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ABSTRACT

Until the UK Government arrives at a decision regarding the final treatment and
disposition of plutonium, the NDA remain responsible for the safe and secure storage
of the PuO, stockpile currently in inert steel cans at Sellafield. Radiogenic helium
gas generation naturally occurs in the ageing of PuO, due to the spontaneous al-
pha decay of Pu isotopes, creating self-radiation damage to the lattice. The risk of
helium gas pressurisation is a safety concern for long-term storage of PuQOs; hence,
fundamental understanding of helium behaviour, including its incorporation, diffu-
sion, and clustering, is needed. Atomistic simulation techniques are ideally suited
to provide fundamental insight into helium behaviour in PuOs.

Initial defect calculations from atomistic simulations of bulk PuO, were per-
formed, identifying the Schottky trio and oxygen Frenkel pair as favourable defects.
The (111) surface was predicted to have the lowest surface energy and therefore
dominate the PuOy growth morphology. Intrinsic defects were simulated for the
(100), (110) and (111) surfaces. It was found that there is an energetic drive for
plutonium Frenkel pairs to form at the surface rather than the bulk of PuQO,.

Atomistic simulations using interatomic potentials were performed to model he-
lium incorporation in bulk PuO,. In defect-free PuOy the octahedral interstitial
site was determined to be the most energetically favourable site for helium. When
defects were present, the plutonium vacancy had a negative helium incorporation
energy, indicating it may act as a trap for helium atoms. Helium clustering around
plutonium vacancies and Schottky trios was observed. However, Pu vacancies and
Pu Frenkel pairs are energetically unstable and so may not be available for helium
accommodation.

Molecular dynamics and energy barrier searching methods were employed to in-
vestigate the diffusion and clustering of helium in PuO,. The results show that
in perfect PuQO,, interstitial He is not mobile over nanosecond time scales at tem-

peratures below ~ 1500 K, with the lowest energy diffusion barrier being 2.4 eV.
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When oxygen vacancies are present the He diffusion barrier drops to 0.6 eV, enabling
helium diffusion at lower temperatures. The dominant He diffusion mechanism is
shown to be oxygen vacancy assisted inter-site hopping rather than the direct path
between adjacent interstitial sites. Thus, oxygen vacancies are key to the diffusion of
helium; such vacancies are generated either via self-radiation damage, or thermally
at high temperatures.

Unlike oxygen vacancies, plutonium vacancies act as helium traps. In molecular
dynamics simulations it was observed that helium occupying a Pu vacancy can easily
be ejected via Frenkel pair recombination. As such, plutonium vacancies must be
stabilised to nucleate helium clusters, such as in Schottky trios. High temperature
molecular dynamics simulations show that helium can diffuse via oxygen vacancies
into clusters with the majority of helium clusters which form over nanosecond time
scales having a He:Vacancy ratio below 1:1. Further static calculations show that
a ~ 3.5:1 He:Vacancy ratio is the largest possible for an energetically stable helium
cluster. Schottky defects are found to act as seed points for He cluster growth and
high local concentrations of He can create such defects, which then pin the growing

He cluster.
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CHAPTER 1

INTRODUCTION

Nuclear power is set to play an essential role in the supply of reliable low-carbon
energy for achieving urgent climate change mitigation [1]. The UK is committed
to the use of nuclear power to achieve its target of net-zero carbon emissions by
2050 [2]. At present, the UK has the largest stockpile of civil separated plutonium
in the world, with approximately 140 tonnes stored as PuOy powder at Sellafield
in Cumbria [3]. This plutonium is a by-product of the nuclear fission of uranium
from legacy reactors. The UK Government is developing a long-term solution for
this material, with one option being re-use as Mixed Oxide (MOX) fuel in future
reactors to supply new low-carbon energy. However the implementation of the long-
term solution will take decades, requiring the continued safe and secure storage of
PuO, powder within inert nested steel storage cans [3]-[5].

A key concern for the continued storage of the PuQO, is the pressurisation of
the canisters, with radiogenic helium gas generation being a potential mechanism.
Helium could diffuse to form large bubbles and at some point be released from the
lattice. Through the use of computational simulations, this research aims to provide
a deeper understanding of helium behaviour in PuO,. Whilst there is operational
experience in the safe and secure storage of PuO, [6], there remains a need to scientif-
ically underpin long-term storage through better understanding of the fundamental

chemical and physical processes occurring within the storage cans [3].

1.1 Nuclear Fuel Cycle

Nuclear power stations currently provide approximately 20% of the UK’s electricity
supply [7]. UK policy aims to reduce greenhouse gas emissions by 80% by 2050 [8].

As nuclear power stations provide a low-carbon source of electricity, nuclear fuel will



continue to play an essential role in the UK energy supply [9].

A schematic of the nuclear fuel cycle is displayed in Figure 1.1. The fuel cycle
can be split into two sections: the front and back end. The front end consists of the
fuel mining and fabrication process for new fuel. The back end of the cycle consists
of how the spent fuel is treated, stored and the future options of the fuel. A nuclear
fuel cycle can either be an open or closed fuel cycle. In an open fuel cycle the spent

fuel is disposed of; in a closed fuel cycle the spent fuel is reprocessed for use in future

reactors.
Nuclear Back end
reactor of cycle
Fuel fabrication Interim storage
/ 2y \
Enrichment u .
— Spent fuel reprocessing
Conversion j
™~ Waste treatment

Milling
—
Front end Mining

of cycle

Figure 1.1: Schematic displaying the nuclear fuel cycle, the front end of the cycle is
in blue and the back end of the cycle is in orange.

The pink arrow in Figure 1.1 indicates the recycling of reprocessed plutonium
from spent fuel to be used in future reactors. At present, the UK is yet to implement
this stage in the fuel cycle and as such has generated a stockpile of reprocessed civil
PuO,. It is the ageing of this stockpile that is the focus of this research. The
following sections will detail how the plutonium was generated and the necessary

considerations for the future of the UK’s plutonium inventory.

1.1.1 Nuclear Reactor

A nuclear power plant works in a similar way to any typical coal fired power plant,
in that water is heated to generate steam which turns a turbine as displayed by

Figure 1.2. The spinning turbine is coupled to an electromagnet which spins inside



a coil of copper wire. Due to Faraday’s law, electricity is produced. This electricity

is stepped up at a transformer and fed to the grid to supply energy [1].

Transformer

Turbine Electric generator

V\ Electricity

to homes

st iitniinni il iR

Steam

e
Figure 1.2: Schematic displaying the process of electricity generation from heating
water to generate steam which turns a turbine.

In the case of a nuclear power plant, it is nuclear fission which generates the heat
to heat water. Unlike coal fired plants, no CO, gas is generated, making nuclear
power a clean (low-carbon) energy [1] [2].

Nuclear power plants use fuel that is typically either natural uranium composed
of 0.7% 23U or enriched uranium composed of 2-3% 23U, with the rest being 238U
for both. #3°U is fissile (fissions with neutrons of all energies) while 2**U is fissionable
(fission can be induced but only by neutrons of high enough incident energy) [10].
When a low-energy neutron is absorbed by an atom of #*°U, the atom fissions into
two nuclei, releasing energy.

Nuclear fission is a nuclear reaction in which the nucleus of an atom splits into
smaller parts. Figure 1.3 displays an example of the fission process. A slow neutron
(n) is absorbed by a nucleus resulting in an unstable nucleus, (in this case jn +
235U — 230U). The unstable nucleus then fissions, and a large amount of energy is
released with the unstable nucleus splitting into smaller nuclei and free neutrons
(collectively called fission products) [11].

In the example displayed in Figure 1.3, the daughter nuclei are 32Kr and }3'Ba;
three neutrons are also released. This fission can be written as 230U — 32Kr + }¢'Ba
+ 3in. From this it can be seen that the total number of nucleons (protons and
neutrons) is conserved (92 + 141 + 3 = 236). However, the total mass of the fission
products can be shown to be slightly less than the mass of the starting nucleus. This
'missing’ mass is the key to nuclear power. The 'missing’ mass (~ 0.1% of initial

mass) has been converted into energy in accordance with F = mc?.
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Figure 1.3: Schematic displaying an example fission of 23°U.

The energy is the binding energy, which is the energy required per nucleon to
separate a nucleus. As the fission products generated are more stable, it requires
more energy to split them apart. Thus, their binding energies are higher. The
difference in the binding energies of the original nucleus and the fission products is
equivalent to the ‘missing’ mass via the Einstein relation [12].

One of the ejected neutrons may become captured by another 23°U nucleus, and
as such a chain reaction can be generated. A stable chain reaction is what powers a
nuclear facility. The other neutrons may be absorbed by #**U, which subsequently
decays to 2**Pu [13]. Therefore, irradiated nuclear fuel contains a mixture of fission
products, including plutonium and uranium [14].

There are many types of nuclear reactors worldwide, the UK’s legacy fleet con-
tains Magnox and Advanced-Gas cooled Reactors (AGRs) [15] [16]. Current plans
are underway for building the next generation of nuclear power in the UK, with

small modular reactors being developed [7].

1.1.2 Spent Fuel Reprocessing

Before reprocessing, irradiated fuel is kept in interim storage to enable short lived
fission products to decay [3] [17].

Reprocessing is important for numerous reasons, including recovery of useful
constituents of fuel for reuse, and for waste management. Reprocessing enables the
reduction of the volume of fission products by concentration, which in turn results
in lower volumes of High Level Waste (HLW).

In the UK, the Plutonium URanium EXtraction (PUREX) process has been
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used to separate plutonium and uranium from the remaining fission products in
irradiated nuclear fuel [10] [18]. Figure 1.4 displays a schematic of the PUREX pro-
cess. PUREX is a multi step solvent extraction process which works via extracting

a metal ion from an aqueous phase to an immiscible organic phase [19].

Spent fuel 4M HNO, and Strip UO,2* complex
reducing agent Fe?* into 0.1M HNO;
Y RN N
2+
2+
uoz TBP, Pu® ] P
2 Kerosene C) N———1 M——
Pu4+
issi Fission 3+ 2+
Fission products products Pu UOZ

I Purification and
conversion to UO,
_ Purification and

conversion to PuO,

» High level waste

Figure 1.4: Schematic displaying the PUREX process which is used to separate
plutonium and uranium from irradiated nuclear fuel. In the three cylinders the top
is the organic phase and the bottom the aqueous phase.

The first step in the process is the acid dissolution of the spent fuel using ni-
tric acid. From this the uranium will form [UO2(NO3)2(H20)s] and the plutonium
[Pu(NO3),], along with fission products. The first solvent extraction is to remove
the fission products into the aqueous phase [19] [20].

The acid dissolutioned spent fuel is mixed with Tri-n-Butyl Phosphate (TBP)
and kerosene which extracts the uranyl and plutonium species into the organic phase
as [UO9(NO3)2(TBP)y] and [Pu(NO3)4(TBP)s] complexes. From this the fission
products are removed to be stored as HLW.

The second solvent extraction occurs after the organic phase is mixed with a

reducing agent (Fe?") and nitric acid leading to:
Pu'" + Fe** = Pu®" + Fe’* (1.1)

UOZ" + Fe*™ — no reaction. (1.2)

The Pu is then in the aqueous phase as it has reduced to Put which does not
form complexes with nitrate and is therefore non extractable. The plutonium is

then purified and converted into PuQOs,.



The final step is to strip the [UO2(NOj3)o(TBP)s] complex into 0.1 M HNOj
leaving UO2" in the aqueous phase. The uranium is purified and converted into
UOs.

Both of the UK’s spent fuel reprocessing programs have now ended with THORP
(Thermal Oxide Reprocessing Plant) closing in 2018 [3] and the Magnox reprocessing
facility completing its work in 2022 [21]. As was displayed in Figure 1.1, in a closed
loop system the uranium and plutonium would then undergo enrichment and fuel
fabrication respectively. However, this stage has not yet been reached in the UK
for the reprocessed plutonium. Rather, the separated plutonium is stored in powder
form as PuO, in inert steel cans which are kept in reinforced concrete buildings
above ground at Sellafield [22]. The legacy and future of this separated and stored

plutonium will now be discussed.

1.2 PuO, Stockpile

The UK has the largest civil separated plutonium stockpile in the world at approx-
imately 140 tonnes [3], accounting for 38% of global civil separated plutonium [22].
The continued indefinite long-term storage of plutonium creates a burden of secu-
rity risks and proliferation sensitivities [3] [23]. The decision on the future of the
stockpile is influenced by political, economic and strategic factors as well as by tech-
nical considerations [24]. The Nuclear Decommissioning Authority (NDA) has been
reviewing the Pu management options since 2004 and advising the UK government
on it’s choice [22]. There are three stages in the current guidance: consolidation,
safe and secure storage and disposition.

In 2022, the first stage of the management plan, consolidation, was completed
[25]. This process consisted of transferring the Dounreay Pu inventory to be consol-
idated at Sellafield. As discussed by Hyatt [5] the key benefits of consolidation are
to the sites from which the inventory has been removed, as it enables accelerated
decommissioning of those sites and reduces security requirements. The consolidated
inventory can also be managed more efficiently with concentrated skills capabilities
and facilities [3].

To ensure the safe and secure storage of plutonium, a process of repacking and
retreating has been implemented by the NDA [3]. The plutonium will then be
stored in a suite of modern stores with enhanced resilience measures to ensure the
safe storage of Pu until such a time that the long-term solution of disposition can

be implemented [25].



The final stage, disposition, is still in development. Research and development
is ongoing to determine the best long-term solution to put separated plutonium

'beyond reach’ [3]. Figure 1.5 displays the two options currently under consideration.

CREDIBLE OPTIONS FOR PUTTING PLUTONIUM BEYOND REACH

OPTION A: OPTION B:
Reuse as fuel in reactors Immobilisation, followed by a period
followed by disposal of storage before disposal
Y
(]
.

Figure 1.5: Options under consideration by the UK government for the disposition
of plutonium. From [3].

The current options considered by the UK government for the long-term future
of plutonium are [3]: reuse as fuel in reactors followed by disposal in a Geological
Disposal Facility (GDF), or immobilisation, followed by a period of storage before
disposal in a GDF. However, regardless of which option is chosen, a proportion of
the stockpile (approx. 5%) is deemed unsuitable for use in future fuel, so will require

immobilisation and disposal [4].

1.2.1 Reuse

A key advantage of the reuse strategy is that it enables the plutonium stockpile to be
fully utilised as the energy resource it is [26]. It simultaneously reduces proliferation
risk whilst also increasing the sustainability of nuclear power. Furthermore, the use
of plutonium in the nuclear fuel supply reduces the production of more plutonium,
as it limits the use of new uranium fuels.

The use of reprocessed plutonium nuclear fuel is currently under consideration

for three nuclear reactor types:

1. Light Water Reactors (LWR)

2. CANDU Reactors



3. Fast Reactors

The first two options rely on the production of MOX fuel which is a blend of plu-
tonium and uranium oxides. The reuse of plutonium as MOX fuel has been achieved
in commercial LWRs in France and Japan [4] [5]. Research is in progress to demon-
strate the fabrication of MOX fuel pellets from UK plutonium [3]. As discussed by
Hyatt [5], the UK Pu has unique powder characteristics, isotopic composition and
significant ! Am ingrowth, from the decay of ?*!Pu during storage. Morrison et al.
[27] [28] has performed detailed neutronics studies, which provide confidence that
MOX fuels manufactured from the UK Pu stockpile could perform satisfactorily in
LWRs. The use of MOX fuel in CANDU reactors (termed the CANMOX solution)
and the production of CANMOX fuel has not been demonstrated on an industrial
scale.

Despite the technical viability of MOX, the commercial manufacture of MOX
fuels from separated UK Pu has not yet been convincingly demonstrated. Moreover,
at the present time no UK reactor operator has expressed interest in MOX, as the
supply of uranium is predicted to be sufficient to meet future demand. As such, the
economic driver for plutonium reuse as MOX fuel is weak [5], [29].

Fast reactors would irradiate a plutonium alloy fuel rather than MOX. This tech-
nology is at a low level of technical maturity and a major research and development

programme is still required [3] [30].

1.2.2 Immobzilisation

Approximately 5% of the Pu stockpile will be unsuitable for reuse in future reactors
[3]. Therefore, this percentage of material will require immobilisation regardless of
the disposition strategy chosen. As such it is essential that a robust immobilisa-
tion method is developed. Currently there are three immobilisation options under

development:
i) Hot Isostatic Pressing (HIP) to produce a monolithic ceramic product

ii) Pressing and sintering process similar to MOX manufacturing to produce pel-
lets

iii) Encapsulation in cement-based matrices as used in the UK for Intermediate
Level Waste (ILW)

In both options i) and ii), plutonium would be immobilised as a ceramic product

[31]. Zirconolite ceramics are currently being considered for use as a potential host
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phase to immobilise plutonium with both experimental [32] and computational [33]
[34] studies being performed.

As discussed by Bingham et al. [35], in nuclear research, surrogate species are
often used. This is due to the radiotoxicity of Pu and the specialist research facil-
ities required to study it. Much research uses cerium due to its similar ionic size
[32] [34]. Alternatively, computational studies can be performed such as those by
Dimosthenous et al. [33]. Computational studies can also be used to evaluate the
efficacy of the surrogate species. The planning and development of pilot tests us-
ing plutonium-active products for the HIP process is underway to demonstrate the
viability of the technology [3].

Due to the volume of waste anticipated, at present it is suggested that option

(iii) is non-viable [3].

1.2.3 Interim Storage - Gas Generation

At the present time the NDA states that there is insufficient understanding of ei-
ther option to move to implementation confidently [3]. Until such a time that the
disposition route is decided, the plutonium will remain in safe and secure indefi-
nite long-term storage at Sellafield. Therefore, it is essential to have a thorough
understanding of the ageing phenomena of plutonium to inform the decision as the
stockpile ages [4], [36]-[39].

The storage of the stockpile is as calcined PuO, powder contained within a series
of nested stainless steel or aluminium cans. The outer can is welded to maintain
storage integrity as displayed by Figure 1.6. Some legacy cans require urgent repack-
ing due to deterioration of the cans and contamination with packing materials such
as PVC. Under certain circumstances, the calcined powders have been observed to
cause gas generation within the cans, resulting in pressurisation of the storage pack-
age. This pressurisation comprises one of the most serious fault scenarios that must

be considered in the safety cases for the long-term storage of actinides [40] [41].



Figure 1.6: Cutaway diagram of a multiple barrier containment Magnox PuO, stor-
age can. From [40].

There are a number of fundamental mechanisms that could lead to pressurisation,

and all must be understood. The five key mechanisms suggested are:

1. Decomposition of polymeric packing material within the cans
2. Helium accumulation from a-decay

3. Desorption of entrained/adsorbed water as steam from the hygroscopic PuO,

powders
4. Radiolysis of the same adsorbed water to generate, inter alia, Hy gas

5. Generation of Hy gas by chemical reaction of PuOy with HyO, producing a

postulated PuOs,, phase — essentially an (electrochemical) corrosion reaction

Due to the recent and future repackaging practises, mechanism 1 is no longer
of high concern. This is because new packaging practises avoid the use of PVC
packing material in Pu storage. As discussed by Webb et al. [42], work is underway
thermally treating chlorine contaminated PuO, at Sellafield.

Developing an understanding of the behaviour of helium in PuOs; is the focus of
this research. Despite the importance of mechanism 2, studies of helium diffusion
and clustering in PuO, remain scarce [43]. Often, comparison is drawn from studies
of helium in related nuclear fuel materials such as metallic Pu, UO; and MOX
fuel [44] [45]. From comparison with these materials it has been predicted that
helium atoms are likely to cluster at lattice vacancies and these clusters could act
as precursors to helium bubbles. Understanding the stability of the bubbles and the
diffusive behaviour of helium is key to determining if radiogenic helium accumulation

leads to pressurisation of stored PuQO,.
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Mechanisms 3-5 all involve PuOy /H50 interactions and are complex, inter-connected

and poorly understood [40], [46], [47]. Experimental studies of the surface chem-
istry of water adsorbed on PuO, surrogates such as those of Laventine et al. [48]
are ongoing, with an aim to help predict conditions that may lead to gas generation
during long-term Pu storage.

The physico-chemical state and amount of the water ad-/absorbed at the surface,
will be determined not only by the PuOs crystal faces presented at the surface of
the powders, but also radiation damage to the surface and bulk defect structure.
Such radiation damage will also affect the susceptibility of the PuO, to corrosion —
potentially by mechanism 5. However this corrosion is more likely to be by hydroxyl
radicals/hydrogen peroxide generated by the radiolysis of water at or close to the

plutonium dioxide surface [40].

1.3 Plutonium Dioxide

An assessment report of plutonium fuel by the Nuclear Energy Agency in 1989
[24] stated that separated stored plutonium becomes progressively more difficult to
handle as time passes. However, the ageing mechanisms associated with the storage
of PuOy are poorly understood [49] [50]. The difficulty of handling plutonium due
to its radiotoxicity is a key reason for the lack of experimental data [45], [51], [52].
Additionally, as mentioned by S.S. Hecker et. al [53] and T.H. Allen et. al [54], due
to the relatively recent discovery of Pu in the 1940s, and only minuscule amounts
being present in nature, there is a lack of natural data on how plutonium ages.
Plutonium dioxide has the fluorite structure with space group Fm3m and is a

ceramic substance [24]. Figure 1.7 displays the observed unit cell of PuOs.

Figure 1.7: Figure displaying the observed unit cell of PuO,. From [55].
Plutonium is vulnerable to ageing as it is a radioactive element [45] [56]. #°Pu
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decays principally by a-decay, emitting an alpha particle and a recoil uranium nu-
cleus. The alpha particles pick up electrons along their path and become helium
atoms [13] [57]. As displayed by Figure 1.8, the daughter nuclei travel through the
lattice in opposite directions and towards the end of their path may initiate a colli-
sion cascade where they transfer their energy and momentum to the electrons and
atoms of the material [45] [58]. From collisions, plutonium atoms can be displaced,
creating numerous vacancies. A displaced plutonium atom will ultimately come to
rest at an interstitial site, becoming a self-interstitial. Therefore, each displacement
creates a Frenkel pair consisting of a vacancy and a self-interstitial [45]. Each decay
event creates many Frenkel pairs as illustrated by Figure 1.8. Kinetic properties of
point defects govern radiation tolerance, fission product accommodation, fission gas
release and micro-structural evolution in-pile, so a comprehensive understanding of

defect behaviour is crucial to understanding the ageing of plutonium [59]-[61].

Frenkel pair: Urange 12 nm He range 10 pm
O Vacancy
® Self-interstitial °
e O
o e
o (o]
e 86 keV 5 MeV
° < °
(o]
L )
o <>
® o Cascade size 0.8 um
o e © .
* 265 Frenkel pairs

Cascade size 7.5 nm
2290 Frenkel pairs

Figure 1.8: Figure displaying plutonium decay and the generation of defects.
Adapted from [45].

Due to the radiotoxicity of PuO,, computational studies are ideally suited to
study the defect chemistry of PuO, [62]. Atomistic simulations have been deemed
suitable for nuclear applications as they are concerned with the atoms rather than
the electrons and sub-atomic particles [63] [64]. Through modelling the atomic
behaviour of PuOs,, energetically favourable defects can be predicted. Helium incor-

poration in such defects can then be studied.

1.4 Research Aims

As discussed, a key concern for the continued storage of the PuO, canisters is pres-

surisation, with radiogenic helium gas generation being a potential mechanism. He-

12



lium could diffuse to form bubbles which could then be released from the lattice and
into the canister head space. The aim of this research is to deepen the understanding
of helium behaviour in the ageing PuO, stockpile. It is imperative for the nuclear
industry that this knowledge gap is addressed to enable the scientific underpinning
of the stockpile management options and ensure the continued safe storage of PuOs.

This research uses atomistic simulation based on classical potentials with an aim
of elucidating helium behaviour in PuO,. Atomistic simulation techniques using
interatomic potentials are employed to study the defect behaviour of PuO, both
in the bulk and at the surface. From the development of a model of PuOs defect
chemistry, available trap sites for helium are predicted. From these trap sites, helium
clusters are built up and optimum bubble sizes determined. Molecular dynamics
simulations are also used to identify helium diffusion mechanisms and study helium

clustering over a range of temperatures.

1.5 Thesis Structure

Chapter 2 contains the theory and methodology of the work presented in this the-
sis. The first three results chapters detail static computational simulation results.
Chapter 3 provides an evaluation of available interatomic potentials for modelling
PuO,. The best performing is then implemented to model the defect chemistry of
bulk PuOs. Next, the chosen potential is used in Chapter 4 to model the surfaces of
PuO,. In Chapter 5 the incorporation of helium into the bulk of PuQO, is discussed,
with a potential fitted to a standard form.

The final three results chapters detail molecular dynamics simulation results.
Chapter 6 provides evaluation of interatomic potentials suitability in molecular dy-
namics simulations for bulk PuO,. In Chapter 7, helium diffusion in PuO, is dis-
cussed. Chapter 8 presents the results of simulations investigating helium clustering

behaviour.
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CHAPTER 2

METHODOLOGY

This chapter will describe the computational methods used throughout this research.

As displayed by Figure 2.1, there are many possibilities for computational simula-

tions spanning a vast range of size domains and time scales. As such, it is essential

to choose the appropriate techniques for the specific research at hand.
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Figure 2.1: Graph displaying range of computational chemistry methods over the
time and size scales they occupy.

The realm of computational chemistry can be split into two streams: Ab initio

and semi-/empirical modelling. Ab initio methods are entirely theoretical; they at-

tempt to solve the Schrodinger equation. The only values input in ab initio compu-

tational methodology are the values of fundamental constants, the atomic numbers
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of the atoms present, and their geometry. Density Functional Theory (DFT) is
the most commonly employed ab initio method [65]. Empirical or semi-empirical
methods are named as such because they employ experimental results, from accu-
rate models of related materials, to approximate some elements of the underlying
theory. In this work atomistic simulations have been deemed the most suitable to
model plutonium, as they primarily model the atoms rather than the electrons and
sub-atomic particles [63]. It is the defects at an atomic level within the PuO, lattice
that are of primary interest when investigating the ageing of plutonium.

The simulations detailed in this work were performed using the University of
Birmingham’s blueBEAR High Performance Computing (HPC) facilities.

2.1 Force Field Methods

All of the results presented in this thesis were generated from the study of systems
in which the interactions between atoms was described by force fields. In the force
field method effective interatomic potentials, V', (in analytical or numerical form)
describe the variation in the energy of the molecule or solid as a function of the
nuclear coordinates of the number of atoms present, N [55]. A potential describes
the effects of valence electron interactions, without the electrons being explicitly
described [66]. The total potential is generally broken down into pair, three-body,
four-body and higher order terms [67],

V(ry..ry) = Z 0@ (1) + Z v® (v, 15, 18) + Z @ (v, 05, v, 10) + o (2.1)

3,j=1 1,5,k=1 1,5,k,1=1

V is often approximated by the leading pair potential term, v®, which only
depends on the distance, r, between atoms ¢ and j.

An interatomic potential must have a repulsive component to ensure the Pauli
repulsion at short distances between atoms is observed, this is defined by a short-
range potential ¢. An interatomic potential may also have an attractive component,
defined by the Coulomb interaction. Thus an interatomic potential can be written

as,

V(ry..rn) =~ 0(2)(7"@-]-) = Veoulomb + ¢(7ij) (2:2)
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with,

VCoulomb = (23)

¢; and g; are the effective charges of atoms 7 and j, respectively and ¢, is the
permittivity of free space [67].
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Figure 2.2: Graph displaying the potential energy, V', against the interatomic dis-
tance, r, showing the breakdown into long and short range components.

Figure 2.2, displays the breakdown of the potential energy into long and short
range components. The long range component corresponds to the Coulomb inter-
action and the short range component corresponds to ¢. An appropriate form of ¢
for a particular system must be chosen; it must describe both the Pauli repulsion at

short distances, and the dispersive interaction at long range [68].

2.1.1 The Long Range Interaction

To evaluate the lattice energy the sum of the Coulomb interactions across the ions
must be calculated. As the magnitude of the Coulomb potential energy decreases
as a function of %, it converges very slowly. In addition, as the interaction of an
ion with anything but its nearest neighbours involves only Coulomb interactions,
the energy density of the sum increases with distance, resulting in an infinite sum.
Thus, the Ewald summation is often used to calculate the Coulomb interaction as

it enables faster convergence and therefore is less computationally demanding.
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In the Ewald summation, a basic cell containing % positive and negative charges
in some spatial arrangement is considered as a single crystallographic element sur-
rounded by an infinite number of identical copies of itself [69] [70]. The whole system
is then neutral and contains an infinite number of charges situated at points r;; and
r;_, respectively. The total potential at the position of some ion ¢ residing in the

basic cell is calculated as the finite difference of two infinite diverging series,

= 1 = 1

i) = _ = _ . 2.4

o) =03 e 2
Jj+=1 Jj—=1

Rather than evaluating the sum over the point charges for the potential, the

charges can be rewritten as delta-like charge densities

pr) = Y 1) —q Y b -y ) (25)

j+=1 Jj—=1

and these expressions expanded in a Fourier series whose terms determine the
Fourier components, ¢(k), of the electrostatic potential. However, this again leads
to convergence issues as the Fourier transform of a delta-function requires infinite
terms [69)].

The solution is to separate the potential into two parts; one in real space and the
other in reciprocal space. The real space component consists of the point charges
with an additional Gaussian charge distribution of the same magnitude, but oppo-
site charge, superimposed on. The result of this is to prevent neighbouring ions
interacting and as such it is rapidly convergent in real space [70]. The reciprocal
component is made up of the same point charges but with Gaussians centred on

the ions, and it decays quickly in reciprocal space [71]. Figure 2.6 displays a visual
representation of this method.

AL A
VIV

Ewald sum real sum reciprocal sum

Charge distribution

Figure 2.3: Schematic displaying the separation of the potential into real and
reciprocal space via the Ewald summation method.
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The calculation of the Ewald sum is constrained by cut-off radii in both real and
reciprocal space. By the use of suitable constraints, an optimal convergence of both
series can be achieved.

An alternative method of ensuring convergence of the long range term is the
particle-particle-particle-mesh (PPPM) solver from Hockney [72], which is an adap-
tation of the Ewald method. In this method the charges of the atoms are mapped
onto a 3D mesh, and 3D fast Fourier transform algorithms are then used to solve
Poisson’s equation on the mesh. The electric fields are interpolated on the mesh and
point back to the atoms [73]. The computational cost of traditional Ewald summa-
tion scales as N %, where NN is the number of atoms in the system. Due to the fast
Fourier transforms, the PPPM solver scales as NlogN, and so is a faster choice and

is consequently implemented in the molecular dynamics simulations in this work.

2.1.2 The Short Range Interaction

A number of standard analytical functions are available for ¢, with common pair
potentials including the Lennard-Jones potential and the Morse potential. The
Ziegler-Biersack-Littmark (ZBL) potential is often used for short-ranged interac-
tions [74]. A commonly used many-body potential is the Embedded-Atom Method
(EAM).

To choose the appropriate potential, the accuracy, transferability and computa-
tional speed of the potential must be considered [60], [62]. As the power and accessi-
bility of computers increased through the 1960s, efficient algorithms for minimising
functions of many variables were developed [75]. These developments enabled many
forms of the potential to be evaluated at reasonable computational expense.

Specific potentials will be described and evaluated when setting up simulations,

and are discussed in detail later in this work.

2.1.3 Empirical Fitting

The material specificity for a potential is provided by the associated parameters
for each of the terms in the chosen analytical form. Developing potentials for a
particular material requires determining a set of parameters [66]. To determine the
parameters, empirical fitting procedures are often used [55].

Empirical fitting consists of adjusting the potential parameter values via a least
squares fitting procedure, in order to reproduce crystal structural data as accurately

as possible [67]. Experimental data are required for this method. However, for PuO,,
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previously published theoretical predictions of properties are also used due to the

limited availability of experimental data [49], [63].

2.1.4 Modelling Ionic Polarisation

The polarisability of an ion is its ability to form instantaneous dipoles and is of
importance in understanding a molecules internal structure. The shell model of
Dick and Overhauser [76] was used to model the polarisability of individual ions in

static calculations.

Core: contains the mass and
‘inner’ charge, X

Shell: is massless
and has an effective
‘outer’ charge, Y
Harmonicinteraction
between core and
shell

Figure 2.4: The shell model.

As displayed by Figure 2.4, in the shell model a massless shell of charge, Y,
simulates the outer valence electron cloud of an ion. The core of charge X, simulates
the nucleus and inner electrons. The total charge of the ion is therefore X + Y and
is equal to the oxidation state of the ion [76], [77]. The interaction between the core

and the shell is harmonic, as defined by,
L,
Vi(ry) = §kidz‘7 (2.6)

where k is the spring constant of the interaction and d is the relative displacement

of the core and shell of ion 7. The polarisability for a free-ion is given by,

Y2
pu— k_i'

o% (2.7)
When the shell model is employed in atomistic simulations, the required parameters
are Y, X, and k. These parameters are often derived by empirical fitting [49], [77].

However, the implementation of the shell model in a Molecular Dynamics (MD)
simulation is not straightforward, as it results in massless entities [78]. To handle
the massless entities either an energy minimisation is performed on the shells after
each timestep to update their positions [79], or nominal small masses are assigned

to the shells [80]. Both methods add computational demands and are omitted from
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the MD code used throughout this work, with rigid-ions used instead.

2.2 Energy Minimisation

Energy minimisation methodology has been used throughout this work. The choice
of which algorithm to use for geometry optimisation depends on many factors such as
the storage and computing requirements. A range of energy minimisation methods

will now be detailed.

2.2.1 Potential Energy Surface

The potential energy, E(x), is a function of atomic positions (and lattice parame-
ters). As such, there should be a set of positions which produces the lowest energy
- the ideal configuration of the atoms. All possible atomic positions can be dis-
played as a potential energy landscape. The potential energy surface of a structure
is therefore the potential energy as a function of the positions of the atoms.
Optimisation is the process of finding the point that minimises a function; a
stationary point. A local minimum of a function is a point at which the function
value is less than or equal to the value at nearby points, but may be greater than
at a distant point as displayed by Figure 2.5. A global minimum is the point at
which the value of the function is less than or equal to the value at all other possible
points. Points surrounding a local minimum are higher in energy but a local minima

is not the actual lowest energy site.

|

Local minimum

Global minimum

Figure 2.5: Local and global minimums.

A frequent problem with geometrical optimisation is that optimisation processes
go downhill. Thus, they find the local minimum to their position and not necessarily

the global minimum.
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2.2.2 First-Order Solvers

The first derivative can be used to find minima of a potential energy surface. The
sign of the first derivative indicates the direction to the minimum. The magnitude
indicates the steepness. Therefore, to search for minima the derivative at some point
can be taken and then some distance moved in the direction indicated. The simplest

choice of direction is taken in the steepest descents method, which is outlined below:
1. Generate derivatives at first point and follow the steepest line
2. Find minimum along this
3. At minimum calculate new derivatives and follow the steepest line
4. Find minimum along this
5. Repeat cycle until true minimum found

At the minimum all non-zero derivatives will be orthogonal to the direction which
has just been minimised along. This process can be quite slow, but it is robust.

The problem with the steepest descent method is that whilst the new direction
is orthogonal to the previous direction, it is not orthogonal to any others. Thus,
later minimisation directions can undo the effect of earlier ones and so the method is
very inefficient in dealing with long, narrow valleys unless it happens to go straight
down them.

It is therefore desirable to choose a set of directions where a minimisation along
any one will not interfere with the others. These directions will span the solution

space and are referred to as conjugate directions [81]

Vg = —0gk + VeUk—1, (2.8)

where vy, is the new direction, g, is the derivative at position k, v;_; is the direction

of the previous step and ~; is the weighting of the previous step calculated by,

e = — Ik (2.9)
Jk—19k—1

The use of conjugate directions for energy minimisation is called the conjugate

gradient method and is outlined below [82]:

1. Generate derivatives at first point and follow the steepest line
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2. Find minimum along this

3. At minimum calculate new derivatives and conjugate directions
4. Find minimum along this

5. Repeat steps 3 and 4 until the true minimum is found

The conjugate gradient method is much more robust than the steepest decent
method.

N

Figure 2.6: Representation of finding the minimum energy site from start site xq via
steepest decent (purple line) and conjugate gradient (green line) methods.

Figure 2.6 displays both the steepest decent and conjugate gradient methods. It

can be seen that the conjugate gradients method is much more efficient.

2.2.3 Second-Order Solvers

In second-order methods, rather than just using the first derivative (the gradient)
to search for minima, the second derivative is also used. The second derivative
calculates the Hessian which details how the curvature of the surface is changes.

The Newton-Raphson method is a second order solver [83]

Lo (2.10)

Lmin = Tk — f”(l'k)7

where x,,;,, is the minimum position, xzy, is the current position and f'(x) and f”(z)

are the first and second derivatives respectively, given as Hessians. The method is
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very powerful and can find the minimum extremely quickly, but it is very computa-
tionally expensive. As such, Quasi-Newton approximations are used which update
the Hessian with numeric approximations each step and only recalculate when nec-
essary.

One such approximation used in this work is the Broydon-Fletcher-Goldfarb-
Shanno (BFGS). This is used for unconstrained and nonlinear optimisation prob-
lems. In BFGS the exact Hessian is calculated initially, and is then updated over a
number of steps or cycles [83]. The exact Hessian is only calculated when certain

criteria have been met, such as when the energy change in a cycle exceeds certain
thresholds.

2.2.4 Dynamic Relaxation

This optimisation methodology performs dynamics on a system which only allows for
downhill movement on the potential energy landscape. The acceleration is calculated
from the specified atomic force fields. The Fast Inertial Relaxation Engine (FIRE)
[84] calculates the acceleration via

F(r(t))

o(1) = =2 = (0)o(t)

[0(t) = F(r(1))], (2.11)

where 7 is position, v, velocity, F', force, m, mass, and -y is a scalar function of time.
The hats represent unit vectors. The power, P, is calculated via P = Fv. The
velocity is reset if the force and velocity are in opposite directions. Combining this
equation with an adaptive time-stepping technique results in a simple and efficient
solver. The time-stepping technique used is the Velocity-Verlet detailed later in
Section 2.5.1. The method does not use Hessians and so is less computationally

expensive.

2.2.5 Nudged Elastic Band

Nudged Elastic Band (NEB) optimisation procedures are performed to determine
the minimum energy path between two points [85]. In NEB calculations both the
initial and final states of the system must be known. Along the minimum energy
path there will be a saddle point, which is the maximum energy along the reaction
path. From the identification of the saddle point, the migration pathway energy
barrier can be calculated. The energy barrier is calculated via the difference in
energy of the initial configuration and energy of the saddle point.

The NEB method works by first creating a set of images between the initial and
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final states. These images are connected by springs to keep the images evenly spaced

and stop them falling into the end minima. The total force on each image is
F' =F'+F) (2.12)

where the perpendicular force is the gradient of the potential that pulls the system
towards the minimum energy path and the force parallel to the trajectory is the
spring force. Energy minimisation is performed on each image to minimise the total
force until the images converge to the minimum energy path, at which point the
tangential force on each image is the same.

In this work a second stage is added to the NEB calculation, known as the
climbing image modification [73] [85]. In the second stage, the image with the
highest energy is selected and the inter-image forces on it are converted into a force
that drives the atom coordinates to the saddle point of the barrier via a barrier-
climbing calculation. The other images rearrange themselves along the minimum
energy path due to the spring forces, so they remain roughly equally spaced. Both
of the stages in NEB are energy minimisation procedures and are performed via
the damped dynamics method detailed previously in Section 2.2.4. Throughout this

work the number of images for each NEB calculation was 12.

2.3 Static Bulk Simulation Methodology

The General Utility Lattice Program (GULP) was used for static bulk simulations
[86]. This code focuses on the use of analytical solutions to develop the under-
standing of the lattice dynamics of a system. Force fields are used within GULP
to model the relationship between atoms. Energy minimisation is used to calculate
relaxed atomic coordinates and from this many crystal properties are calculated.

Additionally, defects can be modelled, enabling the calculation of defect energies.

2.3.1 Symmetry Optimisation

The energy minimisation methodology used in GULP is the Newton-Raphson BFGS
modified method (Section 2.2.3). During an energy minimisation all the ionic inter-
actions are calculated and each ion subsequently moves a distance proportional to
the force acting on each ion in the direction of the net field. A constant pressure
energy minimisation is also performed which is a symmetry-adapted technique of

energy minimisation [86].
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In the GULP code, symmetry is utilised to accelerate structural optimisation.
The rate of convergence can be correlated to the number of independent variables
in a system. As symmetry lowers the number of independent geometric variables, it
can lead to reducing the number of steps required in an optimisation.

The asymmetric unit of a space group is the part of the crystallographic unit cell
which can be used to generate the complete unit cell via the symmetry of the space
group. Utilising the asymmetric unit can increase the efficiency of a calculation.
For example, when symmetry is present in a two-body potential model, rather than
looping over all of the pairs of atoms to compute energy, only the interactions
between the asymmetric unit and the other atoms require calculation. Thus, the
computational memory required for an optimisation is significantly reduced and the

processing of the algorithm is faster.

2.3.2 Bulk Properties

Once the optimised structure for a material has been determined, it is possible to
calculate many physical properties based on the curvature of the energy surface
about the minimum (the second-derivative matrix). Via comparison of the calcu-
lated bulk properties with experimental values, the accuracy of the model can be
evaluated. Some of the calculable properties shall now be discussed.

Elastic constants, Cj;, describe the mechanical hardness of the material with
respect to deformation. This is calculated by the second derivative of the energy
density with respect to strain. The elastic constant tensor is a 6x6 symmetric
matrix, so contains 21 potentially independent matrix elements. However for a
cubic material the number of independent matrix elements is reduced significantly
due to symmetry; for a cubic material the only unique elements are C;;, C;2 and
Cyg.

Stress, o, is the way a force interacts with the area over which it is applied. There
are three main types of stress: normal o, shear o, and bulk ;. Strain, €, is the
result of stress, calculated by the change in a dimension over an original dimension.
Thus, strain is independent of the size of the solid. There are three strains (normal
€n, shear ¢; and bulk ¢,) corresponding to the three stresses.

A solid can be characterised by an elastic modulus which relates strain to stress.

Three elastic moduli are calculated:

e Bulk Modulus (K = Z—l’:), measures the substances resistance to uniform com-
pression. Defined as the ratio of the infinitesimal pressure increase to the

resulting relative decrease of the volume
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e Shear Modulus (G = 2), defined as the ratio of shear stress to the sheer strain

e Young’s Modulus (£ = =), defined as the ratio of uniaxial stress over the
uniaxial strain in the range of stress in which Hooke’s law holds. It is a

measure of the stiffness of a material

Poisson’s ratio, v, measures the change in a material perpendicular to the uniaxial
stress. It is defined as the ratio of lateral to longitudinal strain under a uniform,
uniaxial stress.

Optical properties can also be calculated. These include the static and high
frequency dielectric constants (relative permittivities), which measure the optical
response of a solid to an applied electric field [87]. The dielectric constants are given

by 3x3 tensors.

2.3.3 Modelling Defects

To find defect energies the potential, ¢, of a defective static lattice is minimised with
respect to the displacements and moments of the surrounding ions [75]. The Mott-
Littleton methodology was employed in this work to perform defect calculations. In
the Mott-Littleton methodology, minimising ¢ is simplified by dividing the defective
lattice into two regions (Region I and Region II), as displayed by Figure 2.7. Region
I contains the defect and a certain number of immediate neighbours. Region II is
further subdivided into Region Ila, which is the outer spherical shell of ions, and
Region IIb, which contains the rest of the crystal lattice extending to infinity [75],
[86], [88].

As Region I contains the defect and neighbouring ions, ions in this region are
assumed to be strongly perturbed by the defect. Therefore, ions in this region are
explicitly relaxed with respect to their positions [86]. Tons in Region IIb are assumed
to be weakly perturbed by the defect as the defect forces are relatively weak at a
greater distance, and so can be described as a dielectric continuum approximation.
Region Ila acts as the interface region, to ensure a smooth convergence between the

explicitly summed and continuum regions [89].
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Figure 2.7: Visualisation of the regions used in Mott-Littleton methodology. From
[55].

The total energy of the two region system, FE,,, is calculated by,

Eiot(z,8) = Evi(z) + Era(x, &) + Exn(§), (2.13)

where E1; is the energy of Region I as a function of Cartesian coordinates (z), Fao
is the energy of Region II as a function of Cartesian coordinates of displacement ()
and FEj, is the energy of the interaction of regions I and II as a function of x and &
[63]. At this point regions Ila and IIb are not distinguished.

By assuming the forces acting on Region II are small, the response of the atoms

here will be purely harmonic,

Enl€) = 56" Hnk (214)

where Hys is the Hessian matrix for Region II. Next, we apply the condition that

displacements in Region II will be at equilibrium, resulting in a condition of],

<5Eto:5(§x7 5))33 _ (5E1is(ga 5)

By combining Equations 2.14 and 2.15, we can eliminate the energy of Region II
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from Ey, (Equation 2.13),

1 /0o (x,
Fual0,) = Bne) + Bua(o.€) — 3 (2220 ¢ (2.16)
thus greatly simplifying the calculation [63].
The defect energy is then calculated from the difference in energy of the perfect

Regions I and 11, EV,, and the defective case, E¢,

Edepect(w,€) = Ejoy(w,6) — Ejy(x,€). (2.17)

This enables a cancellation of the terms, so the individual contributions need not be
calculated, just the total energies. As a consequence of this method, the optimised
energy with respect to the Cartesian coordinates of Region I must be calculated by
force balance rather than energy minimisation. Generally, the point at which the
forces tend to zero varies little from the minimum in internal energy. So, during
a defect energy optimisation, the energy is minimised via a conventional Newton-
Raphson procedure. Once the gradient norm is less than a certain tolerance, and
Region I is within the harmonic region, then (without the use of a line search) the
harmonic displacements according to the Hessian and gradients are applied until the
forces fall below the tolerance [63].

Via the Mott-Littleton scheme GULP enables vacancies, interstitials and impu-
rities to be modelled. The defect energy is output, with lower defect energies of
formation being more thermodynamically favourable. Therefore, defects with low

defect energies are more likely to be present in the lattice.

2.3.4 Defect Visualisation Methodology

After defect calculations were performed, it was of use to visualise the defect and
surrounding lattice. In order to do this a script was generated to interrogate the
GULP output file, extract the coordinates of the input and relaxed ions, and then
generate the respective input files for visualisation by CrystalMaker® [90]. There-
fore, an image of the lattice both before and after relaxation could be generated.
This enabled comparison between the two images to investigate how the defects are
accommodated by lattice distortion.

The images were made with the defect at the centre, and the rest of the lattice
would surround the lattice radially at a size set when reading the file. When the

image radius was greater than the Region I radius, all the ions simulated explicitly
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would be displayed in the visualisation. Using a reduced radius, e.g. 5.5 A, enabled
a clear visual representation of the lattice relaxation around the defect site.
Tools in CrystalMaker® were used to calculate and display the bond lengths,

from the ion Cartesian coordinates determined by GULP.

2.3.5 Defect Notation

Kroger Vink notation can be used to represent defect reactions [91]. MY represents

the general notation, where:

- M is the species of interest. M =V for a vacancy, and X for an atom or ion

of element of symbol X

- C is the effective charge relative to lattice. ' = X when uncharged, e when

positive, and / when negative

- S is the site in the lattice. S = for interstitial, and X for lattice position of
an atom or ion of element of symbol X

For example, V{5 represents an oxygen vacancy, with a double effective positive

charge.

2.4 Static Surface Simulation Methodology

The Minimum Energy Techniques Applied to Dislocations, Interface and Surface
Energies (METADISE) code, developed by Parker et al. [92], was used throughout

this work to simulate surfaces. It is a lattice statistics methodology.

2.4.1 Pure Surfaces

Miller indices (hkl) define a crystallographic surface, they are prescriptive of a spe-
cific plane in the unit cell. To model a surface, the unit cell is cleaved along the
desired (hkl) plane, and repeated periodically in two dimensions, as displayed by
Figure 2.8. A two region approach is employed in METADISE to simulate the
surface and calculate the surface energy via energy minimisation.

As depicted by Figure 2.8, Region 1 represents the initial surface layers which
are allowed to relax fully and Region 2 represents the bulk, in which the atoms are
fixed [94]. The regions consist of stacks of planes parallel to the surface. The total

energy of the crystal is the sum of the lattice energies of the two regions [92],
Eior = E1 + Ens. (2.18)
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(hkl)
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Region 2

Figure 2.8: Schematic representation of a surface [93].

Where E; and F5 are the energies of the ions in Region 1 and Region 2 respec-
tively. The total energy can be broken down further to include an expression for the

boundary interaction energy between the two regions,
Eior = E11 + Eia + Eoy + Eas. (2.19)

It should be noted that the energy of interaction of Region 1 with Region 2 appears
twice as E1o = Fs;. Additionally, the energy of interaction of Region 2 with itself,
FEys, is constant and so can be ignored. As such the surface energy, F, is calculated
from the interactions both in and with Region 1. Finally, the bulk energy, Ej, can
be calculated as Fss. During the energy minimisation procedure, an adaptation to
the Ewald summation method is used, known as the Parry method [95].

The specific surface energy, =, is defined as the energy per unit area needed to

transform a bulk region into a surface region,

E - LB,

y= ot (2.20)

where A is the surface area. The factor of a half arises because the bulk calculation
contains double the number of ions as the surface. The surface with the lowest pos-
itive surface energy is the most energetically stable surface. A lower surface energy
indicates a lower mode of cleavage energy requirement. Therefore, the surfaces with
low surface energies dominate the growth morphology of a crystal [96].

The attachment energy, F,;, is defined as the energy released when a growth
slice is added to a growing crystal [97]. The d spacing is the separation between the

layers of ions. Both FE,; and d spacing values were calculated for each pure surface
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simulated using METADISE.

2.4.2 Morphology

From the surface simulations, the calculated surface energies were used to predict
the equilibrium morphology. The morphology of a crystal describes its topology.
A Wulff construction is used to generate the equilibrium morphology [98]. Wulft’s
theory states that the equilibrium crystal shape is obtained when there is minimal
total surface energy for a fixed volume [98].

In the Wulff construction, a normal vector, h;, to the corresponding surface is
drawn from the crystallite centre for all relevant surfaces. The magnitude of the

vector is proportional to the surface energy via,
hi = Ay, (2.21)

where A is the constant of proportionality. Tangents to these vectors are determined
and the inner envelope of these gives the equilibrium crystal shape.

The Wulff construction does not consider kinetic factors such as growth rate.
To predict the crystal growth morphology, the modulus of the surface attachment
energies is used. The use of the surface attachment energy rather than the sur-
face energy ensures that the surfaces with the least exothermic attachment energies

dominate the growth morphology.

2.4.3 Defective Surfaces

The Computer Simulation HADES on Surfaces (CHAOS) code, which is embedded
into METADISE, is used to simulate defective surfaces [99]. The defect formation
energy is calculated via a two region approach, as depicted by Figure 2.9. CHAOS
Regions I and Ila are centred on the defect, and both are within Region 1 of the
surface. The ions within Region I and Ila are relaxed explicitly, with those outside
approximated using Mott-Littleton methods as detailed in Section 2.3.3. When a
defect is simulated deeper into the crystal, these regions become more spherical,
resulting in fully spherical regions for a bulk defect as depicted by Figure 2.7. The
sizes of Region I and ITa used throughout this work were 9 A and 35 A respectively
[93].

For charged surface defects, a corrective energy term is required. This is because
charged defects on the surface can lead to a shift in the defect energy due to the

electrostatic potential [99]. Therefore the defect energies were normalised by the
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Figure 2.9: Schematic representation of a modelling a defect on a surface.

addition of an energy correction term, Ecopr [93].
The corrective term was calculated by comparison of the defect formation energy
calculated in the bulk (via GULP) with the defect formation energy of the defect

deep in Region 2 of the surface,
F,Reg2
ECO’I’T‘ = El};,Bulk - ED,Suif’ (222)

The final defect formation energy was then calculated by addition of this corrective

term to the defect formation energy in Region 1,
7C 5
ES,SZ:’:‘ = Egﬁi% + ECm"r- (223)

In order to investigate the energetic preference of a defect to form either at the
surface, or in the bulk, segregation energies were calculated. The segregation energy
is defined as the difference in the defect formation energy at the surface to that in
the bulk lattice,

S F,Regl
EDeg = ED,SZif - Eg,Bulk' (2-24)

If a segregation energy is negative, there is a thermodynamic drive for a defect to
form at the surface rather than in the bulk [94].

2.5 Molecular Dynamics

The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code
[73] was used for all molecular dynamics simulations included in this work. The
Open Visualization Tool (OVITO) [100] was employed to visualise and analyse the

output files. The PPPM solver was used for computation of the Coulomb long range
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force throughout the MD simulations.

2.5.1 Equations of Motion

The force on a particular particle is calculated as the derivative of the interatomic
potential.
For a system of N particles which have positions r; (i=1,...N), the force acting
on particle ¢ can be calculated via the first-derivative of the interatomic potential,
F = —W. (2.25)
If each particle has mass m;, then from Newton’s second law (F' = ma) and
knowing acceleration, a, is the derivative of velocity, v, the equation of motion can
be written as,
ov; oV (ry,..rN)
m;i— = —

ot a’l"i ’

where v;(t) is the velocity of a particle i at time ¢. Therefore, for a given atomic

(2.26)

configuration, the interatomic potential can be used to determine the acceleration
of the atoms at a time, ¢. From this it is possible to determine the atomic position
and velocity at a time, t + At. Repeating this process generates the trajectory of
an atom.

However, it is not possible to analytically solve the equation of motion, rather the
equation of motion is numerically integrated over time via an integration algorithm.
The integration algorithm used in this work is the Velocity-Verlet algorithm [101].

Via Taylor expansion of r(t + At) and ignoring higher order terms, we can write

r(t+ At) = r(t) + v(t) At + %M, (2.27)
and for the reverse,
r(t — At) = r(t) —v(t)At + M. (2.28)
Addition of Equations 2.27 and 2.28 gives the Verlet algorithm for position,
r(t+ At) = 2r(t) + a(t) At + r(t — At). (2.29)

However, Equation 2.29 is not self-starting. L.e., if a simulation starts at time ¢ = 0,

it would be required to know the position at ¢t = —At to begin the simulation. To
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improve this the Velocity-Verlet algorithm is used. This scheme is mathematically

equivalent to Verlet, but it explicitly incorporates velocity:
1
r(t+At) = r(t) + v(t) At + éa(t)A(t)? (2.30)

The velocity can be calculated by starting from the Taylor expansion of v(t + At),

vﬁ+Aﬂ:v®+a®Ar+M%Ma (2.31)

where b(t) is the third derivative of r(t). Acceleration can also be written as,
a(t + At) = a(t) + b(t)At, (2.32)

which rearranges to,

_a(t+At) - a(t)‘

b(t) = 2.33
(t N (233
By substitution of Equation 2.33 into 2.31 and rearranging we get
At
v(t+ At) =v(t) + T[a(t) +a(t+ At)]. (2.34)
Via F' = ma, Equation 2.34 can be written as
At F(t) + F(t+ At)
vu+Aw:mw+§{ } (2.35)
m

Equations 2.30 and 2.35 are the Velocity-Verlet algorithms for position and veloc-
ity [101]. It is evident that r(t+ At) must be defined before v(t+ At). The Velocity
Verlet algorithm is self-starting and minimises roundoff errors. The Velocity-Verlet
algorithm is used at each timestep to calculate the atomic positions and then veloc-
ities, and thus the trajectories of the atoms within a MD simulation.

Smaller timesteps result in lower errors. Throughout this work a timestep of 1

fs was used.

2.5.2 Periodic Boundary Conditions

Periodic boundary conditions are used in MD to approximate a bulk system. The
unit cell is replicated in three-dimensions as can be seen by Figure 2.10. The particles
in the central box are conserved. As such, when a particle leaves the box through

one side, it is inserted into the box at the opposite side with the same velocity.
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Figure 2.10: Schematic representation of periodic boundary conditions.
spheres represent atoms.

2.5.3 FEnsembles

Purple

Statistical mechanics provides the link between atomic and macroscopic scales via

the concept of a thermodynamic ensemble. An ensemble is a collection of particles

which have different microscopic states (e.g. atomic positions) but have an identical

macroscopic state (thermodynamic properties e.g. temperature) [102]. From the

ergodic hypothesis, the ensemble average is equal to the time average of a property

[103].

There are four ensembles commonly used in statistical thermodynamics [12]:

e The Canonical ensemble (NVT) in which the number of atoms, the volume

and the temperature are fixed

e The Micro-canonical ensemble (NVE) in which the number of atoms, the vol-

ume and the total energy are fixed

e The Isothermal-isobaric ensemble (NPT) in which the number of atoms, the

pressure and the temperature are fixed

e The Grand canonical ensemble (¢VT) in which the chemical potential, the

volume and the temperature are fixed

In this work the NPT ensemble was used. To keep the pressure and temperature

constant, the Nosé-Hoover thermostat and barostat was applied [104]. Nosé-Hoover

works by the coupling of a fictitious dynamic variable to the particle velocities for

35



thermostatting, and to the simulation domain dimensions for barostatting. The
variable adjusts the particles speed until the desired temperature and pressure are
reached during the equilibration period.

As pressure includes a kinetic component from particle velocities, both ther-
mostatting and barostatting require the calculation of temperature. The average

kinetic energy and the temperature of the system are related by,
3
< Ey >= §NkBT, (2.36)

where FE}, is the kinetic energy, N is the number of particles in the system, kg is the

Boltzmann constant and 71" is the temperature.

2.5.4 Mean Square Displacement

The diffusion of particles can be likened to a random walk, there are many steps in
random directions. As a result, if the displacement of the particles over a simulation
was simply summed, it would result in an average displacement of zero. Therefore,
the sum of the absolute displacement ignoring direction is required [105]. The Mean

Square Displacement (MSD) at time ¢ is defined as an ensemble average,
| N
MSD =< |z(t) — zo|? >= ~ ; 1@ (t) — 2@ (0))? (2.37)

where N is the number of particles to be averaged, #(*(0) is the reference position
of a particle, 4, and #()(¢) is the position of particle 7 at time ¢ [106].
The diffusivity, D, can then be calculated from the MSD via the relationship,

MSD = 6Dt. (2.38)

The MSD was calculated during the LAMMPS simulation when the compute
function was specified within the input file. This was calculated by the displacement
of an atom is from its reference position which was the original position at the time
the compute command was issued (the input position) [73].

A vector of four quantities is calculated at each time step by the MSD compute.
A group of atoms to calculate the MSD for is specified in the input file, NV is the
number of atoms in the group. In this work each group contained all atoms of
each element, i.e., all Pu atoms and all O atoms calculated separately. The first

three elements of the vector are the squared dzx, dy, and dz displacements, summed
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and averaged over atoms in the group. The fourth element is the total squared
displacement (dz* + dy? + dz?) summed and averaged over atoms in the group.
The MSD calculation includes all effects due to atoms passing through periodic
boundaries [73].

2.5.5 Summary

Figure 2.11 displays a flow chart of the simulation process used during a molecular
dynamics simulation via LAMMPS. Crystallographic data were used to determine
the lattice structure. When defects were simulated the conjugate gradient energy
minimisation procedure was performed prior to the running of MD. The input file
consisted of the set of parameters and instructions. The atomic positions file was
supplied separately as this was the starting point of each simulation.

At each time step, chosen properties such as the total energy, kinetic energy,
and MSD of specific atom type were output to the LAMMPS log file, which was
written to throughout the simulation. Dump files were also generated which are
snapshots of atom quantities every X timesteps. The dump files were read into
OVITO [100] to visually plot the atomic coordinates and inspect the trajectories.
Dump files are huge files and require large amounts of memory; so there is a trade
off for the frequency of output of the number of files versus the memory demands.
Throughout this work X was set to 1000. The log files were analysed in ORIGIN
[107] and MATLAB [108] for data post-processing, such as calculating an element’s
average MSD.
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INPUT
Potential function V(r), coordinates r, velocities v, number of timesteps n.

A 4

Compute potential, V(r), and forces, F=VV(r), on atoms

A

A 4

Calculation positions and then velocities from equation of motion

A 4

Apply fixes: thermostat and barostat

A 4

Calculate physical quantities of interest and write data to log file

Write
dump file

Is timestep, i, a
multiple of 10007?

Move time step forward, i=j+1

Has number of
> timesteps been
reached?

no

yes

Figure 2.11: Schematic of the molecular dynamics simulation procedure employed
in this thesis.
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CHAPTER 3

BULK PLUTONIUM DIOXIDE

This chapter provides a detailed evaluation of potentials available to model the
PuO, system. The best performing potential is then implemented to investigate the
stability of intrinsic defects in bulk PuQOs.

3.1 Literature Review

A detailed understanding of PuQOs is essential to enable the safe and secure storage
of the UK’s plutonium inventory. However whilst much work (both computational
and experimental) has been done on UOy, MOX fuel, and fluorite systems such as
Yttria-Stabilized Zirconia (YSZ), studies of PuOs, are limited [5], [109]. The defect
chemistry of PuOs is challenging to study experimentally. Therefore, computational
simulations provide a valuable tool in developing the scientific understanding of
PuO,.

Development of robust interatomic potentials for the simulation of PuO, has been
a focus of many research groups. Read et al. [49] derived a new Pu—O potential
via empirical fitting to crystal structural data and parametric fitting to additional
physical properties. The Read et al. [49] model describes the O—O interaction
via adaptation of the potential derived for oxygen interactions in UO, by Jackson
et al. [89]. Alternative parameters for the Buckingham interaction between O—
O were developed by Meis et al. [110]; their work adapted the attractive term
of the potential published by Catlow [67]. Meis et al. [110] notes that as PuO,
has such high symmetry, two-body terms are often sufficient to obtain a suitable
model. Additionally, they detail how the Coulombic attraction is the dominant part
of the potential model for the O—O interaction. By trial and error methods to

replicate experimental data, Arima et al. [111] developed a new potential for the
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Pu—oO interaction which they have implemented in molecular dynamics simulations.
Arima et al. [111] combined their potential with both the O—O potential of Meis
et al. [110] and with an O—O potential developed by Dwivedi et al. [77] for ZrO,.
As ZrO, is also a fluorite lattice, Arima et al. [111] considered the interatomic
potential for O—O transferable to a PuOy system. A Born-Mayers Higgins Pu—O
potential was developed by Yu et al. [112], which was used in combination with the
O—O potential of Meis et al. [110] to model oxygen self diffusion in a-PuyO3. More
recently, Cooper et al. [113] developed a new potential model for PuO,. However,
in contrast to the aforementioned pair-potentials, the Cooper potential is a many
body potential which explicitly describes the short range Pu—Pu interaction.

Defects are present in PuO, due to collision cascades resulting from a-decays
which cause atoms to be knocked from their lattice positions. However, during the lo-
cal thermal spike which follows a collision cascade [114], additional re-configurations
of the defect structure take place, including the recombination of Frenkel pairs [115]
[116]. This re-configuration process is known as self-annealing and is often due to the
mobility of vacancies at room temperature [57]. Wheeler et al. [57] used dialometry
to investigate the volume changes of lattice damaged plutonium. Their work found
that the material initially contracts due to the self-annealing of lattice damage, and
that the magnitude of contraction was dependent on the age of the sample. Kato et
al. [117] used X-Ray Diffraction (XRD) to measure the lattice parameter of MOX
powder samples both before and after isothermal annealing. Three thermal recovery
stages were observed; the mechanisms for which were considered to be due to the
recovery of cation Frenkel defects, anion Frenkel defects and helium trapped by a
vacancy.

Although comparisons with other irradiated materials would suggest that the
self-irradiation of ambient temperature plutonium could lead to potentially catas-
trophic damage, work with plutonium over several decades at Los Alamos laboratory
has shown no evidence for such damage [53]. Lattice defect structures may be in-
sufficient to result in catastrophic damage, but with such emphasis on extended
lifetimes of plutonium storage [4], it is clear that a thorough understanding of the
fundamental processes behind irradiation damage and concurrent healing processes
is vital [53].

The understanding of the risk of void swelling in plutonium has grown rapidly
in recent years. Void swelling is due to the tendency of vacancies to diffuse through
a metal and cluster to form voids which results in the net effect macroscopically

of a metal swelling in size. In 2000, from simple calculation, Wolfer [45] predicted
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that macroscopic swelling in plutonium due to helium bubbles was very unlikely
at ambient temperature. However, in the same year, Hecker et al. [53] published
that reliable predictions of void swelling in plutonium were not currently possible,
due to a lack of knowledge of intrinsic properties such as the relaxation volumes
for vacancies and interstitials. More recently in 2016, Chung et al. [118] employed
mechanical tests on plutonium alloys to investigate the self-irradiation effects of
plutonium alloys. They determined that after a self-irradiation equivalent time of
almost 200 years, there were no signs of void swelling and the maximum volume
expansion at ambient temperature was less than 0.25% [118]. Despite this, Chung
et al. [118] noted that it remains necessary to investigate an integrated contribution
from multiple self-irradiation induced defects in plutonium [118].

As discussed, computational methods are ideally suited to developing the under-
standing of the defect chemistry of PuOs. Ab initio and potential based studies of
intrinsic defects in PuO, are available in the literature. Via Local Spin Density Ap-
proximation with the Hubbard U correction (LSDA+U) calculations at 1000 K, Lu
et al. [119] found that oxygen related defects always have much lower defect forma-
tion energies than purely plutonium related ones. They suggest this may be because
the lattice distortion is greater for Pu related defects than O related defects. Naka-
mura et al. [120] used Local Density Approximation with the Hubbard U correction
(LDA+U) with spin-orbit coupling methods to model PuO,, this methodology en-
abled paramagnetic insulating states to be obtained. In agreement with Lu et al.
[119], their work found O related defects to have lower defect formation energies
than Pu related defects. This result has been widely acknowledged by pair potential

methods in static simulations [49] and molecular dynamical simulations [121] [122].

3.2 Review of Interatomic Potentials

A review of different published interatomic potentials for PuOy was performed to
enable the most accurate potential to be chosen. Each potential was implemented
in GULP [86], and the output file analysed to evaluate the calculated values against
experimental values. As stated by Catlow [67], when a potential is able to replicate
experimental data, it gives confidence in the potential to become a predictive tool

in further work.
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Table 3.1: Names of the combinations of potentials used in this work

Author
Pu—0O O0—0O

Read Read et al. [49] Jackson et al. [89]
Arimal Arima et al. [111] Dwivedi et al. [77]
Arima2 Arima et al. [111] Meis et al. [110]
Yu Yu et al. [112] Meis et al. [110]

Name

3.2.1 Interatomic Potentials for PuO,

This section will list the published parameters for each potential considered. Four
fully ionic models for PuO, were identified in the literature. Each potential assumes
the plutonium and oxygen ions have full formal oxidation states of 4+ and 2-,
respectively. The potentials have been named corresponding to the cation-anion
(Pu—O) potential authors, as detailed in Table 3.1. The many-body potential of
Cooper Rushton Grimes [113] is referred to as the Cooper potential.

3.2.1.1 Read Potential

Read et al. [49] developed a potential for PuO,, built upon their work deriving
a potential for UOy via empirical fitting. In this description the anion-anion and
cation-anion potentials are described using different analytical forms based on the
Born-Mayer potential.

For the cation-anion interaction, a Buckingham potential with an electrostatic

interaction term was employed,

. 6 )
Pij Ty T'ij

‘/ij = Aij exp ( — T_]) - J -+ qq; (31)

where ¢; and ¢; are the charges of the interacting ions and constitute the supple-
mentary electrostatic interaction term. The parameters of A, p and C' for each
interaction are displayed in Table 3.2. As the C' value is zero for this interaction,
this potential may be referred to as a Born-Mayer-Huggins potential. To improve
calculation efficiency this interaction energy function does not contribute beyond
the defined cut-off of 15 A, which is due to the rapid convergence of the short-range
energy to zero [55].

For the anion-anion potential, a Buckingham four range potential (Buck4) as

derived by Jackson et al. [89] was employed. This potential was derived for UOs,.
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However, as noted by Read et al [49], anions within PuOy and UOs unit cells are
arranged with the same symmetry, due to both compounds adopting the same cubic
crystal structure. Therefore, the same description of anion-anion interactions used
for UOy may be used for PuO,.

The Buck4 potential is required for the anion-anion interaction to negate the
unphysical attractive forces at short-range. This is done by the function discarding
the attractive —% term below a certain distance [55]. As the function is defined by
intervals, only the appropriate terms of the standard Buckingham function are used
over relevant interaction distances [89]. Equation 3.2 displays the potential and its

defining intervals,

(AZ] exp(—%) if Trmin < Tij < cuty,

¢Bu0k4(rij) _ ZZn:O aer'L if cut; < 755 < T'minimums (32)
Do bl Poinimem < 7y < cuty,
k_% if cuty < Tij < Tmax-

The interval definitions are: 7,,,., the short range cut-off, r,,;,, a minima sta-
tionary point of the function, cut; and cuty, which are the boundary points at which
the functions and their first and second derivatives are required to be continuous
[49]. The parameter values are listed in Table 3.2.

Finally, the potential includes a description of the electronic polarisation of ions,
using the shell model, as described by Section 2.1.4. Values for which are also listed
in Table 3.2.

Table 3.2: Parameters of the Read potential

. Short range parameters Shell model parameters
Interaction
A@V)  p(A)  C(VA®S) Y (e) k(eVA?
Pu—O # 1116.3317 0.3926 0.0 6.54 206.77
0—0P" 11272.6  0.1363 134 —4.4 296.2
T'min (A) Cutl (A) T'minimum (A) Cth (A) T'maz (A)
0.0 1.2 2.1 2.6 15.0
2 Ref. [49]
b Ref. [89]
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3.2.1.2 Arimal Potential

The form of the potential used for both interactions was the Born-Mayer-Huggins
potential with the fully ionic model, which is identical to that described by Equation
3.1. The parameters for the anion-anion interaction (including the shell model
parameters) were obtained by Dwivedi et al. [77] via empirical fitting.

The parameters for the cation-anion interaction were determined by trial-and-
error methodology to reproduce the experimental thermal expansion behaviour and
the compressibility at room temperature by Arima et al. [111]. For this interaction

no shell model parameters were included. The parameters are listed in Table 3.3.

Table 3.3: Parameters of the Arimal potential

Interaction Short range parameters Shell model parameters e A)
A (eV) p(A) C (VA Y () ko (eVA?)
Pu—0O* 1129.706  0.383 0.0 — — 15.0
0O—0P 22759.942 0.149 27.89 —2.077  27.290 15.0
& Ref. [111]
P Ref. [77]

3.2.1.3 Arima2 Potential

Work by Chu et al. [123] combined the Pu—O potential derived by Arima et al. [111]
(described above in Section 3.2.1.2), with a O—O potential derived by Meis et al.
[110]. The form of the potential used by Meis et al. was once again the Buckingham
potential, described by Equation 3.1, with empirically fitted parameters. As before,
the shell model parameters were only included for the anion-anion interaction. The

parameters used in this potential are listed in Table 3.4.

Table 3.4: Parameters of the Arima2 potential

Interaction Short range parameters Shell model parameters e A)
A@EV) p(A) C (VA Y (e]) k(eVA2)
Pu—0O ® 1129.7  0.383 0.0 — — 10.0
0—0" 22764  0.149 31.984 —2.86  52.308 12.0
& Ref. [111]
b Ref. [110]
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3.2.1.4 Yu Potential

Yu et al. [112] used the Born-Mayer-Huggins potential (Equation 3.1) and the shell
model to describe PuO,. The parameters for the Pu—O interaction were determined
via the trial-and-error method to reproduce the experimental cell parameters, den-
sity, space group and high frequency dielectric constants at room temperature [112].
The parameters derived by Meis et al. [110] were used for the O—O interaction, but
with updated shell model parameters. The parameters are displayed in Table 3.5.

Table 3.5: Parameters of the Yu potential

Interaction Short range parameters Shell model parameters s A)
AV) p(A) C (VA Y (e]) k(eVA?)
Pu—O * 1304.8  0.3653 0.0 — — 10.0
O-0P 22764  0.149  31.984 —2.86 37.05 12.0
o Ref. [112]
b Ref. [110]

3.2.1.5 Cooper Potential

Cooper et al. [113] developed a consistent set of potentials for actinide dioxides,
with updated parameters for PuOy [122]. The potential has two components: one

that is pairwise, and one that is many-bodied.

E; = % Z Gas(Tij) — G /Z o5(ri;). (3.3)

The pairwise interaction between atoms ¢ and j is given by ¢as(r;). This has
both long range electrostatic, ¢¢(r;;), and short range contributions described by

Buckingham, ¢g(7;;), and Morse, ¢ni(ry;), potential forms (Equation 3.4).

Gap(ri) = dc(ry) + ¢B(1y) + dm(ry), (3.4)
where
_ qa4p
Gc(ry) = Treory (3.5)
=Ty Co
oB(rij) = Aapexp (p; > — Tz‘jg7 (3.6)
M (1i5) = Daglexp(—27ap(r5 — 10)) — 2 exp(—Tap (15 — 70))]- (3.7)
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In the above A,3, pas, Cap, Das, Yap and 1y are the empirical parameters.
The second term in Equation 3.3 uses the EAM to introduce a subtle many-body

perturbation to the more dominant pairwise interactions.

3.2.2 Results and Discussion

Each potential was implemented in GULP. The output values will now be evaluated
against the available data. The experimental values used were found from the avail-
able literature. For some properties no experimental data was available, so some

theoretical values from ab initio studies are included.

3.2.2.1 Structural Properties

The structural properties evaluated were the lattice constant and ionic distances.

Table 3.6 displays the observed values of these properties as found in the literature.

Table 3.6: Observed values of PuO, structural properties

Property Experimental
Lattice Constant:
ao (A) 5.39819 2
Tonic Distances:
Pu-Pu (A) 3.816 °
Pu-O (A) 2.337
0-0 (A) 2.698 P
@ Ref. [124]
b Ref. [110]

The calculated values output from each simulation are displayed in Table 3.7.
The percentage difference, A, between observed and calculated values was calculated
as a means of comparison to determine which potential was the most accurate.

It can be seen from Table 3.7 that the Read potential provides excellent agree-
ment with observed values (A < |0.01] %). Only the Yu potential has potential
differences greater than 0.5%, therefore for structural properties this potential pro-

vides the least accurate simulation of PuOs,.
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Table 3.7: Results of structural properties of PuO,

Potential Property Calculated (A) A (%)

ag 5.398117 0.001
Read Pu-Pu 3.817 -0.026
Pu-O 2.338 -0.021
0-0 2.699 -0.041
ag 5.380861 0.321
Avimal Pu-Pu 3.805 0.294
Pu-O 2.330 0.300
0-0 2.690 0.282
ag 5.375371 0.423
Arima? Pu-Pu 3.801 0.393
Pu-O 2.328 0.402
0-0 2.688 0.382
ag 5.237218 2.982
Y Pu-Pu 3.703 2.953
Pu-O 2.268 2.961
0-0 2.619 2.943
ag 5.379873 0.339
Cooper Pu-Pu 3.817 -0.029
Pu-O 2.338 -0.021
0-0 2.699 -0.041

3.2.2.2 Mechanical Properties

The mechanical properties evaluated were the elastic constant matrices, the bulk
modulus and Young’s modulus. Although a value for shear modulus was calculated
in the simulation, an experimental value was not available from the literature and
therefore the shear modulus is not considered in the evaluation. The observed values
are displayed in Table 3.8.

The calculated values output from each simulation are displayed in Table 3.9.
The percentage difference, A, between observed and calculated values was calculated
as a means of comparison to determine which potential was the most accurate.

Comparison of the mechanical property values for each potential show that the
Read potential provided the closest agreement with experimental values. The Read

potential was the only potential to have all values for the elastic constant matrices
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Table 3.8: Observed values of PuO, mechanical properties

Property Experimental
Elastic Constant Matrices:
CH (GP&) 430.6
Clg (GPa) 128.4 #
C44 (GP&) 67.3
Moduli:
Bulk (GPa) 178 ©
Shear (GPa) -
Young’s (GPa) 268.4 ¢

® Ref. [110]

b Ref. [125]

¢ Ref. [126]

below a 6% deviation. For the bulk and Young’s moduli, the Read potential again
has the lowest deviation from observed values. However, they are still relatively

large deviations.
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Table 3.9: Results of mechanical properties of PuO,

Potential Property Calculated (GPa) A (%)
Cyy 408.56 5.118
Cia 130.21 -1.410
Read ) 67.30 -0.001
Bulk Modulus 222.99 -25.275
Young’s Modulus 345.62 -28.770
Cqy 503.58 -16.948
Arimal Cia 106.09 17.375
Cyq 97.95 -45.535
Bulk Modulus 238.59 -34.039
Young’s Modulus 466.66 -73.867
Cpy 502.02 -16.586
Arima2 Cia 107.55 16.238
Cyq 53.59 20.377
Bulk Modulus 239.04 -34.292
Young’s Modulus 464.07 -72.902
Cn 559.68 -29.977
Y Cia 130.39 -1.550
Cyq 48.87 27.386
Bulk Modulus 273.49 -53.646
Young’s Modulus 510.40 -90.164
Cu 423.62 1.620
Cooper Cio 125.92 1.930
PEE oy 53.53 20.455
Bulk Modulus 225.16 -26.492
Young’s Modulus 365.92 -36.332

3.2.2.3 Optical Properties

The optical properties evaluated were the static and high frequency dielectric con-
stants. Table 3.10 displays the observed values found in the literature. To ensure
accurate defect calculations, accurate dielectric constants are crucial. This is due to
the fact that the response of a solid to a charged defect within the material depends
on the inverse of the dielectric constant [86].

The calculated values output from each simulation are displayed in Table 3.11.

The percentage difference, A, between observed and calculated values was calculated
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Table 3.10: Observed values of PuO, optical properties

Property Experimental

Dielectric Constants:
Static €q 21.03 #
High Frequency e, 3.0°

o Ref. [126]
b Ref. [127]

as a means of comparison to determine which potential was the most accurate.

Table 3.11: Results of optical properties of PuO,

Potential Property Calculated A (%)

Read 0
S it ¢
Arima?2 Zo ;%7-25 ?;04;39
R g
Cooper 20 3.39 83.874

Comparison of the calculated values for each potential shows that the Read and
Arima2 potentials gave similar values. The Arima2 and Yu potentials grossly over-
estimate the values. In contrast, the Cooper potential underestimates the static
dielectric constant. Once again, the Read potential overall displays the lowest devi-

ation from observed values.

3.2.3 Summary

The evaluation of calculated values compared to observed values found the Read
potential to be the most accurate for structural, mechanical and optical properties.
Therefore the Read potential shall be implemented in all static simulations included
in this thesis [67] (Chapters 3, 4, and 5).
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3.3 Mott-Littleton Region Optimisation

3.3.1 Methodology

To model defects the Mott-Littleton methodology was used, as detailed in Section
2.3.3. For a particular lattice system the optimum Region I and Ila radii must be
chosen to ensure the model is accurate.

The larger the radius of Region I, the less approximation is made and therefore
the more accurate the simulation. However, larger Region I radii result in more
ions being explicitly relaxed, and therefore lead to higher computational processing
requirements. Thus, the optimum radii must be chosen to ensure that for the lowest
number of ions in Region I, the defect energy is sufficiently converged [86].

In order to determine the optimum region radii to use in the Mott-Littleton
approximation, simulations of isolated point defects in PuOs were run with a range
of radii. In each trial the radius of Region Ila was double that of Region I. Four
different defect simulations were run independently to ensure that the radii chosen

provided convergence for each defect.

3.3.2 Results

Table 3.12 displays the number of ions in each region and the defect energy of the
trialled radii for each defect. The minimum Region I radii trialled was 9 A as below
this radius conditions for a minimum were unable to be satisfied as the region was
too small. The maximum Region I radii trialled was 18 A, as the defect energy
had converged at a radii lower than this value, and the simulation took significantly
longer to compute. Therefore no value was being gained for the increased compu-
tational time.

It can be seen from Table 3.12 that each defect energy begins to converge to its
minimum value at approximately 13 A. Figure 3.1 displays the results for the O~
vacancy defect. It can be seen that as the Region I radius increases, the number
of ions increases due to more ions being within the region. Concurrently the point
defect energy decreases as it is converging to its minimum value. Both of these
trends are as expected. The Region radii chosen were 14 A and 28 A for Region
I and IIa respectively. This was due to these being the lowest radii which have
minimum values of defect energy for each defect investigated. These radii were used

throughout the simulations presented in this chapter.
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Table 3.12: Mott-Littleton region optimisation for four defects in PuO,

Defect: O

Defect: Pu?***

Region Size (A) No. ions Defect Region Size (A) No. ions Defect
I TIla Reg. 1 Energy (eV) I [Ila Reg. 1 Energy (eV)
18 36 3668 -11.757 18 36 3668 -60.015
17 34 3188 -11.756 17 34 3188 -60.006
16 32 2680 -11.757 16 32 2680 -60.010
15 30 2176 -11.756 15 30 2176 -60.002
14 28 1888 -11.756 14 28 1888 -59.985
13 26 1408 -11.754 13 26 1408 -59.972
12 24 1072 -11.747 12 24 1072 -59.963
11 22 840 -11.757 11 22 840 -59.938
10 20 588 -11.750 10 20 588 -59.956
9 18 476 -11.725 9 18 476 -59.846

Defect: Vp,, Defect: Vg

Region Size (A) No. ions Defect Region Size (A) No. ions Defect
I TIla Reg. 1 Energy (eV) I Ila Reg. 1 Energy (eV)
17 34 3188 17.076 17 34 3188 80.026
16 32 2680 17.080 16 32 2680 80.019
15 30 2176 17.080 15 30 2176 80.031
14 28 1888 17.080 14 28 1888 80.040
13 26 1408 17.090 13 26 1408 80.031
12 24 1072 17.088 12 24 1072 80.089
11 22 840 17.094 11 22 840 80.056
10 20 288 17.110 10 20 288 80.053
9 18 476 17.120 9 18 476 80.187
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Figure 3.1: Graph displaying the point defect energy and number of ions in the
region against radius for O~ vacancy used in order to optimise the Mott-Littleton

regions.
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3.4 Isolated Defect Incorporation

3.4.1 Point Defects

In pure PuO,, vacancies (where a lattice site is vacant) and interstitials (where an
interstitial site is occupied) are the primary defects. Table 3.13 lists the defects along
with their unit cell coordinates. As the Pu** ions are organised in a face-centred
cubic array, and the oxide ions occupy tetrahedral holes, interstitial ions are located

in the octahedral holes, (%, %, %)

Table 3.13: Point defect coordinates

Defect Position

Pu'~ vacancy (Vp,) (
O*" vacancy (V)
Pu?t interstitial (Pu$®**®)

4
)

O?%~ interstitial (O;)

- O
—_ — —

N NN
D= =i [ = O
=R = (= O
DR | s |

~—

To run the simulation the defect keyword was included in the GULP input file.
The lattice was allowed to relax in accordance with Mott-Littleton methodology as
described by Section 3.3.1.

The defect formation energies for isolated point defects are displayed in Table

3.14. These defects will not occur in isolation within the defective lattice, as charge

neutrality must be preserved.

Table 3.14: Defect formation energies for isolated defects

Defect Position E; (eV)

Ve, (0,0,0) 80.03
Ve (4,4, 1) 17.09
Pu*** (3,3, 3) -59.97
0; (3,3, %) -11.75

The following section will describe the lattice distortion observed in the CrystalMaker®
visualisation due to the isolated point defects. Although the defects will not occur
in this manner, the lattice distortion effects of intrinsic defects may be a combina-
tion of the distortion experienced for each point defect. Thus, visualising defects

independently adds clarity to how intrinsic defects may distort a lattice.

54



3.4.1.1 Plutonium Vacancy

Figure 3.2 displays a visualisation of Region I around a plutonium vacancy after
relaxation. It can be seen that the lattice distorts around the defect, but this
distortion only occurs within a close proximity to the defect. This is due to the
defect forces becoming weaker with distance. It is well documented that the lattice
distortion is due to the point defects changing the electronic structures within the
lattice [119].
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Figure 3.2: Region I centred on a plutonium vacancy after relaxation. O atoms are
red, Pu are blue.

Figure 3.3 displays the lattice distortion around the plutonium vacancy. It can be
see that neighbouring oxygen ions move further from the vacant site in the relaxed
configuration due to the repulsive electrostatic interaction between themselves and

the positive vacant site.
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Figure 3.3: Plutonium vacancy visualisation. LHS: before relaxation, RHS: after
relaxation. O atoms are red, Pu are blue.

3.4.1.2 Oxygen Vacancy

Figure 3.4 displays the visualisation of an oxygen vacancy both before and after
relaxation was allowed to occur. A lattice oxygen ion has a 2- charge, so the vacant
site has a 2+ charge. It can be seen that the oxygen ions in the immediate vicinity of
the oxygen vacancy are closer to the vacant site in the relaxed configuration, as seen
by the label 'lattice distortion’ on Figure 3.4. This may be due to the electrostatic

attraction between the vacant site and oxygen ions.

.0
N v,
K Lattice distortion

Figure 3.4: Oxygen vacancy visualisation. LHS: before relaxation, RHS: after re-
laxation. O atoms are red, Pu are blue.

3.4.1.3 Plutonium Interstitial

Figure 3.5 displays the visualisation of a plutonium interstitial ion within the lattice,

both before and after relaxation. An interstitial plutonium ion introduces a 4+
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charge to the lattice. Due to electrostatic forces, the lattice distorts to accommodate
the additional charge. Lattice distortion due to electrostatic attraction (e.g. labelled
'a’ on Figure 3.5) is due to the oxygen ions being attracted to the positive plutonium
ion. Lattice distortion due to electrostatic repulsion (e.g. labelled ‘b’ on Figure 3.5)

is due to the lattice plutonium ions being repelled away from the interstitial ion.

Figure 3.5: Plutonium interstitial with regions of lattice distortion labelled ‘a’ and
'b'. LHS: before relaxation, RHS: after relaxation. O atoms are red, Pu are blue.

3.4.1.4 Oxygen Interstitial

Figure 3.6 displays a visualisation of an oxygen interstitial located in an octahedral
hole in the lattice, both before and after the lattice is relaxed. It can be seen that
lattice distortion, in the form of neighbouring oxygen atoms moving further from
the oxygen interstitial, occurs around the defect site. This is due to the repulsive

electrostatic interaction acting between the positively charged ions.

.

.

@ J

Figure 3.6: Oxygen interstitial visualisation. LHS: before relaxation, RHS: after
relaxation. O atoms are red, Pu are blue.
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3.4.2 Intrinsic Defects

In order to maintain charge neutrality of the lattice, point defects occur in combi-
nation. The three intrinsic defects considered were: Oxygen Frenkel Pair (OFP),
Plutonium Frenkel Pair (PuFP) and the Schottky trio.

The energies from the separate point defect formation energy calculations were
combined into the formation reactions, on the assumption that the defects are
‘'unbound’, i.e. they do not interact. The point defects were considered to be suf-
ficiently far apart, dissolved in the bulk, or isolated. This assumption was valid
since the charge of the defect is screened at distance within an ionic lattice by the

constituent ions. The formation reactions are as follows,

Pu’léu + 206 e V/Pl;; + 2\/.0. + PU_OQ(Surface), (38)
0% + Ve + 0], (3.9)
Pul, < Vp, + Put™®. (3.10)

Equation 3.8 is the formation reaction for the Schottky trio, and Equations
3.9 and 3.10 are the formation reactions for an oxygen or plutonium Frenkel pair,
respectively. Therefore, a vacancy in combination with an interstitial was used
to calculate Frenkel defect reaction energy, and vacancies and the lattice formation
energy, Iy were used to calculate the Schottky defect reaction energy. The calculated
formation energy (in eV) is divided by the number of defects in the equation to give

the formation energy per defect. Table 3.15 displays the results.

Table 3.15: Defect formation energy for unbound defects

Defect E; (eV/Defect)

Schottky 3.55
PuFP 10.03
OFP 2.67

It can be seen from Table 3.15 that for unbound intrinsic defects, the oxygen
Frenkel pair has the lowest defect formation energy. Therefore, considering purely
unbound defects, the oxygen Frenkel pair defect is predicted to be the most dominant

in the lattice as it is the most thermodynamically favourable. This result was also
found by Read et. al [49].
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3.5 Cluster Defect Incorporation

The calculation of intrinsic defect formation energies by combining isolated defect
energies as described by Section 3.4.2 assumes the infinite dilution of the defects.
Thus, the binding energy associated with the aggregation of point defects is omitted

[128]. To simulate bound defects, cluster calculations were performed.

3.5.0.1 Cluster Defect Formation Reactions

Defect clusters were simulated by defining all the required vacancies or interstitials
in one calculation, which determined the total energy for the cluster of defects. A
cluster is charge neutral overall. For example, an oxygen Frenkel pair cluster would
consist of, {V¢& : O; }*. The formation reactions for the bound intrinsic defects are

assumed reversible at 0 K and are as follows,

Pus, + 208 ¢ {Vp, : 2VEF + PuOs(surtace), (3.11)
0 & {Vg : 0/}, (3.12)
Puf, < {Vp, : Pul**}*. (3.13)

Equation 3.11 is the formation reaction for the bound Schottky trio, and Equa-
tion 3.12 and 3.13 are the formation reactions for the bound oxygen and plutonium

Frenkel pairs, respectively.

3.5.0.2 Plutonium Frenkel Pair Cluster Calculation

Only one configuration of the plutonium Frenkel pair was simulated. The defect
formation energy was calculated to be 7.87 eV /Defect. Figure 3.7 displays the visu-
alisation of the plutonium Frenkel pair in the lattice both before and after relaxation.
It can be observed that lattice distortion occurs around both the vacancy and the
interstitial plutonium sites. As was found for the isolated point plutonium vacancy
defect (Figure 3.3), the surrounding oxygen ions are repelled by the negative charge
of the defect and in the relaxed configuration have moved away from it. The pluto-
nium ions adjacent to the plutonium interstitial move away from the interstitial in

the relaxed structure, again likely due to electrostatic repulsion.
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Figure 3.7: Plutonium Frenkel Pair visualisation. LHS: before relaxation, RHS:
after relaxation.

3.5.0.3 Oxygen Frenkel Pair

Two configurations of OFPs were considered. Work by Read et. al [49] found that in
OFP cluster simulations, when the oxygen vacancy is close to the oxygen interstitial,
recombination occurs during the geometry optimisation procedure. To prevent this
the oxygen interstitial was constrained by separation of the oxygen interstitial and
vacancy by a lattice plutonium ion. Figure 3.8 displays an oxygen Frenkel pair

separated by a lattice plutonium ion.

Figure 3.8: Visualisation of an oxygen Frenkel pair.

Two geometries for the oxygen Frenkel pair were considered (OFP1 and OFP2).
Both OFP geometries were run to find which gave the lowest defect formation energy,
and therefore which was the most energetically favourable and and such, likely to
form. Table 3.16 displays their coordinates and the calculated defect formation
energies for each geometry.

It can be seen from Table 3.16 that configuration OFP1 has the lower defect
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Table 3.16: Calculated oxygen Frenkel pair defect formation energies for the two
configurations considered

Defect Coordinates Formation Binding

vy 0] energy (eV/Defect) energy (eV/Defect)
OFPL (<h L —1) (51 1) 2000 0599
orp2 (51" @11 s 0552

formation energy. Therefore this configuration is more likely to occur within the
lattice as it is more thermodynamically favourable. So future cluster calculations of

oxygen Frenkel pair defects will be the OFP1 configuration.
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Figure 3.9: Oxygen Frenkel Pair defect with lattice distortion regions labelled. LHS:
before relaxation, RHS: after relaxation. Circled regions ‘a’ and ‘b’ indicate regions
of oxygen ion distortion.

Figure 3.9, displays the visualisation of an oxygen Frenkel pair defect in the
lattice (OFP1 configuration). Comparison of the lattice before and after relaxation
indicates regions of lattice distortion. Although the Frenkel pair overall is charge
neutral, the vacancy and interstitial are independently charged. Label ‘a’ indicates
distortion induced by the electrostatic attraction from the vacant site. Label b’
indicates distortion induced by the electrostatic repulsion between the oxygen ions
and the oxygen interstitial. However, comparison with the distortion induced by the
constituent isolated point defects (displayed by Figures 3.4 and 3.6) indicates that
the distortion induced by the Frenkel pair is lesser surrounding each constituent
defect than when the defects are in isolation. This could be due to the charge

neutrality of the defect.
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3.5.0.4 Schottky Trio

As the Schottky trio consists of three defects, there are multiple possible geometries
for the cluster defect. Three distinct configurations were considered. The pluto-
nium vacancy and first oxygen vacancy were held at the same coordinates for each
geometry, with the second oxygen vacancy (required to preserve charge neutrality)

located at three different equivalent positions as displayed by Figure 3.10.

Figure 3.10: Visualisation of the Schottky trio configurations. From [55].

Table 3.17 displays the coordinates of the Schottky Trio geometries considered.

Table 3.17: Schottky Trio defect coordinates for cluster calculations

Defect V., First Vi Second V§

Sch.1 (O’O’O> (%7%?}11) ('%? _li’ _1%)
Sch.2 (07070> (%7%7711) (‘%, 711, ‘171)
SChS (0707()) (717171) (‘Z, 1’ Z)

All three geometries were run to establish which configuration gave the lowest
defect energy and therefore is the most favourable and most likely configuration.

Table 3.18 displays the calculated Schottky trio defect formation energies for
the three geometries considered. It can be seen that configuration ‘Sch.1’ has the
lowest formation energy. Therefore this configuration is predicted to be the most
thermodynamically favourable configuration. Future cluster calculations of Schottky
trios will be of Sch.1 configuration.

Figure 3.11 displays the visualisation of the Schottky trio defect in PuO,. Com-

parison of the initial and relaxed structures indicate the lattice distortion which takes

62



Table 3.18: Calculated Schottky trio defect formation energies

Type of Second V@ Formation Binding
defect  position energy (eV/Defect) energy (eV/Defect)
Sch.l (= —1 1) 1929 -1.616
Sch.2 (=4, 1, -3 1.931 -1.614
Sch.3 (=3, 4, 1) 2.114 -1.432
)

@ O &y,

* iﬂ . 4

Figure 3.11: Schottky trio defect. LHS: before relaxation, RHS: after relaxation.

place to accommodate for the defect. It can be seen that the negatively charged oxy-
gen ions surrounding the negatively charged vacant plutonium site have distorted to
move away from the vacancy site. The oxygen ions surrounding the positive vacant

oxygen site have clustered closer together due to electrostatic attraction.

3.6 Binding Energies

The difference in energy between the defects ‘bound’ in a cluster and those at infinite
dilution (unbound) is equal to the binding energy, E. The binding energy may be
calculated by finding the difference in energy between a cluster defect energy and
the sum of the composite point defect energies at infinite dilution. The equations

used to calculate the binding energies are as follows,

B oty = [Vou : 2V8]" = (Voo +2VS), (3.14)
EBwp = [Vy:0/]" = (V& +0;), (3.15)
Efpp = [Vpy : Pul**]" — (Vp, + Pu*). (3.16)
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Equation 3.14 is used to calculate the binding energy of a Schottky trio, and
Equations 3.15 and 3.16 are used to calculate the binding energy of an oxygen or
plutonium Frenkel pair, respectively.

Table 3.19 displays the results of the bound and unbound defect formation en-
ergies, alongside the calculated binding energy for each defect. All of the calculated

binding energies are negative, indicating that they correspond to bound defects.

Table 3.19: Intrinsic defect formation energies

Type of Defect formation energy EB

defect Unbound (eV/Defect) Bound (eV/Defect) (eV/Defect)
Schottky trio  3.545 1.929 -1.616
PuFP 10.029 7.868 -2.161

OFP 2.668 2.069 -0.599

3.6.1 Discussion

From the cluster calculations simulating bound defects it was found that the plu-
tonium Frenkel pair has the highest defect formation energy. Therefore PuFPs are
the least thermodynamically favourable defects and so are the least likely to form in
PuO,. This may be due to the high charge on this defect and hence the relaxed lat-
tice displays distortion over an extended area (as displayed by Figure 3.12). Work
by Lu et al. [119] found the displacement of atoms for plutonium related defects
to be larger than those of oxygen related defects, suggesting that lattice distortion
is larger for plutonium related defects, leading to higher defect formation energies.
Similarly in Yttria-Stabilized Zirconia (YSZ), the cation Frenkel pair has been found
to have the highest defect formation energy [129], leading to the Schottky defects

being the energetically stable source of cation defects.
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Figure 3.12: Plutonium Frenkel pair visualisation after relaxation.

It is of interest that in the unbound defect calculations at infinite dilution, the
oxygen Frenkel pair had the lowest defect formation energy. Whilst the cluster
calculations of bound defects determined the Schottky trio to have the lowest defect
formation energy, as displayed by Figure 3.13. However, the difference in formation
energy between these two defects is negligible (< 0.1 eV /Defect). Therefore, it is
predicted that both the Schottky trio and oxygen Frenkel pair are likely to occur
within the PuO, lattice.
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Figure 3.13: Defect energies of unbound and bound intrinsic defects in PuOs.

Figure 3.14 displays reported defect formation energy values found from liter-
ature. These studies were conducted by ab initio ([119], [120], [130]-[132]) and
potential ([49], [121], [122], [133]) methods. The same trend as found by this work
was found in all studies; PuFPs have the highest formation energy per defect. Many
of the authors suggested that this was due to the increased volume of distortion
created by a PuFP, as was also found was this work. In YSZ, which also has a
fluorite structure, the cation Frenkel pair has also been found to have the highest
defect formation energy [129]. All authors except Read et al. [49] and Wang et al.
[121] found the order of defect stability in PuO, to be OFP < Schottky < PuFP.
Instead, Read et al. [49] and Wang et al. [121] found OFP and Schottky defects
to have very similar defect energies, which was also found by Dong et al. [129] for
YSZ. The defect formation sequence found in this work, is the same as that of the
reported literature for PuO,. It is predicted that oxygen atoms are more likely to

be involved in defect formation than plutonium atoms.
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Figure 3.14: Defect energies of OFP, PuFP and Schottky trios PuO, from avaliable
literature studies. Authors are Read [49], Tiwary [133], Cooper [122], Wang [121],
Lu [119], Freyss [130], Tian [131], Nakamura [120] and Neilson [132].

3.7 Conclusions

It was identified that for static simulations of PuO,, the Read potential is the most
suitable due to it having the lowest potential difference between computed values and
experimental values from the literature. The optimum Mott-Littleton Region I and
ITa radii were determined to be 14 and 28 A, respectively. From implementation of
the Read potential for defect simulations using the Mott-Littleton methodology, the
most thermodynamically favourable intrinsic defects were found to be the Schottky
trio and oxygen Frenkel pair. It is therefore predicted that these are the most
likely to form within PuOs which is in agreement with the available literature. The
plutonium Frenkel pair was found to be the least thermodynamically favourable

intrinsic defect, and is therefore predicted to be the least likely to form within
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PuO,. This finding is in agreement with other fluorite systems in which the cation
Frenkel pair has the highest defect energy, such as in UOq [55] and YSZ [129].
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CHAPTER 4

SURFACES OF PLUTONIUM DIOXIDE

In the following chapter the surface energies of PuO, are calculated to predict the
equilibrium growth morphology. Then intrinsic defects are included at surface sites

to establish if there is an energetic drive for defects to form at the surface rather
than in the bulk.

4.1 Literature Review

Due to the fact that PuO, is frequently stored as a powder and so has high surface
areas [3] understanding its surface structure is crucial. Despite this, experimental
studies investigating the surface structure of PuO, are scarce. Computational meth-
ods can be used to calculate the relative surface energies. At equilibrium, a lower
surface energy implies a greater expression of that surface [134]. Therefore, through
identifying low energy surfaces, the morphology of PuO, powder can be predicted
[98].

Throughout the literature there is agreement that the (111) surface is the most
stable for many actinide dioxides [96]. In 1979 Tasker [135] developed a computa-
tional study of UO, surfaces, their study identified that the (111) surface was the
most stable. Since then, this trend has been found throughout other fluorite lattices
[136] with PuO4 being no exception. Jomard et al. [51] used ab initio calculations to
address the influence of electronic correlations on the surface stability of PuO,. Via
Perdew-Burke-Ernzerhof with the Hubbard U correction (PBE+4U) methods they
found the equilibrium PuO; crystal exhibits (111) facets only [51]. Via Generalised
Gradient Approximation with the Hubbard U correction (GGA+U) methods, Sun
et al. [137] studied PuO, surfaces at 300 K and 600 K and in agreement with the 0 K

calculations of Jomard et al. [51], they found that the (111) surface was dominant.
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A nanoparticle with all (111) crystallographic planes forms an octahedral shape.
Via DFT simulations, Moxon et al. [138] found that octahedral PuO, nanoparticle
vertices may be truncated by (100) planes. Their work found that this trunca-
tion was prominent at low temperatures (< 600 K). At higher temperatures (>
600 K) they found only (111) planes were present, corresponding to an octahedral
with sharp vertices [138]. The distinction between the truncated and sharp edged
octahedra was also studied by Nekrasov et al. [139]. Their work used molecular
dynamics to investigate the equilibrium shapes of PuO, nanoparticles. They found
that octahedral morphologies with sharp vertices correspond to metastable states of
the crystal lattice [139]. In contrast to the findings of Moxon et al. [138], Nekrasov
et al. [139] found the truncated octahedral morphology to be the most common
nanoparticle formed at 1700 K. The difference in findings may be due to the work of
Nekrasov et al. [139] being under constant pressure (an NPT simulation) conditions
whereas Moxon et al. [138] considered varying pressures.

Whilst there have been a number of studies of defective UO, surface systems as
discussed by Wellington et al. [140], studies of defective PuOy surface systems are
scarce. Similarly to in the bulk of PuO,, defects resulting from radiation damage
are likely to govern key behaviours at the surface of the material. For example, the
susceptibility of PuOy to corrosion and fission product diffusion [53]. As such, the
incorporation of defects at PuO, surfaces is a topic of high scientific importance.

The surface of PuOs will play a significant role in all suggested storage canister
pressurisation mechanisms detailed in Section 1.2.3. Mechanisms such as the radi-
olysis of water and generation of Hy by a postulated chemical reaction of PuO, with
H,0 are predicted to be surface phenomena [46]. Wellington et al. [140] used DFT
methods to investigate oxygen vacancy formation and water adsorption on UO, and
PuO, surfaces. They found oxygen vacancy formation energies on UO, surfaces to
be significantly larger than for PuO,. Tan et al. [141] studied defect configurations
on the (100) surface of UO, via potential methods and found that oxygen vacancies
stabilise the (100) surface. Oxygen vacancy formation on surfaces is an important
factor as when oxygen vacancies are present, dissociative adsorption of water can
occur.

The surface state of PuO, has been predicted by Pegg et al. [142] to be a crucial
parameter in governing hydrogen accumulation. Radiolysis methods have been used
by Venault et al. [143] to study PuO, surfaces with a focus on the behaviour
of hydrogen. They found a steady state of hydrogen content was reached when
the relative humidity was kept constant, suggesting the existence of both hydrogen
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generation and consumption at the surface of PuO,. This finding highlights the
importance of PuO, surfaces in hydrogen behaviour.

A study by Stanek et al. [144] found that the release of fission products can be
inhibited or enhanced by the specific arrangements of PuO, surface ions. Similarly in
UO,, Williams et al. [145] found that grain boundary structures affect the diffusion
of oxygen, with it being enhanced by all grain boundary structures. From this,
it is concluded that an understanding of the defect behaviour at PuO, surfaces is
required to aid in the investigation of helium behaviour in PuO,.

Venault et al. [143] emphasised the importance of studying PuO, surface chem-
istry via non-intrusive techniques to study mechanisms occurring at the surface.
Due to the difficulty of experimentally studying PuO,, computational modelling
can provide a solution to the investigation of surface chemistry as shown by the
work of Pegg et al. [142].

4.2 Pure Surfaces

PuOy surfaces were simulated using METADISE with the interatomic potential
model the same as that detailed in Chapter 3. The {n10}, {n11} and {nnl} surfaces
were simulated for n = 1,2,3. Figure 4.1 displays the surface energies (Es,,f) for
each simulation, both before and after relaxation (E%"f" and El.; respectively).
For each index the surface energy follows the {nnl} < {nl11} < {nl0} trend. The
(111) surface was found to have the lowest surface energy (1.32 Jm~2) and therefore
is predicted to be the the most energetically stable. Additionally, the energetic
stability generally decreases with increasing n.

Table 4.1 displays the calculated energies and d spacings of the low index surfaces,
in addition to calculated and experimental values from the literature [51], [124], [141].
Notably, the surface energies calculated using ionic potentials by Tan et al. [141]
are extremely close to values predicted by this work. The small differences could be
attributed to the use of a different Pu—O potential by Tan et al. [141]. However,
the values calculated by Jomard et al. [51] via PBE+U methods are almost half that
calculated by this work and Tan et al. [141]. This could be because DFT methods
model the electronic structure of the ions in greater detail. Watson [146] also found
surface energies of CeO, obtained by VASP calculations to be roughly half that of
those calculated by ionic potentials [147].

The (111) surface was predicted to have the highest attachment energy (FEguy).
Again, this suggests that the (111) surface is likely to dominate the growth mor-
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Figure 4.1: Bar Chart displaying the surface energies for the {n10}, {nl1l} and
{nn1} surfaces (n=1,2,3), both before and after relaxation.

phology, as the relative growth rate of a face increases with increasing F; [148].

As can be seen by Table 4.1, the calculated d spacings provide excellent agree-
ment with reported crystallographic values [124]. The accuracy of the d spac-
ings gives confirmation that the potentials evaluated for GULP are transferable
to METADISE for surface simulations. Additionally, it gives confidence in the use
of the potentials in METADISE to be a predictive tool, when modelling defective
surfaces.

The (111) surface was also found to be the most stable for other binary fluorite
structures such as UOy [96], [134], [135] and CeOq [136], [146], [147]. From their
study of UO, surfaces, Williams et al. [145] notes that there appears to be a corre-
lation between the surface energy and the coordination of uranium surface atoms,
with the most stable surfaces having the highest surface uranium coordination. The
results presented in this work are in agreement, as the (111) surface has the highest

surface plutonium coordination.
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Table 4.1: Calculated and reported energies of low index PuO, surfaces

(hkl)
Property (100)  (110)  (111)
Eumrel (eV) 628 327  1.63
Eggif (eV)
This work 2.44 2.07 1.32
PBE4U * 160 113 0.72
Tonic b 202 220  1.39

Eu (eV/PuOy) -2.86  -2.10  -1.28

d spacing (A)

This work 5.3981 3.8170 3.1166
XRD © 5.3982 3.8171 3.1166
Area (A?) 20.14  41.21  50.47

@ Ref. [51]

b Ref. [141]

¢ Ref. [124]

4.2.1 The (100) Surface

Figure 4.2 displays the structure of the (100) PuOy surface. The surface energy
calculated for the (100) surface was 2.44 Jm~2. This was the highest surface energy
calculated, thus this surface is predicted to be the least energetically stable. By
examining the structure of the surface, it is evident that it is a Tasker type III surface
as it consists of alternating charged layers of ions with a polar oxygen termination
[135]. The dipole of this surface was quenched by removal of 50% of the surface
oxygen ions to Region 2. The percentage relaxation of the surface is -61.13%.
Comparing the structure of the (100) surface before and after relaxation (Figure
4.2 RHS and LHS respectively), the distortion of the relaxed surface is visible.
Rumpling can be seen on the second layer of the oxygen ions. This distortion is
less visible at deeper layers and appears bulk-like. Upon relaxation the Pu-O bond
lengths for the top layer reduce from 2.337 A to 2.101 A. The bond length does not
remain constant upon relaxation until lattice depths of ~ 16 A from the surface.
Similarly from the literature, Low Energy Electron Diffraction (LEED) studies of
the UOq (100) surface by Taylor et al. [149] found faceting to occur. Diffraction
patterns of UOy indicated structural changes, suggesting that the (100) surface
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Figure 4.2: The (100) surface, LHS before relaxation, RHS after relaxation.

may be stabilised by defects such as steps and ledges, in order to form regions of
oppositely charged surfaces [149]. It is suggested that such defect structures may be
present in PuO, (100) surfaces to stabilise it.

It would be of interest to simulate highly defective (100) surfaces to see if the
defects stabilise the surface to the extent that they appear in the morphology. Work
by Tan et al. [134] focused on the simulating defect configurations on the UO5 (100)
dipolar surface. Despite generating extensive models including the surface trench
configuration proposed from LEED studies of UOy by Muggelberg et al. [150], the
(100) surface energy calculated by Tan et al. [134] was never stabilised enough to

appear in the morphology.

4.2.2 The (110) Surface

Figure 4.3 displays the (110) PuO, surface. The surface energy calculated for this

surface was 2.07 Jm™2.

It is a Tasker type I surface [135]. A percentage surface
relaxation of -36.65% was predicted. From Figure 4.3 no obvious distortion to the
crystal in the relaxed structure can be seen. However, inspection of the bond lengths
and ionic distances in CrystalMaker® found that the top layer Pu-O bond lengths
reduce from 2.337 A to 2.274 A. Tt was also found that there is a slight contraction
of the d spacing for the top layer (3.757 A rather than 3.817 A). Similar contractions

were found by Sun et al. [137]. These contractions are much less pronounced than

74



that of the (100) surface. The bond lengths return to bulk values at depths of
~ 8 A from the surface; half the depth that the distortions reached in the (100)
surface. This corresponds with the percentage surface relaxation difference of the
(110) surface being roughly half that of the (100) surface.

110
@0
. Pu

.

X

Figure 4.3: The (110) surface, LHS before relaxation, RHS after relaxation.

4.2.3 The (111) Surface

Figure 4.4 displays the structure of the (111) PuO, surface. The surface energy

calculated for this surface was 1.32 Jm™2.

As this was the lowest surface energy
calculated, it is predicted that this surface is the most energetically stable and
therefore will be most likely to grow. The surface is a Tasker type II surface, as it
is cleaved so as to not create a dipole moment [96] [135]. The predicted percentage
relaxation was -18.67%, the lowest of the n=1 surfaces. This is reflected in the
limited contraction of the Pu-O bond lengths; 2.308 A on the top layer of the
relaxed structure. The bond lengths return to bulk values at depths of ~ 5 A from

the surface, so the distortion is minimal.
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Figure 4.4: The (111) surface, LHS before relaxation, RHS after relaxation.

4.2.4 Morphology

The calculated relaxed surface energies and attachment energies were used to predict
the equilibrium growth morphology by generating a Wulff construction [98]. As can
be seen by Figure 4.5, the Wulff construction for PuO, was found to be octahedral.
This is because the (111) surface was predicted have the lowest surface energy, thus
dominating the morphology and resulting in an octahedral shaped crystallite. An
octahedral Wulff construction was also found by Jomard et al. [51] for PuO,, and
in multiple studies of UO4 [96], [134].

Figure 4.5: Wulff construction for PuOs.
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4.3 Defective Surfaces

4.3.1 Isolated Surface Defects

Isolated defects were modelled on the surface of PuO,. The interstitials were placed
in octahedral interstitial sites (the same interstitial sites as in bulk PuOs). The
defect energies were then compared with the respective bulk defect energies. To nor-
malise the defect energies (Ep surf), an energy correction term (Ec,,) was added to
the defect energies (Eggg:;) Segregation energies (E5%) were calculated to deter-
mine if there was an energetic preference for a defect to form at the surface or in the
bulk. An endothermic segregation energy indicates an energetic preference for the
defect to form in the bulk rather than at the surface. Table 4.2 displays the results
of the isolated defect simulations, including the bulk values (E7, p,;) calculated in
Chapter 3 for comparison. The correction terms and calculated segregation energies

are also displayed.

Table 4.2: Isolated defect energies on PuO, surfaces

Defect Energy (eV)

F,Regl F,Reg2 F F.,Corr Seg
ED,Surf ED,Surf ED,Bulk ECO”‘ ED,Surf ED

(100) V& 38.28 39.05 17.09 21.96 16.32 -0.77

Voo 39.28  38.38  80.03  -41.65 80.93  0.90
N 233.99 -3293 -11.75 -21.17 -12.82  -1.07

7

Pug®** -17.22  -7.61 -59.97 5237  -69.59  -9.62

(hkl)  Defect

(110) Ve 17.94 1930  17.09 221 1572  -1.37
Vo 77.32 7783  80.03  -220 7952  -0.51
O, -13.09  -10.27  -11.75 149  -1458 -2.83
Put*** -43.94 -47.13  -59.97 1284 -56.78  3.19

(111) Vg 2652 2636 17.09 927 1725  0.15

Vi, 65.16  63.73  80.03  -16.30 81.47  1.44
o -19.13  -17.20 -11.75 -545 -13.69 -1.93

7

Pug®** -42.36  -40.26 -39.97 19.72 -62.08 -2.11

In agreement with the literature [137], [147], [151], a lower oxygen vacancy for-
mation energy was found on the (110) surface (15.72 eV) than the (111) surface
(17.25 eV). Wellington et al. [140] suggests that this order of energetic stabilities
may be due to the lower coordination number of plutonium on the (110) surface, in

addition to the higher surface energy of the (110) surface.

7



It is evident from Table 4.2 that there are no clear trends between the segregation
energies of defects on the different surfaces. The only consistency is that there is an
energetic preference for plutonium interstitials to form on the surface rather than
in the bulk. For the (111) surface, the majority of defects have a thermodynamic
drive to form in the bulk, and this is likely due to the energetic stability of the pure
(111) surface.

To investigate the effect of the depth of a defect on the segregation energy,
extensive simulations were performed for each point defect at each layer of the

crystal for each surface. The results are displayed in Figure 4.6.
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Figure 4.6: Defect segregation energies at varying depths for different defects on each
low index surface: (a) oxygen vacancy (b) plutonium vacancy (c) oxygen interstitial
(d) plutonium interstitial.

For oxygen vacancies on each surface, there is an exothermic segregation energy
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for formation at ~ 3 A, i.e. just below the top surface layer. This segregation
energy is the least pronounced for the (111) surface. However, in UO,, Bo et. al
[151] calculated oxygen vacancy formation energies of 5.95 and 6.08 eV for the first
and second layers respectively on the (111) surface and 5.38 and 5.59 ¢V on the (110)
surface. Thus, it is predicted that the second layer may be less thermodynamically

favourable for oxygen vacancy formation.

4.3.2 Intrinsic Defects

As in the bulk, point defects are unlikely to form on the surface due to the require-
ment of the lattice to be charge neutral. Therefore, intrinsic defects were modelled.
Multiple configurations of intrinsic defects were simulated for each surface, so a la-
belling system was required. Figures 4.7, 4.8 and 4.9 display the initial layers of
the (100), (110) and (111) surfaces, respectively, with atoms numerically labelled
and interstitial sites alphabetically labelled. The defects simulated are given names
corresponding to these diagrams. For example, a plutonium Frenkel pair where
the vacancy is the plutonium ion ‘PU1" and the interstitial is located at site ‘A’ is

referred to as a 'PU1_A’ configuration.

(100)

Figure 4.7: The (100) surface with ions labelled numerically and interstitial sites
labelled alphabetically.
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Figure 4.8: The (110) surface with ions labelled numerically and interstitial sites
labelled alphabetically.

(111)

Figure 4.9: The (111) surface with ions labelled numerically and interstitial sites
labelled alphabetically.

Table 4.3 displays the results from the intrinsic defect simulations on the (100),
(110) and (111) surfaces. For many of the Frenkel pair simulations, a defect energy
of 0 eV/Defect was calculated (e.g. the (110) O3_B OFP). This may be because the
vacancy and interstitial recombined and annihilated, so in the relaxed state no defect
was present. In the defect simulations in bulk PuO; OFP recombination was also
observed, and was avoided by ensuring the oxygen ions were separated by a lattice
plutonium ion as discussed in Section 3.5.0.3. On the (111) surface, the 'O8_A" OFP
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configuration was determined to have a defect energy of 2.54 eV /Defect, meaning
the independent defects were sufficiently separated to prevent recombination. The

oxygen vacancy 'O8" was located on the third layer of ions.

Table 4.3: Intrinsic Defects on the (100), (110) and (111) Surfaces. Energies in
eV /Defect

Oxygen Frenkel Pair  Plutonium Frenkel Pair Schottky Trio

(hkl)

Config. EL E>Y Config. EE  EXY  Config. Ef  EXY
02.B 0.00 PU5_A 13.54 5.67 02.01.PU5 0.52 -1.41
02.A  0.05 PU5S.B 4.19 -3.67 02.01.PU3 -0.20 -2.13
(100) O5.A  -0.01 PU3_A 0.05 03.01.PU3 0.78 -1.15
O010.A 1.71 -0.36 03.04.PU4  -0.02 -1.94
06_B 0.00
O7_ A 0.08
03B 0.00 PU6_A 0.00 03.02.PU6 0.73 -1.20
02.B  0.00 PU5.C 0.00 03.04PU6 0.74 -1.19
03.A DNC* PU5_A 161 -6.26 03.01_.PU7 0.69 -1.24
(110) 03.C 0.00 PU7.C 0.00 03.011.PU7 1.06 -0.87
O10_A 0.00
03.B  0.00 PU4.B 0.00 03.02.PU2 159 -0.34
O8.A 2.54 047 PU4.C 7.68 -0.19 03.01-PU2 1.99 0.06
(111) 03.C 2.14 0.07 PU4 A 224 -5.63 03.02.PU3 1.9 -0.34
02 A 259 0.52 06.02.PU2 2.08 0.15
01.C 1.87 -0.20

* Did Not Converge (DNC)

For the (100) surface, the Schottky trio had the lowest defect formation energy
and the PuFP the highest. This follows the order of the thermodynamic stability
of defects in the bulk. For the (110) surface, the Schottky trio had a lower defect
formation energy than the PuFP. However all OFP configurations considered either
recombined or did not converge so a complete order of intrinsic defect stability could
not be determined. It would be of interest for future work to grow the surface in the
y and z directions, so that Frenkel pairs could be situated across a larger surface
area to prevent recombination.

For each surface the Schottky trio configurations had low defect formation ener-
gies. Work by Sun et al. [137] found PuO, surfaces to be stabilised when multiple
oxygen vacancies were on the surface. It may be of interest to see if further sur-

face stabilisation would be gained by multiple Schottky trio defects being present
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on surfaces, and if these will be possible helium trapping sites. Furthermore, the
segregation energies of Schottky trios are much more exothermic on the (100) and
(110) surfaces than the (111) surface. This suggests that the Schottky trios may
stabilise the less energetically stable surfaces, so there is thermodynamic drive for
the defects to form at the surface rather than in the bulk.

For the (111) surface, as in the bulk, the OFP and Schottky trio are the most
energetically stable defects. It is notable that the PuFP has a highly exothermic
segregation energy (-5.63 eV /Defect) and therefore may form at the surface. It is
predicted that all three of these defects are likely to occur on the (111) PuO, surface.
If any of these defect sites are favourable for helium accommodation, then helium

may migrate to the surface to become trapped within such defect sites.

4.4 Conclusions

The (111) surface was found to be the most energetically stable surface for pure
PuO,. Thus, octahedral shaped PuO, crystallites are predicted. The (100) surface
was predicted to be the least energetically stable, in agreement with the literature.

In bulk PuO,, OFPs and Schottky trios were found to have the lowest defect
formation energies and therefore be the most thermodynamically favourable defects.
The same thermodynamic energy preference of defects was found for surface PuOs.
However, for the (111) surface the PuFP defect formation energy was much lower
than in the bulk, resulting in a strongly exothermic segregation energy. This indi-
cates that there is a thermodynamic drive for PuFPs to form at the surface rather
than in the bulk of (111) terminated PuOs.
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CHAPTER b

STATIC HELIUM INCORPORATION

In this chapter static simulation methods are used to model helium incorporation
in PuO,. First the Dremov [44] potential is fitted to a standard form and evaluated
against other available interatomic potentials for helium in PuO,. Then helium

clustering is investigated. Parts of this work are as published in:

E. Murray , N. Palmer , W. Neilson , R. Jackson , M. Read , H. Steele and R.
Orr.  Atomistic Simulation of Helium Incorporation in PuQOs. Proceedings of the
WM Symposia, 2022, 22512 [152].

5.1 Literature Review

There are limited studies of helium behaviour in PuOs, however investigating its
behaviour is vital to understanding the future of stored PuO, due to the generation
of radiogenic helium within the sealed canisters. A key starting point in under-
standing helium behaviour in PuQOs is establishing the most favourable site for He
to occupy. A recent DFT study by Neilson et al. [132] investigated the accommo-
dation of helium in PuQO,, finding the most stable helium location to be interstitial
sites. They found that whilst plutonium vacancies pose a favourable site for helium,
when solution energies are calculated (which also account for the stability of the
trap site), He accommodation in Pu vacancies is less energetically favourable than
interstitial sites. Freyss et al. [130], [153] also found the interstitial site to be the
most energetically stable site for helium to occupy in PuO,.

Tian et al. [131] used GGA methods to study the behaviour of helium in PuO,
over a range of stoichiometries. They found positive incorporation energies for all

considered trap sites, meaning energy has to be provided to incorporate He. The
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most favourable site for helium to occupy was found to be oxygen vacancies, intersti-
tial sites and Pu vacancies for hypo-, perfect and hyper-stoichiometry, respectively.
This is in contrast with the findings of Neilson et al. [132], which found interstitial
He to be favourable across a range of stoichiometries. The calculations performed by
Tian et al. [131] relied on a point defect model constructed for UOy. However, UO,
exhibits higher oxidation states which allow for large hyper-stoichiometry generated
by clusters of oxygen interstitials. As Neilson et al. [132] generated a point defect
model specifically for PuO, their results are likely to be more reliable.

Gryaznov et al. [154] used DFT to study He in UOy, PuO,y, and MOX fuel.
Their work studied interstitial helium incorporation, and found that helium accom-
modation in PuO, has a higher energy than in UO,. Kuganathan et al. [155] used
DFT with dispersion corrections to study helium trapping and clustering in ThO,.
In agreement with the aforementioned studies on PuO,, they found the Octahedral
Interstitial Site (OIS) to be the most favourable interstitial site for helium accom-
modation. When defects were considered in the ThO, lattice, Kuganathan et al.
[155] found the actinide vacancy to be the most favourable. The actinide vacancy
was also found to be the most stable site for He incorporation in UOs by Yun et
al. [156]. However, as noted by Neilson et al. [132], both Kuganathan et al. [155]
and Yun et al. [156] did not calculate the solution energies which would account
for the probability of the actinide vacancy trap sites being available to He. Via
calculation of solution energies, Crocombette [157] found the He solution site to be
the interstitial position in UQOs,.

Palmer [93] used atomistic static simulations to investigate helium behaviour in
PuO,. In contrast to the ab initio work of Neilson et al. [132], their work found
the most favourable defect for He to occupy to be an oxygen vacancy. However,
Palmer [93] performed their simulations using the U—He potential of Grimes et al.
[158], due to a Pu—He being unavailable in the literature. Whilst UOy and PuO,
are both fluorite lattices and are frequently compared, the use of a U—He potential
may have resulted in the disagreement of Palmer’s [93] work with newer ab initio
results.

Helium incorporation in metallic Pu has been studied by Dremov et al. [44]
and Ao et al. [159]. Via DFT Dremov et al. [44] calculated unit-cell energies
of a-Pu and ¢-Pu lattices containing point defects and a contaminant He atom.
The resulting cell energies were employed to develop a new Pu—He interatomic
potential. Subsequent molecular dynamics simulations implemented this potential

to investigate the dynamics of individual He atoms in the §-Pu lattice. The dynamics
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of an isolated He bubble in a d-Pu lattice and the evolution of bubble shape over
time were also simulated. In agreement with work by Dremov et al. [44], Ao et
al. [159] found the formation of helium bubbles to be favourable. Ao et al. [159]
predicts the bubble growth mechanism to be dislocation loop punching, which is a

common phenomenon in metals.

5.2 Dremov Potential

Dremov et al. [44] developed interatomic potentials from experimental data and
DFT calculations for modelling helium incorporation in Pu metal which describe
the Pu—He and He—He interactions. For modelling helium incorporation in PuO,,
a He—O potential is also required and shall be discussed in Section 5.3. The exp-6
potential employed by Dremov et al. [44] to model helium in metallic plutonium

takes the form of,

@(T)ze{(ai_es) exp o (1- 2] - (Oﬁ(j) (%)6} (5.1)

From Equation 5.1 it can be seen that the exp-6 potential comprises three param-

eters: the characteristic diameter, r*, the potential well depth, €, and the gradient of
the exponential function, o. The parameters for the Pu—He interatomic potential
were optimised by fitting to the results of ab initio DFT calculations. The param-
eters for the He—He interatomic potential were as found by Ree et al. [160]. The
exp-6 potential is not included in the library of two-body interatomic potentials cur-
rently available within the GULP code, employed in our simulation studies of PuOs,.
Rather than producing a "Table’ file of interpolated values, a more efficient solution
was to fit an existing analytical function to these data, such as the Lennard-Jones

(LJ), Morse or Buckingham forms shown in Equations 5.2— 5.4.

@rcnnard-Jones = 4€ {(g) N - (%)6] ) (5-2)

Driorse = Do [(1 —exp (—a(r — ro)))Q — 1} , (5.3)
— C
(I)Buckingham = AeXp (%) - 7"_6 (54)

On examining the form of the exp-6 potential, the potential energy tends to -¢

when the inter-ionic separation, r, equals the characteristic diameter. As e < < r*,
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the potential range is taken as approximately r*. The parameters employed in the

Dremov potential are presented in Table 5.1.

Table 5.1: Dremov et al. [44] parameters for the exp-6 potential

Parameter J6-Pu—He o-Pu—He He—He

oY 11.8 12.8 13.6
e (eV)  0.007 0.007 0.00091
r* (nm) 0.4 0.4 0.297
(A 4.0 4.0 2.97

r* was converted from nm to A for consistency with units employed in GULP.
Using parameters for the 6-Pu—He interaction, the exp-6 function is plotted in
Figure 5.1.

Pu ... He exp-6 Pair Potential
T T T

Potential Energy / eV

A I I I I I
1 1.5 2 2.5 3 3.5 4

Distance / A

Figure 5.1: The exp-6 potential: §-Pu—He interaction.

Figure 5.1 illustrates the function tending towards zero at the characteristic
diameter, in this case 4.0 A. The first derivative of this function defines the maximum
at 1.26 A. The unphysical attraction region below this will not be used in the fitting
routine and to use the potential for molecular dynamics, solutions such as the Born-
Mayer form or ZBL splining will be required for robust simulations.

Lennard-Jones potentials are typically employed in the simulation of gases, Morse

potentials for systems exhibiting a degree of covalency and Buckingham potentials
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for strongly ionic systems. These analytical functions were fitted to the above re-
gion of the exp-6 potential. Upon comparison of the suggested potentials, from a
theoretical perspective the Buckingham potential is easier to justify since the re-
pulsion between overlapping electron densities, due to the Pauli principle, takes an
exponential form at reasonable distances. However, the Lennard-Jones potential
with typical 12-6 exponents, is more robust since repulsion increases faster with
decreasing distance than the attractive dispersion term.

For covalently bonded atoms, it is often preferable to Coulomb subtract the
interaction and to describe it with either a harmonic or Morse potential. In doing
so, the result is a potential where the parameters have physical significance. For
instance, in the case of the Morse potential the parameters relate to the dissociation
energy of the diatomic species, the equilibrium bond length and a third term, which
coupled with the dissociation energy, relates to the vibrational frequency for the

stretching mode.

5.2.1 Fitting Procedure

MATLAB was employed for the curve fitting procedure and the code (detailed in
Figure 5.2) includes several options for greater control over the resulting parameters.
For example, without bounds there are several parameters which would satisfy the
fit to a Buckingham potential, but desirable ranges are A = 100.0 - 2000.0, p = 0.0
- 0.8 and C = 0.0 - 300.0. These are specified with the 'Lower’ and 'Upper’ bounds

in addition to a 'StartPoint’ for each.

% Fitting the Buckingham Form to these data within the range from 1.27 to 4.0 angs
Buckingham = A = expl( r RHO) c/r6
myfitoptions = fitoptions('Method', 'NonlinearlLeastSquares’,
Robust', 'On’,
Display', 'iter',...
Lower',[100.0 0.0 0.0], ...
Upper',[2000.0 0.8 300.0], ...
StartPoint', [500.0 0.01 0.0])
myfittype = fittype('a = exp( x/rho) c/x"6)",
'dependent’,{'y'}, 'independent',{'x"},...
‘coefficients',{'a','rho','c'},...

‘options', myfitoptions)

[myfit, gof] = fit(x',y',myfittype)

Figure 5.2: Screenshot displaying MATLAB code used for the fitting procedure.
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5.2.2 ¢-Pu—He

Figure 5.3 plots the 6-Pu—He exp-6 potential over the range 1.0 - 4.0 A (black line),
indicating with a blue line the part of the potential used in the fitting procedure
(1.27 - 4.00 A) and respective potential fits shown with red circles. Of the alternate
functional forms, Lennard-Jones provides the poorest fit (r = 0.9987). The LJ
potential becomes unphysically attractive at a slightly greater separation distance
than the original potential, and crucially has negative parameters which do not
relate to a physical meaning. Both the Morse and Buckingham potentials give
excellent agreement and could be employed (although it should be noted that the
Morse De term is negative). If the close range unphysical attraction is to be avoided,
the Born-Mayer form also gives excellent agreement and remains repulsive at close
range.

Parameters from the MATLAB fitting procedure are listed in Table 5.2 along

with the r-square goodness of fit.
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Figure 5.3: Function fitting to the §-Pu—He using (a) Lennard-Jones, (b) Morse,
(¢) Buckingham and (d) Born-Mayer.
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5.2.3 «-Pu—He

Figure 5.4 plots the a-Pu—He exp-6 potential over the range 0.5 - 4.0 A (black line),
indicating with a blue line that part of the potential used in the fitting procedure
(1.10 - 4.00 A) and respective potential fits shown with red circles. In a similar
manner to the 6-Pu—He fitting results, Lennard-Jones provides the poorest fit (r
= 0.9994) of the alternate functional forms. It becomes unphysically attractive at
a slightly greater separation distance than the original potential, and crucially has
negative parameters which do not relate to a physical meaning. Both the Morse and
Buckingham potentials give excellent agreement and could be employed (although
it should again be noted that the Morse De term is negative). If the close range
unphysical attraction is to be avoided, the Born-Mayer form also gives excellent
agreement and remains repulsive at close range.

Parameters from the MATLAB fitting procedure are listed in Table 5.3 along

with the r-square goodness of fit.
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Figure 5.4: Function fitting to the a-Pu—He using (a) Lennard-Jones, (b) Morse,
(¢) Buckingham and (d) Born-Mayer.
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5.2.4 He—He

Figure 5.5 plots the He—He exp-6 potential over the range 0.5 - 3.0 A (black line),
indicating with a blue line that part of the potential used in the fitting procedure
(0.652 - 2.970 A) and respective potential fits shown with red circles. Note that
for helium self interactions, the characteristic diameter (7*) is 2.97 A. In a similar
manner to both a-Pu and §-Pu, Lennard-Jones provides the poorest fit (r = 0.9999)
of the alternate functional form. This is considered surprising for a gas atom inter-
action. Again, the LJ potential becomes unphysically attractive at a slightly greater
separation distance than the original potential, and has negative parameters which
do not relate to a physical meaning. Both the Morse and Buckingham potentials
give excellent agreement (although it should be noted that the Morse De term is
negative) and could be employed. If the close range unphysical attraction is to be
avoided, the Born-Mayer form also gives excellent agreement and remains repulsive
at close range. Parameters from the MATLAB fitting procedure are listed in Table
5.4 along with the r-square goodness of fit.
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Figure 5.5: Function fitting to the He—He using (a) Lennard-Jones, (b) Morse, (c)
Buckingham and (d) Born-Mayer.
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5.2.5 Summary

For He interactions with -Pu, a-Pu and other He atoms, the analytical form which
consistently provides the best fit to the Dremov exp-6 potentials is that of the
Buckingham. Both Lennard-Jones and Morse potentials could only reproduce the
original form with negative parameters which bring into question the validity and
do not relate to physical properties. Upon inspection it was found that the when g1
or q2 = 0, the exp-6 and Buckingham potentials are equivalent. As such, for use in
GULP, the fitted parameters for the Buckingham potential are used to implement

the Dremov potential.

5.3 Helium Potential Evaluation

Prior to this work, Helium in PuO, has not been modelled via potential methods
using a Pu—He potential. Therefore, there are limited available potential models
available for comparison. Combinations of potentials by three authors have been

considered.

5.3.1 Grimes Potential

The Lennard-Jones potentials of Grimes et al. [158] were derived for UO, via ab
initio calculations. This set of potentials has previously been used by Palmer [93]
to model helium in PuOy due to the limited availability of a Pu—He model. The

parameters of the potential are presented in Table 5.5.
Table 5.5: Parameters of the Grimes potential [158]

(a) Short range parameters, I'yq, is 15 (b) Shell model parameters, cut-off dis-
A. All are of Lennard-Jones form tance is 0.60 A

Interaction A;; (eV A™12) By (eV A~9) Ton  qepen (e C) &k (eV A2)

He—He 69.3559 0.493712 Pult 6.54 206.77
He—O 2247.836 11.762 0% -4.40 296.2
Pu—He 500.425 7.366 He -1.00 72.70

5.3.2 Aziz Potential

Aziz et al. [161] developed an accurate intermolecular potential for helium. The
potential is of Lennard-Jones type for the He—He interaction. It possess almost

the correct Hartree-Fock repulsion and the correct long range behaviour. It was
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developed by fitting the potential form to accurate intermediate temperature second
virial coefficients and thermal conductivity data. The parameters of the potential

are presented in Table 5.6.

Table 5.6: Parameters of the Aziz He—He potential [161]

Interaction ¢/k (K) o (A)
He—He 10.22 2.556

5.3.3 Dremov Potential

Dremov potentials for He—He and Pu—He interactions as determined in Section
5.2 are detailed in Table 5.7.

Table 5.7: Parameters of the Dremov potential fitted to a Buckingham potential

Interaction A (eV) p(A)  C (eV A% Cut-off (A)

0-Pu—He 964.930832 0.338983 58.332690 4.00
He—He  579.140590 0.218382 1.117649 2.97

5.3.4 FEwaluation

From the literature one He—O potential, three Pu—He potentials and two He—He
potentials have been identified. This work will therefore use the He—O potential
of Grimes et al. [158]. The aim next was to establish which Pu—He and He—He
potentials to use in combination with the He—O potential. From the literature a
the key result was identified. The result was that a plutonium vacancy will be a
trapping site for He in PuO, [132]. Therefore, if a combination of the potentials can
produce this result then this potential will be considered for use.

Simulations were employed in which a helium atom was input in an interstitial

site adjacent to a plutonium vacancy, as can be seen in Figure 5.6a.
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Figure 5.6: Visualisations from the study of helium potentials to examine if the
helium atom migrated to a plutonium vacancy upon atomic relaxation. Displaying
(a) input configuration, and (b) output configurations of all potential combinations.
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As displayed in Figure 5.6b, when the Grimes Pu—He potential was used in
combination with all available He—He potentials, the helium remained in its input
interstitial site. This is in contrast to when the Dremov Pu—He potential was
used, in which case the He migrated to occupy the plutonium vacancy site. The
behaviour exhibited by helium when modelled using the Dremov Pu—He potential
is what is expected from established literature findings. Therefore, the Grimes Pu—
He potential is not suitable for use in this work. Next, it was decided that the
Dremov He—He potential would be used in combination with the Dremov Pu—He
potential as it was developed to reproduce the most recent experimental data [44].

In summary, the potentials used throughout this chapter to model helium in
PuO, are the Lennard-Jones He—O potential of Grimes et al. [158] and the Buck-
ingham potentials of Pu—He and He—He fitted in this work from those of Dremov
et al. [44].

5.4 Helium Incorporation in Pure PuQO,

5.4.1 Single Helium

The starting point for investigating the incorporation of helium in PuO, was deter-
mining the most favourable site for a He atom to occupy in defect-free PuO,. From
the lattice structure, the suggested interstitial sites were the Octahedral Interstitial
Site (OIS), an edge-centred position (between two O atoms) and a face-centred po-
sition. These are the sites which have been considered for He incorporation in ThO,
and UOy [155] [156]. A single He atom was inserted in each of these sites and the
lattice was relaxed according to the Mott-Littleton procedure.

The incorporation energies for the three sites were calculated to be: 1.06 eV
at the OIS, 5.6 eV at the edge-centred position and 7.07 eV at the face-centred
position. As the incorporation energy of He at an OIS is significantly lower than the
other considered sites, it is the most energetically favourable site for He to occupy
in defect-free PuO,. He occupying an OIS can be seen in Figure 5.7 and it can be
seen that there is no distortion to the unit cell. In contrast, when helium was added
to the edge-centred and face-centred positions, there was distortion to the unit cell.
This distortion will have contributed to the higher incorporation energies.

The energy of incorporation of helium at every available site in the PuO, lattice
was evaluated to both ensure a more energetically favourable site had not been
overlooked by previous studies. Additionally, such evaluation could aid in in the

determination of helium migration pathways. A helium atom was inserted in a
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Figure 5.7: PuOs unit cell with Helium interstitial in the OIS, the most energetically
stable site in defect-free PuQOs,.

lattice site and the 'fix’ command applied in GULP, which forces the He atom to
remain in its input coordinates whilst the lattice is relaxed around it. This was
repeated in 0.1 A intervals across the entire PuO, unit cell by separating the z-axis
into planes.

Figure 5.8 displays the ‘energy profile map’ of helium in PuO,. The colour map
indicates the incorporation energy at each square coordinate (in eV where blue is low
and red is high). It can be seen that (0.5,0.5,0.5) is the deepest blue and therefore
has the lowest energy, as such it is the most energetically favourable site for a helium
interstitial to occupy. This coordinate corresponds to the Octahedral Interstitial Site
(OIS) defined earlier. Towards the limits of the graph ((0.3,0.3,0.3) and (0.7,0.7,07))
the colour is red corresponding to high energies at these sites (around 9.0 eV). The
high energy is because these coordinates are approaching a lattice oxygen site in the
unit cell so there will be repulsion and limited space for the helium atom in such
areas.

As no site was found to have a lower incorporation energy than the OIS, it is
concluded that it is the most energetically favourable site for He to occupy and
is the likely position helium will occupy in pure PuO,. The magnitude of the He
incorporation energy of 1.06 eV is similar to that found in the literature for He
occupying the OIS in PuOg, of 1.02 eV and 1.48 eV by Gryaznov et al. [154] and
Tian et al. [131] respectively. Additionally, work by Yun et al. [156] in UOy and
Kugananthan et al. [155] in ThO, also found the OIS to be the most stable site
for He incorporation. Experimentally, Garrido et al. [162] used nuclear reaction

analysis and Rutherford backscattering spectrometry to find that the OIS is the site

101



10

~

°
>
(=]

(4]
(n2) 3

Figure 5.8: Energy profile map of the incorporation energy of helium at lattice sites
in PuO,. The colour bar corresponds to the magnitude of the defect energy with
red being high and blue being low. The lattice was divided into five planes in the
z-axis.

occupied by He in single crystals of UO,. These findings give confidence in the fitted
He—He and Pu—He potentials.
5.4.2 Two Helium Atoms

Three configurations of two He atoms in defect-free PuO, were considered:
(i) In separate OISs aligned in the (100) direction
(ii) In separate OISs aligned in the (110) direction
(iii) In separate neighbouring edge-centred positions

For both configurations (i) and (ii), upon atomic relaxation, the He atoms remained
in their initial OISs with incorporation energies of 2.13 and 2.11 eV respectively. It
is suggested that the slightly lower incorporation energy of the (110) configuration
could be due to the He atoms not being screened from each other by a lattice
plutonium ion.

When two He atoms were placed in configuration (iii), they migrated upon atomic

relaxation. Figure 5.9 shows how upon relaxation the two He atoms migrate in the
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direction of the closest OIS to form a dumbbell configuration with an interatomic He-
He distance of 1.39 A. The incorporation energy for the He to form a dumbbell was
5.25 eV, significantly higher than that of He in two neighbouring OISs. Therefore,
whilst two He atoms are energetically more stable in separate OISs than in the
dumbbell configuration, if two He atoms are close together (for example, knocked
nearby during a decay event) then they are likely to form the dumbbell configuration.
This result was also found in ThO, [155] and UO4 [156].

& He
@
(- I
Atomic
relaxation Dumbbell
_—— forms

Octahedral
interstitial site

Figure 5.9: Two He atoms initially in edge-centred positions form a dumbbell
configuration around the OIS upon atomic relaxation.

Yun et al. [156] proposed two mechanisms for helium dumbbell formation in
UOQI

(a) Helium atoms from separate OIS migrate to the same OIS via edge-centred

positions
(b) One helium migrates from an OIS to join a helium atom in an OIS

Figure 5.10a and b displays mechanisms a and b respectively. Helium atoms were
inserted and fixed at the coordinates of the three positions displayed in Figure 5.10
for each mechanism. Energy minimisation for each configuration was performed and
the defect energies at each position were calculated, from this the energy pathway
could be plotted.
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Figure 5.10: Mechanisms for helium dumbbell formation. In (a) helium atoms
migrate from separate OISs, in (b) one helium joins another in an OIS. Figure from
[156], oxygen atoms are red, plutonium atoms are blue.

The energy pathways for the two dumbbell formation mechanisms are displayed
in Figure 5.11. It can be clearly seen that the energy barrier for mechanism a (Figure
5.11a) is significantly higher than for mechanism b (Figure 5.11b). This result was
also found by Yun et al. [156] in UO,. From this it is suggested that dumbbell

formation primarily occurs via mechanism b.
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Figure 5.11: Energy barrier between two configurations when two He atoms move
from different OISs and form a dumbbell. (a) Two He atoms move simultaneously
to the nearest empty OIS, and (b) one He moves to the other He trapped at an OIS.

5.4.3 Helium Build-Up

For the accommodation of increasing numbers of interstitial helium atom in the
PuO, lattice, multiple configurations for each number of helium atoms were sim-
ulated. For each number of helium atoms, the lowest energy was obtained when
the helium atoms occupied separate OISs. The difference in energy for how the

He occupied OISs were distributed through the lattice was negligible. Figure 5.12
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displays the linear increase in energy that results from the successive addition of

helium atoms into separate OISs.
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Figure 5.12: Defect energy of He interstitials in separate OIS as a function of the
number of He atoms. There is a linear increase in defect energy as the number of
He atoms in the lattice increases.

5.5 Helium in Defective PuQO,

5.5.1 Single Helium

Due to decay events, intrinsic defects will be present in PuO,. Such defects will be
in addition to the inherent disorder exhibited within lattices above 0 K driven by
thermodynamics. It is of interest if any of these defect sites may act as 'traps’ for
the radiogenic He atoms generated. Trap sites could act as possible seed locations
for helium bubble nucleation. The defects considered were: a plutonium vacancy
(Vpu), an oxygen vacancy (Vo), a divacancy (Vpyo) and a Schottky trio vacancy
(Vpuo, ). From here on, for simplicity, the Kréger Vink notation has been dropped

1mn

as the vacancies are always assumed to have full charges. As such, Vp, = Vp,, V3

1" 1"

= Vo, [Vir : V8] = Viwo), and [Vi : 2V8]™ = Vpuo,.

In each instance a helium atom was added to the centre of the defect site and
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the lattice allowed to relax. The incorporation energies, F;,., were calculated via,
Eine = B¢ — Ey,. (5.5)

Where X is the vacancy type (X = Pu, O, PuO or PuO,), E{f¢ is the energy of
helium occupying the vacancy and Ey, is the energy of the empty vacancy site. The

calculated incorporation energies are listed in Table 5.8.

Table 5.8: Incorporation energies of He at different vacancies in AOy. Where A is
an actinide

Incorporation Energy (eV)

Defect PuO, ThO, U0,
This work Tian [131] Kuganathan [155] Petit [163]
Vo 1.28 0.90 0.68 2.2
Va -0.23 0.24 0.32 -7.4
Vo -0.23 0.23 0.31 -6.6
Vao, -0.22 0.17 0.25 -6.0

From Table 5.8 it can be seen that helium occupation is least favourable in an
oxygen vacancy. This result was also found by Petit et al. [163], Tian et al. [131]
and Kugananthan et al. [155] for He in UOy, PuOy and ThO, respectively. Much
work has been done on the defect chemistry of PuO,, and it is widely acknowledged
that the Vp, (and correspondingly the PuFP) has a much higher defect energy than
a Vo, OFP and Schottky trio [164] [49]. This order of defect stability was also found
in this work in Chapter 3.

The trapping energies, Er, were calculated relative to the incorporation energy

obtained for helium occupying an OIS, E4f,, as follows,
Er = Ein. — B (5.6)

A negative Ep value indicates an energy decrease of the system when He moves
from an OIS to the defect site. A positive value means that energy is required
to incorporate He at the defect site. As Effy = 1.06 eV, the calculated trapping
energies were negative for all defect sites listed in Table 5.8 excluding the oxygen
vacancy which had a trapping energy of 0.22 eV. Therefore there is an energetic
drive for He to join Pu vacancies, divacancies and Schottky trios. In contrast, due
to the positive trapping energy for He at an oxygen vacancy, there is an energetic

barrier for the He to join this site.

106



To further the understanding of He behaviour in the presence of vacancies, an
energy profile plot was constructed for He when a Vp, and Vo were independently
present. Figures 5.13 and 5.14 display the energy profiles for Helium incorporation
across lattice sites surrounding an Vo and a Vp, respectively. The colour bar is
used to display the defect energy of helium at each site with deeper blue being lower
energy so more favourable sites and red being higher energy, less favourable. It must
be noted that the colour bars in plots 5.13 and 5.14 are of a different scale. Figure
5.13 s 0.0 - 10.0 eV and Figure 5.14 is -0.5 - 2 eV, this is due to the defect energies
being significantly lower for He in the presence of a Vp, compared to an Vo and
thus ensures the colours are distinguishable.

In Figure 5.13 it can be seen that the deepest blue areas correspond to the OIS
rather than the Vg site. In contrast in Figure 5.14 the area with the deepest blue
corresponds directly to the Pu vacancy site. Surrounding the Pu vacancy there is an
area of low defect energy (below 0.5 eV). Such a region suggests that a Pu vacancy
site could be a potential seed location for helium clustering, as it is likely it can
accommodate multiple He atoms in the large region of low defect energy. In the
oxygen vacancy system, the region of low defect energy is approximately 2 eV, so it
is less favourable than surrounding a Pu vacancy. However the region extends out
to the OIS and as such He clusters may develop from helium atoms sequestered in

neighbouring OIS and oxygen vacancies as a cluster develops.

(n2)P3

Figure 5.13: Energy profile map of a helium atom at various locations surrounding
an oxygen vacancy at (0.25,0.25,0.25).
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-0.5

Figure 5.14: Energy profile map of a helium atom at various locations surrounding
an plutonium vacancy at (0.5,0.5,0.5).

Helium incorporation at a Pu vacancy may be more favourable than at an O
vacancy simply due to the larger available vacant volume in a Vp,. DFT simulations
have recently been performed to calculate the charge density of He at OIS, Vo and
Vpu. The findings were of charge densities of 2.05, 2.06 and 2.02 for He incorporation
at an OIS, Vo and Vp, respectively [152]. It is evident that the lowest charge
density is when He occupies a Vp,. As discussed by Yun et al. [156], helium prefers
to occupy the site with the lowest electron density due to its filled-shell electronic
configuration.

However, plutonium vacancies (and PuFPs) have a high defect energy, so al-
though they are the most favourable site for He, they may not be the majority site
available to He [164] [49]. In Chapter 4 it was found that plutonium Frenkel pairs
are more stable at the (111) surfaces of PuO, than in the bulk. As such, it is sug-
gested that helium could migrate to, and be accommodated at, surface plutonium

vacancies.

5.5.2 Helium Build-Up
5.5.2.1 Isolated Vacancies

It has been established that plutonium vacancies are favourable for He accommo-

dation and so helium is likely to migrate to such sites. Next, it was required to
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determine how much He a Vp, can accommodate, and if a Vo becomes favourable
for He accommodation when there is multiple helium atoms. Tables A.1.1 and A.2.1
(Appendix A) display the input and relaxed configurations of all the trialled helium
configurations surrounding a Vp, and Vg respectively.

For two helium atoms surrounding an oxygen vacancy, three of the helium con-
figurations considered were: separate OIS (2_OIS), one in Vg one in an OIS (O_OIS)
and both He in dumbbell at the Vo (DB_O). These configurations before and after
relaxation can be viewed in Table A.2.1. Figure 5.15 displays the defect energies of
these configurations. The lowest defect energy was obtained when the helium atoms
were located in separate OISs, where they remained upon relaxation. The second
most stable configuration was O_OIS, with only a slightly higher defect energy. This
is in contrast to the findings of Kuganathan [155] in ThO., in which they found the
most stable configurations to have one He occupying an oxygen vacancy. The helium
dumbbell configuration was trialled in the Vg site, and the defect energy was shown
to be significantly higher. This could suggest that the build up of He is unfavourable
in an oxygen vacancy and that an oxygen vacancy may not be a seed location for

helium bubbles.
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Figure 5.15: Defect energies of three configurations of two helium atoms and an
oXygen vacancy.

Multiple configurations of up to six He atoms surrounding an Vo were consid-
ered, in all cases it was found that there was no clustering of helium surrounding the

Vo. The lowest energy configurations were obtained when helium atoms occupied
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surrounding isolated OISs, or when one He occupied the Vg with the rest in sur-
rounding isolated OISs. The difference in energy between these two configurations
was often negligible. In other considered configurations with the helium atoms clus-
tered around the Vo, upon relaxation the atoms would disperse to separate OISs,
or remain with a significantly high defect energy. For 7-12 He, only He in separate
OIS configurations were considered.

Next, helium configurations surrounding a plutonium vacancy were considered.
Unlike for the oxygen vacancy configurations, helium in a dumbbell configuration at
a plutonium vacancy was favourable and often configurations including this alongside
He in OIS had a low defect energy. This suggests that helium clustering is favourable
at a Vp,. When helium atoms were placed in separate OISs, upon relaxation the
helium atoms would migrate to form clusters surrounding the Vp,, this was found
for 1-6 He atoms. Figure 5.16 displays the input and relaxed configurations of six
He atoms surrounding Vp, and a V. When the He atoms surround a Vp, (Figure
5.16a) it is evident that the He atoms migrate to cluster around the Vp, in an
octahedral formation. This is due to Vp, being an energetically favourable site for
He atoms. In contrast, Figure 5.16b shows that when six helium atoms surround
an oxygen vacancy upon relaxation, the helium atoms remain in the initial OISs.

There is no energetic drive for the helium atoms to migrate towards the Vg site.

5.5.2.2  Divacancy

The same process of building up helium configurations and finding the most stable
configurations was repeated for a divacancy (a Vp, and V). In all configurations it
was found that helium would migrate towards the Vp,, rather than the Vg (Table
A.3.1). For six He initially occupying an OIS, upon relaxation they migrated to
form the octahedral configuration as displayed in Figure 5.16, but with an oxygen
vacancy neighbouring. When this configuration was formed in the divacancy the
defect energy per He was slightly lower than when simply at a Vp, (0.27 and 0.30
eV /He respectively). This may be due to the larger void space available due to the

oxXygen vacancy.
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Figure 5.16: Six helium atoms in OISs surrounding a Vp, (a) and a Vg (b), before
and after relaxation.

5.5.2.3 Schottky Trio

A Schottky trio defect was generated in the lattice and helium atoms were built up
in many configurations surrounding and within the defect. For the simulations of
one helium atom in a Schottky trio, it was found that the exhibited behaviour was
similar to when occupying a divacancy. That is, when a helium atom was input in a
neighbouring OIS, upon relaxation the helium migrated to the plutonium vacancy
with a defect energy of -0.22 eV /He (Figure 5.18b). When the helium was located in
a distant OIS, it no longer migrated to the plutonium vacancy and the defect energy
was 1.05 eV/He. Finally, when the helium was input in either oxygen vacancy, it
remained in the input site but with a higher defect energy of 1.77 eV /He. As such
it is more favourable for He to remain in an isolated OIS than migrate to an oxygen

vacancy within a Schottky trio.
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Six configurations of two helium atoms and a Schottky trio were considered. Fig-
ure 5.17 displays the defect energy per helium atom obtained for each configuration.
The input and relaxed output structures of these configurations can be viewed in
Table A.4.1. The highest energy configurations were ‘O1_02" and '2_OIS_Dist’ corre-
sponding to the two helium atoms being in separate oxygen vacancies, and separate
'distant’ (one nearest neighbour position away) OISs, respectively. When the helium
atoms in the oxygen vacancies were allowed to relax, they migrated to the distant
OIS. As such, O1_02 and 2_OIS_Dist have the same defect energy, 1.05 eV /He. The
second highest energy configurations were Pu_O1 and Pu_O2, which were comprised
of one He in the Vp, site and the other He in each Vg site. As was expected, both
available oxygen vacancies output the same defect energy. Upon inspection of the
relaxed configurations it was found that in both cases the helium located at a Vg
site migrated to an OIS. Therefore it is suggested that the 0.41 eV /He defect energy

obtained was due to it being an average of He in an isolated OIS, and He at a Vp,.
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Figure 5.17: Defect energies of six configurations of two helium atoms and a Schottky
trio defect.

The two lowest energy configurations of two helium atoms in a Schottky trio
were '2_OIS" and "Pu_OIS’ corresponding to two He atoms in neighbouring OISs
and one He at a Vp, and the other in an adjacent OIS. Upon relaxation, the two

helium atoms in OISs migrate to the centre of the void space with an interatomic
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separation of ~ 1.9 A, with a defect energy of 0.20 eV /He (as displayed in Figure
5.18¢). For the "Pu_OIS’ configuration, the He in the OIS migrates towards the Vp,
upon relaxation, with the other He migrating slightly from the Vp, site to also have
a helium interatomic distance of ~ 1.9 A and a defect energy of -0.12 eV /He. It
is suggested that the difference in defect energy is due to the relaxed configuration
of the '2_0OIS’ input being centred about the Schottky void space, and the relaxed
configuration of the "Pu_OIS’ being centred about the Vp,.

From these simulations it was found that helium would migrate from a neigh-
bouring OIS to join a He in a Vp,, but would not migrate from an Vo to join the
He. When the helium migrated from an oxygen vacancy, the OIS it occupied was
in a position shielded from the Vp,. Therefore, it is suggested that if it migrated
to a neighbouring OIS instead, it could have made the next hop to the Pu vacancy
site and that this Vo-OIS-Vp, could be a possible clustering migration pathway.
However, for five He surrounding the Schottky trio in the 'Pu_01.02_2 OIS’ con-
figuration, it was found that the He in oxygen vacancies migrate to form a cluster.
As such, there could be a cumulative effect for the clustering of multiple helium
atoms. It is suggested that when at least five helium atoms are clustered it becomes
favourable for He in an Vo to migrate to the cluster rather than to a shielded OIS,
and thus once a cluster becomes a certain size, cluster growth could become more

favourable.

dHe @O0 @Pu xV,, xV,

Figure 5.18: Relaxed He configurations surrounding a Schottky trio.
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The build up process of multiple configurations was repeated for up to 6 He
atoms in the Schottky defect. Figure 5.18 displays the relaxed structures of He
atoms when initially inserted in OISs neighbouring a Schottky trio. It can be seen
from Figure 5.18 that the He atoms cluster around the Vp, rather than the Vg
and form stable configurations. Figures 5.18d, e, f, and g show the He atoms in
trigonal planar, tetrahedral, square planar and octahedral formations respectively.
As seen in Figure 5.18h, when over six He atoms are present (in this case 12), the
additional He atoms do not join the cluster but remain in neighbouring OISs. The
relaxed configurations are comparable to those found by Kuganathan et al. [155]

when investigating helium build up in ThOs,.

5.5.2.4 Frenkel Pairs

Multiple configurations were considered for 1-6 helium atoms surrounding a pluto-
nium Frenkel pair. The input and output configurations and their associated defect
energies can be viewed in Table A.5.1. Helium atoms in the vicinity of the PuFP
behaved in a corresponding manner to when in the vicinity of an isolated Pu va-
cancy, or a Schottky trio. That is, the minimum energy configurations were when
the He migrated from OIS to cluster around the plutonium vacancy forming the
same configurations as were displayed in Figure 5.18.

For the build up of helium atoms surrounding an oxygen Frenkel pair, the helium
atoms were found to behave in the same manner as discussed for surrounding an
oxygen vacancy. As such, it was found that the clustering of helium is not favourable
at an OFP.

An interesting result was found for two helium atoms in a dumbbell configuration
in an OIS adjacent to the OFP (DB_OIS). As can be seen in Figure 5.19, upon
relaxation of the lattice there is a rearrangement not just of the helium atoms, but
also of a lattice oxygen atom. The lattice oxygen atom migrates to the neighbouring
oxygen vacancy, leaving a new vacancy in its place, which one of the helium atoms
migrates to. This is a surprising result as it is the only example found thus far of
a relaxation causing a lattice structural rearrangement. As found in Section 5.4.2,
a dumbbell configuration of helium atoms is stable and suggested to form within
PuQO,. Thus, it is suggested that if an OFP is generated in the vicinity of He in a
dumbbell configuration, this rearrangement may occur and in this circumstance a
helium will occupy an oxygen vacancy. It must be noted that this configuration has
a higher energy (1.17 eV /He) than for two He in separate OIS (1.05 eV /He).

When investigating helium clustering in UO,, Yun et al. [156] found that when
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Figure 5.19: Graphic displaying two He atoms in a dumbbell configuration at an
OIS by an oxygen Frenkel pair and the relaxation pathway: (a) displays the initial
configuration, (b) displays the migration pathways, and (c¢) displays the relaxed
configurations.

six He atoms surround an OIS in otherwise perfect PuOs, upon relaxation lattice
oxygen and uranium atoms are displaced. This displacement results in Frenkel pair
formation and thus generates void space for He to cluster in. Unlike the findings
of Yun et al. [156], aside from in the DB_OIS configuration, no such lattice ion
rearrangement has been found in this work.

As was discussed in Section 3.5.0.3, whilst OFPs are a stable defect and predicted
to be likely to form in PuO,, the oxygen interstitial and vacancy must be separated
by a lattice Pu to prevent recombination and so make the defect stable. It was
therefore of interest to see if the inclusion of helium could prevent the recombination
of other OFP configurations. The 'OFP3’ configuration was trialled, as is displayed
in Figure 5.20a, upon relaxation this defect annihilates itself. It can be seen from
Figure 5.20b that when a helium is input in the Vg site, although the oxygen
interstitial migrates towards the Vo upon relaxation, the He atom remains in the
vicinity and prevents the recombination of the OFP. This is a notable result, as it
implies that the generation of He in PuO, results in the feasibility of more oxygen
Frenkel pairs remaining after formation. This in turn means there may be more
oxygen interstitials able to become mobile within the lattice. Furthermore, the
inclusion of helium in the oxygen vacancy may lead to helium diffusion or further

helium atoms clustering around the site.
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Figure 5.20: Graphic displaying OFP3 configuration. Figure (a) displays OFP be-
fore and after relaxation, the Frenkel pair recombines. Figure (b) has a He atom

accommodating the oxygen vacancy site which prevents the recombination of the
OFP.

The build up of helium atoms surrounding OFP3 displayed the same behaviour
as for the initial OFP; no clustering was observed to be energetically favourable. The
configurations of helium and OFP3 can be viewed in Table A.7.1. However, config-
urations considered in which no helium occupied the oxygen vacancy site resulted

in the oxygen Frenkel pair recombining upon relaxation.

5.5.2.5 Incorporation Energies

For each defect site considered excluding OFP3, Figure 5.21 shows the calculated
normalised incorporation energy when the He atoms were input in separate neigh-
bouring OISs. The most notable finding from Figure 5.21 is the distinction between
incorporation energies of purely oxygen related defects and plutonium related de-
fects. The oxygen defects (Vo and OFP) display a roughly linear energy of 1.06
eV, regardless of how many helium atoms are in the simulation. However, for the
plutonium related defects the incorporation energy for one He is negative, meaning

the lattice is energetically more stable when He occupies the defect site than when
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it is vacant. Between two and six helium atoms the incorporation is roughly 0.2 eV
for all defects (Vp,, PuFP, Schottky and Divacancy), then begins to increase for
the remainder of the graph. It is therefore evident that He aggregation is favourable

when a Vp, is present.
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Figure 5.21: Normalised incorporation energy of He at various defect sites for up to
12 He atoms.

It was of interest to find at which point it is no longer favourable for a He atom
to join a cluster of He atoms surrounding a defect. To find this, the successive incor-
poration energy was calculated. When the energy exceeds the 1.06 eV (illustrated
by the dashed line in Figure 5.22) it requires more energy for the He atom to join
the cluster than to remain isolated in an OIS. For a Vp, and a PuFP this point was
determined to be seven He atoms, for the divacancy eight He and for the Schottky
trio nine He. This suggests that for each Vp, there is an energetic preference for up
to six He to aggregate at it, and another He can occupy the site for each Vg that
is present. If Ny, is the number of He atoms, and n and m are the number of Vp,
and Vg respectively, then it is no longer energetically favourable for additional He

atoms to join a cluster when Ny, > 6m + n.
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Figure 5.22: Successive energy of incorporation of Helium at defect sites. Black
dashed line at 1.06 eV is the incorporation energy of He at an isolated OIS for
comparison.

5.6 Conclusions

Atomistic simulations have been employed to study the incorporation of helium
in PuO,. The Buckingham potential was found to provide an excellent fit with
the Dremov potential and is suitable for use in modelling He—He and Pu—He
interactions.

Helium was fixed at an array of interstitial positions across the PuO, fluorite
lattice and it was found that inclusion at the OIS has the lowest incorporation energy.
Therefore helium is most likely to occupy an OIS in defect-free PuO,. Helium
incorporation at Pu vacancies was found to have a negative trapping energy, so there
is an energetic drive for helium to migrate to Pu vacancy sites, and be sequestered
there. However, there is a high defect energy associated with the formation of
plutonium vacancies, so the trap sites may not be particularly prevalent within
PuO,. This is in agreement with the literature [132].

In Chapter 4 it was found that there is an energetic drive for PuFPs to migrate
to PuO, surfaces. As plutonium vacancies are favourable sites for helium incorpo-

ration, this could imply an energetic drive for helium to migrate to PuO, surfaces
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to become trapped at plutonium vacancy sites, each of which are predicted to be
able accommodate up to six helium atoms.

He atoms will form clusters surrounding defects with a Vp,, such as a Schottky
trio. No clustering was observed when only an Vo or OFP was present. The
maximum energetically favourable size of the cluster is 6m + n where m and n are
number of Vp, and Vg respectively. As Schottky trio defects are both energetically
stable defects within the lattice, and energetically favourable for helium to occupy,
it is predicted that Schottky trio defects are a likely seed location of the nucleation

of helium clusters.
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CHAPTER 6

MOLECULAR DYNAMICS OF
PLuTONIUM DIOXIDE

After evaluating suitable interatomic potentials for use in molecular dynamics, this
chapter explores oxygen and plutonium diffusion in PuO, over a range of tempera-

tures and time periods.

6.1 Literature Review

Molecular dynamics simulations enable temperature effects to be considered in the
study of PuOs over time scales of the order of nanoseconds. Just in the last twenty
years the capabilities have increased rapidly due to the increasing computational
abilities and more widely available HPC facilities. In 2000, Yamada et al. [165]
performed a study of a 3x3x3 PuOsy supercell containing 324 atoms for 6 ps in
which the variations of specific heat and thermal conductivity with temperature were
calculated and were found to be in good agreement with experimental data. More
recently in 2018, studies of 70x70x70 PuO, supercells containing millions of atoms
have been performed by Balboa et al. [166] for 100 ps to study collision cascades.
Such rapid expansion of computational abilities truly captures the exponential and
continuing growth of the field of computational chemistry.

There have been multiple interatomic potentials used and developed specifically
for molecular dynamics studies of PuOy. The Arima et al. [111] potentials have been
implemented by many authors, for example in the study of thermal conductivities
of PuO, by Mingjie et al. [167]. More recently Cooper et al. [122] published a
many-body potential with updated parameters to more accurately reproduce the

melting point of PuO,. The Cooper potential has also been implemented widely
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by many authors, for example by Rahman et al. [168] in their study of primary
radiation damage in PuO, and by Wang et al. [121] in their investigation of the
kinetics of point defects in PuQOs.

Many of the molecular dynamics studies of PuO, have focused on the oxygen
self-diffusion within the lattice. Via NEB calculations Wang et al. [121] found
that oxygen point defects have a much higher mobility than plutonium defects. In
agreement with this, all available studies find oxygen diffusion to be significantly
higher than plutonium diffusion within PuOs [121], [122], [169]. Fast anion diffusion
in comparison to cation diffusion is found in many other fluorite structured com-
pounds such as YSZ, CaFy, SrFy, and CeO, [129], [170]. Via molecular dynamic
simulations of YSZ, Lau et al. [171], Aidhy et al. [109], and Kilo et al. [172] found
the anions to be highly mobile, whilst the cations were slow moving. From inspec-
tion of local lattice structures in NEB studies of anion and cation migration in YSZ,
Dong et al. [129] suggests the reason for the higher anion mobility in comparison
to the cation mobility in fluorite systems may be due to the fluorite structure being
much more open for anion migration than for cation migration.

As noted by Kato et al. [173], experimental high temperature PuO, data are
limited so there are shortcomings in discussing high temperature diffusion. However,
some experimental studies of diffusion in PuO, are available. Gas-phase isotope
exchange was used by Deaton et al. [174] and Bayoglu et al. [175] to calculate
oxygen diffusion activation energies in stoichiometric PuO, of 177 and 187 kJ mol !
respectively. These values are in good agreement with those calculated theoretically
via molecular dynamics studies by Cooper et al. [122].

Studies of diffusion in PuO, are often performed on MOX fuel. Computational
studies of (Ugg,Pup2)Os at 2500 K by Yamada et al. [165] found that the oxygen
ions were mobile and the cations showed no diffusive behaviour. Cooper et al.
[122] studied a range of MOX fuel compositions and found that oxygen diffusivity
increases as the plutonium composition increases in (U,,Pu;_,)O,. Rahman et al.
[168] employed the Cooper potential to investigate collision cascades in PuO,, finding
that the number of residual defects in PuQOs is higher than in MOX and UQO,. It is
suggested that the presence of additional defects due to higher Pu content may lead
to the higher diffusivity of oxygen in MOX than in UQO,. From this it is therefore
suggested oxygen diffusivity may be even higher in PuOy [176] [177].
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6.2 Potential Evaluation

It was required to establish which potential model was the most suitable for use
in molecular dynamics simulations. Although the Read potential was found to
be the most suitable for use in static simulations (Section 3.2.3), it is well known
that core-shell models perform poorly in molecular dynamics [113]. The potentials
considered were the Read [49], Cooper [122], and Arima [111] potentials; all of which
were described in Chapter 3. The Cooper and Arima potentials were specifically

developed for use in molecular dynamics simulations.

6.2.1 Lattice Parameter

The lattice parameter (Lpaam) Was calculated over a range of temperatures to eval-
uate which potential could best replicate the experimental temperature expansion
data of Yamashita et al. [178].

First, it was required to determine what size supercell to use, as a larger system
is more accurate, but require increased processing time. As such, there is a trade
off between computational accuracy and processing demands. A 2x2x2 system was
set up from experimental atomic data [124]. This system was then replicated in
OVITO in three-dimensions to generate larger lattices up to 10x10x10. Each system
was run for 1 ns at 1000 K and the average lattice parameter calculated. As can
be seen in Table 6.1, the standard deviation decreased as the system size increased.
However, the increase in computational demands for the 10x10x10 supercell was
considered inordinate for the slight decrease in standard deviation. Due to this, it
was determined that the 6x6x6 supercell was suitable for the work detailed in this

chapter.

Table 6.1: Lattice parameter as a function of the PuO, supercell size for 1 ns
simulations at 1000 K

Supercell Size No. Atoms Lparam (A) o

2x2x2 96 5.438755 0.017347
Ax4x4 768 2.436541 0.009991
6x6x6 2592 5.431079 0.003779
8x8x8 6144 5.43198 0.002638
10x10x10 12000 5.435528 0.001923

For each potential in turn, molecular dynamics was run on the 6x6x6 supercell for

1 ns in 100 K intervals between 300-2000 K. At each temperature the average lattice
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parameter was calculated and the results were then compared with experimental

data from Yamashita et al. [178] as displayed by Figure 6.1.
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Figure 6.1: Lattice parameter as a function of temperature for three different inter-
atomic potentials in comparison to experimental data of PuQOs,.

From Figure 6.1 it can be seen that the Read potential provides the poorest
agreement with experimental data and as such it will not be used for our molecular
dynamics simulations. This poor performance is likely due to it being a core-shell
model which is not suited to molecular dynamic modelling. Both the Cooper and
Arima potential perform well, with them both generating lattice parameters closely
aligned to the experimental data.

Balboa et al. [166] performed further detailed analysis of both the Arima and
Cooper potential, including assessment of their performance in calculating struc-
tural, thermodynamic and mechanical properties. In their detailed evaluation they
find the Cooper potential to have the overall best performance as the Arima potential
fails to produce the expected phase transition above 2100 K. As such, throughout all
LAMMPS molecular dynamics studies presented in this work the Cooper potential
will be used to model PuOs.
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6.2.2 Defect Calculations

To evaluate the performance of the Cooper potential, intrinsic defect calculations
were performed. The calculated defect energies were evaluated against the values
calculated in Section 3.6. First, energy minimisation was performed on a pure
PuO, lattice. Next, defects were generated and then a conjugate gradient energy
minimisation process was performed. The difference in energy between the pure
lattice and the lattice containing the defect was equal to the defect energy, Ej.
The three Schottky configurations considered in Chapter 3 were again considered
here with configurations Sch.1, Sch.2 and Sch.3 having defect energies of 1.59, 1.66
and 1.95 eV respectively. Therefore, the configuration with the lowest defect energy
and thus most likely to form is Schottky configuration Sch.1, which is in agreement

with the calculations detailed in Chapter 3.

Table 6.2: Intrinsic defect energies in PuO, calculated in LAMMPS

Defect  E4 (eV/Defect)

OFP 2.47
PuFP 4.75
Schottky 1.59

Table 6.2 displays the results of the defect calculations. It should be noted
that it was challenging to calculate a value for OFP, due to the majority of the
configurations recombining. The oxygen interstitial and oxygen vacancy had to be
separated by multiple lattice ions to prevent recombination. It was found that the
order of stability of intrinsic defects within PuOs is Schottky < OFP < PuFP. This
is in agreement with the results included in Chapter 3, and thus in agreement with
the available literature. The reproduction of this finding again gives confidence in

the use of the Cooper potential for further simulations.

6.3 Diffusion in PuO,

The diffusion of oxygen and plutonium in PuO, was investigated over a range of
temperatures. First, a pure PuOy lattice was considered. Molecular dynamics cal-
culations were run on a 6x6x6 PuO, supercell for 1.5 ns with an initial 0.5 ns
equilibriation period every 100 K between 1000-3000 K. The MSD of the atoms was
calculated every 0.1 ps and plotted against time. A linear line of best fit was plotted
after the equilibration period had elapsed as displayed in Figure 6.2.
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Figure 6.2: MSD versus time for oxygen at 2500 K in PuO,. The red line indicates
the linear line of best fit, with the fit details displayed.

The gradient of the line was calculated and from this the diffusivity, D, was
calculated via [179], ,
< R* >
D = T (6.1)
From Figure 6.2, the calculated gradient was 0.9192 4+ 4.9412 x10~*. Using
Equation 6.1 this value was then divided by six to result in a calculated diffusivity
value of 0.1532 x 10~* 4+ 0.8235 x 10~* A% ps~!. The diffusivity values would

then be multiplied by a factor of 1x10* to result in units of cm? s~ and plotted

logarithmically against %

Figures 6.3 and 6.4 display the MSD of oxygen and plutonium respectively, at a
1200 K, b 2000 K, and ¢ 2700 K.

From both Figures 6.3a and 6.4a it is evident that at 1200 K, neither oxygen or
plutonium exhibit diffusive behaviour, instead the atoms are simply vibrating about
their lattice sites with the MSD not exceeding 0.2. The fluctuations in displacement
of both oxygen and plutonium corresponds with the natural volume variation of the

simulation cell as displayed in Figure 6.5.
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Figure 6.3: Oxygen MSD in PuQO, at three temperatures.
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Figure 6.4: Plutonium MSD in PuO, at three temperatures.
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Figure 6.5: The volume variation of the simulation cell, and the Pu and O mean
squared displacements as a function of time at 1200 K.

At 2000 K, oxygen begins to exhibit diffusive behaviour as can be seen from
the increasing MSD in Figure 6.3b. However, as can be seen from Figure 6.4b,
plutonium atoms exhibit no diffusive behaviour at 2000 K; they remain vibrating at
their lattice sites. The MSD plots at 2000 K are comparable to those of Pu and O
in (Upg,Pug2)Os simulated by Yamada et al. [165] at 2500 K, and of O in PuO, by
Yu et al. [112]. Finally, it can be seen from Figures 6.3c and 6.4c that at 2700 K
both oxygen and plutonium have enough energy to exhibit diffusive behaviour. The
MSD of plutonium at 2700 K after 1.5 ns is several orders of magnitude lower than
that of oxygen, indicating that plutonium is still much less mobile than oxygen at
2700 K.

The calculated diffusivities of oxygen and plutonium at each temperature are
plotted in Figure 6.6. The diffusivities were plotted logarithmically against % to
enable the calculation of the diffusion activation energy, E,, from the gradient via

the Arrhenius equation,

Eq
InD=— </<:BT) + 1n Dy, (6.2)

where Dy is the pre-exponential factor. As such, regions in Figure 6.6 of constant
gradient, and thus activation energy, indicate temperature regimes with a common

diffusion mechanism.
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Figure 6.6: Oxygen and plutonium diffusivity as a function of temperature in PuO,.
The yellow region indicates no diffusive behaviour.

Three regions of interest can be identified in Figure 6.6:

e R1 (1000 - 1500 K): no diffusive behaviour, both O and Pu are simply

vibrating about their lattice sites

e R2 (1500 - 2400 K): O exhibits diffusive behaviour, Pu remains at lattice

sites
e R3 (> 2400 K): O exhibits diffusive behaviour, Pu becomes mobile

Two regions of constant gradient can be identified in Figure 6.6 for oxygen corre-
sponding to R2 and R3. These two regions were expected due to the phase transition
of oxygen at approximately 0.8 T, as discussed by Giinay et al. [180] and Cooper
et al. [113]. By fitting a line of best fit to region R2 and R3, the diffusion activation
energies were calculated to be 6.18 ¢V in R2 and 1.07 ¢V in R3 which are comparable
to the values calculated by Cooper et al. [122]. Deaton et al. [174] and Bayoglu et

al. [175] used gas-phase isotope exchange to calculate oxygen diffusion activation
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energies in stoichiometric PuO, of 1.83 and 1.94 eV respectively. Although these
values are lower than the values calculated in this work, PuO, will not exist in a
pure form due to radioactive decay events which result in defect generation. The
presence of defects may reduce the oxygen activation energy as will be discussed in
the following section.

It is evident that plutonium diffusivity is much lower than oxygen diffusivity,
which is as expected from analysis of the MSD plots at three temperatures. At tem-
peratures approaching the melting point of PuO, (R3), Pu exhibits some diffusive
behaviour. Below 2700 K, the Pu ions are simply vibrating about their lattice sites.
Due to the high temperatures required for Pu diffusion, no experimental data of Pu
diffusion in PuOy is available in the literature. Riemer et al. [181] investigated Pu
diffusion in hypostoichiometric MOX fuel, finding that similarly to U in UO, [182],
increasing hypostoichiometry increases cation diffusivity. A detailed summary of the
available literature of U diffusion in UO, is provided by Boyarchenkov et al. [183].

Unlike plutonium diffusion, there has been much investigation of oxygen diffu-
sivity in PuO, both theoretically [121], [122], [169] and experimentally [174], [175],
[184]. Figure 6.7 plots the available oxygen diffusivity data from the literature. It
can be seen that the diffusivities calculated in this work are in good agreement with
available data. The diffusivities are almost identical to those calculated by Cooper

et al. [122], due to the same potentials being used.
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Figure 6.7: Oxygen diffusivity as a function of temperature in PuOy by this work
and available data ®[121], [122], ¢[169], 4[174], ¢[175], {[184].

It was of interest to analyse the number of vacancies present in the lattice
throughout the simulation. Figure 6.8 plots the number of vacancies in the lat-
tice every 50 ps for three high temperature simulations (2500, 2700 and 2900 K). It
can be seen from Figure 6.8 that the length of the simulation has no correspondence
with the number of defects. There is fluctuation in the number of vacancies during
the simulation due to the ongoing thermal generation and annihilation of Frenkel
pairs. It is likely that the MSD and therefore calculated diffusivity are impacted by
the number of vacancies in the system. This is due to the fact that when vacancies
are in the system, there will be displaced atoms which may be mobile, or other
atoms may use a vacancies to assist in inter-site hops. Thus, the fluctuation in the
number of defects in the lattice, may correspond to fluctuations in MSD during the

simulation.
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Figure 6.8: Number of vacancies within the system as a function of simulation time
for three temperatures: 2700 K, 2800 K, and 2900 K.

6.4 Diffusion in Defective PuO,

PuO, will not exist as a perfect lattice structure. Rather, intrinsic defects generated
during collision cascades following decay events will be present [115]. Schottky trio
defects were generated to simulate a defective lattice, as Schottky trios were calcu-
lated to have the lowest defect energy in PuOy (Table 6.2). Three concentrations of
Schottky trios were considered corresponding to expected defect levels within stored
PuO, [53]. Table 6.3 displays the three Schottky concentrations considered along
with the number of Pu and O vacancies each comprised.

For each Schottky concentration, three lattices were generated. Each lattice was
composed of different Schottky trio distributions via random elimination of oxygen
and plutonium atoms in quantities corresponding to Table 6.3. The lattices were

minimised and during the minimisation it was found that the vacancies tend to

Table 6.3: The three Shottky concentrations considered and the number of con-
stituent Pu and O vacancies

Schottky Number of
Concentration Vp, Vo

0.50% 4 8
2.0% 17 34
4.0% 34 68
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cluster to form small void areas, analysis of which is plotted in Figure 6.9.
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Figure 6.9: Number of clusters before and after energy minimisation (performed at
0 K) for three configurations of lattices containing 0.5, 2 and 4% Schottky trios.

Figure 6.9 displays the results from cluster analysis of the vacancies in each
lattice before and after energy minimisation. A lower number of clusters means
that some of the vacancies have clustered together. In all cases it was found that
after relaxation the number of clusters decreased. Additionally, similar clustering
behaviour was found for each configuration. This clustering behaviour could suggest
that voids may be present in PuOs, which could be available as cluster nucleation
sites for radiogenic helium.

Molecular dynamics calculations were then run for each lattice over a range of
temperatures between 1700-3500 K in 100 K intervals. The diffusivities at each tem-
perature were calculated for each Schottky configuration and the results averaged.
Figures 6.10 and 6.11 display the diffusivities for oxygen and plutonium respectively.

From Figure 6.10 it can be seen that the inclusion of defects within PuO, in-
creases the diffusivity of oxygen below 2300 K (below the oxygen phase transition).
When Schottky defects are present in the lattice oxygen exhibits diffusion at tem-
peratures that in the initially defect free lattice no diffusion was exhibited (yellow
highlight in Figure 6.10). This result is in accordance with findings by Wang et

al. [121], who found that increases in defect concentrations significantly increase
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Figure 6.10: Oxygen diffusivity as a function of temperature in PuO, with increasing
concentrations of Schottky defects. The yellow highlight indicates InD values that
correspond to no diffusion.

oxygen diffusivity. Above 2300 K in all considered lattices oxygen displays near
identical diffusivity. From this, it is predicted that in the high temperature region
the dominating factor is the phase change, rather than the inclusion of vacancies.

It can be seen from Figure 6.11 that plutonium diffusivity increases when va-
cancies are present. There is limited increase in diffusivity with higher vacancy
concentrations. Above 3000 K, Pu begins to exhibit increased diffusive behaviour
as found by Wang et al. [121] for PuO, and Giinay et al. [180] for UO,y. Such high
temperatures are when the lattice is melting and so the lattice becomes amorphous
leading to Pu becoming fully mobile.

The diffusion activation energies were calculated via the Arrhenius equation for
oxygen in each Schottky concentration. As the Arrhenius equation applies to tem-

perature intervals in which there is a constant gradient, the calculations were per-
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Figure 6.11: Plutonium diffusivity as a function of temperature in PuO, with in-
creasing concentrations of Schottky defects. The yellow highlight indicates InD
values that correspond to no diffusion.

formed in the R2 and R3 temperature intervals for oxygen diffusion, the outputs for
which are included in Table 6.4a and 6.4b respectively. The diffusion pre-exponential
factors were also calculated as displayed in Table 6.4 and are comparable to those
calculated by Potashnikov et al. [185] for oxygen diffusion in UO,.

As can be seen from Table 6.4a, when defects are in the system, the oxygen dif-
fusion activation energy is reduced by approximately four fiths. The lower diffusion
activation energy enables oxygen to have higher mobility at lower temperatures.
The calculated diffusion activation energies in the R2 region when Schottky defects
are present are now comparable to those calculated experimentally by Deaton et
al. [174] and Bayoglu et al. [175]. This is likely due to PuO, samples containing
defects, generated by radioactive decay events and their resultant collision cascades.

In the superionic temperature range (R3), the activation energies and diffusion
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Table 6.4: Parameters calculated from Arrhenius behaviour exhibited by oxygen in
PuO, in the mid and high temperature regimes (R2 and R3)

(a) R2 1700 - 2300 K

Schottky % E, (eV)  Dg(cm?s™!) r-square

0.0 6.15 £ 0.24  6.54E4+07  0.99563
0.5 1.34 £ 0.13  1.22E-03  0.97110
2.0 1.21 = 0.11  2.00E-02  0.97566
4.0 1.06 £ 0.06  1.15E-03  0.99047

(b) R3 2300 - 3500 K

Schottky % E, (V)  Dg(cm?s™') r-square

0.0 1.23 £ 0.10  4.23E-03  0.96502
0.5 1.22 £ 0.07  3.97E-03  0.97844
2.0 1.24 £ 0.06  5.05E-03  0.98662
4.0 1.26 £ 0.08  5.54E-03  0.98797

pre-factors, as listed detailed in Table 6.4b, showed little variance with Schottky
concentration. It is suggested that this is because oxygen is mobile regardless of
defects at such high temperatures, due to it having gone through the phase transition
to a superionic phase as discussed by Wang et al. [121].

Much work has been done investigating oxygen diffusion in MOX fuel. Wang et
al. [121] found that the diffusion coeflicients of oxygen in stoichiometric PuO, are
significantly lower than those in non-stoichiometric PuO, across the whole tempera-
ture range studied. They therefore conclude that the diffusivity of oxygen atoms in
PuO, greatly depends on the presence of defects with higher defect concentrations
enhancing oxygen diffusion, as has been found in this work.

Figure 6.12 shows the trajectory of oxygen and plutonium at 1700 K with 2%
Schottky concentration, for clarity only six randomly selected oxygen ions trajecto-
ries are displayed. The results show that the plutonium ions remain at their sites,
simply vibrating at the lattice sites, whereas the oxygen ions have begun to make

hops around the lattice.
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Figure 6.12: Trajectories of oxygen and plutonium ions in PuO, with a 2% Schottky
concentration at 1700 K (only six O trajectories are displayed).

6.5 Conclusions

Three interatomic potentials were evaluated for use in modelling PuOs over a wide
range of temperatures. The Cooper potential [122] was determined to most accu-
rately reproduce experimental data.

It was found that oxygen has a much higher mobility than plutonium in PuO,.
This may be due to the formation energies of oxygen defects being lower than those
of plutonium defects as was determined in Chapter 3, leading to lower energy bar-
riers for migration. Additionally, as suggested by Dong et al. [129] when studying
YSZ, the higher anion mobility in comparison to the cation mobility may be due to
the fluorite structure itself, being more open for anion migration. The diffusivities
calculated for PuO, are in good agreement with the literature values giving confi-
dence in the use of the Cooper potential for continued studies of PuO,. Furthermore,
the finding of higher anion mobility than cation mobility is in good agreement with
other fluorite systems such as YSZ [109], [129], [171].

The inclusion of Schottky defects significantly increases oxygen diffusivity in the
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lower temperature regime (R1) whilst having little effect on plutonium diffusivity.
Due to this, it is predicted that oxygen will be mobile within PuO, under stor-
age conditions as intrinsic defects will be present, while plutonium will be mainly

immobile.
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CHAPTER 7

HELIUM DIFFUSION

This chapter presents studies of helium diffusion in PuOs over a range of tempera-
tures, time periods, helium concentrations and defect concentrations. Some sections

of this chapter have been published in:

E. Murray, Y. Zhou, P. Slater, R. Smith, P. Goddard, and H. Steele. “Atom-
istic Simulation of Helium Diffusion and Clustering in Plutonium Dioxide” Physical
Chemistry Chemical Physics, vol. 24, pp. 20 709-20 720, 35 2022 [186].

7.1 Literature Review

Limited studies of helium diffusion in PuO, are available. Instead, comparison can
be drawn from studies of helium in related nuclear fuel materials such as metallic
Pu, UOy and MOX fuel. Luzzi et al. [187] provides a detailed review of helium
diffusion behaviour in nuclear materials from data available from the literature.

Roudil et al. [188] reported that helium diffusion is negligible within the time
and temperature range of long-term dry storage and geological disposal. In contrast,
from the study of a 37 year old sample of **®PuQ,, Talip et al. [189] observed
the opening of grain boundaries due to alpha radiation damage and release of a
substantial fraction of the accumulated radiogenic helium.

At relatively low temperatures (T < ~ 1300 K) Talip et al. [189] found the
dominant helium release mechanism in UOs to be atomic diffusion, in which only a
small fraction of helium atoms are released via the diffusion of single helium atoms
to grain boundaries. For temperatures between approximately 1300 and 1500 K,
Talip et al. [189] found that the trapping of helium in bubbles and the diffusion of

helium to grain boundaries occur at the same rate. Between approximately 1500
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and 1600 K they found all helium atoms to be trapped by existing bubbles leading
to increasing bubble growth. For the final temperature region studied by Talip et
al. [189] (T > 1600 K), helium release was suggested to be due to the diffusion of
helium bubbles to grain boundaries.

Helium migration in sintered UOs disks was studied by Guilbert et al. [190]. The
disks contained a helium concentration of 0.2 at% introduced by ion implantation.
Similarly to Talip et al. [189], they found helium to be mobile at temperatures as
low as 873 K. However, in contrast to Talip et al. [189], Guilbert et al. [190] found
the helium atoms would become trapped at implantation induced defects, rather
than be released at grain boundaries.

As discussed by Garcia et al. [191] and El-Genk et al. [192], the discrepancy
in published helium diffusivity data can likely be accredited to the differences in
material microstructures, annealing conditions, techniques to introduce helium and
the helium concentration in samples. However, despite the many differences in
samples considered, three main trends have been identified within the literature.

The first conclusion which can be drawn from the literature is that increasing
defect content in actinide dioxides leads to higher helium diffusivity at lower temper-
atures. It has frequently been found that experimental methods of helium addition
to an actinide dioxide which lead to the generation of higher damage levels in the
crystal lattice (e.g. doping), result in higher helium diffusivity values [188], [190],
[191], [193], [194]. This is in comparison to methods such as helium infusion, which
induce fewer defects in the crystal lattice and in turn lead to the finding of higher
helium diffusion activation energies [195]-[198].

Secondly, helium diffusion has been found to be more favourable with increasing
plutonium concentration. For example, helium diffusion has been found to have a
lower diffusion activation energy in MOX samples than in UOg samples [199] [200].
Via release measurements carried out in a Knudsen-cell with an online mass spec-
trometer, Ronchi et al. [200] calculated the activation enthalpies of helium in a range
of materials. The activation enthalpies calculated for PuOs and (Pug 1,Uq9)Oy were
1.73 and 2.02 eV respectively, with the activation enthalpy in UO, being signifi-
cantly higher with a value of 2.99 eV. Similarly, Nakajima et al. [198] reported that
they determined helium activation energies to be approximately 2 eV higher in UO,
than in PuO,.

Upon evaluation of the findings of Ronchi et al. [200] and the results of their
nuclear reaction analysis experiments of radioactive samples, Pipon et al. [199]

suggests that alpha self-irradiation enhances helium atomic diffusion due to the re-
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sulting higher concentrations of defects. Thus, due to the higher radioactivity of
plutonium, more radiogenic defects are generated in samples containing higher Pu
concentrations, leading to higher helium diffusivities. This conclusion was thor-
oughly evaluated by Luzzi et al. [187] in their literature review and proven valid.

Finally, as concluded by Nakajima et al. [198], because increasing Pu content
leads to increasing defect levels in the lattice, the trend of decreasing activation
energies with increasing Pu content suggests the existence of a vacancy assisted he-
lium diffusion mechanism in actinide dioxides. Specifically, oxygen vacancy assisted
diffusion has been found to be a key mechanism for helium diffusion in UO, via
DFT [156] [201] and MD simulations [202] [203].

Govers et al. [203] studied helium diffusion in UO5 over a range of stochiometries.
Their work found that in hypo-stoichiometric UO,, the helium diffusion activation
energy calculated was as low as 0.5 eV. Via NEB calculations they found this energy
barrier corresponded to an oxygen vacancy assisted diffusion mechanism. Govers et
al. [203] also found that in systems with no extrinsic oxygen vacancies (i.e. stoichio-
metric and hyperstoichiometric systems), oxygen vacancies would be generated at
elevated temperatures and these used in helium diffusion pathways. Additionally, at
high temperatures Govers et al. [203] found that direct jumps between octahedral
sites was possible and occurred in addition to the oxygen vacancy assisted pathways.

Following on from the work of Govers et al. [203], Liu et al. [201] proposed a new
diffusion mechanism of helium in UO,; the asymmetric hop. In this mechanism the
helium migrates OIS-OIS via an oxygen vacancy site, in which the oxygen is pushed
away by the helium for the migration. Thus, helium diffusion is no longer rate
limited by the oxygen vacancy migration steps in the asymmetric hop mechanism.
Yakub [202] found similar possible pathways, however rather than an asymmetric
hop, their work found the direct OIS-OIS migration to go via an occupied oxygen
or uranium site. In agreement with Liu et al. [201], Yakub et al. [202] found the

migration of helium atoms via vacancies to dominate at higher temperatures.

7.2 Helium Potential

To model helium in PuO, via molecular dynamical methods, the Cooper potential
[113] was employed for the PuO, interactions (as discussed in Section 3.2.1.5). As
detailed in Chapter 5 the Dremov potential [44] for He—He and Pu—He was fitted
to a Buckingham potential for use in modelling helium in PuO, in static simulations.

This set of helium potentials developed were trialled for molecular dynamics simula-
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tions. However, it was found that helium atoms would migrate ‘through’ plutonium
atoms, which is unphysical. It is suggested that this was because, as was found
in Chapter 6, potentials developed for static simulations are frequently not robust
enough for molecular dynamical simulations. As was discussed during the fitting
procedure (Section 5.2), the unphysical attraction region was not used in the fitting
routine. This region is required for robust simulations such as molecular dynamics.
Therefore, a potential suitable for molecular dynamics simulations was required.
As suggested in Chapter 5 a ZBL splinning function is suitable as it is robust.
The screened Coulomb ZBL potential [74] [204] was therefore used for the Pu—He
interaction with inner and outer cutoff parameters of 4.5 and 5.5 for the ZBL region.
The screened Coulomb ZBL potential is a standard that is generally used in most
computer simulations with empirical potential calculations, as it has been fitted to

a large data bank of experimental measurements. The ZBL function is as follows,

1 Z;Z;e?
Bt = — = ij S(7ri 7.1
" dmey Ty Orig/a) + 5(ry), (7.1)

where,
0.46850
&= 7023 | ~023° (72)
7055 1 702

¢(x) = 0.18175¢ 190 4 0.50986¢ 9427 -

+0.28022¢ 0402902 1. (028170201622,

€p is the electrical permittivity of the vacuum, e is the charge of an electron, and Z;
and Z; are the charges of the two atoms [205]. S(r) is a switching function which

ramps the energy and force smoothly to zero between the inner and outer cutoff,

C ifr<mr
S(r)= (7.4)
?(7‘—7‘1)3%—%(7“—7“1)4—#0 ifry <r<re,
where 7 is the inner cutoff, r. is the outer cutoff and coefficients A, B and C are
computed by LAMMPS to perform the shifting and smoothing via [205],

A= (=3E'(r,) + (re — r)E"(r.))/(re — 1), (7.5)
B = (2E'(r.) — (re —r)E"(r.))/(re — 11)?, (7.6)
C = —E(r,) + %(n ) E(r) — 1—12(rc —)PE(r). (7.7)

For the He—He interaction, the Aziz potential [206] was used. This potential
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was considered due to its use by Gai et al. [207] in their LAMMPS simulations of
the interactions with irradiation of helium bubbles in bee Fe. The Aziz potential has
the Hartree-Fock-dispersion form [208] and is reported to have a good agreement

with the ab initio results.

Vx) =€ (A exp(—ax + 57“2-2]- — F(x) Z czj+6/932j+6), (7.8)

where € is the Lennard-Jones energy parameter, x = r;; /17y, and

Fla) — exp [— (2 — 1)2} ?f x <D (7.9)
1 if x > D.

Table 7.1 displays the parameters used for the potential as developed by Aziz et al.
[206].

Table 7.1: Parameters of the Aziz potential to describe the He—He interaction [161]

Parameter Value

A 1.86924404E4-5
& 10.571754

Co 1.35186623

cs 0.41495143

cio 0.17151143

B (A% -2.358

D (A) 1.438

e (eV) 9.441093E-4

m (A) 0.2968

The He—O LJ potential of Parfitt et al. [209] was employed in this work with
parameters of € = 1.5386 x 1072 eV and o = 0.24000 nm. This potential was
developed for use in molecular dynamics simulations and its parameters were derived

from Hartree-Fock calculations of Grimes et al. [158].

7.2.1 Helium Incorporation

Via energy minimisation calculations in an 8x8x8 PuO, supercell, helium incor-
poration at an OIS was found to have an incorporation energy of 1.7 eV. Helium
incorporation energies in larger supercell sizes were calculated to ensure convergence.

Table 7.2 displays the results, from which it can be seen that a value of 1.7 eV was
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also found for increasingly large supercell sizes. As discussed in Section 5.4.1, the
OIS has been found to be the most stable site for He in defect-free UOy [156] [162]
and ThO, [155]. Helium inclusion at other interstitial sites such as the edge-centred
position (between two oxygen sites) were trialled, but no other site was found to
have a lower incorporation energy. From here on, when interstitial He is referred to,

it occupies an OIS.

Table 7.2: Incorporation energy of helium occupying an OIS for increasingly large
supercells

Supercell Size 4x4x4 6x6x6 8x8x8 10x10x10 12x12x12 20x20x20 30x30x30
Eine (eV) 1.69 1.69 1.69 1.70 1.69 1.70 1.72

Next, helium incorporation at defect sites were investigated. The incorporation
energies alongside values from the literature are plotted in Figure 7.1. It was found
that helium is most stable in Vp, sites with an incorporation energy of 0.19 eV
which is in good agreement with the 0.16 eV value calculated by Neilson et al. [164]
via DFT. Favourable helium incorporation in actinide vacancies has also been found
in UOy [163] and ThO, [155]. However, PuFPs are unstable in PuO, [132]. So
whilst Vp, sites are the most energetically favourable for He to occupy, they may
not represent the majority site available to He.

The order of helium incorporation stability found was in agreement with the
findings in Chapter 5. Of the defect sites considered, helium incorporation is most
favourable in a plutonium vacancy and least in an oxygen vacancy. As these results
are in agreement with the available literature, they give confidence in the use of
the ZBL [74], Aziz [206] and Parfitt [46] set of potentials detailed above to simulate

helium in PuO, via molecular dynamics.

144



N
1
my

% PUO,

1 ®  This work

© Gryaznov?
Freyss®

< Tian (GGA)°

o
1
»
»

24 Tian (GGA+U)°
4 Neilson®
Tho,

-4 A Kuganathan®
uo,
> Petit

Incorporation Energy (eV)
&
\4

-8 -

I ! I ' I ! I
(O] 5] O Vacancy A Vacancy Schottky
Incorporation Site

Figure 7.1: Helium incorporation energies at sites in AOy where A is an actinide.
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7.3 Migration Pathways

The possible migration pathways of helium between two OISs were modelled and
evaluated via NEB calculations. A direct hop from OIS to OIS in a defect-free lattice
had a migration barrier of 2.4 eV. Upon inspection of the minimum energy pathways
it was found that helium migrates via an edge-centred position. The edge-centred
position is where the energy saddle point is.

Next, vacancies were generated between the OISs and the relative energy barriers
are displayed by Figure 7.2. It can be seen that when the migration is via an oxygen
vacancy (Vgp), the energy barrier is significantly reduced to ~ 0.6 eV. Therefore, it is
predicted that helium interstitial hopping will be greatly increased by the presence
of oxygen vacancies.

For the plutonium vacancy (Vp,) assisted pathway, the midpoint has the lowest
energy. Thus, there is an energetic drive for helium to migrate to the Vp,. The
migration energy barrier occurs for the helium to then leave to an OIS. This is in

alignment with the negative trapping energy found for helium at a Vp, calculated
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in Section 5.5.1. From these results it is suggested that if plutonium vacancies
are present, helium diffusion could be reduced as the helium atoms could become

trapped at Vp, sites.

2.5 Migration Pathway
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Figure 7.2: Relative energy barriers for different helium migration pathways between
two interstitial sites in PuOy from NEB calculations. A direct OIS-OIS hop (green
squares) has the highest energy barrier, migrating via an Vo (blue circles) has a
much lower energy barrier and via a Vp, (pink triangles) there is a negative energy
at the plutonium vacancy site.

Oxygen vacancy assisted helium migration has been found to be the energetically
favourable mechanism in UO, with energy barriers comparable to this work [156],
[201]-]203], [210]. In UOs, Grimes et al. [158] found the energy barrier for helium
diffusion between interstitial sites to be high (3.8 eV). However, in agreement with
the energy barriers displayed in Figure 7.2, when vacancies were in the vicinity of
the pathway the diffusion barrier was reduced. Due to the presence of defects in
reactor generated fuel, Grimes et al. [158] predicts helium to be mobile in UOs.
Under helium infusion conditions in UO,, in which vacancy concentrations are low,
the atomic diffusion of helium has been found to be much slower than in radiation
damaged materials [197] [198], suggesting helium migration is vacancy assisted.

In PuOg, Stan et al. [211] calculated an oxygen migration activation energy

of 0.45 eV. Via molecular dynamics simulations, Wang et al. [121] calculated the
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migration barriers in PuO, for an Vg and Vp, to be 0.31 and 2.57 eV respectively,
and so predicts that oxygen vacancies will have a higher mobility than plutonium
vacancies. Similarly to the findings of Liu et al. [201] in UO,, in PuOs oxygen and

helium migration barriers are of a similar order.

7.4 Helium Diffusion

A fluorite PuO, lattice with a helium concentration of 0.5 at% was constructed by
randomly inserting He atoms into OISs in an 8x8x8 lattice. A concentration of 0.5
at% was chosen due to it being comparable to that of helium within PuO, after
many years within storage [188] [212]. The system was then evolved for 4 ns at 100
K intervals between 1000-3000 K after a 1 ns equilibration period. Figure 7.3 plots
the diffusivity of He, O and Pu calculated at each temperature. Three regions of
interest (R1, R2 and R3) are highlighted.
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Figure 7.3: Diffusivity as a function of temperature for He, O and Pu in PuO,. 0.5%
He concentration, simulation evolved for 4 ns at every 100 K between 1000-3000 K.
Three regions are highlighted, R1, R2 and R3, and are discussed in the text.

The lowest temperature region R1 (1000-1500 K) displays no diffusion. Here
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atoms only vibrate around their lattice sites over the simulation time scale. The
fluctuations in displacement corresponds with the natural volume variation of the
simulation cell as was displayed in Figure 6.5.

In R2 the diffusivity of He and O increases with increasing temperature, with
their diffusion closely aligned. The helium diffusion activation energy calculated
from the Arrhenius behaviour exhibited in R2 was 5.53 eV, which is comparable
to that of oxygen in this region (5.95 eV). These activation energies reinforce the
NEB calculation findings of helium inter-site hopping via oxygen vacancies being
energetically favourable. From this, it is predicted that the main helium diffusion
mechanism is oxygen vacancy assisted. Furthermore, Belle et al. [195] found helium
gas diffusion rates to correspond with those of cation self-diffusion in UOs, and from
this concluded that fission gases diffuse via cation sites. In the same manner, the
findings of comparable He and O activation energies in this work give merit to the
proposed mechanism of oxygen vacancy assisted helium diffusion.

Above 2500 K (R3), the oxygen diffusion levels off. This may be due to the
temperature being roughly 0.8 T,,, at which it has been suggested that the oxygen
sublattice goes through a Bredig phase transition and becomes amorphous [122]. In
R3 it can also be observed from the increase in plutonium diffusivity that plutonium
becomes mobile. Additionally in R3, there is a plateau in helium diffusivity. It is
suggested that the helium diffusivity plateau could be due to Vp, sites becoming
available and trapping helium. However, these temperatures are very close to the
melting point of PuQO,, so results must be treated with caution.

The MSD of Pu, O and He at temperatures corresponding to each region (1200,
2000 and 2800 K) are plotted in Figure 7.4. This enables the comparison of atomic
behaviour in the three regions.

From Figure 7.4, it can be seen that at 1200 K, helium exhibits limited diffusive
behaviour and at 2000 K helium is beginning to migrate. At 2800 K helium exhibits
diffusive behaviour, but after roughly 2 ns the MSD plateaus. On comparison with
the MSDs plotted for O and Pu at these temperatures it is suggested that helium and
oxygen exhibit similar diffusive behaviour. It is further suggested that the plateau
in helium MSD could correspond to the availability of plutonium vacancies to trap
helium (due to the mobility of Pu at 2800 K). Helium atoms could cluster at the

available Vp, sites, thus limiting helium diffusion.
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Figure 7.4: MSD of Pu, O and He in an 8x8x8 supercell at 1200, 2000 and 2800 K.

Figure 7.5 displays the final configurations of helium atoms when the lattice was
evolved at 2000 K and 2800 K for 4 ns after a 1 ns equilibration period. It can be seen
that at 2000 K the helium atoms are in interstitial sites, with one oxygen vacancy
present. In contrast, at 2800 K there are many plutonium and oxygen vacancies,
with a helium cluster beginning to nucleate. Thus, it is suggested that the helium
atoms sequestered in the cluster at 2800 K have resulted in the plateau region seen
for the helium MSD in Figure 7.4. This increases confidence in the suggestion that
the plateau region (R3) of helium diffusivity in Figure 7.3 may be due to helium
becoming trapped in plutonium vacancy sites and the resulting cluster nucleation.

To ensure the validity of the results and that the helium behaviour was not

simply due to the lattice being insufficiently large, these simulations were repeated
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Figure 7.5: Visualisation of helium atoms, plutonium vacancies and oxygen vacancies
after 4 ns. The lattice was initially defect-free with 0.5% He input in OIS, molecular
dynamics was run with temperatures of (a) 2000 K and (b) 2800 K.

for 10x10x10 and 12x12x12 supercells, the results of which are included in Appendix
B. Upon comparison with the results of the different supercell sizes, it was found
that the fundamental features of the He diffusion in PuOy are not affected by the
number of atoms present in the simulations. However, increasing the number of
particles in the system increases the computational workload substantially, so these
simulations required significantly more processing time than the 8x8x8 supercells.
As such, all simulations presented in this chapter were performed using an 8x8x8
supercell with a box length of 43.1857 A.

7.4.1 Literature Comparison

Figure 7.6 displays an aggregation of available data for helium diffusivity in PuO,
and UO, from the literature, determined both experimentally and computationally.

From Figure 7.6 it can be seen that the diffusivity values calculated in this work
are within the range of values found in the literature. However, the R2 region
of Arrhenius behaviour has a steeper gradient than those from the literature. A
steeper gradient results in a higher diffusion activation energy. It is suggested that
the higher diffusion activation energy calculated in this work is due to the lattice

being initially pure, whereas the experimental values (Ronchi [200] and Pipon [199])
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have shallower gradients, which may be due to defects being present in the lattice
and aiding in helium diffusion. Inherent defects are present in all solids above 0 K
due to thermodynamics. As temperatures increase, so do the number of inherent

defects. The number of defects present in a lattice is also increased by radiation

damage.
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Figure 7.6: Diffusivity as a function of temperature for all available literature data
of helium diffusion experimentally in PuO, (Ronchi [200], Pipon [199]) and UO,
(Roudil [188], Garcia [191], Talip [189], Belle [195], Trocellier [194], Guilbert [190],
Martin [193], Sung [196], Nakajima [198], Rufeh [197]. And computational data of
UO, (Govers [203], Liu [201], Yakub [202] and Nakajima [198]).

The impact of defects being present in the lattice can be interpreted from the
experimental data plotted in Figure 7.6. As discussed by Luzzi et al. [187] in their
evaluation of helium diffusivity in oxide nuclear fuels, the level of damage in a lattice
can be categorised by the experimental technique used. Figure 7.7 displays the three

helium introduction techniques:

e Infusion, in which a sample is placed in a pressurised helium atmosphere for

a certain infusion time [195]-[198]

e Doping, in which there is an internal source of helium in the sample via the
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introduction of an a-emitting element [189], [199], [200]

e Ionic implantation, in which a beam of *He* hits and penetrates the sample
[188], [190], [191], [193], [194]
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Figure 7.7: Three mechanisms of helium generation in nuclear fuel samples for
experimental analysis. Adapted from [187].

Of the experimental methods of helium introduction, infusion is anticipated to
generate samples with fewer defects. Four of the experimental data plotted in Figure
7.6 were from infusion methodology: Belle et al. [195], Sung et al. [196], Rufeh et
al. [197], and Nakajima et al. [198]. It can clearly be seen that ‘Belle’, 'Nakajima
1’, ’Sung’ (at all three pressures) and 'Rufeh’ data points have the lowest diffusivity
values. As such, it is suggested that samples containing fewer defects result in lower
helium diffusivity. As discussed by Luzzi et al. [187], samples generated via ion

infusion can be compared to fresh nuclear fuel.

7.4.2 Helium Concentration

Systems with increasing helium concentrations were then generated with randomly
distributed helium atoms occupying separate OISs. The percentage volume expan-
sion as a function of the helium concentration at 298 K was calculated, and is dis-
played in Figure 7.8. The volume expansions as a function of helium concentration
in UO, [156] and metallic Pu [45] are also included in Figure 7.8 for comparison. It
can be seen that for PuO,, UOy and Pu, a linear volume expansion with increasing
helium concentration is predicted. The higher expansion coefficient for Pu metal

may be due to it not being a fluorite structure.
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Figure 7.8: Percentage volume expansion as a function of the helium concentration
in PuO,, UO, and Pu. 2[156] P[45]. Experiments show a typical volume expansion
of 1% after large irradiation doses (Helen Steele, private communication) indicating
a maximum He concentration of 5%.

Molecular dynamics was run on lattices containing 0.5, 2, 4, and 10% helium for
1 ns over a 1000-3000 K temperature range. The diffusivity of helium in each of
these simulations is displayed in Figure 7.9. Below 1750 K no long scale diffusion
was exhibited by helium regardless of helium concentration. For all of the helium
concentrations, the bounds of R1 remain consistent. However R2 becomes much
smaller for increasing helium concentrations. Unlike the findings of Roudil et al.
[188] in UO., an increase of diffusion coeflicients with increased helium concentration
was found. It can be seen that the plateau in helium diffusivity is reached at lower
temperatures for higher helium concentrations. For example, R3 behaviour begins
at 2500 K for the lattice containing 2% He and at 2000 K for the lattice containing
10% He. This could be due to the higher helium concentrations forcing helium
clusters to form which then limit helium diffusivity.

To further understand the finding of R3 behaviour at lower temperatures for
lattices containing higher helium concentrations, the configurations of the lattices

after 1 ns were inspected in OVITO. Figure 7.10 displays the configurations of the
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Figure 7.9: The variation of helium diffusivity in PuO, as a function of temperature
for four different helium concentrations (0.5, 2, 4 and 10 %). In the highlighted region
no diffusive behaviour is exhibited. At 1750 K, the diffusivity starts to increase with
increasing temperature. The high temperature diffusivity plateau region begins at
lower temps for higher He concentrations.

lattices with 2, 4 and 10% helium after MD was run for 1 ns at 2000 and 2500 K. The
helium atoms and oxygen and plutonium vacancies are displayed with the lattice
atoms hidden for clarity. It can be seen that for the 2 and 4% helium concentration
lattices, there is no helium clustering at 2000 K, but clustering can be seen at 2500
K. However, for the 10% helium lattice, clusters can be seen to have formed at 2000
K and then continued to grow at 2500 K. It is therefore suggested that higher helium
concentrations led to clustering at lower temperatures and so, as displayed by Figure

7.4.2, may lead to lower helium mobility, due to trapped helium being less mobile.
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Figure 7.10: Visualisation of helium atoms (yellow) and oxygen and plutonium
vacancies (blue and pink respectively) after 1 ns in PuO, at 2000 K (LHS) and 2500
K (RHS) at three different helium concentrations. For clarity, oxygen and plutonium
ions are not displayed. It can be seen that at higher helium concentrations (10%),
helium clustering occurs at lower temperatures.
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Cluster analysis was performed on each lattice at each temperature after 1 ns.
A large helium cluster was defined as one containing >9 helium atoms. Figure 7.11
displays a bar chart of the percentage of helium atoms occupying large clusters after
1 ns. It can be seen that for the lattice containing 0.5% helium, no large helium
clusters formed at any temperature during 1 ns. For the lattice containing 2% he-
lium, at 2500, 2750 and 3000 K (the three highest temperatures considered) roughly
half of the helium atoms occupy large clusters. Therefore, it is found that large he-
lium clusters are formed at lower temperatures in lattices containing higher helium
concentrations. After 1 ns, the average percentage helium occupying a cluster is ap-
proximately 50, 65 and 80% for helium concentrations of 2, 4 and 10% respectively.
Thus, it is suggested that higher helium concentrations lead to helium clustering

occurring more rapidly.
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Figure 7.11: Bar chart displaying the percentage of helium atoms which occupy large
clusters in lattices containing 0.5, 2, 4 and 10% helium over a range of temperatures.

Upon comparison of Figure 7.11 with Figure 7.9, it can be seen that there is
a correspondence between helium clustering and the diffusivity plateaus. Figure
7.12 displays the helium clustering and diffusivity for each helium concentration
separately for further comparison. From Figure 7.12 it can clearly be seen that the

plateau in helium diffusivity and the formation of large helium clusters occur at
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concurrent temperatures. Furthermore, the higher the percentage helium cluster-
ing, the lower the average of the diffusivity plateau. For example, it can be seen
for the 10% helium lattice, which has the highest percentage of helium occupying
clusters, the average InD value is ~ 11 cm?s~!. From this it can be suggested that
higher concentrations of helium clustering lead to lower average helium diffusivities.
This is likely due to clustered helium being trapped and so having lower diffusivity.
Therefore the higher the percentage of helium trapped in a cluster, the lower the
average helium diffusivity.

A detailed analysis of helium clustering behaviour will be performed in the fol-

lowing chapter.
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Figure 7.12: Bar and line chart showing the percentage helium clustered (left-axis
bar chart) and the helium diffusivity (right-axis line chart) for lattices with different
helium concentrations over a range of temperatures.
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7.4.3 Migration Pathways Analysis

The output files of all diffusion simulations were inspected in OVITO with oxygen
and plutonium vacancies visualised and helium trajectories plotted. In all cases
helium atoms did not leave their initial sites until temperatures of 1500 K, and
upon inspection it was observed that helium inter-site hops occurred in the vicinity
of an oxygen vacancy. Figure 7.13a displays the trajectories of the He atoms in
PuO, with 2% He at 2100 K. From the trajectories it can be observed that some
helium atoms are mobile and have made interstitial hops. Figure 7.13b displays a
specific time period of the 2100 K simulation and it can be seen that the helium

migration is aided by an oxygen vacancy.
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Figure 7.13: Trajectory of He atoms in initially defect-free PuOy at 2100 K (a)
displays the trajectory of all He atoms during 1 ns, it is evident there is inter-site
hopping (b) displays a snapshot of a He inter-site hop from the area circled in green
in (a). The time period in (b) is 514-517 ps and illustrates that part of a He atoms
trajectory. It can be seen that at 515 ps an oxygen vacancy is generated in the
vicinity of the He and the He uses this to migrate to a neighbouring OIS.
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Figure 7.14 displays the configuration of helium atoms after 1 ns at 1200 and
2400 K, with the lattice vacancies visualised. It can be seen that at 1200 K there are
no vacancies present. Correspondingly, at this temperature helium is not mobile.
At 2400 K there are many oxygen vacancies as oxygen is mobile at this temperature.
It is suggested that due to the presence of these oxygen vacancies in R2, helium is
mobile via the OIS-V-OIS pathway.

1200 K 2400 K

Figure 7.14: Configurations of helium atoms (yellow) alongside oxygen vacancies
(blue) and plutonium vacancies (pink) after 1 ns at 1200 K (LHS) and 2400 K
(RHS).

The helium diffusion energy barrier in defect-free PuO, was calculated to be 5.3
eV from the Arrhenius behaviour exhibited in R2 in Figure 7.1. The value of 5.3
eV was surprising, since the barrier determined from NEB for the direct OIS-OIS
hop was previously calculated as 2.4 eV. Further analysis of He diffusion at 2000 K
showed that over 1 ns, twelve He hop events occurred; nine of which were via the
O vacancy mechanism (OIS-V-OIS) and three via the direct OIS-OIS hop. The
barrier to displace an O atom into an interstitial site was calculated to be 6.0 eV
and for the He atom to diffuse via the O vacancy mechanism another 0.6 eV is
required. Thus the 5.3 eV barrier can be seen as an average from the different He
diffusion mechanisms. The calculated helium diffusion barrier therefore implies that
the attempt frequency for the direct OIS-OIS hop is several orders of magnitude
smaller than that of a hop via an oxygen vacancy. This analysis was repeated at
1800 and 1900 K with similar attempt frequencies found.

From the NEB calculations in displayed Figure 7.2, a 0.4 eV difference in energies

between the OIS and the Vg site was determined. However, the energy barriers of
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the constituting hops in the OIS-V-OIS pathway are calculated to be 0.7 eV for
OIS-Vgo and 0.3 eV for Vp-OIS. From the Arrhenius equation, (if a prefactor of
1.0E13 is assumed) at 1500 K an OIS-V jump would be expected every 22 ps and
an OIS-Vg jump every 1 ps on average. OIS-OIS would occur every 10 ms. Thus,
movement both ways via the O vacancy mechanism is possible over the time scale
of the simulations.

The molecular dynamics simulations performed in this work show that oxygen
vacancy assisted inter-site hopping is the dominant helium diffusion mechanism in
PuQO,. Limited experimental data of helium diffusion in PuQOs is available, but some
studies of oxygen diffusion in PuOs exist [174] [175]. The relatively low defect energy
of OFPs [49] [121] combined with the low diffusion barriers for O defects determined
by Stan et al. [211] indicates that oxygen vacancies will be prevalent in the system,
so will be available to assist helium migration.

Oxygen vacancy assisted inter-site hopping has also been found to be the main
diffusion mechanism of He in UO, [201]-[203]. Deaton et al. [174] and Bayoglu et
al. [175] used gas-phase isotope exchange to calculate oxygen diffusion activation
energies in stoichiometric PuOy of 1.834 and 1.938 eV respectively. In UQO,, Ichi-
nomiya et al. [213] found the migration of the single oxygen interstitial to be much
slower than that of the vacancy. The low defect energy of OFPs [49] [121] indicate
that O type defects will be dominating the system, especially at low temperatures,

so will be available to assist helium migration.

7.5 Defect Inclusion

7.5.1 Schottky Trios

Structures with different concentrations of Schottky trios were generated in the
lattice by randomly removing atoms corresponding to missing PuO, concentrations
of 0.5, 2 and 4% and the system was then relaxed. The helium concentration in
these systems was fixed at 2% and each system evolved for 700 ps with an initial
300 ps equilibration period over a range of temperatures (1000-3000 K in 250 K
intervals).

Figure 7.15 displays the MSD at each temperature for the helium atoms in
the lattice with 2% Schottky trios. As expected, it can be seen that when the
temperature of the simulation is higher, the MSD of helium increases, as the atoms
will have higher kinetic energies. From each of these MSD curves, and those of

lattices with the other Schottky concentrations, the helium diffusivity was calculated
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via Equation 6.1.
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Figure 7.15: Helium MSD as a function of time over a range of temperatures for a
PuO, lattice with 2% Schottky trios and a 2% helium concentration.

Figure 7.16 displays the calculated diffusivities. It is evident that as the number
of vacancies in the lattice increases, the diffusivity is greatly increased at lower tem-
peratures. When no defects are initially in the lattice, helium exhibits no diffusive
behaviour below 1750 K. Helium diffusivity below 1750 K when vacancies are ini-
tially present is likely due to the reduction in the helium migration energy barrier
given by oxygen vacancy assisted migration.

The diffusivity of helium in PuOs when defects are present (displayed in Figure
7.16) is much more comparable to the diffusivity values from the literature plotted
in Figure 7.6. This correspondence is likely due to the presence of defects in the
samples, from radioactive decay or from the helium injection method as discussed
previously.

The helium diffusion activation energies, F,, were calculated via the Arrhenius
equation (Equation 6.2) for each Schottky concentration. Table 7.3 displays the
values. It can be seen that the activation energy is greatly reduced for systems
containing Schottky defects. However, it was found that the increase in Schottky

concentration from 0.5 to 4% has little influence on the helium activation energies.
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Figure 7.16: Helium diffusivity as a function of temperature for four different Schot-
tky defect concentrations in PuQO,. The helium concentration was 2% with all helium
atoms initially randomly inserted into OIS. In the lower temperature range when
oxygen vacancies would not be being thermally generated, the higher Schottky con-
centrations have higher He diffusivity. The highlighted region indicates no diffusive

behaviour.

Table 7.3: Parameters calculated from Arrhenius behaviour exhibited by helium in

1/T (104 K™)

PuO, with various Schottky concentrations

Schottky Conc.  FE, (eV) Dy (cm?s™!)  r-square
0% 5.53 £0.29 7.32E4+06  0.98972
0.5% 0.90 + 0.24 7.72E-05 0.90527
2% 1.01 £ 0.05 5.13E-04 0.99667
4% 0.97 £+ 0.26 1.04E-04 0.90169

Ronchi et al. [200] and Talip et al. [189] calculated helium migration activation
energies in 2**Pu-doped UQO, of 2.00 eV and 2.59 eV respectively. Their values are
higher than those calculated in this work (Table 7.3) and it is suggested that this
may be due to the samples being ?**Pu-doped UQ, rather than PuO,. Due to the
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increased radioactivity of Pu, more intrinsic defects are predicted to be generated
in pure PuO,. Such defects may reduce the helium migration activation energy and
as such lead to lower helium E, values in PuO, [187].

As discussed in Section 7.4.1, experimental studies of UO, have found that helium
diffusion is greater when defects are present in the system. Martin et al. [193]
studied helium implanted uranium dioxide using nuclear reaction analysis prior to
and following heavy ion irradiations. They found the heavy ion irradiation enhanced
the mobility of He, and suggested this was due to the increase in defects in the
system. Similarly, Nakajima et al. [198] used single-crystal samples and found
helium solubility to be much lower than those given by poly-crystalline samples. It
was presumed this was due to the single-crystal samples having fewer defects and
so subsequently lower helium diffusivity.

The diffusivity of helium can be compared to that of oxygen in lattices with the
same Schottky concentrations. The oxygen diffusivity in such lattices was investi-
gated in the previous chapter (Section 6.4), the results have been included again
here for reference (Figure 7.17). It was found that increases in Schottky concentra-
tions resulted in increased oxygen diffusivity at lower temperatures. Furthermore,
the activation energies listed in Table 7.3 when Schottky defects are present in the
system are similar to those which were calculated for oxygen (Table 6.4a). From
this, it is evident that oxygen and helium diffusivity are similarly affected by the
presence of defects, suggesting that the increased helium diffusivity is due to the
increased oxygen mobility.

The diffusion of helium in PuO, can be compared to existing studies of oxygen
diffusion behaviour in UQO,. There is a correspondence to the three regimes de-
fined by Giinay [214]. Firstly, Giinay [214] defines an extrinsic region (1200-1750 K)
where diffusion is assisted by irradiation induced defects. Next there is the intrinsic
region (1800-2600 K), in which diffusion is due to the thermal energy results; here
the lattice energy is high enough for dynamic Frenkel defects to frequently form and
recombine. The intrinsic region corresponds to the R2 region defined earlier in this
work, suggesting that at temperatures where oxygen Frenkel pairs are being gener-
ated, these assist in helium migration. In this region in Figure 7.16 it can be seen
that when defects are already present in the lattice, standard Arrhenius behaviour
is exhibited, as vacancies are already present to assist mobility. Finally, Giinay
[214] defines the superionic region (2600-3200 K) in which the Bredig transition and
melting takes place. Above this temperature the oxygen sublattice totally melts

and behaves like a liquid with the uranium sublattice remaining solid. It can be
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Figure 7.17: Oxygen diffusion coefficients as a function of temperature in PuO, at
four different Schottky defect concentrations. The yellow highlight indicates data
points when no diffusive behaviour was exhibited.

seen that in this R3 region for all Schottky concentrations in Figure 7.17 the oxygen

diffusivity is the same.

7.5.2 Frenkel Pairs
7.5.2.1 Oxygen Frenkel Pairs

Lattices containing different concentrations of oxygen Frenkel pairs (0.5, 2 and 4%)
were generated and the helium diffusivities in such lattices are plotted in Figure 7.18.
It can be seen that the inclusion of OFPs has limited impact on the diffusivity of
helium in PuO,. No diffusive behaviour is exhibited for temperatures below 1500 K
for lattices containing OFP concentrations of 0.5% and 2%. This was surprising, as
it was anticipated that helium would be more mobile due to the increased availability
of oxygen vacancies for diffusion.

However, upon inspection of the trajectory files it was found that the oxygen
Frenkel pairs would quickly recombine. This is likely due to the high mobility of
oxygen Frenkel pairs. Thus, oxygen Frenkel pairs are highly likely to recombine and

at low temperatures are unlikely to reform. As such, unlike in the lattices containing
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Schottky defects, there is little increase in helium diffusivity at low temperatures in
Figure 7.18. For lattices containing oxygen Frenkel pair concentrations of 4%, the
diffusivity of helium at low temperatures was increased. This was likely due to the

increased probability of more oxygen Frenkel pairs remaining at any one time.
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Figure 7.18: Diffusivity of helium in PuO, with the lattice containing different
concentrations of randomly distributed oxygen Frenkel pairs. The yellow highlighted
region indicates no diffusive behaviour.

7.5.2.2 Plutonium Frenkel Pairs

Lattices containing different concentrations of plutonium Frenkel pairs (0.5, 2 and
4%) were also generated and the simulations repeated. Figure 7.19 displays the
calculated helium diffusivities. It can be seen that increasing PuFP concentrations
resulted in limited impact on helium diffusivity. Again, it was found that the Frenkel
pairs were quickly recombining, this recombination was likely due to the high defect
energy of PuFPs as was calculated earlier in this work.

The diffusivities of helium in all lattices containing PuFPs were on average
slightly higher than those calculated for the initially pure lattice (Figure 7.3). Upon
inspection of the configurations during the simulations it was found that oxygen
defects were generated in the vicinity of PuFPs and these enabled increased oxygen

assisted helium diffusion at lower temperatures.
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Figure 7.19: Diffusivity of helium in PuO, with the lattice containing different
concentrations of randomly distributed plutonium Frenkel pairs.

7.5.3 Helium Input Position
7.5.3.1 Schottky Trios

In the aforementioned simulations, helium atoms were input in interstitial sites. It
was of interest to see if helium diffusion would be affected if the helium atoms were
input in Vg or Vp, sites. Helium was added to these sites in the 2% Schottky lattice.
The helium concentration was 2%. Figure 7.20 displays the diffusivity of helium
over a range of temperatures for the three input sites. It can be seen that at higher
temperatures (T > 2500 K) the input site has little effect on helium diffusivity. At
lower temperatures helium diffusivity is reduced when input in a plutonium vacancy.
This finding is in accordance with the migration energy barriers discussed previously
as plutonium vacancies are predicted to act as helium trap sites. From inspection
of the trajectories in the low temperature region (T < 1500 K) it was found that
almost all helium atoms when input in a Vp,, remained in the Vp,.

The Arrhenius parameters were calculated from Figure 7.20 with the fitted re-
gions displayed on the graph. As can be seen from Table 7.4, the activation energies
for helium input at an OIS or Vg are approximately equal. Additionally these

activation energies are very similar to that calculated for oxygen diffusion in 2%
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Figure 7.20: Helium diffusivity in a PuO, lattice with a 2% concentration of Schot-
tky trio defects. The helium atoms were input in OIS, Vo and Vp, in separate
simulations for comparison. The lines of best fit for the Arrhenius behaviour calcu-
lations are also plotted.

Schottky in the previous chapter. These comparable activation energies reinforce
the finding that helium diffusion is governed by the availability of oxygen vacancies
and therefore the diffusivity of oxygen. No Arrhenius behaviour was exhibited for
helium input in Vp, sites.

Figure 7.21 displays the trajectories of the He atoms when input in Vp, and Vg
sites at 2250 K. It can be observed that when the helium atoms were input in a Vp,
(Figure 7.21b) there is significantly less inter-site hopping than when the helium
atoms begin in an Vg (Figure 7.21a). From inspection in OVITO it was found that

none of the helium atoms input in an Vg (Figure 7.21b) remained in their input

Table 7.4: Parameters calculated from Arrhenius behaviour exhibited by helium in
PuO, with a 2% Schottky concentration with different helium input sites

He input site  E, (eV) Do (cm?s™!) r-square

OIS 1.01 £0.05  5.13E-04 0.99667
Vo 1.12 £ 0.06  6.05E-04 0.99817
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sites. In contrast, 56% of He input in a Vp, remained in the same Vp, site. Upon
analysis of the final states of Figure 7.21, it was found that in both cases roughly
70% of He occupy Vp, sites, with the remaining 30% occupying OIS. Zero helium
atoms occupy Vo sites, suggesting that oxygen vacancies are not helium trap sites.
Rather, it has been determined that oxygen vacancies facilitate helium migration.
The finding of plutonium vacancies acting as helium traps is in agreement with the
energy barrier calculated from Figure 7.2 for helium to leave a Vp,. Similarly, a
reduction in helium diffusivity was also found by Govers et al. [203] in UO,, when

He atoms are input at Vy sites.

Figure 7.21: Trajectory of helium atoms in PuO, with a 2% Schottky defect concen-
tration at 2250 K over 1 ns. (a) Displays the trajectory when the helium started in
Vo sites (blue lines) and (b) when the helium atoms started in Vp, sites (pink lines).
There is much less inter-site hopping when helium atoms are input at plutonium
vacancies.

It must be noted that these simulations were only run for 1 ns. It is predicted
that if the simulations were run for 5 ns, a plateau in helium diffusivity may be
observed at high temperatures. It is suggested that such behaviour would be due
to helium atoms migrating to form clusters surrounding the plutonium vacancies
in the Schottky defects and becoming trapped. The behaviour would be similar to
that displayed in Figure 7.3.
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7.5.3.2 Plutonium Frenkel Pairs

Figure 7.22 displays the diffusivity of helium in a PuO, lattice containing 0.5%
PuFPs when starting in an OIS or Vp,. It can be seen that regardless of the helium
input site, the calculated values of helium diffusivity were similar. This finding was
unexpected, as plutonium vacancies are proposed to act as helium traps and so were
anticipated to reduce helium mobility. Furthermore, when helium atoms occupied
Vp, sites in the lattice containing Schottky trios (Figure 7.20), at low temperatures

the helium diffusivity was significantly lower.
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Figure 7.22: Helium diffusivity in a PuO, lattice with a 0.5% concentration of
plutonium Frenkel pairs. The helium atoms were input in OIS and PuFPs in separate
simulations for comparison.

Upon inspection of the simulations, it was found that the majority of plutonium
Frenkel pairs would recombine; the Pu interstitials displaced He atoms from Vp,
sites. Figure 7.23 displays the configurations of the simulation at t=0 and after
1 ns illustrating the PuFP recombination. It can be concluded that the energetic
benefit of helium being in the Pu vacancy was outweighed by the drive for plutonium
Frenkel pairs to recombine, as the defect energy of a PuFP is high [49], [121], [130],
[131].

Due to the annihilation of the plutonium Frenkel pairs forcing helium atoms into
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Figure 7.23: Visualisation from MD simulation of a PuO, lattice with 0.5% He and
0.5% PuFPs, with the He input in the Vp, sites at 2250 K. (a) Displays the input
configuration, the PuFPs can be seen with helium atoms occupying the vacancy
sites. (b) Displays the configuration after 1 ns, the majority of the PuFPs have
recombined with helium atoms now in interstitial sites.

OISs, the similarity of diffusivities displayed in Figure 7.22 can easily be explained;
in both cases the majority of helium atoms occupy OISs throughout the simulation.
As can be seen in Figure 7.23 at high temperatures oxygen vacancies are available.
It was found that helium is mobile via these oxygen vacancies.

In addition, at lower temperatures oxygen defects were rapidly generated sur-
rounding the PuFPs. Figure 7.24 displays the configuration of lattice after MD has
been run at 1250 K for 2 ps (the second dump file, time step 2000, before PuFP re-
combination). Oxygen vacancies surrounding the PuFPs can be seen in Figure 7.24.
This generation of oxygen defects at lower temperatures when PuFPs are present
is likely due to the distortion the lattice will experience from accommodating the
PuFP as discussed in Section 3.6.1. Also, the additional oxygen defects may be
present in the vicinity of plutonium vacancies to stabilise the negative charge. As
such, the helium diffusivity in these simulations can be understood by the presence
of oxygen vacancies available for helium migration.

Upon comparison of Figures 7.3 and 7.22, which display helium diffusivity in
pure PuO, and PuO, with a 0.5% PuFPs concentration respectively, it can be
seen that the helium diffusivity values in both lattices are almost identical above

approximately 1500 K. In the lower temperature region, the higher diffusivity values
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Pu vacancy & 0O vacancy © He interstitial

Figure 7.24: Visualisation from molecular dynamics simulation of a PuO, lattice
with 0.5% He and 0.5% PuFPs, with the He input in the Vp, sites at 1250 K at 2
ps. Pu and O atoms have been removed for clarity.

for helium displayed in figure 7.22 may be due to the presence of oxygen vacancies
at lower temperatures to stabilise the PuFPs. Once helium has been ejected into an
OIS from a Vp, due to PuFP recombination, helium can migrate via the OIS-V-
OIS pathway due to the presence of additional oxygen vacancies. Therefore, as was
found for the initially pure lattice, it can be concluded that the governing factor of
helium diffusivity is the generation of oxygen type defects.

Finally, it is noted that these simulations indicate that the occupation of a plu-
tonium vacancy by a single helium atom is not sufficient to prevent PuFP recombi-

nation.

7.5.3.3 Plutonium Vacancies

To enable the diffusion behaviour of helium input in Vp, to be investigated, a lat-
tice was generated containing 0.5% Pu vacancies with no respective interstitials. As
such, the lattice was no longer charge neutral. Two initial configurations were con-
sidered: helium occupying OISs and helium occupying plutonium vacancies. These
simulations were run for 700 ps after a 300 ps equilibration period.

Figure 7.25 displays the diffusivities of helium when starting in the OIS and Vp,

sites. In the low temperature region (T < 1500 K) it can be seen that helium atoms
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input in plutonium vacancies exhibit no diffusive behaviour, they remained in their
input Vp, sites. For helium atoms input in OIS, the majority (87%) remained in their
input sites with a few diffusing to a Vp, via oxygen vacancy assisted diffusion. The
oxygen vacancies were observed to be generated in the vicinity of some plutonium

vacancies, likely to stabilise them.
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Figure 7.25: Helium diffusivity in a PuOs lattice with a 0.5% concentration of
plutonium vacancies. The helium atoms were input in OIS and Vp, in separate
simulations for comparison. The yellow highlighted region indicates no diffusive
behaviour.

In the higher temperature region of Figure 7.25 (T > 1500 K) the calculated
diffusivity values of helium when input in OISs and Vp,s were surprisingly similar.
To understand the behaviour of helium in these simulations the trajectories of helium
atoms were analysed further.

Figure 7.26 illustrates the trajectories of the He atoms during two time intervals
for both starting configurations at 2250 K. It can be seen that whilst the diffusivity
value calculated for He from both simulations was similar, trajectories of the he-
lium atoms show significant differences. During the first interval (0-300 ps) the He
occupying plutonium vacancies oscillate around their vacancy site and some oxygen
vacancies are generated surrounding some of the Vp, sites. Conversely, the OIS

start system displays lots of interstitial site hopping and high levels of diffusion,
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with many helium atoms migrating to the plutonium vacancies. The second time
period shows similar behaviour for both simulations, with almost all helium atoms
occupying Vp, sites. This suggests that helium will always diffuse to plutonium va-
cancies if they are available. Additionally, it was found for the simulation in which
helium was input in plutonium vacancies, two helium atoms exhibited diffusion via

oxygen vacancies generated in the vicinity of plutonium vacancies.

v W 3 3K
| : | A - [
g | ‘“ & [ . *’ ﬂ'
g r % g,
|l . % ’
: y “ﬁs > * ‘i&\ @
- o P¥ & ¥
L - & ol
L ® ":a P \ *7 :é'
. » : ; v J :1 4 * - 3
8 t % A ' ‘ ﬁ .fw ) o * .
S R > 13
S " .,”: - » “ } ?
I x‘ b W : S *&r : - -, 4
O o . 3 h ; ”
& ¢ N ¥ g
0-300 ps 300-700 ps
O He Vo Vpy —— He trajectory

Figure 7.26: Trajectory of helium atoms in PuO, with 0.5% plutonium vacancies at
2250 K. The simulation is split into two time periods. The top row illustrates the
trajectory when He is input at Vp, sites and the bottom row when He is input at
OISs. 0-300 ps shows He in OIS with high mobility. 300-700 ps shows He occupying
Vp, sites.

In contrast, Govers et al. [203] found that in UO,, when the lattice contains
uranium vacancies, He diffusion is greatly decreased when a He is input at a Vy
versus at an OIS. However, their simulations were run for 25 ps, so it is suggested
that the duration was not long enough for the He to migrate from the OIS to the
Vy sites, as found in this work.

Comparing the diffusivity values of Figure 7.25 to those of the lattice with PuFPs
(Figure 7.22) it can be seen that the diffusivities are on average slightly lower for
the lattice containing only Vp, defects. It is suggested that this is due to the

increase in lattice distortion for PuFP accommodation versus that of a Vp,. As was
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discussed in Chapter 3, PuFP lattice distortion occurs around both the vacancy and
the interstitial plutonium site. This increase in lattice distortion could enable the
formation of more oxygen Frenkel pairs and therefore more oxygen vacancies would

be available for helium diffusion in the lattice containing PuFPs.

7.5.3.4 Oxygen Frenkel Pairs

A lattice with 0.5% oxygen Frenkel pairs was constructed and helium input in the
oxygen vacancies and OISs in separate simulations. Figure 7.27 displays the dif-
fusivities calculated from the molecular dynamics simulations. It can be seen that
there is little difference in helium diffusivity when starting in an oxygen vacancy or
an OIS. This was expected as the energy barrier for an V-OIS hop was calculated
in Section 7.3 to be 0.3 eV. Upon inspection of the trajectories it was indeed found
that helium would migrate from an Vo to an OIS within the first 100 ps of the
simulation, likely due to the low energy barrier for migration. Therefore the input
position of a helium atom in a lattice with OFPs has limited influence on helium

diffusivity as helium will either start in, or migrate to an OIS.
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Figure 7.27: Helium diffusivity in a PuOs lattice with a 0.5% concentration of oxygen
Frenkel pairs. The helium atoms were input in OIS and Vo in separate simulations
for comparison. The yellow highlighted region indications no diffusive behaviour.

Figure 7.28 displays the configurations of the oxygen Frenkel pairs and helium
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atoms at t=0 and t=1 ps. It can be seen that some helium atoms immediately
make the V-OIS hop. However, unlike the lattice containing PuFPs discussed in
Section 7.5.3.2, helium migration to OISs was not due to Frenkel pair recombination.
Instead, it was due to the hop being energetically feasible.

From 7.28 it can be seen that the oxygen Frenkel pairs remain in the lattice,
despite the helium atoms no longer occupying some of the oxygen vacancies. It was
observed that many of the oxygen Frenkel pairs did recombine and in the higher tem-
perature simulations more were then generated. This was expected; the continual
formation and annihilation of oxygen Frenkel pairs has been predicted for PuO, due
to the low formation energy of such defects [49]. The generation of dynamic oxygen
Frenkel pairs is more frequent at higher temperatures. At lower temperatures those
which recombine are unlikely to be regenerated elsewhere [187], resulting in no long
scale diffusion below 1400 K as dispalyed in Figure 7.28. Due to OFPs being mainly
governed by temperature regardless of the input, the diffusivities plotted in Figure
7.27 are similar to those found in initially defect-free PuO, (Figure 7.3).
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Figure 7.28: Visualisation from MD simulation of a PuO, lattice with 0.5% He and
0.5% oxygen vacancies, with the He input in the Vg sites. (a) Displays the input
configuration, the OFP can be seen with helium atoms occupying the vacancy sites.
(b) Displays the configuration after 1 ps, some helium atoms now occupy OIS, but
the OFPs have not recombined.

Although both oxygen and plutonium Frenkel pair recombination has been ob-

served, with helium then occupying OISs, a significant difference in mechanism was
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identified. For the lattice containing PuFPs, helium is ejected from the vacancy due
to the Frenkel pair recombination. In the lattice containing OFPs, helium migrates
from the Frenkel pair due to the low energy barrier for the Vo-OIS pathway, then
the OFP often recombines.

7.5.3.5 Oxygen Vacancies

A lattice containing 0.5% oxygen vacancies and 0.5% helium atoms was constructed.
Molecular dynamics simulations were run over a range of temperatures with all
helium atoms input in either OISs or oxygen vacancies. The simulations had an
initial 300 ps equilibration period, then were evolved for a further 700 ps. Figure

7.29 displays the diffusivities calculated from these simulations.
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Figure 7.29: Helium diffusivity in a PuO, lattice with a 0.5% concentration of oxygen
vacancies. The helium atoms were input in OIS and V¢ in separate simulations for
comparison.

It can be seen from Figure 7.29 that the helium input in a lattice containing
oxygen vacancies has little impact on the diffusivity values calculated. It was found
that the diffusivity values were higher than those calculated for the lattice containing
OFPs, which is likely due to the oxygen vacancies remaining in the lattice throughout

the simulation. Therefore, oxygen vacancies are always present in the lattice to
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facilitate helium diffusion via the OIS-Vo-OIS mechanism. Continual annihilation
and generation of OFPs was observed in the lattice containing OFPs. Due to this,
oxygen vacancies were not always available, especially in the low temperature region
in which oxygen is less mobile.

The MSDs of helium input in OISs and oxygen vacancies at 2250 K are plotted
in Figure 7.30. It can be seen that unlike the lattice containing plutonium vacancies,
there is little difference in the MSD of helium atoms input in interstitial or vacancy
sites. As discussed in Section 7.5.3.4, this is likely due to the low energy barrier for
an Vo-OIS hop, resulting in helium quickly leaving the initial Vg sites and then in
both scenarios diffusing via the OIS-V-OIS pathway.
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Figure 7.30: Helium MSD in a PuO, lattice with a 0.5% concentration of oxygen
vacancies at 2250 K. The helium atoms were input in OIS and Vg in separate
simulations for comparison.
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7.6 Conclusions

The ZBL [74], Aziz [206] and Parfitt [46] potentials were used in combination to
investigate helium diffusion in PuO,. Results calculated via these potentials have
been evaluated against a range of literature values and as such proved to be suitable.

NEB calculations were performed to calculate helium migration energy barriers
in PuOs. The main helium diffusion mechanism proposed is oxygen vacancy assisted
inter-site hops with helium and oxygen having comparable diffusion rates. Pluto-
nium vacancies have been found to act as traps for helium, significantly reducing
helium diffusion. The helium migration energy barriers calculated in this work are
of a similar order to those found for helium diffusion in UO, [203].

It has been determined that in defect-free PuQOs, helium exhibits limited diffusive
behaviour until the temperature exceeds 1500 K. Helium diffusion under 1500 K
will occur but by rare events which take place over longer timescales than those
considered in this work. However, it was found that when vacancies are present
within the lattice, the helium diffusion energy barrier is significantly reduced and
helium atoms exhibit diffusive behaviour at lower temperatures (via OIS-V-OIS
pathways). Therefore whilst the storage of PuO, will be at temperatures well below
1500 K, due to the presence of defects within the lattice we suggest that helium will
be mobile in PuO, under conditions relevant to storage.

It is suggested that a main factor governing He diffusion in nuclear materials
is the level of damage present in the lattice, with oxygen vacancies dramatically
increasing He diffusion rates. As PuO, has higher radioactivity which leads to
higher rates of self-irradiation damage, it is predicted that there may be higher
rates of He diffusion in PuO, than in UOs.

A correlation between helium clustering and a reduction in diffusivity has also

been found.
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CHAPTER 8

HeLiuM CLUSTERING

This chapter investigates helium clustering behaviour in PuO, via three computa-
tional techniques: energy minimisation, nudged elastic band calculations and molec-

ular dynamics simulations. Some of this work has been published in:

E. Murray, Y. Zhou, P. Slater, R. Smith, P. Goddard, and H. Steele. “Atom-
istic Simulation of Helium Diffusion and Clustering in Plutonium Dioxide” Physical
Chemistry Chemical Physics, vol. 24, pp. 20 709-20 720, 35 2022 [186].

8.1 Literature Review

From analysis of helium clustering in a range of materials, Wolfer [45] suggests that
helium atoms and lattice vacancies are likely to cluster together in Pu, and these
clusters could act as precursors to helium bubbles. Helium clusters were observed
in an annealed Pu-Ga alloy by Zocco [215] via Transmission Electron Microscopy
(TEM). Zocco [215] found helium to move and agglomerate, forming fine bubbles
in grain interiors and larger bubbles in grain boundaries. This corroborates with
molecular dynamics simulations of Pu performed by Ao et al. [56], in which they
found grain boundaries to be energetically favourable for interstitial helium atoms.
From analysis of irradiated MOX fuel pins, Katsuyama et al. [216] predicts that
helium clustered at grain boundaries may be released from the lattice. Roudil et al.
[188] used mass spectrometry to measure helium outgassing from a natural uranium
oxide sample. It was found that about 33% of the helium was trapped in the matrix
and vacancy defects. From high-resolution TEM analysis, helium was observed to
have coalesced in small bubbles with an average maximum size of 20 nm.

Discussion of what factors may determine helium clustering in PuOy can be
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drawn from studies of UO,. Garcia et al. [191] implanted UOy samples with ap-
proximately 0.1 at% He. From their experiments, Garcia et al. [191] suggests that
the concentration of helium does not control bubble nucleation. Rather, the level of
damage in the lattice controls bubble formation. They found the bubble nucleation
mechanism is akin to heterogeneous nucleation and results from the formation of
vacancy clusters in the core of damage cascades, which act as sinks for insoluble
elements. Garcia et al. [191] predicts that bubble nucleation will hinder helium
movement at temperatures below 1273 K.

From measuring helium release from aged UO, samples, Talip et al. [189] also
predicts helium to be mobile at temperatures above 1300 K, and that the helium
will migrate to form and join bubbles. However, in contrast to the predictions of
Garcia et al. [191], Talip et al. [189] found that between 1500 to 1600 K, all helium
atoms are trapped by existing bubbles. As such, the helium release rate decreases
and bubble growth becomes significant. Above 1600 K, they suggest that the release
of helium may be via the diffusion of bubbles to grain boundaries.

A key part of this study is investigating the He:Vacancy ratios of stable clusters
within PuO,. At present, no studies discussing this are available for PuO,, however
some for UO, and Pu are available, in addition to other metals.

Van Brutzel et al. [217] used molecular dynamics to investigate helium bubbles in
UO,. They studied four bubble sizes (diameters: 1, 2, 5 and 10 nm) over a range of
temperatures and from this determined a saturation concentration of helium atoms
that can be incorporated into the bubble. The concentration limit was equal to a
He:Vacancy ratio of 1.6:1.

Liu et al. [218] investigated fission gas bubbles in UO,. Their study focused
mainly on xenon and found that xenon clusters on average had xenon to uranium
vacancy ratios of approximately 1:1. Liu et al. [218] determined a key factor in
bubble nucleation rates to be the low mobility of uranium ions, which led to fewer
nucleation sites for xenon. They also suggest that helium will have a much higher
mobility than xenon.

Via molecular dynamics simulations, Ao et al. [219] studied He:Vacancy ratios
of helium in metallic Pu. Their work found the maximum energetically favourable
cluster to have a He:Vacancy ratio of 6:1. This is significantly higher than that of
He in Ga stabilised 0-Pu by Robinson et al. [220], in which a maximum stable ratio
of 2:1 was determined. Similar ratios to that calculated by Robinson et al. [220]
were obtained in UOy by Van Brutzel et al. [217] and Liu et al. [218] for He and
Xe respectively.
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Defining a cluster by its He:Vacancy ratio enables direct comparison of clusters of
different sizes. For example, in iron, Gai et al. [207] found the optimal He:Vacancy
ratio to increase from 1:1 for roughly five vacancies, up to approximately 4:1 for
clusters containing 36 vacancies. As such, it is of importance to study clusters of
significantly different sizes to ensure predictions remain correct. Helium is likely to
be significantly more mobile in iron than PuO, due to the diffusion barrier being
only 0.06 eV, compared to the 2.4 eV value calculated for interstitial helium in this
work. Similarly to Gai et al. [207], Shi et al. [221] found the He:Vacancy ratio to

be around 1.5:1 in most stable clusters in iron.

8.2 Energy Minimisation

8.2.1 Procedure

In Chapter 5 it was determined that plutonium vacancies are the most favourable
sites for helium to occupy in PuOs. From this, it was found that helium clusters
can grow surrounding plutonium vacancies, plutonium Frenkel pairs, divacancies
and Schottky trios. As discussed by Neilson et al. [132], plutonium vacancies are
energetically unstable in PuOy so have a low helium solution energy. Therefore,
a Schottky trio was selected as the seed site for He clustering as it is both an
energetically stable defect in PuQO,, containing a stable Vp,, and has a low helium
incorporation energy.

To investigate and compare clusters, clusters were defined by their He:Vacancy
ratio. Three seed comprised of 1, 2 and 4 Schottky trios were chosen which contained
3, 6 and 12 vacancies respectively. A He:Vacancy cluster containing 1 Pu and
2 O vacancies can be written as both He, V3 and He,Sch;. Where V indicates
vacancy, Sch indicates Schottky trio and n is the number of He atoms. From the
2:3 He:Vacancy clusters displayed Figure 8.1a, it can be seen that this enabled
comparison of larger clusters due to their common He:Vacancy ratios.

As displayed by Figure 8.1b, for each He,V,, cluster, there are many configu-
rations for the n He atoms. An iterative procedure was followed to find the lowest
energy and therefore most stable configuration. The procedure was as detailed in
the schematic in Figure 8.2. The procedure consisted of two minimisation steps:
first helium atoms were added to the vacancy area then the lattice minimised via a
damped dynamics method. Next the helium atoms were randomly displaced in the
x, y, z directions and the lattice was minimised again via the conjugate gradient

method. At this point the relaxed structure was inspected; if helium atoms had dis-
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He,V A He,V,_B He,V; C

. Pu vacancy . O vacancy O He interstitial

Figure 8.1: Examples of naming conventions of He:Vacancy clusters. (a) Displays
examples of He:Vacancy clusters which all have a 2:3 ratio, but are based on 1, 2
and 4 Schottky trio defects. (b) Displays three possible configurations of the He, V3
cluster.

banded, the configuration was disregarded. If instead the helium atoms remained
clustered in the vacant area, the minimum energy was recorded.

By following this procedure at least 10 configurations for each He:Vacancy ratio
were trialled. Due to the high energy barriers of He migration, random walks were
often unable to find new stable cluster configurations. Instead many different input

configurations were manually tested, similarly to Chapter 5.
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Figure 8.2: Flow chart detailing methodology followed for helium cluster energy
minimisation calculations.

8.2.2 FExample: He3V;

The procedure detailed in Figure 8.2 was performed for many configurations of up
to 14 helium atoms surrounding one Schottky trio (three vacancies).
Figure 8.3 displays a schematic of an example energy minimisation procedure for

a He3V3 configuration. The sub figures show as follows:

(a) The He3V3 configuration is input and the energy minimisation procedure run

(b) The configuration of the minimised HezV3 configuration. The lattice energy of

this configuration will be recorded. The helium atoms will then be randomly
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Figure 8.3: Example schematic of the energy minimisation procedure outlined in
Figure 8.2. Each subfigure is discussed in the text.

displaced in x, y, z directions as shown by the arrows
(¢) The helium atoms after they have been randomly displaced

(d) The configuration after the second energy minimisation, it can be seen that

one helium atom is no longer part of the cluster

(e) The outside helium atom has been removed and so the cluster renamed to be

a Hey V3 configuration

(f) The minimised configuration of the He,V3 cluster, the lattice energy will be

recorded

It was found that in the majority of iterations, after the random walk, one
or more helium atoms would become isolated from the cluster during the energy

minimisation (e.g. as can be seen in Figure 8.3d). It is suggested that this was due
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to the high energy barriers for helium migration and relatively low energy of helium
incorporation in an interstitial site. As such, many input configurations had to be

manually generated and the procedure detailed in Figure 8.2 performed many times.

8.2.3 Results

Figure 8.4 displays the calculated incorporation energies from the minimum energy
configurations found via the methodology detailed above. It can be seen that for
each cluster there is a range of configurations with a range of defect energies. The
energies which were excluded due to helium migrating from the cluster, but only
to a second or third nearest neighbour OIS, are also included but highlighted as

'excluded’.
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Figure 8.4: Plots of the incorporation energies of multiple configurations of helium
in clusters containing 1, 2 and 4 Schottky trios.
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Figure 8.5 plots the minimum energy configurations obtained from four separate
input configurations for the He3Vyg cluster. It can be seen than configuration C
resulted in the lowest incorporation energy. Of the other three configurations plotted
in Figure 8.5, A was the only other viable option, but was eliminated due to it
having a higher incorporation energy than C. Configurations B and D were non
viable due to a helium atom leaving the cluster to an OIS (B) or with an Vo (D).
From configuration B the helium atom which left the cluster was removed, and the

cluster rerun for the He, Vg cluster calculation.
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Figure 8.5: Incorporation energies and the minimum energy configurations for four
different HezVy input configurations (A, B, C and D). The output configurations
are displayed colour coordinated with the bar chart energy for each configuration.

8.2.4 Trapping Energies

The normalised trapping energy was then calculated for the minimum energy config-
uration of each He:Vacancy ratio. The trapping energies £ were calculated relative
to the incorporation energy value obtained for He in an OIS as follows:

He,, He
ESchm —nEors — mEsen
Er =

(8.1)

n

Where Eé{;"m is the energy of n He atoms clustered at m Schottky trios, Effs

is the incorporation energy of one He at an OIS equal to 1.7 eV. Eg., is the defect
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energy of an isolated Schottky trio. A negative Er value indicates an energy decrease
of the system when He migrates from an OIS to the cluster. A positive value means
that energy is required to incorporate He at the cluster.

As seen by Figure 8.6, for all three seed sizes considered, a similar trend was
found. The trapping energy increases rapidly up to a He:Vacancy ratio of approxi-
mately 0.5:1. Clusters with ratios larger than this size have a steady addition energy
rate. The trapping energies are negative so there is an energetic drive for the helium
atom to join the cluster rather than to remain isolated in the lattice. However at
ratios greater than ~ 3.5:1, no stable configurations could be found, with the helium

atoms always leaving the cluster upon energy minimisation.
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Figure 8.6: Trapping energies of He atoms at Schottky void sites as a function
of a cluster’s He:Vacancy ratio. A more negative trapping energy means a more
energetically favourable site for helium to occupy. Three seed locations for the
clusters were considered, made of 1, 2 and 4 Schottky defect clusters.

The successive incorporation energy for each He addition to a cluster was cal-
culated. The energy of incorporation of a single He in an OIS was found to be 1.7
eV, so when the addition of He to a cluster is greater than this value, it would be
more energetically favourable for the helium to remain at an isolated site rather than
join the cluster. As shown by Figure 8.7, it was found that for all three Schottky
sizes, the point at which the successive He addition energy exceeds that of 1.7 eV

(orange line on plot) was when the ratio is roughly 3.2:1 helium atoms per vacancy.
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In comparison, for metallic Pu, Ao et al. [219] found the maximum n/m ratio in a
He, V., cluster to be 6:1 and the most energetically stable ratio to be 1:1 [222].
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Figure 8.7: Energy to incorporate successive He atoms at Schottky void sites as a
function of the cluster’s He:Vacancy ratio. The orange straight line at 1.7 eV is
the energy to incorporate He at an isolated OIS. When the incorporation energy is
greater than this line it is less favourable for an additional He to join the cluster
than to exist in isolation occupying an OIS.

8.3 Energy barriers

In order to gain an understanding of He accumulation into bubbles, a study was
carried out to investigate the energetics of the barriers for He to diffuse into an ex-
isting bubble from an interstitial site. The migration energy barriers were calculated
for He interstitials joining and leaving the minimised cluster configurations found in
Section 8.2.3.

8.3.1 Nearest Neighbour Position

It was required to determine how far an interstitial site must be from a cluster so
as to be considered ’distant’, i.e. not to be affected by the cluster’s strain field. For
this, the six successively further nearest neighbour sites were identified. Figure 8.8

displays a schematic of nearest neighbour sites indicating how more distant sites were
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assigned higher numbers. Table 8.1 displays the coordinates of each OIS considered.
Helium was located in each OIS and the energy barrier for helium to migrate to the

cluster from each site was then calculated.

1IN|2N 3N |4N| 5N| 6N
O

Figure 8.8: Schematic displaying the nearest neighbour positions surrounding a

Hes Vi cluster with a helium atom occupying the 5th nearest neighbour position
(5N).

Table 8.1: Coordinates of the nearest neighbour octahedral interstitial sites moving
further outwards

v (A) y(A) 2 (A)

N

1 809 11.30 5.44
2 809 810 270
3 809 11.30 0.00
4
>
6

8.09 810 -2.68
8.09 11.30 -5.39
8.09 810 -8.10

Figure 8.9 displays the energy barriers for one helium atom to join a He,V3
helium cluster (where n = 2, 4, 6) from 1-6 nearest neighbour positions. It can
be seen that for each cluster considered, the energy barrier for helium to join a
cluster from the 1N position is significantly lower than for sites further away. This
is likely due to the fact that at the 1N position, the helium atom is not screened by
other lattice atoms from the cluster. The 6N input site will be used for all future
calculations as this is a sufficient distance (approx. 18.7 A) such that the barrier
calculations for the larger clusters considered will not be skewed.

For all the minimum energy configurations found in Section 8.2.3, helium was

added from the 6N position and then removed back to the 6N position and the
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Figure 8.9: Graph displaying the energy barrier for one helium atom to join a He, V3
cluster (where n = 2, 4, 6) from 1-6 nearest neighbour positions (N).

energy barriers calculated via NEB. 12 images were used for each calculation and
the energy barriers calculated via the subtraction of the energy of the initial image

from the highest energy image.

8.3.2 FExample: 1 He joins a Hez; V5 cluster

Figure 8.10 displays the results of the calculation of one helium atom joining a
HegVis cluster. Figure 8.10a displays the relative energies of each image (relative
to the image 0 energy). It can be seen that image 1 is the maximum energy con-
figuration and as such the energy barrier is calculated from the energy difference of
image 1 and 0, equalling 4.33 eV.
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(a) Relative energy at each image

(b) Schematic of each image

Figure 8.10: Energy barrier calculation for a helium atom joining a HegV1y cluster.
(a) Displays the relative energies at each image from the calculation. (b) Displays
the migration pathway for a helium atom. The helium configurations from images
1, 6 and 9 are highlighted and discussed in the text. Each helium atom is labelled
according to its corresponding image.
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Image 1 is highlighted in the figure and it can be seen that helium is close to
occupying an edge-centred site; it is just beyond two oxygen atoms. This is a high
energy configuration as was found in Chapter 5. In images 2, 3, 5 and &, helium
occupys an OIS and these images have correspondingly low relative energies. It
is found that helium migrates via OIS hops going through edge-centred sites in
which oxygen is sightly displaced forming a temporary OFP. This mechanism is as
suggested by Liu et al. [201] and Yakub et al. [202] for helium migration in UO,. As
such, the high energy images (1, 4, 6 and 7) all correspond to the transition state in
the OIS-OIS hop. In image 9, helium has joined the cluster and occupies an oxygen
vacancy. In image 10 helium has migrated further into the cluster, and finally in

image 11 the cluster forms the minimum energy configuration.

8.3.3 FExample: 1 He leaves a He;; V|5 cluster

Figure 8.11 displays the results of the calculation of one helium atom leaving a
He;7Vis cluster. Figure 8.11a displays the relative energies of each image (relative
to the energy of image 0). It can be seen that image 10 is the maximum energy
configuration and as such the energy barrier is calculated from the energy difference
of image 10 and 0, equalling 5.04 eV.

Image 2 is highlighted in Figure 8.11b, it can be seen that the helium atom
is occupying an oxygen vacancy site. As such, the migration pathway for helium
both the joining and leaving a cluster has been found to be via an oxygen vacancy
assisted hop (Figure 8.10b). Image 5 is also highlighted, in which the helium atom
is not occupying an OIS, corresponding to the relatively high energy of this image
(approx. 4.5 eV).

It can be seen that the migration pathway for helium to leave a cluster is much the
same as for joining. It is via OIS hops with the high energy barriers corresponding

to helium in edge-centred positions.
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Figure 8.11: Energy barrier calculation for a helium atom leaving a He;7 V15 cluster.
(a) Displays the relative energies at each image from the calculation. (b) Displays
the migration pathway for a helium atom. The helium configurations from images
2 and 5 are highlighted and discussed in the text. Each helium atom is labelled
according to its corresponding image.

8.3.4 Results

Figure 8.12 plots the energy barriers calculated for helium atoms joining and leaving

a He, V,, cluster. It can be seen that it initially requires more energy for helium to
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leave a cluster than for it to join one. For a He, V3 cluster (Figure 8.12a), it can
be seen that at a He:Vacancy ratio of approximately 3.5:1, the energy favourability
reverses; it requires less energy for helium to leave the cluster than to join it. A
similar trend was found for helium joining and leaving for He,, Vg and He, V5 clusters
(Figures 8.12b and 8.12c¢ respectively).
From the energy barriers plotted in Figure 8.12, the difference in energy barrier
was calculated by,
AEy = Ejgin — Eieave- (8.2)

A negative value for AFEj, means more energy is required for a He interstitial to
join a cluster, than to leave it; it is energetically unfavourable for additional helium
atoms to join the cluster. Thus, the point at which AFE}, becomes negative, is the
point at which the maximum energetically favourable He:Vacancy ratio has been

found.
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Figure 8.12: Energy barriers for a helium joining (purple squares) or leaving (green

circles) a cluster with various He:Vacancy ratios.
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As displayed by Figure 8.13, the same trend was found for all three Schottky seed
sizes; as the He:Vacancy ratio increases, AF) decreases. At low He:Vacancy ratios
the energy to join is lower than the energy to leave a cluster, so it is energetically
favourable for helium atoms to join the cluster from interstitial sties. However, when
the He:Vacancy ratio exceeds ~ 3:1, the opposite is true. AFE, becomes negative,
indicating that it now requires more energy for a He atom to join the cluster than to

leave it, so this is the size at which the clusters are no longer energetically favourable.
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Figure 8.13: Difference in energy barriers for a He interstitial to join and leave a
cluster as a function of a cluster’s He:Vacancy ratio. When the energy difference
becomes negative, it requires more energy for helium to join the cluster than to
leave it, so the maximum energetically favourable He:Vacancy ratio is at this point.
Three Schottky seed location sizes were considered (1, 2 and 4 Schottkies) and the
average maximum stable He:Vacancy ratio was ~ 3:1.
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8.4 Molecular Dynamics, Schottky Void

Molecular dynamics simulations were run over a range of temperatures with various
helium concentrations to investigate if helium clusters would form. When clusters
did form cluster analysis was performed to determine the He:vacancy ratio of each
and find if the clusters were of the ratios predicted by Sections 8.2 and 8.3. The
helium concentrations generated were: 0.5, 1, 2, 4, 7.7 and 14.3 at%. Table 8.2 dis-
plays the number of helium atoms input for each concentration. Helium interstitials
were randomly distributed in OISs throughout the lattice. These concentrations

were chosen as they correspond to fractions of OIS filled.

Table 8.2: Helium concentrations considered and the number of helium atoms they
correspond to

He Conc. (at.%) 05 1 2 4 7.7 143
No. He 32 64 128 256 512 1024

A lattice was generated which contained three Schottky trios in the centre of the
lattice as displayed in Figure 8.14. This lattice was energy minimised to ensure that
the configuration was relaxed. Helium atoms were added to OISs and the simulation
run at three temperatures (750, 1500 and 2250 K) for 1 ns. Some of the simulations

were then run for an additional 4 ns.

®

Figure 8.14: PuO, lattice with three Schottky trios clustered in the centre. The
vacancies are displayed in black, Pu atoms in pink and O atoms in blue.
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Throughout this section the helium atoms and oxygen and plutonium vacancies

are coloured corresponding to the legend displayed in Figure 8.15.

Pu vacancy @ O vacancy © He interstitial

Figure 8.15: Legend of the colours of Pu vacancies (pink), O vacancies (blue), and
He interstitials (yellow).

8.4.1 0.5% Helium

Figure 8.16 displays the initial and final configurations of a lattice containing a 0.5%
helium concentration and a central Schottky trio cluster. It can be seen that after 1
ns at all three temperatures no cluster forms. At 2250 K (Figure 8.16d), two helium

atoms have migrated and are trapped at plutonium vacancy sites.

) GO : J
ooo - o
o «
_ | [
(a) Input (b) 750 K
(c) 1500 K (d) 2250 K

Figure 8.16: Lattice containing 0.5% helium and a cluster of three Schottky trios in
the centre. (a) Displays the input configuration. (b), (c¢) and (d) are the configura-
tions after molecular dynamics was run at 750, 1500 and 2250 K respectively.
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8.4.2 1% Helium

Figure 8.16 displays the initial and final configurations of a lattice containing a 1%
helium concentration and a central Schottky trio cluster. It can be seen that after
1 ns at all three temperatures no helium bubble forms. At 2250 K (Figure 8.16d),
the Shottky trios have disbanded and some clustering has begun to occur around
one of the plutonium vacancy sites. Molecular dynamics was run on this lattice for
an additional 4 ns at 2250 K.

(a) Input (b) 750 K
(c) 1500 K (d) 2250 K

Figure 8.17: Lattice containing 1% helium and a cluster of three Schottky trios in the
centre. (a) Displays the input configuration. (b), (c¢) and (d) are the configurations
after molecular dynamics was run at 750, 1500 and 2250 K respectively.

8.4.2.1 2250 K, 5 ns

As can be seen from Figure 8.18, after the 1% He system was evolved for a further 4
ns at 2250 K, a helium cluster formed. Upon inspection of the cluster it was found

that it was a Heoy Voo cluster which is within the predicted stable ratio size found
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in Sections 8.2 and 8.3.

© Puvacancy @ O vacancy © He interstitial

Figure 8.18: Configuration of helium atoms and oxygen and plutonium vacancies
after a 5 ns simulation at 2250 K with initial input of 1% helium atoms in OISs.

8.4.3 2% Helium

Figure 8.19 displays results from simulations of a lattice containing 2% helium with
a cluster of three Schottky trios in the centre of the lattice. Molecular dynamics
calculations were run at three temperatures: 750, 1500 and 2250 K, with the con-
figurations after 1 ns displayed in Figures 8.19(b), (c¢) and (d) respectively. It can
be seen that little has changed in the lattice after 1 ns at 750 and 1500 K. At 2250
K however, many oxygen vacancies are present in the lattice and 13 helium atoms
have clustered around the Schottky trio. This is as expected from the findings of
Chapter 7; helium atoms migrate through the lattice via oxygen vacancies which

are mobile at temperatures exceeding 1500 K.
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Figure 8.19: Lattice containing 2% helium and a cluster of three Schottky trios in the
centre. (a) Displays the input configuration. (b), (c¢) and (d) are the configurations
after molecular dynamics was run at 750, 1500 and 2250 K respectively.
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8.4.3.1 1500 K, Trajectories

It was of interest to see if helium would migrate towards the central void to cluster
when no defects were distributed through the lattice. As displayed in Figure 8.19b,
at 750 K one helium atom occupied the Schottky defects. Upon inspection of the
trajectories it was found that this helium migrated from a neighbouring OIS.

At 1500 K, four helium atoms occupy the Schottky defects after 1 ns. Further
analysis of the migration pathways of the helium atoms into the void space in this
simulation was performed and is displayed in Figure 8.20. From this it was observed
that the helium atoms which migrate to the Schottky cluster during the 1 ns simu-
lation were all initially in 1, 2 or 3N nearest neighbour positions. Interestingly, each
helium atom migrated via a slightly different migration pathway.

The first helium atom to migrate into the cluster ('"He 1’ Figure 8.20b) is initially
located 1 nearest neighbour site from the vacancy cluster. Due to its proximity it
immediately (1 ps) migrates into the cluster and remains within the cluster for the
rest of the simulation. As can be seen from the trajectory in Figure 8.20b, the
helium atom is not static within the cluster. Rather, it migrates about the cluster
occupying the plutonium vacancy sites.

After 470 ps, the second helium atom migrates to the cluster. Figure 8.20c
displays the migration pathway. The pathway was a direct hop to an oxygen vacancy
site within the cluster. Lattice plutonium and oxygen atoms surrounding the helium
atom have also been displayed to depict the pathway. It can be seen that the helium
atom migrates through two oxygen atoms (via an edge-centred position). As was
discussed in Section 7.3, Figure 7.2, the energy barrier for helium from an OIS to
the edge-centred position is high (2.4 eV).

The third helium atom migrates via a direct hop through an oxygen vacancy
into a plutonium vacancy site within the lattice. The final helium atom migrates
via an OIS-V-OIS hop, and then via a direct hop through an oxygen vacancy into
a plutonium vacancy site within the lattice.

From the migration pathways found for helium to migrate to a three Schottky
cluster within 1 ns at 1500 K, it is suggested that when helium atoms occupy first
and second nearest neighbour sites from the cluster, migration via pathways with
higher energy barriers become viable. This may due to the energetic favourability
of helium occupying a cluster with a low He:Vacancy ratio. Helium atoms from
interstitial sites further from the cluster (e.g. 3N as displayed in Figure 8.20¢), may
migrate via the OIS-V-OIS mechanism until close enough to make a direct hop

into the cluster.
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(b) He 1 (1 ps) (c) He 2 (470 ps)

o
[

(d) He 3 (482 ps) (e) He 4 (648 ps)

Figure 8.20: Helium migration to a cluster of three Schottky trios during a 1 ns
simulation at 1500 K. (a) Displays the trajectories (orange) of all four helium atoms
which migrate into the vacancies, they are labelled in order of migration time. (b),
(c), (d) and (e) display detail of how the migration occurred and are discussed in
the text.
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8.4.4 4% Helium

Figure 8.21 displays results from simulations of a lattice containing 4% helium with
a cluster of three Schottky trios in the centre of the lattice. Molecular dynamics
calculations were run at three temperatures: 750, 1500 and 2250 K, with the config-
urations after 1 ns displayed in Figures 8.21(b), (c¢) and (d) respectively. It can be
seen that at 750 and 1500 K little has changed in the lattice after 1 ns. At 2250 K
however, multiple helium clusters have begun to form. To understand this further,

this lattice was evolved for an additional 4 ns.

(c) 1500 K (d) 2250 K

Figure 8.21: Lattice containing 4% helium and a cluster of three Schottky trios in the
centre. (a) Displays the input configuration. (b), (c¢) and (d) are the configurations
after molecular dynamics was run at 750, 1500 and 2250 K respectively.

8.4.4.1 2250 K, 5 ns

Figure 8.22 displays the 4% He lattice at various time steps. The formation of a

helium cluster can be seen at 650 ps around the initial input defect. Additional
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clusters can be seen to have nucleated elsewhere in later time frames. Upon inspec-
tion it was found that temporary PuFPs were often formed in the vicinity of oxygen
vacancies, allowing a helium atom to occupy a Vp,. Instead of the He atom being
ejected by recombining Pu (as is the case with a single He atom), when the number
of helium atoms close to a Vp, was three or more, the PuFP no longer recombined
and a Schottky defect was formed. An example of this is the HegV, cluster identified
at 650 ps in Figure 8.22. Thus, a high local He concentration can itself generate

defects after which the cluster becomes immobile.
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Figure 8.22: PuO, supercell with 4% He concentration. Initially three Schottky
trios were input in the centre of the lattice with the He atoms randomly occupying
OISs. Cluster formation is shown at different times and He:Vacancy ratios labelled.
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8.4.5 7.7% Helium

A lattice was generated with a 7.7% helium concentration, this is equivalent to a
quarter of the available OISs being occupied with helium atoms. This is a signifi-
cantly high helium concentration and unlikely to occur in PuO, storage scenarios.
However, it was of interest to find if the predicted maximum He:Vacancy ratios
would be followed in a lattice so saturated with helium. Figure 8.23 displays the
input configuration, and the configurations after 1 ns at 750, 1500 and 2250 K. It can
be seen that helium clustering occurs at all temperatures, with significant clustering
at 2250 K.

g S & g %00y Y %
S & . >3 ® o2 |4 &
@ 0P 09% HoPo 0 9%%0% o b $0%,9% 05 6% 02329 % |
o < : 3
b% @ 0 99 & » 9% o %I RS 0% 0 93° g0 3 o of
’s P © FPo 00 @ ° o 59 5J§3 % © 0% %% Q%Q ©° 5%
2%° Ho 0%°:% o o oo &) 00%3 €3 O‘OJ%OO P
0.0 0P °
Oo, g@@% oi@ﬁoogdzo %0 oo ° . 05500000@9380') S0 o
% 0o ¢ Pof PP P 0° 9\)$%0 o 90 . \39?%06900
® %Pe%0, o0 @ © 4 o o b of ° aw e, S0 @ . o®0% | @
P 0200 FPP %P 00 oo €ogo 3% ;pg;; ol A9
o ¢ 5 9|
P9 %° @ 0@ 0P %% P 9 P 0y o By o 008@0 Y
o 0% 0° oo % o % |o 00 &P o O °o o® o ©
050500 ° o 0 o0 |d | e, Bo0 0 °5° ° % o
%P %0 5% o 5% b PS8 S, ® Doy ea
P09%°09% %P 0%% P 5 > ,009\3) @ 020 09@;3, oRe |o
20 ) @ #5%° ° °9,°00 oy ﬁo‘gﬁw QSDOO)OOOQ %0, "omof}
0°0%pgp @ %@ o 9P of p 2% OO %\5’0 ® o °fqp,
D OO0 D P00 ©O FPo = J 5) Q ° o _
(a) Input
o %9 Q9 D ]
%ocao ;o OoQg)%o%O% ODOO oﬁg °
°%®a % DOO§ M %o 20, %% o
°l s 0%0 0 o @ 80 % o of©
T o> 008 o 0 oo ¥
? ) 0202, 88 %4 o
Oooo ° &f% oR 0%80 % of o
o, 0 8L ° 0. ©
4.2 ° o dpgaﬁog
3509?)9%]00 5 ° o0
ole®0 0 o° 00 & o g °
So ., 0 ofk © ]
ofe® 0% ® o, @ Qogd)ooojé °
BB O S0 o8 |o
. )
[+]
b ‘@O\%a 9 00080)3)00% 030%
o o %‘%33 ,QOOODOO‘) b Ooo °0e o
®Vp_ %° 8_% o ° &8, S
? Fo ° oPe
0 2 ) 0 Do o D 0

(c) 1500 K (d) 2250 K

Figure 8.23: Lattice containing 7.7% helium and a cluster of three Schottky trios in
the centre. (a) Displays the input configuration. (b), (c¢) and (d) are the configura-
tions after molecular dynamics was run at 750, 1500 and 2250 K respectively.
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8.4.5.1 750 and 1500 K, Trajectories

Figures 8.24a and 8.24c display the helium atoms occupying the Schottky vacancies
after 1 ns at 750 and 1500 K respectively. As anticipated, more helium atoms occupy
the cluster at 1500 K. This is likely because at higher temperatures, helium atoms
have more energy and so can overcome migration energy barriers. Additionally,
higher temperatures result in oxygen being more mobile and so oxygen vacancies

are more readily available for helium migration.

(a) 750 K, cluster (b) 750 K, cluster trajectory

(c) 1500 K, cluster (d) 1500 K, cluster trajectory

Figure 8.24: Lattice containing 7.7% helium and a cluster of three Schottky trios
in the centre, (a) and (c) display the helium atoms clustered at 750 and 1500 K
respectively, (b) and (d) display the initial position of the helium atoms which join
the cluster and their trajectories (orange) for 750 and 1500 K respectively.

Figures 8.24b and 8.24d display the helium atoms which migrate to the Schot-
tky vacancies in their input sites, in addition to the trajectories of the migration
pathways. The migration pathways are very similar to those plotted for the lat-

tice containing 2% helium in Figure 8.20. In Figure 8.24b it can be seen that the
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helium atoms migrate directly from nearest neighbour positions into the vacancies,
this pathway is identical to that followed by 'He 1’ in Figure 8.20b and occurs im-
mediately in the simulation. In Figure 8.24d it can be seen that some of the helium
atoms migrate via interstitial hops as was found in the 'He 4’ pathway in Figure
8.20e. It should be noted that the only vacancies present in the lattice containing
the clusters displayed in Figure 8.23 are displayed in the figure.

From comparison of helium migration pathways in the 2 and 7.7% helium lat-
tices, it is suggested that when defects are not distributed through the lattice, the
determining factor in helium atoms migrating to a cluster is the vicinity of helium
atoms to the cluster. If the helium atoms are within 3N of the cluster, it is likely that
they will migrate. As such, more helium atoms have not migrated to the vacancies
in the 7.7% He lattice because the helium concentration is higher. Rather, they have
migrated because more of the helium atoms were located in close proximity to the
vacancy cluster. Due to the increased number of helium atoms this was statistically
more likely than in the lower helium concentration simulations.

It can be concluded that at temperatures below 1500 K, in a 1 ns time frame
helium atoms will not migrate across the lattice to join a vacancy cluster even
when the helium concentration is very high. It is predicted that defects must be
distributed throughout the lattice to enable the migration. At higher temperatures
(e.g. 2250 K), intrinsic defects are thermally generated and as such are available
to helium for migration. Due to this, helium clusters are seen to form at elevated
temperatures. These findings are in agreement with the predictions of Garcia et al.
[191] for helium behaviour in UO,.

8.4.5.2 2250 K, Cluster Analysis

Figure 8.25 displays the configuration of helium atoms after running molecular dy-
namics for 1 ns at 2250 K. Only the helium atoms are displayed with the lattice
atoms and defects hidden for clarity. It can be seen that the helium atoms have
migrated to form clusters, which are colour coded according to size. The largest 12
clusters are labelled.

The breakdown of how many helium atoms and vacancies are in each cluster is
detailed in Table 8.3. It can be seen that every cluster has a He:Vacancy ratio below
1:1. This means, in every cluster there are more vacancies than helium atoms. The
clusters are much less saturated by helium atoms than the maximum values predicted
from the findings of Sections 8.2 and 8.3.
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Figure 8.25: Lattice containing 7.7% helium after molecular dynamics has been run
for 1 ns at 2250 K. Only helium atoms are displayed. Cluster analysis has been
performed and the helium atoms coloured according to which cluster they occupy.
12 clusters are labelled.

Table 8.3: Detailing the number of helium atoms and vacancies in each cluster
displayed in Figure 8.25 and the He:Vacancy ratio calculated for each

Cluster Identifier Number of Ratio (:1)
Number Colour Helium Vacancies '
1 Green 103 139 0.74
2 Pink 78 110 0.71
3 Red 76 123 0.62
4 Baby Blue 46 66 0.70
5 Pale Green 36 44 0.82
6 Purple 26 34 0.76
7 Grey 21 30 0.70
8 Lilac 21 33 0.64
9 Blue 21 27 0.78
10 Dark Green 20 21 0.95
11 Yellow 19 33 0.58
12 Brown 17 25 0.68
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8.4.6 14.3% Helium

The final helium concentration considered was 14.3%, in which half of the available
OISs were occupied by helium atoms. Figure 8.26 displays the input configuration,
and the configurations after 1 ns at 750, 1500 and 2250 K. As in the lattice containing
a 7.7% helium concentration, it can again be seen that helium clustering occurs at
all temperatures, with significant clustering at 2250 K. As was found for the 7.7%
He lattice, at 750 K, three helium atoms migrate to the vacancies. These helium

atoms migrated from nearest neighbour OISs.
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Figure 8.26: Lattice containing 14.3% helium and a cluster of three Schottky trios
in the centre. (a) Displays the input configuration, (b), (¢) and (d) are the configu-
rations after molecular dynamics was run at 750, 1500 and 2250 K respectively.

8.4.6.1 1500 K, Trajectories

The helium atoms occupying the vacancy cluster after 1 ns at 1500 K are displayed

in Figure 8.27. Again it can be seen that despite the lattice being saturated with
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helium atoms, only those which were within 2 or 3 nearest neighbour positions

migrated to become sequestered in the vacancies.

(a) 1500 K, cluster (b) 1500 K, helium trajectories

Figure 8.27: Lattice containing 14.3% helium and a cluster of three Schottky trios
in the centre, only the helium atoms and vacancies clustered are displayed. The
simulation was run for 1 ns at 1500 K. (a) Displays the cluster. (b) Displays the
helium atoms initial positions and the migration pathways taken to the cluster
(orange).

8.4.6.2 2250 K, Cluster Analysis

Figure 8.28 displays the configuration of helium atoms after the system was evolved
for 1 ns at 2250 K. Only helium atoms are displayed (the lattice atoms and defects
are hidden for clarity). It can be seen that the helium atoms have migrated to
form clusters, which are colour coded according to size. The largest 12 clusters are
labelled.

The breakdown of how many helium atoms and vacancies are in each cluster is
detailed in Table 8.4. Unlike in the lattice with 7.7% He, some of the clusters have
He:Vacancy ratios above 1:1. However, all ratios are still well below the maximum

of 3.5:1 predicted from the earlier calculations.
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Figure 8.28: Lattice containing 14.3% helium after molecular dynamics has been
run for 1 ns at 2250 K. Only helium atoms are displayed. Cluster analysis has been
performed and the helium atoms coloured according to which cluster they occupy.
The 12 largest clusters are labelled.

Table 8.4: Detailing the number of helium atoms and vacancies in each cluster
displayed in Figure 8.28 and the He:Vacancy ratio calculated for each

Cluster Identifier Number of Ratio (:1)

Number Colour Helium Vacancies '
1 Green 240 264 0.91
2 Pink 149 175 0.85
3 Red 119 130 0.92
4 Baby Blue 92 85 1.08
5 Grey 72 71 1.01
6 Purple 60 63 0.95
7 Lilac 52 56 0.93
8 Lime Green 29 34 0.85
9 Blue 22 30 0.73
10 Pale Green 21 19 1.11
11 Yellow 20 16 1.25
12 Brown 20 24 0.83
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8.5 Molecular Dynamics, Defect-Free PuQO,

Lattices with a range of helium concentrations but no initial defects were generated.
Each lattice was evolved at 2250 K for 5 ns, as at this temperature clusters began
to form in the above simulations (Section 8.4). Cluster analysis was performed at
1 and 5 ns. For reference, the legend for helium atoms and oxygen and plutonium

vacancy colours is displayed again in Figure 8.29.

Pu vacancy @ O vacancy © He interstitial

Figure 8.29: Legend of the colours of Pu vacancies (pink), O vacancies (blue), and
He interstitials (yellow).

8.5.1 Configurations

The configurations of the oxygen and plutonium vacancies and helium atoms at 1
and 5 ns are displayed in this section for each helium concentration. The clusters

identified are then analysed.

8.5.1.1 0.5% Helium

As can be seen in Figure 8.30, no He clusters form during 5 ns. As the temperature
of the simulation was 2250 K, oxygen is mobile and so O vacancies are present in
the lattice. Thus, whilst the He atoms have not clustered, they are mobile. From
compariason of Figures 8.30a and 8.30b it can be seen that the He atoms have

migrated to occupy different OISs.

° ° 0'.. ° ¢
'y ° e
(a) 1 ns (b) 5 ns

Figure 8.30: Lattice containing 0.5% helium evolved at 2250 K for 5 ns.
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8.5.1.2 1% Helium

No helium clusters were observed to form during the 5 ns simulation with a 1%
helium concentration. The helium atoms were mobile and have migrated between

OISs, likely via the oxygen vacancies.

. o
T] > :)’. - .;\
(a) 1 ns (b) 5 ns

Figure 8.31: Lattice containing 1% helium evolved at 2250 K for 5 ns.

8.5.1.3 2% Helium

As can be seen in Figure 8.32a, one small helium cluster has begun to form after 1 ns
at 2250 K. After 5 ns (Figure 8.32b) two large helium clusters have formed. It is of
interest to note that whilst there are many oxygen vacancies throughout the lattice
and within the helium clusters, the majority of plutonium vacancies are within the

helium clusters.
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Figure 8.32: Lattice containing 2% helium evolved at 2250 K for 5 ns.
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8.5.1.4 4% Helium

As displayed in Figure 8.33, multiple helium clusters have formed after 1 ns, but
some helium atoms remain in interstitial positions. After 5 ns, there are no isolated

helium atoms, all of the helium atoms occupy clusters.

(a) 1 ns (b) 5 ns

Figure 8.33: Lattice containing 4% helium evolved at 2250 K for 5 ns.

8.5.1.5 7.7% Helium

As can be seen in Figure 8.34a, large helium clusters have formed after 1 ns. It

appears that during the next 4 ns, these clusters merge to form fewer, larger clusters

(Figure 8.34b).

1% O Q

oooouu 5 575 —
° 4

X o

° e e

’

‘o ° d
° L

(a) 1 ns (b) 5 ns

Figure 8.34: Lattice containing 7.7% helium evolved at 2250 K for 5 ns.
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8.5.1.6 14.3% Helium

From Figure 8.35a it can be seen that after 1 ns the helium atoms are distributed in
clusters throughout the lattice. In Figure 8.35b, the clusters have merged to form
one giant cluster. There are a significant number of vacancies present in Figure
8.35b, comprised of 788 plutonium vacancies and 1422 oxygen vacancies. As such,
there are more vacancies in the lattice than helium atoms (1024), which has been
the case for all simulations upon inspection. The specific He:Vacancy ratios will be

calculated in the following section.

000 = Z c 20, L%Q\, DORD P 2
?9 : D .‘..:. oogc O%), P8 oS e, O "3, j
, : ° a ‘O)o 037
b p Q. o
o % %o
D % ° )
0 K]
g A o% 2%
&3 ® ’ ° o
B
o
(a) 1 ns (b) 5 ns

Figure 8.35: Lattice containing 14.3% helium evolved at 2250 K for 5 ns.

8.5.2 Cluster Analysis

Table 8.5 displays analysis of how many large clusters were present in the above
simulations. A large cluster was defined as one containing more than 9 helium
atoms. From Table 8.5, it can be seen that no large clusters were formed within the
simulation time until the helium concentration was 2%. For the lattice containing
2% He, at 1 ns one large cluster had formed (containing 10 He), this cluster grew
dramatically over the next 4 ns so that at 5 ns it contained 68 He atoms. For He
concentrations above 2%, the number of clusters decreased during the 1 ns to 5 ns
time period, this is because the clusters were merging to form fewer, larger clusters.

Figure 8.36 plots the evolution of the lattice containing 4% He as a function of
the number of helium clusters and number of vacancies present in the lattice. The
number of clusters at t=0 was 250. This is because there are 250 He atoms in the
simulation sufficiently separated that they count as isolated clusters. As the number

of clusters decreases this is due to helium atoms occupying shared spaces. It can be
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Table 8.5: The number of large helium clusters (> 9 He) formed after 1 ns and 5 ns
in PuO, at 2250 K and the number of helium atoms in the largest clusters

No. large clusters Max cluster size (No. He)

He at.% 1ns bHns 1ns 5ns
0.5 0 0 1 1

1 0 0 1 1

2 1 2 10 68

4 7 3 40 202

7.7 12 7 101 342

14.3 19 1 240 1015
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