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Chapter 1 

1 Introduction 

Nuclear power is, and will continue to be, an important component of our energy needs. In 

order to continue to provide and develop this resource to improve efficiency, reliability and 

safety whilst reducing environmental impact it is crucial to engage in fundamental research 

into the materials and processes involved. This chapter sets the context and provides some 

background for the potential applications and uses of the work contained within the whole 

thesis. First the concept of nuclear power is introduced; then the various nuclear fuels are 

discussed; then the uranium oxide nuclear fuel cycle is described, as the focus of this work; 

and finally the aims of thesis are set out. More detailed technical information for each of 

the materials examined can be found at the beginning of the appropriate chapter. 

1.1 Nuclear Power 

Although experimentation with nuclear particles began in the early 1930s, the nuclear 

fission process was demonstrated in 1938 by German scientist Otto Hahn [1]. The 

coinciding of this discovery with the start of the Second World War led to a vast amount of 

research into nuclear fission, particularly regarding using the huge power of the process for 

nuclear weapons. While weapons development and stockpiling continued long after this 

into the Cold War, research soon turned to using nuclear fission for power generation and 

the 1950s and 1960s saw the first nuclear power stations come online. By the 1970s, 

however, research into nuclear materials had fallen into decline amidst growing concerns of 

safety due to poor public perception of the technology [2]. The Three Mile Island accident 

of 1979 and Chernobyl disaster of 1986 confirmed these fears for many and stunted the 

development of nuclear programmes globally. 
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commercial reactors [7]. Different types of reactor have different fuel requirements, for 

instance using an oxide instead of a metal provides natural moderation as there is a lower 

density of fissile material. Not only do nuclear fuels need to be enriched to contain a 

suitable amount of fissile material, they must also be converted to the appropriate chemical 

state for reactor operation. Additionally, processes such as fuel storage and reactor 

operation can alter the chemical state of the fuel and conversion to other forms is then 

required at various stages. This group of processes is collectively known as the nuclear fuel 

cycle, however before discussing fuel cycles it is necessary to introduce nuclear fuels. 

1.2 Nuclear Fuels 

Nuclear fuels are almost exclusively actinide-based, with thorium, uranium and plutonium 

being the most common elements used to provide the fissile material. Early reactors were 

fuelled with uranium metal, which, although less abundant than thorium, requires less 

enrichment and can produce more fissile and fertile isotopes during reactor operation. With 

the advent of thermal PWRs  oxide based fuels came to the forefront, with UO2 dominating, 

due to their improved chemical and thermodynamic stability over metal based fuel [8]. 

PuO2 is chemically more stable than UO2 with respect to oxidation, however it is more 

susceptible to reduction due to formation of Pu2O3. More recently the development of fast 

reactors has prompted the use of mixed oxide (MOX) fuels, which contain U/Pu in varying 

ratios. U/Pu MOX offers a convenient means of utilising surplus weapons-grade plutonium 

stocks, although the global inventory of fissile 239Pu from civilian sources alone already 

exceeds 160 metric tons [9]. Given it has the highest natural abundance and chemical 

stability of the three, ThO2 is seeing increasing usage as a nuclear fuel in reactors, 

especially as the higher enrichment requirements are now easier to achieve. Thorium 

naturally occurs as the fertile 232Th isotope, which can be used to form fissile 233U, 

providing a convenient alternative to U-Pu fuel cycles by producing less plutonium [10]. A 

further advantage to this cycle is that enriched uranium cannot be extracted, thus reducing 

the risk of nuclear proliferation. Alternatively the Th-Pu fuel cycle can be employed, which 

has the additional benefit of being the only one to consume existing plutonium supplies 

without generating any more [11]. Despite advances in reactor and fuel technology, PWRs 

with UO2 fuel continue to be the dominant reactor type. UO2 is readily oxidised under 
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temperatures can also have the secondary effect of oxidising the UO2 fuel (especially in the 

presence of moisture or air) and producing U3O8 [17]. This is highly undesirable as the UO2 

expands by 36 % on oxidation to U3O8 due to a transition from a fluorite structure to a 

layered type structure which severely damages fuel rods and cladding. 

Fuel is typically used for between 18 and 36 months, by which time the proportion of 

fissionable 235U has been reduced to less than 1 %, although the total amount of uranium 

remaining is normally still as high as 96 % (the proportion of oxygen is not reduced and 

may increase as a result of oxidation). The remainder is comprised of 3 % fission waste 

products (e.g. caesium) and 1 % plutonium. When removed from the reactor the material is 

still highly radioactive and producing heat and so is immediately moved to storage ponds 

adjacent to the reactor until radiation levels fall significantly. After several months to five 

years, depending on the fuel composition, radioactivity levels will have fallen sufficiently 

that the material can either be transferred to ventilated dry storage or reprocessed [12]. 

Reprocessing involves separating the useful uranium and plutonium from the waste 

products, and the fuel cladding, by cutting up the fuel rods and dissolving them in acid. The 

actinides can be precipitated out and recycled into fresh fuel (after enrichment), 

significantly reducing the total amount of waste. The remaining 3 % of high-level 

radioactive waste can be stored as a liquid and then later solidified (vitrification) for long-

term storage and eventual disposal. There are currently no disposal facilities in operation, 

however, as waste is in a stable, solid form and there is relatively little of it in existence. 

Additionally, the longer the material is stored for the easier it becomes to handle as the 

radioactivity falls [12]. 

Although not described explicitly in the discussion of the nuclear fuel cycle there are other, 

less stable, uranium oxides which can form during the process. These include the fluorite 

based U4O9, U3O7 and U2O5 phases as well as layered U2O5 [18] and are most likely to 

form during reactor operation and fuel storage as intermediate products of UO2 oxidation. 

1.4 The Uranium-Oxygen System 

Uranium exists in U4+, U5+ and U6+ oxidation states when in combination with oxygen, thus 

UO2 forms the lowest available stoichiometry and UO3 the highest. However, as shown in 
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Figure 2.07 - Convergence plots for UO2. k point density (k points/Å3) is shown on the x-
axis and energy per uranium ion (eV) is shown on the  y-axis. (a) shows the full range 
tested, (b) is focused on the converged area. 
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The uranium Frenkel pair formation energy is overestimated but the result agrees well with 

the other DFT studies [137, 138, 144]. The potential based studies only present composite 

defect energies as they all use a charged model. Good agreement is generally found with 

experiment, with improved Schottky energies over the DFT calculations but comparable 

oxygen and uranium Frenkel pair energies. It should be noted that the partial charge models 

use a rigid ion, and so lack ionic polarisability, however the simulations of Williams still 

give the best overall agreement with experiment [145]. 

These point defects in a 96 atom UO2 cell produce a change in stoichiometry to 1.94 (Ui), 

1.97 (VO), 2.03 (Oi) and 2.06 (Ui). Incorporation of point defect clusters is accompanied by 

local relaxation of the surrounding atoms, as well as smaller effects to the unit cell as a 

whole. The largest local distortion was found for the uranium vacancy, where the 

surrounding oxygen atoms (comprising a single sublattice cube) shift outwards by 0.270 Å 

along <111> directions. Uranium vacancy formation is accompanied by the surrounding 

uranium atoms (forming an octahedron) relaxing outwards along <100>, <010> or <001> 

directions by 0.215 Å. Oxygen point defects have less impact on the surrounding lattice: the 

VO leads to inwards relaxation of the surrounding oxygen octahedron (<100>, <010> and 

<001>) by 0.102 Å and the Oi displaces the encompassing oxygen sublattice cube outwards 

by 0.136 Å (<111> directions). Considering the entire unit cell, it would be expected that 

interstitial atoms lead to expansion of the lattice and vacancies to its contraction. This holds 

true with the oxygen defects, an Oi gives a 0.09 % expansion and VO a 0.29 % contraction 

of the simulation cell, however it is reversed for the uranium defects, Ui gives a 2.12 % 

contraction and VU a 0.52 % expansion of the simulation cell. In order to understand this 

behaviour it is necessary to consider the charge compensation schemes in each defective 

system, i.e. the oxidation and reduction of the surrounding uranium atoms. 

Introduction or removal of species from the UO2 lattice will result in oxidation or reduction 

of uranium atoms, as there are multiple valence states available. Figure 3.05 displays the 

relaxed structures for each point defect system with accompanying uranium oxidation or 

reduction. In the case of an Oi two lattice uranium ions, one nearest neighbour and one next 

nearest neighbour, are oxidised to U5+. A VU behaves in a similar way, except the greater 

charge of this defect results in oxidation of four uranium ions to U5+, two nearest 

neighbours and two next nearest neighbours. A slightly different picture is found for VO 
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and Ui, rather than reduction to formal U3+ charges the charge is delocalised evenly across 

the nearest neighbour uranium ions to the defect: for VO this is a tetrahedron (four ions) and 

for Ui this is an octahedron (six ions). This shows a resistance to reduction which fits with 

experiments that found the greatest extent of hypostoichiometry to be UO1.98 [149]. As the 

Ui and VO introduced here correspond to stoichiometries of 1.94 and 1.97 respectively it is 

possible that the defect is not dilute enough for U3+ to form as the compensating species. 

Additionally UO2 is the lowest known oxide of uranium, there are no reports of U2O3 

synthesis, although Pu2O3 is a stable oxide [150, 151], thus suggesting that U3+ is not a 

favourable species in oxides. The effect persists even when atoms are displaced to 

encourage stabilisation of U3+ or atom size is varied. Charge compensation schemes are not 

discussed in most of the computational work in the literature. Geng reports delocalised 

charge for all types of point defect using the LSDA + U [90]. Their reduced uranium ions 

compensating their Ui defect are distributed identically to in this thesis (six nearest 

neighbours, forming an octahedron) however they report three nearest neighbours and a 

single next nearest neighbour for the oxidised uranium ions accompanying VU. Dorado et al 

report similar results to those found here for Oi, formation of two U5+, although both next 

nearest neighbours. However they find two nearest neighbour uranium ions are reduced to 

U3+ when an VO is present, in contrast to the results presented here [152]. 

3.7 Conclusions 

Fluorite-structured UO2 is an excellent system to assess the suitability of different 

functionals for simulating uranium oxides as there is a wealth of experimental data to 

compare with. Functionals from the GGA, meta-GGA and hybrid levels of theory were 

successfully employed to examine the structural, energetic, elastic, electronic and defect 

properties.  

Hybrids were quickly abandoned due to their significant computational expense compared 

to the others. The rTPSS meta-GGA, although accurately computing physical and 

electronic properties, was also ruled out as it cannot precisely calculate energies. The PBE 

GGA functional was selected to carry out the bulk of the work in this thesis as it predicts 
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the most accurate energies and performs well for all of the other calculated properties, 

including point defects. 

The Hubbard coefficient (U) and CL AFM ordering are required to accurately reproduce 

the electronic properties. SOC and NCL magnetism can also be employed to slightly 

improve the predicted band gap but are not necessary for an adequate description of the 

system. SOC serves to shift the energy by a constant amount (~3.1 eV/U) and the 

difference in stability of the various NCL orderings is as little as 0.005 eV. 

Thus the PBE + U methodology evaluated in this chapter will be applied to the rest of the 

uranium oxides in this thesis to allow for direct comparison of results. It provides a good 

description of the UO2 structure, although there is a slight tetragonal distortion which is 

inherent to simulating AFM structures with DFT. The elastic constants and bulk modulus 

were also well reproduced using PBE + U, giving the best overall agreement with 

experiments. The band gap is underestimated slightly by CL AFM PBE + U, however the 

Mott-Hubbard insulating state is well reproduced and the improvement in band gap using 

NCL magnetism does not appear to affect the relative stability to a significant extent and 

hence does not justify the additional computational expense. Defects were only examined 

using PBE + U, as they are more expensive calculations, however the results compare well 

with experimental and computational (both DFT and potential based) results from the 

literature. The defect chemistry of UO2 is both extensive and complex, thus in the following 

chapter the defects formed from further oxidation of UO2 are considered. 
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have been calculated for UO2 and the energetically most stable UO2.125 (labelled as UO2.13), 

U4O9 and U3O7 systems. 

The RDFs in Figure 4.12 provide detailed information on specific uranium and oxygen 

sublattice disorder. The U-U RDF shows the most similarity between all four structures 

with strong peaks for each in all the fluorite positions, meaning that it remains relatively 

unchanged during the oxidation process. This agrees well with experimental observations 

that the uranium sublattice is not affected as much during oxidation [18] (Figures 4.04 and 

4.08). As expected, the UO2.13 RDF departs from UO2 the least and U4O9 and U3O7 do so 

slightly more. The same is true with the U-O RDFs, where the peaks broaden more 

significantly with increased stoichiometry as a wider variety of U-O bond lengths emerge, 

although there are still clearly stronger peaks at the fluorite locations. U4O9 has wider peaks 

in greater abundance, indicating a larger variety of bond lengths are found, consistent with 

greater local distortion. The O-O RDFs all show the largest discrepancy with the fluorite 

UO2 function, indicative of the large distortions to the oxygen sublattice. The peaks 

broaden out with increasing oxygen stoichiometry, with comparable U4O9 and U3O7 RDFs 

which feature more additional small peaks between the fluorite ones compared to UO2.13. 
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the most stable systems. U6+ is formed in a minority of systems, suggesting U5+ is still 

energetically preferred at this stoichiometry but there is not as much of a barrier to U6+ 

formation as at U4O9 stoichiometry. The return to split-interstitial clustering is accompanied 

by slightly reduced local distortion from the fluorite lattice, reflected in the predicted 

neutron diffraction and RDF profiles of this phase.  

The predicted volume changes relative to UO2 for the most stable U4O9 and U3O7 are 

positive and negative respectively for the most stable systems, and the opposite for the least 

stable systems. Experimental results, in the literature, indicate a decrease in volume for 

U4O9 and increase for U3O7, leading to the tentative conclusion that the predicted phases in 

this thesis are the thermodynamically stable phases and the kinetic products are generally 

observed experimentally. Indeed, there remains the possibility that using larger simulation 

cells would reveal cuboctahedral defect clusters dominate. Although there is the possibility 

that the (relatively small) unit cell size has influenced the species found in these 

calculations. 

Further oxidation of U3O7 leads to formation of U2O5, which can exist in both fluorite 

based and layered structures, thus the next chapter examines this phase. 

 

 

 

 

 

 

 

 

 

 










































































































































































































