order to accomplish this, the grain boundary was considered complex and, thus, 

amorphous.  

The techniques used in the bulk structures could also be used in the amorphous structures, 

however, producing the amorphous structure was more complex. The amorphous structures were 

produced using molecular dynamics in the first instance and then reduced in size using reverse 

Monte-Carlo so that they could then be assessed using density functional theory. The resulting 

structures were reviewed to ensure they remained amorphous using atomic radial distribution and 

were found to remain amorphous indicating a successful transition in scale.  

The formation energy vs bandgap plots produced very similar results to that of the bulk oxide 

without any real surprises. The main difference between the bulk oxide and amorphous structures is 

that the Brouwer diagrams in the amorphous zirconia showed fewer defect types in comparison. 

Chromium and tin did not show on the Brouwer diagrams at all with very low concentrations and 

only the plus two charged iron interstitial (Fei
••) had a high enough concentration to appear out of 

all the alloying additions. As with the bulk oxide, the lithium increased the oxygen vacancy (VO
••) 

concentration but only when the lithium concentration was higher than that of the intrinsic only 

level of oxygen vacancy (>10-10 per ZrO2). This does tie into literature experimental work that shows 

that lithium concentrations are required to be high enough (dependant on temperature) before 

accelerated corrosion takes place [55]. An increase in oxygen vacancy sites has been shown to 

increase the likelihood of oxygen to pass from oxygen vacancy site to site [27]. In sufficient 

quantities, iron showed a potential to mitigate the effect of lithium and reduce the oxygen vacancy 

concentration. This could prove to be a solution to the lithium accelerated corrosion issue but would 

require a detailed investigation to identify the physical plausibility.  

Combining the volume change of each defect and the associated concentration found in the 

Brouwer diagram, the volume change was calculated to be between 0.0008 to -0.004 Å3/ZrO2. Given 

that the volume change calculated through DFT has been found to exaggerate for charged defects, 

this provides a good indication that the volume change is insignificant and just as likely to increase 

the volume as it is to reduce it [135]. This would discount the hypothesis that lithium would 

generate pores along the grain boundaries.  



 

The solution energy calculated for lithium into the amorphous structure was found to be -0.38 eV 

with a standard deviation of 1.27 eV. This indicates that solution of lithium is possible along the grain 

boundaries of the oxide. This was further confirmed experimentally using atom probe where lithium 

was found to segregate along the grain boundaries [67].  

Whilst this does provide an indication of a mechanism by which lithium could promote oxygen 

transport to the metal oxide interface and, thus, accelerate the corrosion of zirconium alloy. This 

does not address the second part of hypothesis two which suggested that lithium might promote 

grain boundary phases. To address this question, the investigation needed to change from 

simulation to experimental methods.  

Amorphous zirconia and lithium doped zirconia were successfully characterised and synthesised 

through a sol-gel route. From there, the structures were heat treated through simultaneous thermal 

analysis and it was found that lithium stabilised the amorphous structure where higher 

temperatures were required to change the polymorph with higher lithium concentrations. Through 

XRD, the resulting structures were found to be tetragonal for samples containing no lithium and 

tetragonal/cubic for 5 mol % lithium. For samples containing more than 5 mol % lithium, the 

resulting structures were found to be predominantly tetragonal with a small ratio of monoclinic 

zirconia. During thermal analysis, no lithium was found to have been ejected from the samples when 

analysing the gases produced through mass spectroscopy. Steam, however, was found to be 

produced at the point of structure change for the 0 and 5 mol % lithium samples but not the samples 

containing a higher concentration of lithium. This indicated that the lithium prevented hydroxide 

species from being ejected from the samples and that it may have produced a lithium hydroxide of 

some form.  

When attempting to identify the location of the lithium post heat treatment, STEM with EELS could 

not identify lithium but could identify the zirconium crystals which were approximately 20 nm in 

diameter. The method used to prepare the samples for STEM was to place the samples in suspension 

in deionised water and pipette the samples onto the sample grating. It was later found that because 

the lithium was segregated from the zirconia during crystallisation, the lithium was able to form 

solution into the water where the zirconia crystals were in suspension. The lithium was later 

identified in the deionised water through inductively coupled plasma optical emission spectroscopy. 

The small size in crystals provided a reason as to why Raman spectroscopy was unable to effectively 

provide substantial peaks for analysis.  

The experimental results produced evidence that supports the second part of hypothesis two in that 

lithium promotes grain boundary phases. This is evident when considering the stabilisation of the 

amorphous structure during heat treatment.  

The segregation of lithium along grain boundaries and the unlikely solution of lithium into the bulk 

oxide identified through simulations were also confirmed. The evidence for this was provided 

through STEM with EELS which could only identify the zirconium crystals and the ICP-OES which 

found that lithium would form solution in water where the zirconia remained in crystal form when 

placed in deionised water. Given that lithium has been previously identified as segregating along 

grain boundaries [67] and that lithium is highly soluble in water when segregated, this could have 

potential to break down grain boundaries and cause grains to peel away when the zirconium alloy is 

in an aqueous environment.  

 



 

Whilst this does offer a good indication to explain how lithium might accelerate the corrosion of 

zirconium alloys, there are a number of verifications that are required to form a solid conclusion. In 

addition to this, there are a plethora of routes that might be taken to identify ways to mitigate the 

accelerated corrosion in the future.  

 

  



 

7. Future Work 
Whilst the segregation of lithium from the bulk oxide and into the grain boundaries has been 

identified through both simulation and experiment, the form in which lithium takes once there is a 

polymorph change from amorphous to bulk is yet to be known. The experimental work has shown 

that lithium prevents stream from being ejected at the point of crystallisation which only suggests 

that a form of lithium hydroxide might be created. However, this would need to be verified. A 

potential method to verify this would be through in-situ x-ray photoelectron spectroscopy. This 

method could monitor the produced molecules whilst undergoing heat treatment during the 

polymorph change.  

Evidence to show that lithium stabilises the amorphous structure has been provided in this work, but 

the detrimental effects that this may have on grain growth has not. Identifying if lithium is able to 

reach the metal oxide interface is required, first, to ascertain this potential. At the time of writing, 

the author has been notified that this work will be taking place in the near future by Jacobs PLC. 

Should lithium be found at the metal oxide interface, and that lithium stabilises the grain boundary 

phases under these conditions, it is likely that the grain growth will be reduced and that more grain 

boundaries are promoted. This would be seen as small equiaxial grains which should be smaller than 

what was seen in normal conditions with an absence of lithium.  

The simulation work has indicated that lithium would increase the oxygen vacancy defect 

concentration through the oxide layer, particularly at the water oxide interface. This has yet to be 

verified experimentally. Again, identifying if lithium is able to reach the metal oxide interface, this 

has the potential to increase the oxygen vacancy defect concentration all the way to the metal 

surface and provide a highway, of sorts, for oxygen to penetrate the metal surface and increase the 

rate of oxidation. 

The simulation work has provided an indication that an increase in iron concentration might hinder 

or mitigate the increase of oxygen vacancy defects caused by lithium ingress. Should this be the 

case, a simple increase of iron as an alloying addition may prevent lithium accelerated corrosion. 

Whilst this does need further experimental verification, this would also couple with an enhanced 

investigation to identify the in-reactor implications that could be apparent as a result of an increase 

in iron in the alloy.   

Other alternatives to lithium, alkaline coolant additives have been suggested in the past as a 

potential route to prevent lithium accelerated corrosion, including sodium and potassium. The 

methodology presented within this work would provide a good starting point to assess if these are 

viable candidates, in the first instance.  

Finally, whilst not entirely associated with lithium accelerated corrosion, previous work has 

identified that a decrease in electron transport results in greater rates of hydrogen pickup [11]. 

Hydrogen pickup is associated with hydrogen embrittlement of the zirconium based cladding 

material. The simulations produced in this work would be able to give an indication of bandgap 

changes associated with dopants. If this is the case, identifying defects which effectively increase the 

bandgap could result in a reduction of hydrogen ingress and possibly mitigate hydrogen 

embrittlement. A small probing study into this may provide a solid foundation for a much larger 

investigative project.  
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Appendix 
A.1. Cr Doped Tetragonal ZrO2 
In the case of chromium, the defects that were well within the bandgap calculations were numerous, 

so most had the potential to feature on the Brouwer diagrams. Various charged defects from 

chromium interstitials, substitutions and small clusters including (Cri), (CrZr), (CrZr: VO) and 

(2CrZr: VO). Unlike the lithium defects, due to the high number of potential chromium defects, the 

formation energy vs Fermi energy plots have been split between defect species.  

 

Figure 112 Formation energy of chromium interstitial defects with a range of charges across the Fermi energy of the 
bandgap of tetragonal ZrO2. 

For chromium interstitials, Figure 112, the positive 4 charged (Cri
••••) occupies a small region 

towards the valence band at the bottom of the bandgap but is the only defect to have a negative 

formation energy. The remainder of the bandgap is dominated by the neutral charged interstitial 

(Cri
×).  

 



 

 

 

 

The chromium interstitial structure (Figure 113) seems, visually, to be relatively unchanged when 

relaxed in tetragonal ZrO2.  

Figure 113 Tetragonal ZrO2 structure with chromium 
interstitial (purple) centre (Different orientation to aid in 

visual). 



 

 

Figure 114 Formation energy of chromium substitutions on zirconium site defects with a range of charges across the Fermi 
energy of the bandgap of tetragonal ZrO2. 

For chromium substitutions on zirconium sites, Figure 114, the positive one charged (CrZr
• ) shows at 

the bottom of the band gap to the left which is replaced by the negative one charged defect (CrZr
′ ) 

towards the top of the bandgap. At the very top of the bandgap to the right, which is first negative 

five charged (CrZr
′′′′′) but is eventually replaced by the negative six charged defect (CrZr

′′′′′′). 



 

 

 

 

As with the chromium interstitial defect in tetragonal ZrO2, the chromium substitution on a 

zirconium site (Figure 115) shows little change in atomic positions when relaxed with a small 

movement of oxygen to the right of the chromium substitution closer to the defect.  

Figure 115 Tetragonal ZrO2 structure with chromium 
substitution (purple) on a zirconium site (green). The 

orientation is changed for defect clarity.  



 

 

Figure 116 Formation energy of chromium substitutions on zirconium sites with an oxygen vacancy defect with a range of 
charges across the Fermi energy of the bandgap of tetragonal ZrO2. 

The small cluster defect of a chromium substitution on a zirconium site and an oxygen vacancy, 

Figure 116, the negative one charged defect (CrZr: VO)′ has the lowest formation energy to the left 

at the bottom of the bandgap. This is briefly replaced by the negative two defect, followed by the 

negative three and then the negative four defect at the top of the bandgap. 



 

 

 

 

The tetragonal structure of ZrO2 with a chromium substitution and an oxygen vacancy (Figure 117) 

shows little change of atomic position when relaxed.  

Figure 117 Tetragonal ZrO2 structure with a chromium 
substitution on a zirconium site and a oxygen vacancy. 



 

 

Figure 118 Formation energy of two chromium substitutions on a zirconium site with an oxygen vacancy defect with a range 
of charges across the Fermi energy of the bandgap of tetragonal ZrO2. 

The (2CrZr: VO) defect has a very high formation energy so would be unlikely to feature in the 

Brouwer diagram, Figure 118. The positive one charged defect is prevalent at the bottom of the 

bandgap to the left but is replaced by the neutral charged defect covering the remained of the 

bandgap. 



 

 

 

 

When looking at the tetragonal ZrO2 structure with two chromium substitutions on zirconium sites 

along with an oxygen vacancy (Figure 119), the cluster of defects caused much larger variations in 

atomic positions.  

Given the number of defects that hold low formation energies containing chromium, this provided 

an indication that the produced Brouwer diagram would be very busy. For this reason, the higher Cr 

concentration of 10-3 is placed individually before placing the plots of all the concentrations together 

in a single figure, as was the case for the Li defects. Once the main features of the high 

concentration Brouwer diagram could be identified, all of the concentration plots are added 

together for comparison.  

Figure 119 Tetragonal ZrO2 structure with two chromium 
substitutions on zirconium sites and an oxygen vacancy. 



 

 

Figure 120 Brouwer diagram at 635 K with no fixed concentration of Cr and intrinsic defects in tetragonal ZrO2. 

For the Cr doped tetragonal ZrO2 Brouwer diagram, Figure 120, the chromium interstitials have a low 

concentration throughout the oxide with small increases in concentration at higher partial pressures 

of charged interstitials. These appear to accommodate an increase of the negative two charged 

oxygen interstitial concentration (Oi
′′). The (CrZr: VO)′ follows the (VZr

′′′′) defect in following the 

concentration of holes with an overall lower concentration. However, the (VZr
′′′′) defect has an 

increased in concentration at the highest partial pressure when intersecting (CrZr
• ) which coincides 

with a decrease of (VO
••) at the same partial pressure. The (Oi

× − split) and the (VZr
′′′) defects have 

no real change from intrinsic levels with the exception of a slight increase in (VZr
′′′) at the highest 

partial pressure. The key difference from that of lithium defects here is that there is no fixed 

concentration for chromium. At high partial pressures, the (CrZr: VO)′ defect is found to be at 10-3 

per ZrO2. However, further into the oxide, this level drops off to ~10-19. This would indicate that the 

chromium defects would be more likely to be found at the water oxide interface.  

To visualise how the intrinsic defect concentrations change as a result of Cr, viewing the Brouwer 

diagram with the extrinsic defects hidden would allow for easier identification of intrinsic defect 

changes. 



 

 

Figure 121 Cr doped tetragonal ZrO2 Brouwer diagrams showing only intrinsic defects as a result of hidden Cr concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only. 

 

 



 

When the extrinsic defects are hidden from the Brouwer diagrams at 10-3, 10-7 and 10-11, it is clear 

that chromium defects have very little effect on the tetragonal structure with the exception of small 

changes at high partial pressures, Figure 121. This is due to very high chromium concentrations in 

this region, Figure 120. The minimal change in intrinsic defect concentrations is consistent across all 

Cr concentrations.   

A.2. Fe Doped Tetragonal ZrO2 

Iron defects have been split into defect species due to the high number of defects that may feature 

in the Brouwer diagrams. Like the chromium defects, we have iron interstitials (Fei), iron 

substitutions on zirconium sites (FeZr), the small cluster of an iron substitution on a zirconium site 

along with an oxygen vacancy (FeZr: VO) and another small cluster of two iron substitutions on two 

zirconium sites along with a oxygen vacancy (2Fezr: VO). All formation energy diagrams across the 

bandgap show the defect species with a variation of charge. The first formation energy diagram 

shows the iron interstitials.  

 

Figure 122 Formation energy of iron interstitial defects with a range of charges across the Fermi energy of the bandgap of 
tetragonal ZrO2. 

All the defect formation energies for the iron interstitials are well above zero with the exception of 

the positive two charged (Fei
••) which has a very small region at the top of the valence band to the 

left, Figure 122. Whilst it is not unheard of for defects to feature within the Brouwer diagram with 

positive formation energy values, the overall charge of the combined defects and formation energies 

need to be favourable for such a defect to be present.  

 



 

 

 

 

The iron interstitial defect in the tetragonal ZrO2 structure (Figure 123) shows very little change in 

surrounding atomic positions when relaxed.  

Figure 123 Tetragonal ZrO2 structure with iron interstitial (gold) 
centre. 



 

 

Figure 124 Formation energy of iron substitutions of zirconium defects with a range of charges across the Fermi energy of 
the bandgap of tetragonal ZrO2. 

Each of the Fe substitution on Zr site defects, with the exception of the neutral charged (FeZr
× ), holds 

a position of lowest formation energy across the bandgap, Figure 124. The (FeZr
× ) is also the only 

defect to consistently hold a positive formation energy at 4 eV. The remaining defects show a lower 

formation energy from the top of the valence band to the left with (FeZr
′ ) and then moving to the 

bottom of the conduction band to the right we have (FeZr
′′ ), then (FeZr

′′′) and finally (FeZr
′′′′). These 

defects all hold a negative formation energy towards the conduction band and a positive formation 

energy towards the valence band. Where the Fermi energy is below 2 eV, all substitution defects 

have a positive formation energy.  

 



 

 

 

 

Much like the iron interstitial defect in the tetragonal ZrO2 structure, the iron substitution on a 

zirconium site (Figure 125) also causes very little variation in intrinsic atomic position when relaxed. 

There does appear to be a small attraction of nearest neighbour oxygen atoms around the iron 

substitution but is minimal.  This is likely due to ionic bonding of the closest surrounding oxygen 

atoms to the iron atom.   

Figure 125 Tetragonal ZrO2 structure with an iron interstitial 
on a zirconium site (gold) centre. 



 

 

Figure 126 Formation energy of iron substitutions on zirconium sites with an oxygen vacancy defect with a range of charges 
across the Fermi energy of the bandgap of tetragonal ZrO2. 

For the small cluster of an Fe substitution on a Zr site and an oxygen vacancy, Figure 126, the neutral 

and negative one charged clusters had an energy which placed these defects outside of the bandgap 

and were no longer considered. To the left at the top of the valence band, all defects hold a positive 

formation energy. Above 2 eV, all defects have a negative formation energy, and all have a lower 

formation energy than the other defects for the remainder of the Fermi energy. First, the 

(FeZr: VO)′′ holds the lowest formation energy from the top of the valence band to the left. This is 

then replaced by the (FeZr: VO)′′′ briefly at around 2.5 eV. This is finally replaced by the 

(FeZr: VO)′′′′ for the remainder of the bandgap towards the bottom of the conduction band to the 

right. 



 

 

 

 

The iron substitution on a zirconium site with an oxygen vacancy (Figure 127) shows little intrinsic 

atomic position changes around the substitution. The oxygen atoms surrounding the oxygen vacancy 

site, however, have shown slight position changes (Circled in blue).  

Figure 127 Tetragonal ZrO2 structure with an iron 
substitution on a zirconium site and an oxygen vacancy. 



 

 

Figure 128 Formation energy of two iron substitutions on a zirconium site with an oxygen vacancy defect with a range of 
charges across the Fermi energy of the bandgap of tetragonal ZrO2 

Finally, the small cluster of two substitute Fe on two Zr sites with an oxygen vacancy (2FeZr: VO), 

Figure 128. Here, all charged defects were within the bandgap during the calculation, and not only 

this, but each defect at one point has the lowest formation energy with only the exception of the 

negative two charged (2FeZr: VO)′′. However, only three charges (minus two, three and four) have a 

negative formation energy, all of which are above 2.5 eV in the Fermi energy towards the bottom of 

the conduction band to the right. Starting from the top of the valence band to the left, the plus two 

charged defect (2FeZr: VO)•• has the lowest formation energy but is quickly replaced by the plus one 

charged (2FeZr: VO)• for a short time, again, before being replaced by the neutral charged 

(2FeZr: VO)×. The negative one charged defect (2FeZr: VO)′ has the lowest formation energy at 

about 1.5 eV, but this defect, along with all already mentioned, do not have a negative formation 

energy. From here, just below 2 eV, the negative three defect has the lowest formation energy until 

just below 2.5 eV where the negative four (2FeZr: VO)′′′′ has the lowest formation energy for the 

remainder of the bandgap.  

 



 

 

 

 

The two iron substitutions on zirconium sites with an oxygen vacancy cluster defect (Figure 129) is 

surprising in how little the intrinsic atomic positions change when comparing this to the single iron 

substation with an oxygen vacancy structure when relaxed. Whilst there are small atomic position 

movements, they are not as severe as those found in the later.  

When calculating the Brouwer diagram from the introduced iron defects, there were a number of 

surprises when considering the formation energy trends in relation to Fermi energy.  

Figure 129 Tetragonal ZrO2 structure with two iron substitutions 
to zirconium sites and an oxygen vacancy. 



 

 

Figure 130 Brouwer diagram at 635 K with no fixed concentration of Fe and intrinsic defects in tetragonal ZrO2. 

A stipulated Fe defect concentration was not held throughout the partial pressure range where 

there was a drop in overall iron concentration with a reduction in the partial pressure of oxygen, 

Figure 130. The Fe defects have minimal impact on the intrinsic defects for most of the partial 

pressures of oxygen with large changes in intrinsic defects only at the highest partial pressure of 

oxygen to the right. What is more surprising is that a number of defects that were expected to be 

present due to negative formation energies are not present such as all of the (2FeZr: VO) defects. 

Other defects that were not present that all held a negative formation energy towards the 

conduction band were (FeZr: VO)′′′′, (FeZr
′′′) and (FeZr

′′′′). A defect that was present in the Brouwer 

diagram that was not expected due to a positive formation energy had a lower formation energy 

towards the valence band which was (FeZr
′ ). The neutral charged (FeZr

× ) shows at the highest partial 

pressure of oxygen to the right of the Brouwer diagram in small concentrations. However, the 

formation energy across the Fermi energy maintained a positive 4 eV without having the lowest 

formation energy of the species at any point. The (FeZr: VO)′′ small cluster has the highest 

concentration of the Fe defects shown in the Brouwer diagram which has a negative formation 

energy towards the mid Fermi energy but has a positive formation energy towards the valence band. 

The next two higher concentration Fe defects also follow this trend in formation energy and are 

shown at higher partial pressures to the right and are the (Fei
••) and the (FeZr

′′ ) defects. Finally, at 

lower concentration of the Brouwer diagram, the defect (FeZr: VO)′′′ has higher concentrations 

towards the lower partial pressures to the left but lowers at higher partial pressures to the right. 

This defect holds a negative formation energy towards the conduction band.  

As with the Cr Brouwer diagram, it can be difficult to see the effects of Fe on intrinsic defects due to 

the number of defects present which can obscure changes. For the same reason, the Fe defects in 

the following diagram are hidden.  



 

 

Figure 131 Fe doped tetragonal ZrO2 Brouwer diagrams showing only intrinsic defects as a result of Fe concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with hidden Fe defects showing intrinsic 
defects only. The vertical black line represents the water oxide interface.



 

As with the Cr defect Brouwer diagram, the Fe defects show minimal changes to intrinsic defects 

within the oxide, Figure 131. Most changes occur at partial pressures greater than that of the 

calculated water oxide interface. However, there is a small deviation in concentrations for electrons, 

(VO
••) and (VZr

′′′′) at the partial pressure of oxygen of around -30 on the diagram. This shows a small 

region with a slight increase in (VO
••) and a slight decrease of electrons and (VZr

′′′′) concentrations. 

These changes can all be attributed to the (FeZr: VO)′′ defect that converges with these defects at 

the point of deviation. The (FeZr: VO)′′ defect increases the (VO
••) due to an increase in negative 

charge increase associated with the (FeZr: VO)′′. This, in turn, causes a decrease in the negatively 

charged electrons and (VZr
′′′′). Once the (FeZr: VO)′′ defect converges with the hole concentration, 

the (VO
••) coupling with the (FeZr: VO)′′ is released and the intrinsic defects resume to normal 

concentrations.  

A.3. Sn Doped Tetragonal ZrO2 

The last defect to be reviewed in Zircaloy-4 is tin. Similarly, to Li, Cr, and Fe, the reviewed defects 

were interstitials (Sni), tin substitutions on zirconium sites (SnZr), the small cluster of tin on a 

zirconium site substitution with a oxygen vacancy (SnZr: VO), and finally the two tin substitutions on 

two zirconium sites with a oxygen vacancy (2SnZr: VO). The later, however, did not produce 

formation energies within the bandgap during the calculations and were omitted from further 

calculations when producing the Brouwer diagrams.  

 

Figure 132 Formation energy of tin interstitial defects with a range of charges across the Fermi energy of the bandgap of 
tetragonal ZrO2. 

For the tin interstitials, Figure 132, there were no defects with a negative formation energy. The 

lowest formation energy came from the plus 4 charged interstitial (SnZr
••••) from the top of the 

valence band up to, just above, 2 eV. Between 2 and 3 eV, the plus two charged (SnZr
•• ) has the 

lowest formation energy and, finally, the neutral charged (SnZr
× ) has the lowest formation energy 



 

towards the bottom of the conduction band. The formation energies are very high, particularly for 

the neutral charged (SnZr
× ) which maintains a 14 eV formation energy across the bandgap. 

 

 

 

When viewing the tin interstitial in a tetragonal ZrO2 structure (Figure 133), there are small 

variations in surrounding oxygen atoms. What makes tin unique in the defects reviewed is that all 

nearest neighbour zirconium atoms show a position repulsion to the tin, unlike the lithium, 

chromium and iron interstitials.  

Figure 133 Tetragonal ZrO2 structure with a tin interstitial 
(purple) centre. 



 

 

Figure 134 Formation energy of tin substitutions of zirconium defects with a range of charges across the Fermi energy of the 
bandgap of tetragonal ZrO2. 

For the tin substitution on a zirconium site (𝑆𝑛𝑍𝑟) defect, Figure 134, the natural charged defect 
(𝑆𝑛𝑍𝑟)

× has the lowest formation energy towards the top of the valence band to the left and holds a 
consistent energy below 4 eV for the entirety of the bandgap. The negative one charged defect 
(𝑆𝑛𝑍𝑟)

′ does not have the lowest formation energy at any point. At around 2 eV Fermi level, the 
negative two charged defect has the lowest formation energy at the middle of the bandgap. For a 
very brief Fermi energy between 3 and 3.5 eV, the negative three charged defect has the lowest 
formation energy but is quickly replaced by the negative four charged (𝑆𝑛𝑍𝑟)

′′′′ defect towards the 
bottom of the conduction band to the right. Only the negative three and four defects have a 
negative formation energy towards the bottom of the conduction band to the right. 



 

 

 

 

The tin substitution on a zirconium site (Figure 135) shows very little change in surrounding atomic 

location when relaxed.  

Figure 135 Tetragonal ZrO2 structure with a tin substitution on a 
zirconium site. 



 

 

Figure 136 Formation energy of tin substitutions on zirconium sites with an oxygen vacancy defect with a range of charges 
across the Fermi energy of the bandgap of tetragonal ZrO2. 

The formation energies for the small cluster of a tin substitute to a zirconium atom combined with 

an oxygen vacancy (SnZr: VO) shows more promise with relatively lower formation energies than 

that of the other tin defects reviewed previously, Figure 136. At the top of the valence band to the 

left, the neutral charged cluster (SnZr: VO)× has the lowest formation energy but remains in positive 

values. Just above 2.5 eV Fermi energy has the negative two cluster (SnZr: VO)′′ which is quickly 

replaced by the negative four (SnZr: VO)′′′′ cluster to the bottom of the conduction band to the 

right. Only the negative two, three and four charged defect clusters show a negative formation 

energy, all of which are towards the bottom of the conduction band to the right. 



 

 

 

 

When viewing the defect within the relaxed structure (Figure 137), again, the tin interstitial shows 

little change in intrinsic atom position. There are, however, changes in oxygen position as a result of 

the oxygen vacancy association with the defect cluster. 

Figure 137 Tetragonal ZrO2 structure with a tin substitution on 
a zirconium site with a oxygen vacancy. 



 

 

Figure 138 Brouwer diagram at 635 K without a fixed concentration of Sn and intrinsic defects in tetragonal ZrO2. 

The Brouwer diagram of 10-3 concentration tin defects in zirconium oxide at 635 K shows only three 

defects, Figure 138. These defects are the neutral charged tin substitute (SnZr
× ), the neutral charged 

small cluster (SnZr: VO)× and the negative one charged small cluster (SnZr: VO)′. Unsurprisingly, the 

neutral charged defects do not affect the intrinsic defects a great deal in respect to charge neutrality 

and the negative charged cluster (SnZr: VO)′ is at very low concentrations and at high partial 

pressures of oxygen to the right. The tin defect with the highest concentration is the neutral charged 

cluster (SnZr: VO)×. Again, like iron and chromium, the tin concentration was not stipulated. As such, 

the dopant concentration was allowed to reach both the highest and the lowest concentrations 

visible on the plot (0 to 10-20). This does give an indication that tin is unlikely to have any effect on 

the intrinsic defects within ZrO2. 

 

 

 

 



 

 

Figure 139 Sn doped tetragonal ZrO2 Brouwer diagrams showing only intrinsic defects as a result of Sn concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only. The vertical 
black line represents the water oxide interface.



 

For the sake of completion, the Brouwer diagrams of tin defects at the concentrations of 10-3, 10-7, 

10-11 and intrinsic defects only is given with the tin defects hidden so that any affect from tin might 

be more readily observed, Figure 139. It is, however, clear that no changes in intrinsic defect 

concentration can be seen as a result of tin.  

A.4. Combined Dopant Tetragonal ZrO2 
Plotting all expected defects in one Brouwer diagram may offer a more accurate indication of 

possible defect concentrations. In particular, for our investigation, we are interested in the 

concentration of oxygen as we try to understand the mechanisms of corrosion. Understandably, 

combining all defects will result in a very difficult to read Brouwer diagram. It is required, however, 

to show such a complicated Brouwer diagram to highlight changes in intrinsic defect concentrations. 

The complexity may then be peeled away to gain an idea of where the change of lithium 

concentration may influence the intrinsic defect concentrations whilst also effected by alloying 

additions.  

 



 

 

Figure 140 Brouwer diagram with defects with a defect concentration of 10-3 Li, 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K 



 

The chromium, iron and tin defect concentrations in Zircaloy-4 are given as 1.2 wt% Sn, 0.2 wt% Fe 

and 0.1 wt% Cr [178], Figure 140. These correspond to 0.01562 Sn, 0.00147 Fe and 0.00057 Cr atoms 

per ZrO2. The lithium defects are given as 0.001 (10-3) per ZrO2 and will be the only dopant 

concentration that will be changed for the remainder of the chapter. Because Sn has provided little 

change to intrinsic defects previously, this was the first defect that we looked at. The Sn substitution 

to a Zr site and the negative one charged cluster (SnZr: VO)′ have low concentrations at high partial 

pressure to the right and have very little impact on other defect concentrations. The neutral cluster 

(SnZr: VO)× is has low concentrations at low partial pressures and increases to very high 

concentrations at high partial pressure. This defect, however, shows no change in any other defect 

and shows a linear increase in concentration from -40 to 0 partial pressures. The Sn defects could, 

subsequently, be hidden to gain a little more clarity on the other defects.  



 

 

Figure 141 Brouwer diagram with defects with a defect concentration of 10-3 Li, 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K. The Sn defects are hidden.



 

 

The chromium defects show a mix of interaction with some showing interactions with other defect 

concentrations and others showing no caused change, Figure 141. The neutral charged Cr interstitial 

(Cri
×) shows unchanging, low, concentrations with no interaction with any other defect. Other 

defects show at high partial pressures but do not interact with any other defect including (CrZr
•• ), 

(Cri
••••), (CrZr

• ), and (CrZr
′ ) from high partial pressure to low, respectively. The (Cri

••) is not visible 

on the Brouwer diagram due to very low concentrations. The highest concentration Cr defect is the 

plus three charged (Cri
•••) which shows little interaction at lower partial pressure. As partial 

pressure increases so too does the concentration of the (Cri
•••) until it reaches the concentration of 

the small Li cluster (2Lii: VZr)′′. This also coincides with a decrease in (VO
••) and holes. The (Cri

•••) 

follows the (2Lii: VZr)′′ until it intercepts the negative four zirconium vacancy (VZr)′′′′. At that point, 

the (Cri
•••) follows the (VZr)′′′′ with increasing concentrations with higher partial pressures. The 

concentration crosses the point with a 1:1 ratio of defect per ZrO2, which would certainly seem 

implausible in the case of zirconium vacancy. The next chromium defect with higher concentrations 

is the cluster (CrZr: VO)′ which has very low concentrations at low partial pressure and increases 

with higher partial pressure. This defect, however, does not show any interaction with any other 

defect. Finally, the (CrZr: VO)′′ defect has a consistently low concentration towards lower partial 

pressures and begins to increase in concentration when it intercepts the (VO
•) and the Li cluster 

(2Lii: VZr)
′. The concentration increases towards higher partial pressures until it intercepts the (VO

••) 

defect, where the increase is reduced. This also coincides with a reduction in decrease of (VO
••) 

concentrations towards the highest partial pressures which indicates a mutual interaction. From this, 

the chromium defects could then be hidden to evaluate the iron defects.  



 

 

Figure 142 Brouwer diagram with defects with a defect concentration of 10-3 Li, 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K. The Sn and Cr defects are hidden. 



 

 

Turning to the iron defects, again, there are a number of defects to the lower right at the higher 

partial pressures which have no clear interaction with any other defect to cause changes in 

concentration, Figure 142. These include, from lowest to highest concentration, (FeZr
× ), (FeZr

′′ ), and 

(FeZr
′ ). At the lowest partial pressure to the left, there is also the cluster (FeZr: VO)′′′ which does 

not show any interaction with other defects. In the medium range of partial pressure, there are a 

few interactions that seem to stem from the iron defects. At lower concentrations, the plus two 

charged interstitial (Fei
••) increases with an increase in partial pressure which is reduced by an 

interaction with electrons and the zirconium vacancy (VZr
′′′′). This causes an increase in (VZr

′′′′) and a 

coupled plateau in electron and (VZr
′′′′) concentrations. This also coincides with a decrease in (VO

••) 

and hole concentrations which was earlier associated with (Cri
•••), but also an increase in 

(FeZr: VO)′′. The increase in (FeZr: VO)′′ is reduced when it intersects the hole concentration which 

is also increase at this point. This is also coupled with an increase in (Fei
••) concentrations towards 

higher partial pressures. At higher partial pressures, the cluster (FeZr: VO)′′′ shows low 

concentrations which has an interaction with the negative one charged Li cluster (2Lii: VZr)
′ which 

reduces the concentration of (FeZr: VO)′′′ and an increase in (2Lii: VZr)
′. The Fe defects may now be 

hidden for just intrinsic defects along with lithium.  



 

 

Figure 143 Brouwer diagram with defects with a defect concentration of 10-3 Li, 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K. The Sn, Cr and Fe defects are hidden.



 

When considering the just the Li and intrinsic defects shown earlier, there is a large difference with 

respect to oxygen vacancy and zirconium vacancy defect concentrations. Where we saw lithium 

increased the concentrations of oxygen vacancy before all the way up to the water oxide interface, 

here there is a substantial reduction in oxygen vacancy, Figure 143. Conversely, the zirconium 

vacancy concentrations are hugely increased towards the water oxide interface. The plateau of both 

electron and hole concentrations caused by previous defects is also apparent. Although the plateau 

is found on the Li/intrinsic defect Brouwer diagram, these occur at higher partial pressures which 

also coincides with the point at which zirconium vacancy increases.  

All defects need to be applied together whilst evaluating the effects of the change in Li 

concentration, Figure 144. For this reason, all defects will be placed together with a change in Li 

defect concentration. Then, the Sn, Cr, and Fe concentrations will be hidden so that just the Li and 

intrinsic defects will be visible for clarity, Figure 145. 



 

 

Figure 144 Tetragonal ZrO2 Brouwer diagram with defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of a) 10-3 b) 10-7 c) 10-11 and 
d) zero Li



 

 

Figure 145 Tetragonal ZrO2 Brouwer diagram with defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of a) 10-3 b) 10-7 c) 10-11 
and d) zero Li. The Cr, Fe and Sn defects are hidden for clarity. 

 



 

 

When viewing the final Brouwer diagram including Cr, Fe and Sn defects (which are hidden for 

clarity), Figure 145, we can see that changes associated with lithium only occurs with the highest 10-3 

concentration. For 10-7, 10-11 and no Li defects, these all show the same concentration trends for all 

intrinsic defects. In the case of 10-3 Li concentration, we can see changes associated with this this 

which include (VO
••), (VZr

′′′′), (VZr
′′′), (Oi

′′), electrons and holes. The (VO
••) shows higher concentrations 

at lower partial pressures which reduce back to normal levels when it intersects hole concentrations. 

Without the addition of Cr, Fe and Sn defects, Li was found to increase the (VO
••) concentrations all 

the way up to the water oxide interface. Whilst we have an indication of combined defect 

concentrations within the tetragonal oxide layer, this does not give an indication of plausibility. This 

will be reviewed later where the solution energies will be calculated to provide an indication of 

whether these defects may be found within the oxide layer.  

A.5. Cr Doped Monoclinic ZrO2 
The attention now turns to the chromium defects within the monoclinic structure. The defects that 

were found to be within the bandgap during calculations included (Cri), (CrZr), (CrZr: VO) and 

(2CrZr: VO). The associated charged for each defect, which could be taken further into the 

investigation, were numerous which meant that, unlike the lithium defects, each defect species 

would need to be separated into individual formation energy diagrams. These start with the 

chromium interstitial defect.  

 

Figure 146 Formation energy of chromium interstitial defects with a range of charges across the Fermi energy of the 
bandgap in monoclinic ZrO2. 

Towards the top of the valence band to the left, the positive four charged chromium interstitial 

shows the lowest formation energy, of which it maintains until the middle of the bandgap at roughly 

1.7 eV, Figure 146. From here, the positive two interstitial has the lowest formation energy moving 

towards the bottom of the conduction band to the right. At the very bottom of the conduction band 

to the far right, the neutral charged interstitial has the lowest formation energy. The defects with a 



 

negative formation energy are all towards the top of the valence band to the right and include the 

plus four, three and two interstitial defects. All of which show a positive formation energy above 1.2 

eV in the bandgap. All defects above 1.2 eV Fermi energy show a positive formation energy, which 

would only be favoured within a Brouwer diagram if the conditions favoured a positive charged 

defect towards the bottom of the conduction band.  

 

 

 

 

 

The structure given in Figure 150 is a worst-case scenario of the monoclinic ZrO2 with a chromium 

interstitial. Any order has been lost and the structure might as well be amorphous. This would result 

in prolonged DFT calculations for completion and irregular associated energies. Whilst this would 

provide evidence that the order was lost, it highlighted the need to check structures visually. The 

position in which the chromium interstitial was placed was found to be the cause of this irregularity. 

The standard chromium interstitial structure was found to show very little change in atomic position 

from the perfect, relaxed, structure.  

Figure 147 Monoclinic ZrO2 structure with a chromium 
interstitial (purple) centre. Additional deformation of the 

structure could take place in unfavourable positions. 



 

 

Figure 148 Formation energy of chromium substitution on a zirconium site defect with a range of charges across the Fermi 
energy of the bandgap in monoclinic ZrO2. 

In the case of the chromium substitution to a zirconium site, Figure 148, the negative one and two 

defects were calculated outside of the bandgap, so are not present in the formation energy 

calculations. The neutral charged substitution shows the lowest formation energy across most of the 

bandgap from zero up to roughly 2.7 eV. It is also the only defect to show a negative formation 

towards the top of the valence band to the left. The negative three charged substitution shows a 

negative formation energy above 1.5 eV but only has the lowest formation energy above 2.7 eV and 

up to the bottom of the conduction band to the far right. The remaining defects, including negative 

four, five and six, all have a negative formation energy above 2.7 eV and up to the bottom of the 

conduction band, but do not show as having the lowest formation energy at any point. The neutral 

charged defect is the only defect which shows a consistent negative formation energy across the 

bandgap, where all other negative charged defects show a positive formation energy towards the 

top of the valence band.  



 

 

 

 

The monoclinic ZrO2 structure with a chromium substitution on a zirconium site (Figure 152) shows 

very little change in position for the oxygen and zirconium atoms from the relaxed perfect structure.  

 

Figure 150 Formation energy of chromium substitution on a zirconium site and an oxygen vacancy cluster defect with a 
range of charges across the Fermi energy of the bandgap in monoclinic ZrO2. 

Figure 149 Monoclinic ZrO2 structure with a chromium 
substitution on a zirconium site. 



 

For the small cluster containing a chromium substitution on a zirconium site and an oxygen vacancy, 

Figure 150, the negative one defect was calculated outside of the bandgap. There are a lot of 

parallels with the chromium substitution formation energy plot. The neutral charged cluster shows a 

consistent negative formation energy, and all negative charged defects show a positive formation 

energy towards the top of the valence band but a negative formation energy from between 2.5 eV 

and the bottom of the conduction band to the right. In this formation energy plot, however, the 

negative two defect shows the lowest formation energy towards the bottom of the conduction band 

to the right. 

 

 

 

The chromium substitution on a zirconium site with an oxygen vacancy cluster (Figure 154) shows no 

remarkable changes in zirconium or oxygen positions once relaxed.  

Figure 151 Monoclinic ZrO2 structure with a chromium 
substitution on a zirconium site and a oxygen vacancy. 



 

 

Figure 152 Formation energy of two chromium substitution defects on two zirconium sites and an oxygen vacancy with a 
range of charges across the Fermi energy of the bandgap in monoclinic ZrO2. 

Finally, the small cluster of two chromium substitutions on two zirconium sites with an oxygen 

vacancy, Figure 152, shows all attempted defects up to a negative 4 charge. All of the defects 

present a negative formation energy where only the negative three and four defects showing a 

positive formation energy towards the top of the valence band to the left. Starting from the left at 

the top of the valence band, the lowest formation energy is that of the plus two charged defect. This 

holds the lowest formation energy up to approximately 1.6 eV where the neutral charged defect has 

the lowest formation energy up to approximately 2.4 eV. From there up to approximately 2.6 eV, the 

negative one defect has the lowest formation energy. The negative two charged defect then has the 

lowest formation energy up to approximately 3.4 eV before finally being replaced by the negative 

four defect which holds the lowest formation energy up to the bottom of the conduction band to the 

right. 



 

 

 

 

As with most of the chromium defects, there is little change in atomic position (Figure 156) from two 

chromium substitutions on zirconium sites with an oxygen vacancy cluster.  

Figure 153 Monoclinic ZrO2 structure with two chromium 
substitutions on zirconium sites and a oxygen vacancy. 



 

 

Figure 154 Brouwer diagram at 635 K with no fixed concentration of Cr and intrinsic defects in monoclinic ZrO2. 

When viewing the chromium doped Brouwer diagram of monoclinic zirconia with no fixed chromium 

concentration, Figure 154, there is a clear increase in plus two charged oxygen vacancy defects as a 

result of negative three chromium substitution on a zirconium site. There is a coupled increase in 

both the chromium substitution and oxygen vacancy concentrations towards higher partial 

pressures of oxygen to the right. There is also an absence of zirconium vacancy defects that we 

would expect to see with intrinsic defects only. There are lower concentrations of plus one 

chromium interstitials, which loosely follow hole concentrations with lower concentrations at lower 

partial pressures and higher concentrations at higher partial pressures. The small cluster of a 

chromium substitute at a zirconium site and an oxygen vacancy with a negative two charge has 

higher concentrations towards lower partial pressures to the left and decreases with higher partial 

pressures to the right.  



 

 

Figure 155 Cr doped monoclinic ZrO2 Brouwer diagrams with the Cr concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only.



 

When altering the stipulated concentration of chromium in the ZrO2 structure, Figure 155, we can 

see some clear differences. With a chromium concentration of 10-3 (a), the plus two charged oxygen 

vacancy follows the negative three charged chromium substitution defect with consistent 

concentrations across the partial pressure range. Just beneath this is the plus one chromium 

interstitial. The negative two charged cluster of a chromium substitution on a zirconium site with a 

oxygen vacancy shows high concentrations at lower partial pressures to the left and reduces towards 

higher partial pressures to the right. The last chromium defect to feature on the Brouwer diagram is 

the neutral charged chromium interstitial which shows low concentration at lower partial pressures 

to the right. There is an absence of zirconium vacancy defects and the point of convergence between 

the electron and holes has been pushed to lower partial pressures to the far left. The plus one 

oxygen vacancy concentration has also increased towards lower partial pressures. When the 

chromium concentration is reduced to 10-7 (b), the plus two charged oxygen vacancy follows this 

change in concentration indicating a coupling effect. The plus one chromium defect, however, is 

reduced significantly as a result. All three of these defects maintain the constant concentration 

throughout the partial pressure range. The concentration of the small cluster of chromium 

substitution on a zirconium site with a oxygen vacancy is also reduced and remains higher towards 

lower partial pressures. The neutral charged chromium interstitial has been removed as the 

concentration is now below the given range. The plus one oxygen vacancy defect concentration is 

slightly reduced, and the electron and hole convergence point is shifted slightly towards higher 

partial pressures in respect to the 10-3 chromium defect Brouwer diagram. When the chromium 

concentration was decreased to 10-11 (c), a clear limit had been reached in the Brouwer diagram 

software calculations, which is almost void of defined trends. It is, However, possible to pick out the 

general trends. The plus two charged oxygen vacancy defect, again, follows the concentration of the 

negative three charged chromium substation. The plus one oxygen vacancy follows the reduced 

negative two charged small cluster. We see the introduction of the zirconium vacancy defect at the 

lowest concentrations. Finally, the electron and hole point of convergence is shifted towards higher 

partial pressures. When comparing the intrinsic defects alone (d), the electron hole concentration is 

further towards higher partial pressures and the plus two oxygen vacancy defect follows the 

electron concentration. The negative four zirconium vacancy defect follows the hole concentration 

which increases with higher partial pressure. The plus one oxygen vacancy is relatively unchanged 

compared to that of the 10-11 chromium Brouwer diagram.  

 

A.6. Fe Doped Monoclinic ZrO2 

The iron doped Brower diagram considered similar defects that have been reviewed previously 

including iron interstitials (Fe_i), iron substitutions on a zirconium site (FeZr), the small cluster of 

and iron substitution on a zirconium site with a oxygen vacancy (FeZr: VO), and the small cluster of 

two iron substitutions on two zirconium sites with a oxygen vacancy (2FeZr: VO). Due to the large 

number of defects that could be considered, the defect species were split into individual formation 

energy plots with the associated charges that could be calculated within the bandgap energy. 

Defects omitted were a result of being calculated outside of the Fermi energy.  



 

  

Figure 156 Formation energy of iron interstitial defects with a range of charges across the Fermi energy of the bandgap in 

monoclinic ZrO2. 

For iron interstitials, the positive four defect has the lowest formation energy at the top of the 

valence band to the left, Figure 156. This continues up to roughly 1.2 eV where the positive three 

interstitial has the lowest formation energy. The positive three interstitial crosses from a negative 

formation energy into a positive formation energy at 2 eV and is replaced by the positive two 

interstitial for a brief Fermi energy before the positive one interstitial has the lowest formation 

energy from approximately 2.4 eV. Finally, the neutrally charged interstitial has the lowest formation 

energy from 2.8 eV and maintains the lowest formation energy up to the bottom of the conduction 

band to the right. The neutral charged interstitial is the only defect to maintain a positive formation 

energy throughout the bandgap. All other defects have a negative formation energy towards the top 

of the conduction band and a positive formation energy towards the bottom of the conduction 

band. 



 

 

 

 

As was found with the chromium interstitials, the iron interstitials could result in a loss of order 

within the structure if in an unfavourable position (Figure 160). Most intrinsic positions, however, 

resulted in generally unremarkable changes in intrinsic atom positions.  

 

Figure 158 Formation energy of iron substitution defects on zirconium sites with a range of charges across the Fermi 

energy of the bandgap in monoclinic ZrO2. 

Figure 157 Monoclinic ZrO2 structure with an iron 
interstitial (gold) centre. The iron interstitial location 
has the potential to disform the monoclinic structure 

depending on location (as highlighted) 



 

The iron substitutions on zirconium sites are surprisingly few in number when compared to other 

defects, Figure 158. All of the defects that were calculated within the Fermi energy held a negative 

formation energy from 0.9 eV and towards the bottom of the conduction band to the right. At the 

top of the valence band to the left, the neutral charged substitution holds the lowest formation 

energy up to approximately 2.2 eV. From there, the negative three substitution has the lowest 

formation energy up to the bottom of the conduction band to the right. The negative four defect 

does not hold the lowest formation energy at any point across the bandgap.  

 

 

 

The iron substitution on a zirconium site produced little change in zirconium positions and caused 

very small changes in neighbouring oxygen atomic position (Figure 162). 

Figure 159 Monoclinic ZrO2 structure with an iron 
substitution on a zirconium site. 



 

 

Figure 160 Formation energy of the small defect cluster of an iron substitution on a zirconium site with a oxygen vacancy 

with a range of charges across the Fermi energy of the bandgap in monoclinic ZrO2 

In the case of the small cluster of an iron substitution on a zirconium site with an oxygen vacancy, all 

defects hold a negative formation energy towards the bottom of the conduction band to the right, 

Figure 160. At the top of the valence band to the left, only the neutral charged cluster shows a 

negative formation energy. The neutral charged defect holds the lowest formation energy up to 3.1 

eV before the negative three charged cluster briefly has the lowest formation energy. The negative 

four charged cluster has the lowest formation energy for the remainder of the bandgap up to the 

bottom of the conduction band. The negative two charged defect does not hold the lowest 

formation energy at any point across the bandgap.   



 

 

 

 

The iron substitution on a zirconium site with an oxygen vacancy in the monoclinic ZrO2 structure 

(Figure 164) shows no remarkable changes in intrinsic atom position.  

Figure 161 Monoclinic ZrO2 structure with a iron 
substitution on a zirconium site and a oxygen vacancy. 



 

 

Figure 162 Formation energy of the small defect cluster of two iron substitutions on two zirconium sites with a oxygen 

vacancy with a range of charges across the Fermi energy of the bandgap in monoclinic ZrO2 

Finally, we have the small cluster of two iron substitutions two zirconium sites with an oxygen 

vacancy, Figure 162. Two of the charged defects do not hold a negative formation energy across the 

bandgap and neutral charged clusters. The negative one and three have a negative formation energy 

in a small region towards the bottom of the conduction band to the right. Almost all of the clusters 

share the lowest formation energy at some point across the bandgap with the exception of the 

negative three charged cluster. Starting from the top of the valence band to the left, the lowest 

formation energy defect is the plus two charged cluster which crosses from a negative to positive 

formation energy. This is replaced by the plus one charged cluster at around 0.3 eV. From 1 eV, the 

neutral charged defect has the lowest formation energy up to 1.7 eV. From there, the negative one 

charged cluster has the lowest formation energy up to 2.4 eV. The negative two cluster takes over 

with the lowest formation energy and also crosses from a positive formation energy and returns to a 

negative formation energy. This cluster has the lowest formation energy up to approximately 2.7 eV 

where the negative four cluster has the lowest formation for the remainder of the bandgap up to 

the bottom of the conduction band to the right. 

 



 

 

 

 

The two iron substitutions on zirconium sites with an oxygen vacancy in the monoclinic ZrO2 

structure (Figure 166) shows marginal oxygen position changes and very little change in zirconium 

positions.  

This completes the potential iron defects and the iron doped monoclinic ZrO2 Brouwer diagrams 

could then be calculated.

Figure 163 Monoclinic ZrO2 structure with two iron 
substitutions on zirconium sites and a oxygen vacancy. 



 

 

Figure 164 Brouwer diagram at 635 K with no fixed concentration of Fe and intrinsic defects in monoclinic ZrO2.



 

 

The Brouwer diagram produced with intrinsic defects doped with an unstipulated concentration of 

iron, Figure 164, has proved to be quite complex. At the lowest partial pressures to the left, the 

negative one charged cluster of one iron substitutions to two zirconium sites (2FeZr: VO)′ has the 

highest concentration but is quickly replaced by the neutral charged cluster (2FeZr: VO)×  through 

the mid region of partial pressures. At the higher partial pressures to the right, the plus one charged 

iron interstitial (Fei
•) has the higher concentration. When considering the interactions from these 

three defects, the negative one cluster (2FeZr: VO)′ is followed by the plus two charged oxygen 

vacancy (VO
••) up until this is met by the plus one interstitial (Fei

•). The interstitial then couples with 

the interstitial until the negative four zirconium vacancy (VZr
′′′′) concentration increases. When the 

(VZr
′′′′) intersects the negative three charged cluster (FeZr: VO)′′′, it appears that this is coupled with 

both a reduction in zirconium vacancy (VZr
′′′′) and the (2FeZr: VO)′.  This also shows an increase in 

both the interstitial (Fei
•) and the plus one charged defect (2FeZr: VO)•. At lower concentrations, 

the negative two cluster (2FeZr: VO)′′ shows a reduction in concentration from the lower partial 

pressures but is levelled off when the cluster couples with the electron concentration causing them 

both to plateau. This plateau also has the knock-on effect of pushing the intersect of electrons and 

holes to higher partial pressures than what can be seen with just intrinsic defects alone and also 

causes an overall decrease in the plus two charged oxygen vacancy (VO
••). There is also an overall 

increase in negative four zirconium vacancy (VZr
′′′′) concentrations at higher partial pressures. At the 

lowest concentration, the neutral iron interstitial can be seen which maintains a constant 

concentration across the range of partial pressures without any seemingly obvious interaction. 



 

 

Figure 165 Fe doped monoclinic ZrO2 Brouwer diagrams with the Fe concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only. 



 

When the iron defect concentrations are stipulated, Figure 165, it changes the dynamic of the 

intrinsic defect concentrations. When the iron concentrations are increased to 10-3 per ZrO2 (a), the 

overall concentration of the plus two oxygen vacancy defect (VO
••) is vastly increased at lower partial 

pressures to the left and reduced at higher partial pressures. The negative four zirconium vacancy 

(VZr
′′′′) has a very high concentration towards higher partial pressures to the right when comparing 

this to the intrinsic defects (d). the overall trends and effects caused by each defect is similar to that 

found in the Brouwer diagram containing no stipulated concentration of iron. The 10-7 per ZrO2 

concentration Brouwer diagram (b) is extremely similar to that of the Brouwer diagram containing 

no stipulated iron concentrations with the exception of the neutral charged cluster (2FeZr: VO)×. 

Which has a reduction in concentration towards both the lowest and highest partial pressures. This 

is also true for the neutral charged interstitial (Fei
×) at overall lower concentrations. The lower iron 

concentration of 10-11 per ZrO2 (c) is virtually identical to the Brouwer diagram with no stipulated 

iron concentration. This, however, produced much higher iron concentrations than 10-11 per ZrO2. 

This is the result of a maximum allowed deviation of 3 eV in the dopant chemical potential which can 

result in an overall adjustment of the dopant concentration if the stipulated concentration cannot be 

met. One defect, however, is present in the stipulated concentration Brouwer diagrams that was not 

present in the non-stipulated diagram which was the negative four iron substitution on a zirconium 

site (FeZr
′′′′). Through the different defect concentrations, this defect increases in concentration from 

the mid partial pressures to the higher partial pressures. When the substitution concentration 

reaches the plus one interstitial (Fei
•), the substitution (FeZr

′′′′) couples with the interstitial and 

follows the rate of increase that the interstitial takes. There is no indication that the substitution has 

any effect on any other defect.  

A.7. Sn Doped Monoclinic ZrO2 
The final defect to consider in the monoclinic structure is tin. Again, the defects under consideration 

are the tin interstitials (Sni), tin substitutions on zirconium sites (SnZr), the small cluster of a tin 

interstitial on a zirconium site with an oxygen vacancy (SnZr: VO), and two tin substitutions on two 

zirconium sites with a oxygen vacancy (2SnZr: VO). Each defect species is accompanied by a range of 

charges that were calculated within the bandgap.  

 



 

 

Figure 166 Formation energy of tin interstitial defects with a range of charges across the Fermi energy of the bandgap in 

monoclinic ZrO2. 

The tin interstitials have a predominantly positive formation energy across the bandgap, Figure 166, 

with the exception of a small region at the top of the valence band to the left where the positive 

four interstitial has a negative formation energy up to 0.3 eV. The defects through the remainder of 

the bandgap all have a positive formation energy. From the top of the valence band, the (Sni
••••) 

holds the lowest formation energy up to approximately 2.5 eV. From there the plus two interstitial 

(Sni
••) has the lowest formation energy up to roughly 2.8 eV where the plus one interstitial (Sni

•) has 

the lowest formation energy up to 3 eV. The remainder of the bandgap has the neutral interstitial 

(Sni
×) with the lowest formation energy up to the bottom of the conduction band. The plus three 

interstitial (Sni
•••) does not have the lowest formation energy at any point across the bandgap. 



 

 

 

 

As what was found with the chromium and iron interstitials, the tin interstitial location within the 

monoclinic ZrO2 structure had the potential to cause relatively large movements of individual atoms 

(Figure 170). Whilst this is an example of a worst-case scenario of tin interstitial, as seen before, it 

provides evidence for the need to check structures visually once relaxed. In the given example, the 

two nearest neighbour zirconium atoms have been pushed into locations of the next nearest 

neighbour zirconium sites. This has had a knock-on effect of bushing the next nearest neighbour 

zirconium atoms further still. The nearest oxygen defects have been pushed towards their next 

nearest oxygen neighbour sites causing two oxygen clusters in the plus and minus y direction from 

the original location. The only interstitial defect that seemed to have the least effect on surrounding 

intrinsic atomic locations was the lithium interstitial.  

Figure 167 Monoclinic ZrO2 structure with a tin interstitial 
(purple) centre. 



 

 

Figure 168 Formation energy of tin substitution defects on zirconium sites with a range of charges across the Fermi energy 

of the bandgap in monoclinic ZrO2. 

Similar to the iron substitution defects, the tin substation defects on zirconium sites have a neutral, 

negative three and negative four charge, Figure 168. The neutral charged defect (SnZr
× ) has a 

consistent negative formation energy across the bandgap and has the lowest formation energy from 

the top of the valence band up to 3.2 eV. From there, the remainder of the bandgap has the 

negative three charged substitution (SnZr
′′′) with the lowest formation energy to the bottom of the 

conduction band. The negative four substitution (SnZr
′′′′) does not have the lowest formation energy 

across the entirety of the bandgap. All the defects have a negative formation energy at the bottom 

of the conduction band to the right. Below 2.6 eV, the negative three and four substitutions have a 

positive formation energy. 



 

 

 

 

The tin substitution on a zirconium site in the monoclinic ZrO2 structure (Figure 172) shows very little 

change in intrinsic atomic position.  

Figure 169 Monoclinic ZrO2 structure with a tin substitution 
on a zirconium site. 



 

 

Figure 170 Formation energy of the small defect cluster of a tin substitution on a zirconium site with a oxygen vacancy with 

a range of charges across the Fermi energy of the bandgap in monoclinic ZrO2 

The small cluster of a tin substitution on a zirconium vacancy site with an oxygen vacancy defect, 

Figure 170, does not show a negative formation energy with any charge across the bandgap. The 

lowest formation energy for most of the bandgap is held by the neutral charged cluster (SnZr: VO)× 

from the top of the valence band to the left and up to 3.3 eV. The remainder of the bandgap up to 

the bottom of the conduction band is the negative two charged (SnZr: VO)′′ which has the lowest 

formation energy of all the defects. The remaining negative one, three and four charged defects do 

not hold the lowest formation energy at any point across the bandgap. 



 

 

 

 

The cluster of a tin substitution on a zirconium site and a oxygen vacancy defect in the monoclinic 

ZrO2 structure (Figure 174) shows little change in positions of surrounding atoms.  

Figure 171 Monoclinic ZrO2 structure with a tin substitution 
on a zirconium site with a oxygen vacancy. 



 

 

Figure 172 Formation energy of the small defect cluster of two tin substitutions on two zirconium sites with a oxygen 

vacancy with a range of charges across the Fermi energy of the bandgap in monoclinic ZrO2 

The last defect species to be investigated in the monoclinic structure is the small cluster of two tin 

substitutions to two zirconium sites with a oxygen vacancy, Figure 172. Again, none of these charged 

defects hold a negative formation energy at any point across the bandgap. At the top of the valence 

band to the left, the plus two charged cluster (2SnZr: VO)•• has the lowest formation energy. This 

plus two cluster holds the lowest formation energy up to 2.1 eV where the neutral charged cluster 

(2SnZr: VO)× then has the lowest formation energy up to 2.6 eV. From there, the negative two 

charged defect cluster (SnZr: VO)′′ holds the lowest formation energy up to the bottom of the 

conduction band to the far right. The plus one, negative one, three and four all do not hold the 

lowest formation energy across the whole bandgap. 



 

 

 

 

The two tin substitutions and an oxygen vacancy cluster in ZrO2 (Figure 176) shows a small change in 

position of the nearest neighbour oxygen atoms when relaxed compared to the perfect monoclinic 

structure.  

Figure 173 Monoclinic ZrO2 structure with two tin 
substitutions on zirconium sites and a oxygen vacancy. 



 

 

Figure 174 Brouwer diagram at 635 K with no fixed concentration of Sn and intrinsic defects in monoclinic ZrO2. 

The tin doped ZrO2 Brouwer diagram with no fixed tin concentration, Figure 174, is relatively 

unremarkable. The only tin defect to make an appearance is the small neutral charged cluster of a 

tin substation on a zirconium site with a oxygen vacancy. This defect, however, does not have any 

bearing on any intrinsic defects which makes this difficult to discuss further. It is surprising that the 

only defect present is one that holds a neutral charge with a positive formation energy. Other 

defects that were expected were the positive four charged interstitial (Sni
••••) and the neutral 

charged tin substitution (SnZr
× ) due to the negative formation energy of each defect. 



 

 

Figure 175 Sn doped monoclinic ZrO2 Brouwer diagrams with the Sn concentrations of a) 10-3 b) 10-7 c) 10-11 and d) with intrinsic defects only. 



 

The tin Brouwer diagram, Figure 175, containing concentrations of 10-3, 10-7 and 10-11 tin per ZrO2 

indicates that tin has no effect on intrinsic defect concentrations regardless of tin content. This does 

provide a slightly anticlimactic end for individual dopant Brouwer diagrams, but it does offer a little 

more information towards a final conclusion. The tin concentrations behaved very well and met the 

stipulated concentration perfectly. The highest concentration tin defect in all diagrams was the small 

neutral charged (SnZr: VO)× without any competition. Further down the concentration axis, the 

negative one charged small cluster (SnZr: VO)′ follows the plus two charged oxygen vacancy (VO
••) 

and the electron concentration at lower partial pressures to the left. In the mid partial pressures, the 

oxygen vacancy defect (VO
••) increases in concentration over the electrons. The negative one cluster 

(SnZr: VO)′, however, continues to follow the electron concentration. The neutral charged small 

cluster (2SnZr: VO)× does make a very small appearance at the lowest concentration and lowest 

partial pressure to the far right in the 10-3 Brouwer diagram only (a). The last tin defect to appear is 

the negative three substitution (SnZr
′′′) which has a linear concentration at low partial pressures. At 

mid partial pressure, where this defect intersects with the electrons, the concentration begins to 

drop towards higher partial pressures to the right. Because the tin defects have remarkably no effect 

on the intrinsic defects, these trends of intrinsic defects remain the same with the exception of 

concentration from 10-3 (a), 10-7 (b), and 10-11 (c). The final diagram containing intrinsic defects only 

(d) is useful in order to see how little tin effects these intrinsic defects.  

A.8. Combined Dopant Monoclinic ZrO2 
As with the tetragonal structure, it is helpful to find how individual species of defects may alter the 

intrinsic defect concentrations within the structure. Only by combining all the defects, however, can 

a full picture be gained of what may be potentially occurring more accurately. Though, the number 

of defects does certainly make the Brouwer diagram extremely complex and difficult to interpret. In 

an attempt to pick through the complexity, each defect element will be reviewed and then hidden 

before reviewing the next defect element. Because we are attempting to look at the effect of lithium 

on the intrinsic defects, we will finally review just the lithium defect along with the intrinsic defects 

with all the chromium, iron and tin defects hidden. Again, due to the investigation focusing on 

corrosion, the oxygen concentration is the focus of the work.  

 



 

 

Figure 176 Monoclinic ZrO2 Brouwer diagram with all defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of 10-3.



 

The monoclinic Brouwer diagram containing all reviewed defects, Figure 176, contains more defects 

than that of the tetragonal. As with the tetragonal structure, the lithium concentration is 0.001, 

chromium is 0.00057, iron is 0.00147 and tin is 0.01562 per ZrO2. There are, however, important 

differences such as the absence of the zirconium vacancy defects. There are also fewer chromium 

defects in the monoclinic structure than that of the tetragonal such as the absence of (Cri
×), (Cri

••), 

(Cri
•••), (Cri

••••), (CrZr
′ ), (CrZr

• ), (CrZr
•• ) and (CrZr: VO)′. There are, however, chromium defects in 

the monoclinic structure that do not appear in the tetragonal structure including (Cri
•), (CrZr

′′′), 

(CrZr
′′′′), and (CrZr: VO)′′′. The highest concentration chromium defect is the (CrZr

′′′) which holds a 10-

4 concentration at lower partial pressures up to just above 10-20 atm where it intercepts the iron 

cluster (2FeZr: VO)′′ and increases in concentration up to the highest partial pressure. The 

concentration that is reached is much higher than the stipulated concentration and is unlikely to be 

physically expected in real terms. This defect does not seem to have any effect on any intrinsic 

defects. The next higher defect concentrations are the negative two cluster (CrZr: VO)′′ at lower 

partial pressures to the left and the plus one interstitial (Cri
•) at higher partial pressures to the right. 

The interstitial follows the hole concentration and seems relatively unchanged in concentration by 

the intrinsic defects other than a slight dip in the linear concentration increase from mid to high 

partial pressures which coincides with a point where the (2Lii: VZr)
′′, (CrZr: VO)′′, (2FeZr: VO)′, 

(2FeZr: VO)••, and (SnZr: VO)× defects all intersect. It also causes a plateauing of both the 

(2Lii: VZr)
′′ and the (CrZr: VO)′′ defects that were on a reducing concentration trajectory from 

lower to higher partial pressures. The small negative three cluster (CrZr: VO)′′′ is not present in the 

10-3 Li Brouwer diagram but will make an appearance at lower Li concentrations. This leaves the 

negative three chromium substitution (CrZr
′′′′) which has a low concentration at lower partial 

pressures to the far left and seems to have little interaction with any other defect.  



 

 

Figure 177 Monoclinic ZrO2 Brouwer diagram showing defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of 10-3 where the Cr 

defects are hidden. 



 

As with the chrome defects, the iron defects show differences between the tetragonal and 

monoclinic structure. The iron defects that are absent in the monoclinic structure that were in the 

tetragonal structure are (Fei
••), (FeZr

× ), (FeZr
′ ), (FeZr

′′ ) and (FeZr: VO)′′. There are, however, many 

defects in the monoclinic structure, Figure 177, that are not in the tetragonal and these are (Fei
×), 

(Fei
•), (FeZr: VO)′′′′, (2FeZr: VO)×, (2FeZr: VO)•, (2FeZr: VO)••, (2FeZr: VO)′, (2FeZr: VO)′′, 

(2FeZr: VO)′′′′′. The highest concentration defect is that of the plus two cluster (2𝐹𝑒𝑍𝑟: 𝑉𝑂)•• which 

far exceeds the stipulated concentration at higher partial pressures and is unlikely to occur in reality. 

The concentration of this defect does drop towards lower partial pressures to the left and does not 

seem to interact with any other defect other than the previously stated chromium defect. At the 

lowest partial pressure, the cluster (FeZr: VO)′′′′ has the highest concentration but reduces moving 

to higher partial pressures with a trend similar to that of the electrons which hold lower 

concentrations. The lithium defect cluster (2Lii: VZr)
′′ couples with the (FeZr: VO)′′′′ defect until the 

lithium defect intersects the plus two (2FeZr: VO)•• defect and the lithium defect concentration 

plateaus. This does coincide with an intercept of the tin cluster (SnZr: VO)×, however, it is unlikely 

that the tin defect causes any change in any other defect. The iron defect (2FeZr: VO)× shows linear 

concentration across the partial pressure range with a concentration of roughly 10-7 per ZrO2. This 

defect interacts with the oxygen vacancy defect (VO
••) which, at lower partial pressures, increases in 

concentration until it intercepts the iron cluster (2FeZr: VO)× where it plateaus. The oxygen vacancy 

defect then maintains the linear concentration with the iron cluster through to the higher partial 

pressures to the right. The next defect is the plus one charged cluster (2FeZr: VO)• which has a very 

low concentration at low partial pressures but increases to roughly 10-3 concentration at the highest 

partial pressure. This defect, however, does not appear to affect any other defect. The remaining 

iron defects do not appear to have any impact on the remaining defects and are predominantly 

concentrated at lower partial pressures to the left and include, in order of concentration high to low, 

(2FeZr: VO)′′, (FeZr: VO)′′′, and (2FeZr: VO)′′′′. The neutral (Fei
×) holds a very low concentration 

across the whole partial pressure range and does not interact with any other defect.  



 

 

Figure 178 Monoclinic ZrO2 Brouwer diagram showing tin defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of 10-3 where the Cr 

and Fe defects are hidden. 



 

There is not a lot that can be said for tin defects in the monoclinic, Figure 178, or tetragonal 

structures as, in both structures, there are no apparent interactions that can be gained through 

Brouwer diagram calculations. Much like chromium and iron, there are differences of tin defects that 

are present between the monoclinic and tetragonal structures which may tell its own story. The tin 

defects that are present in the tetragonal structure that cannot be found in the monoclinic are the 

(SnZr
× ) and the negative one cluster (SnZr: VO)′. The monoclinic structure shows the plus four 

interstitial (Sni
••••) where the tetragonal structure does not. The tin defect that is common to both 

the monoclinic and tetragonal structures is the neutral charged (SnZr: VO)×. The tin defect 

concentration trend is the same for both monoclinic and tetragonal where all tin defects show 

higher concentrations at higher partial pressures.  



 

 

Figure 179 Monoclinic ZrO2 Brouwer diagram showing lithium defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of 10-3 where 

the Cr, Fe and Sn defects are hidden. 



 

Finally, the lithium and intrinsic defects, Figure 179, are left and there are some large differences 

between the tetragonal and monoclinic concentrations. As mentioned already, the zirconium 

vacancy defects are absent in the monoclinic structure. Unlike the chromium, iron and tin defects, 

the lithium defect species are the same between the monoclinic and the tetragonal structures. The 

main difference is that in the monoclinic structure, the plus one (Lii
•) defect has the higher 10-3 per 

ZrO2 concentration, the tetragonal structure has the cluster (2Lii: VZr)
′′ has the higher defect 

concentration. With the Brouwer diagram simplified through hidden Cr, Fe and Sn defects, it is clear 

to see that the oxygen vacancy defects (VO
••) are very much higher concentrations at higher partial 

pressures. When compared to the tetragonal structure, the neutral (Lii
×) at lower partial pressures 

have higher concentrations in the monoclinic structure and, at higher partial pressures, the cluster 

(2Lii: VZr)
′ has a much lower concentration in the monoclinic structure. In addition to this, the plus 

one oxygen vacancy (VO
•) has a much lower concentration than that of the tetragonal structure and 

the neutral oxygen vacancy defect (VO
×) is not present at all in the monoclinic structure.  

 



 

 

Figure 180 Monoclinic ZrO2 Brouwer diagram with defects with a defect concentration of 5.7 x 10-4 Cr, 1.47 x 10-3 Fe, 15.62 x 10-3 Sn at 635 K with Li concentrations of a) 10-3 b) 10-7 c) 10-11 and 

d) zero Li. The Cr, Fe and Sn defects are hidden for clarity. 



 

The monoclinic Brouwer diagram, Figure 180, showing the change in lithium concentrations whilst 

hiding the chromium, iron and tin defects really does show very large changes in the plus two 

oxygen vacancy (VO
••) concentrations. The difference between 10-3 per ZrO2 lithium (a) and no 

lithium (d) is quite remarkable and almost mirror one another. At higher lithium concentrations, the 

(VO
••) defects have high concentrations at high partial pressures. With no lithium, the (VO

••) have low 

concentrations at high partial pressures. The reverse of this is true at low partial pressures. The 

zirconium vacancy defect (VZr
′′′′) makes an appearance when there is no lithium within the structure, 

all be it, with small concentrations at the highest partial pressure to the right. At slightly lower 

lithium concentrations, 10-7 and 10-11 per ZrO2, the oxygen vacancy concentration becomes almost 

linear in concentration across the partial pressure range. There is, however, a small trough in 

concentration at around the 10-45 atm which would be caused by another, hidden, defect. In the case 

of the 10-7 per ZrO2 diagram (b), the oxygen vacancy (VO
••) follows the lithium interstitial (Lii

•) quite 

closely, but at the lower lithium concentration of 10-11 per ZrO2, the oxygen vacancy concentration is 

higher than that of lithium. The electron and hole intersect point is at a higher partial pressure with 

higher lithium concentrations from 10-30 atm (a) and shifts through each change of lithium 

concentration until it reaches 10-45 atm in the diagram with no lithium (d).  

 

 


