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Abstract

Fundamental understanding of the behaviour of nuclear fuel has been of great importance.
Enhancing this knowledge not only by means of experimental observations, but also via multi-
scale modelling is of current interest. The overall goal of this thesis is to understand the impact
of atomic interactions on the nuclear fuel material properties. Two major topics are tackled in
this thesis. The first topic deals with non-stoichiometry in uranium dioxide (UOz) to be
addressed by empirical potential (EP) studies. The second fundamental question to be answered
is the effect of the atomic fraction of americium (Am), neptunium (Np) containing uranium (U)

and plutonium (Pu) mixed oxide (MOX) on the material properties.

UO: has been the reference fuel for the current fleet of nuclear reactors (Gen-1l and Gen-l11);
it is also considered today by the Gen-IV International Forum for the first cores of the future
generation of nuclear reactors on the roadmap towards minor actinide (MA) based fuel
technology. The physical properties of UO2 highly depend on material stoichiometry. In
particular, oxidation towards hyper stoichiometric UO2 — UO2+x — might be encountered at
various stages of the nuclear fuel cycle if oxidative conditions are met; the impact of physical
property changes upon stoichiometry should therefore be properly assessed to ensure safe and
reliable operations. These physical properties are intimately linked to the arrangement of
atomic defects in the crystalline structure. The first paper evaluates the evolution of defect
concentration with environment parameters — oxygen partial pressure and temperature by
means of a point defect model, with reaction energies being derived from EP based atomic
scale simulations. Ultimately, results from the point defect model are discussed, and compared
to experimental measurements of stoichiometry dependence on oxygen partial pressure and
temperature. Such investigations will allow for future discussions about the solubility of
different fission products and dopants in the UO> matrix at EP level.

While the first paper answers the central question regarding the dominating defects in non-
stoichiometry in UO>, the focus of the second paper was on the EP prediction of the material
properties, notably the lattice parameter of Am, Np containing U and Pu MOX as a function of

atomic fractions.

The configurational space of a complex Uiy.y-yPuyAmy-Npy-O2 system, was assessed via
Metropolis-Monte Carlo techniques. From the predicted configuration, the relaxed lattice

parameter of Am, Np bearing MOX fuel was investigated and compared with available

Vi



literature data. As a result, a linear behaviour of the lattice parameter as a function of Am, Np
content was observed, as expected for an ideal solid solution. These results will allow to support
and increase current knowledge on Gen-1V fuel properties, such as melting temperature, for
which preliminary results are presented in this thesis, and possibly thermal conductivity in the

future.

Keywords: Non-stoichiometry, point defect model, defect chemistry, hybrid Monte Carlo
Molecular Dynamics simulation, nuclear fuel, uranium dioxide, americium, neptunium bearing
uranium, plutonium MOX fuel, material properties of Light Water Reactor (LWR) and Gen-
IV fuel.
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1. How physics matter for the safe operation of nuclear facilities: The bigger

picture

The overall goal of this thesis is to understand the impact of atomic interactions on the nuclear
fuel properties, which is ultimately linked to the fuel performance. Therefore, in the first two
chapters the rationale of this thesis is presented by highlighting the relevance of a fundamental
understanding of the physics involved to design, develop, and operate nuclear facilities. Some
basic background together with relevant definitions related to nuclear technology and its key

material, namely nuclear fuel, are provided in the first two chapters.

e Section 1.1 briefly describes nuclear fission and the features of nuclear fuel.

e Section 1.2 explains the nuclear fuel cycle starting from uranium metal mining over
energy production until its final waste management.

e Section 1.3 details the Gen-IV nuclear fuel concept

e Section 1.4 explains the objectives and structure of the thesis

e Section 2.1 describes the crystal structure of UO>

e Section 2.2 describes the material properties of UO>

e Section 2.3 outlines the state of art research of atomic scale calculations in UO2
1.1. Nuclear fission and nuclear fuel

Fission event:

A nuclear fission event is defined as the splitting of a heavy nuclide into usually two fragments
[1]. Some heavy nuclides, such as 2#2Cm and 2°Cf, feature spontaneous fission; for others, such
as 23U, 25U and 2°Pu, a captured neutron activates this event. An alternative way of inciting
fission is through photons bombardment or excitation of the nucleus via high energy particles
e.g., protons, deuterons, and helium. An example for neutron induced fission of a ?**U is shown
in Eg. (1-1) [2,3].

(1-1)
235, 1 1
57 U+ g0 — FPs+ (2=3) n+ 200 MeV



The products of such reactions e.g., fission products (FPs), fast neutrons (n) and gammas ()
appear with large kinetic energy (about 200 MeV), which is then converted into heat to

eventually produce electrical power in nuclear reactors.

The distribution of fission fragments is generally measured by mass spectroscopic and
chemical techniques [4]. Figure 1-1 shows a typical 23U fission yield as a function of fragment
mass [5]. Fission events are generally asymmetric, in the sense that they most often produce a
light and a heavier fragment, rather than two fragments of a same mass. In general, fission
fragments ranging from atomic mass (A) of 72 to 161 result from a thermal neutron induced

235(J fission reaction.
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Figure 1-1 23U fission yield (FY) as a function of fragment mass. Ei is the incoming neutron
energy. ENDF stands for US Evaluated Nuclear Data File / version B-VI111.0. (From [5].)

In addition, during the fission reaction several neutrons are produced. Most of these neutrons
appear as ‘prompt neutrons’ right after the fission event, while very few of them (typically less
than 1%) appear with a gradual delay, which is crucial for the effective control of a nuclear
reactor. The average numbers of immediately released neutrons and delayed neutrons emitted
per fission of 2°U are 2.432 + 0.066E; (0 < Ei< 1 MeV) and 2.349 + 0.15E; (Ei> 1 MeV), and
0.01668 + 0.0007, respectively. With an average neutron energy of about 2 MeV, these

neutrons propagate the fission chain reaction [6].

For the abundant isotope of uranium, 238U fissions occur above 1 MeV incident neutron energy

[5]. However, when capturing an additional neutron, 28U becomes unstable and decays to



23%Pu. Eq. (1-2) shows a typical neutron capture reaction of a 22U isotope. 2*°Pu, in turn, is a
fissile isotope with a half-life of 24 thousand years, which can be stored and used as a nuclear

fuel.

238.. 1. 239 B- 239 B- 239
9201 0" 92V sismin 93 P 233any 94 LY (1-2)

Figure 1-2 shows the energy dependence of the cross section for the neutron induced fission
reaction for 2°U, 228U and #**Pu [5]. The higher cross section of 23°U and 2*Pu occurs at low
neutron energies; the fission cross section behaves ~v1, with neutron speed (v) or ~Ei’/2 for
the neutron energies being less than ~1 eV, called thermal energies. ~1 eV to ~100 eV are
epithermal neutrons, and their reactions exhibit a large resonance in the cross section. Between
~100 eV to 1 MeV, the energy levels of excited states in the nuclei overlap and no resonance
appears. The neutrons with energies higher than 1 MeV are called fast neutrons. In the fast
region, the fission cross section of 2°U and 2*°Pu decreases roughly in the order of 1 to 1000

barns, while the fission probability of 23U increases in a similar order [6].
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Figure 1-2 Comparison of total fission cross-sections of 2°U, 238U and 2**Pu. ENDF stands for
US Evaluated Nuclear Data File / version B-VII1.0. (From [5].)



Nuclear Fuel:

The energy source within the core of a nuclear reactor is the nuclear fuel. It produces heat via
fission reactions, which is converted into electricity or used for other applications. Nuclear fuel
is made of fissile and fertile or fissionable materials. Uranium is the key material of any nuclear
fuel. In nature, it exhibits an isotopic composition of ~99.284% 238U, ~0.711% 2*°U and trace
amount of 2*U [7]. Depending on the design of a nuclear reactor, nuclear fuels are produced

in various forms, compositions and geometries [8].

The most common classification of nuclear fuel is the form, differentiating between metal and
ceramic fuels. Metallic fuels are made from pure uranium or plutonium metals or their Mo, Zr
etc., alloys. Pure metals are, however, avoided as they exhibit several polymorphs which make
fuel fabrication exceedingly difficult. Ceramic fuels are oxides, nitrides, carbides or silicides.
Further, there are more complex materials taking the form of cercer (ceramic—ceramic

combinations) or cermet (ceramic—metal composites) [8-10].

There are many criteria which have an impact on the selection of nuclear fuel. Metallic fuels,
for example, are attractive in terms of thermal conductivity and fuel density. However, low
melting point, phase changes during irradiation, low irradiation and thermal resistivity, and fuel
swelling due to lack of porosity are some of the main drawbacks associated with metallic fuels
[8-10]. Oxides, on the other hand, have a high melting point and both irradiation and chemical
stability, but low thermal conductivity [8-10]. Alternative fuels, such as carbides, nitrides,
silicides and dispersed fuels, might be better in many aspects as compared to the oxides and

metallic fuels; however, insufficient knowledge makes it hard to use them [8-10].

Modern power reactors utilize ceramic uranium dioxide (UO2) with ~10 pm grain size and
~5% volume porosity, with a composition of 3-5% enriched 2%°U in a cylindrical pellet of ~1
cm diameter and height [8]. Figure 1-3 a) shows a schematic view of a standard double dish
chamfered pellet. Figure 1-3 b) depicts the nuclear fuel element, a typically zircaloy sealed
tube filled with UO- pellets under 2.5 MPa of helium atmosphere with a height of ~4 m. Figure
1-3 c) displays the nuclear fuel bundle, the assembled unit of fuel elements. In a classical
Westinghouse design pressurized water reactor (PWR), the fuel bundle has 17 x 17 fuel
element-array with 264 fuel elements, 24 guide tubes and an instrumentation tube [6]. The UO>
fuel operates typically at average linear power rate of 20 kWm™, while maximum fuel
centreline temperature remains below 2000 °C [6].
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and c) nuclear fuel assembly. (From [11].)

1.2. Nuclear fuel cycle

The nuclear fuel cycle covers uranium in all relevant stages, that is, from mining until its
utilization in a reactor until the management of spent nuclear fuel. Figure 1-4 shows the

schematic representation of the uranium nuclear fuel cycle.

Mining and Milling:

The first step of the nuclear fuel cycle is the extraction of uranium ores from the ground, for
which the concentration is high enough to be economically feasible. Uranium naturally occurs
with an overall abundance of approximately 3-4 ppm in the Earth’s’ crust [7]. The most

common occurrence of uranium is as pitchblende or uranite, in a mixed oxide composition [7].
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Figure 1-4 Schematic diagram of nuclear fuel cycle (NFC). RepU stands for reprocessed

uranium.

Typically, uranium ores can be extracted from the ground in three different ways, namely either
by means of open pit mining, underground mining, or in-place (in-situ) leaching. The selected
mining strategy depends on a uranium deposit’s properties, such as depth, shape and geological
conditions [7]. Open pit mining is preferred if the resources are located near the surface,
whereas underground mining is used for deeper deposits. In case of solution mining, liquid
solutions are pumped through the ore to recover uranium by leaching on site. Even though the
selection of in-situ mining results in less tailings, the use of leaching solvents can lead to the

contamination of underground water and soil.

Milling is the production stage of yellow cake UsOg. Here the uranium is concentrated to 70-
80% for further operations [12]. This stage comprises ore crushing and leaching, followed by

solid-liquid separation, concentration, purification, and uranium recovery.



Refining, Conversion and Enrichment:

Following the milling stage, UsOs is further purified by solvent extraction with tri-butyl
phosphate (TBP) and then exposed by chemical conversion techniques. The obtained UO, will
either directly be shipped to a fuel manufacturing facility or converted to uranium hexafluoride
for further isotopic enrichment process. A typical uranium-fluoride reaction is shown in Eq.
(1-3).

The product of green salt UF4 is converted to gaseous UFs by F2 fluorination [12]. Metallic

uranium can also be produced by metallothermic reduction methods [12].

Enrichment is a physical separation process, which uses the mass difference between 28U and
2%U. The aim is to increase the 2*°U isotopic content from 0.711% to 3-5% for energy

production. Different processes of isotopic enrichment are economically feasible:

e Gaseous diffusion takes advantage of the fact that at a certain temperature, lighter
molecules diffuse faster than heavier molecules. A central membrane is used in order
to separate the two molecules 2UFg and 2%8UFg [12].

e Gas centrifugation uses a high-speed rotating container. The difference in the
centrifugal forces of heavy and lighter molecules is used for the separation of the two
molecules 2UFs and 28UFg [12].

The feasibility and commercial reliability of other available enrichment techniques, such as
electromagnetic separation, laser enrichment, chemical exchange, plasma separation etc., is
still subject to R&D [12].

Deconversion:

To convert the enriched UFs to UO>, several routes have been industrially implemented, but
we will limit ourselves here to a description of the Integrated Dry Route (IDR). First uranium
oxyfluoride UO2F. powder is produced from UFs reacting with heated steam HO, typically at
400 °C [12]. Then, the UO2F; is defluorinated and heated to UO> with a steam-hydrogen



mixture, typically at 600 °C [12]. After cooling, the UO. powders are collected in containers,

which maintain a critically safe geometry, and are shipped to the fuel manufacturing plant.

Fuel Fabrication:

UO- powders from deconversion further undergo the following steps before being refuelled

into a nuclear reactor:

e Powder preparation
e Fuel pellet processing
e Fuel rod fabrication

e Fuel bundle assembly

Steam Generator

Steam Outlet
Separators
Feedwater Inlet
Pressurizer —
Control Rod Drives A
|  Primary
Pump U-Tubes
:

—

M
Reactor Core UL

Reactor Vessel

Figure 1-5 A typical pressurised water reactor (PWR) nuclear steam supply system (NSSS).
(From [13].)

The powder preparation comprises homogenisation, blending with additives, pre-compaction
and granulation, spheroidization and lubrication phases [14]. In each of these phases, quality

control and quality assurance are crucial for safe reactor operation.



The prepared and blended powder is sintered at high temperatures and in a reducing atmosphere
into green pellets [14]. The pellets are then loaded into a rod with helium, which is subsequently

sealed. Eventually the rods are assembled into fuel bundles [14].

Nuclear power plants:

In a commercial plant, the heat generated by the nuclear fission is used to convert water into
high temperature and pressure steam. The steam’s latent energy is converted first to mechanical
energy by a turbine and then into electricity by a generator, which is connected to the electrical
grid. To complete the cycle, the used steam must be condensed and pumped back into the
nuclear steam supply system (NSSS). The condensed water is usually obtained from cooling

by a nearby water source (often from rivers, lakes, or the sea) and/or artificial cooling towers.

Nuclear reactors are generally referred to, based on the type of coolant. Ordinary water, as used
in LWRs (Light Water Reactor), is the most common type of coolant and serves also as a
neutron moderator. Table 1-1 displays various data of different types of nuclear power reactors.
Among the LWRs, PWRs (Pressurized Water Reactor) are the majority. A typical NSSS of a
PWR design, consisting of a nuclear reactor, primary coolant loops, circulation devices and a
steam generator, is shown in Figure 1-5 [13]. In a typical Westinghouse PWR-1200 reactor
with a discharge burnup of 33-50 GWdtU™, the high-pressure (15.5 MPa) coolant enters the
core at 300 °C and exits at 332 °C [6].

Table 1-1 A typical nuclear power reactor data (From [6].)

General PWR PWR PWR BWR/6 | HTGR | LMFBR | GCFR CANDU
data (W) (B&W) | (CE) PHWR
MWih 3411 3600 3800 3579 3000 2410 2530 1612
MWe 1150 1200 1300 1200 1170 1000 1000 500
n [%] 337 333 34.2 335 39.0 39.0 395 31.0

Fuel type UoO, Uo, Uo, Uo, UC, ThO, Pu0O,, UO, PuO,, UO, Uo,

Coolant H,O H,O H,O H,O He Na He D,O

Claddin g Zircaloy Zircaloy Zircaloy Zircaloy-2 Graphite 316SS 316SS Zircaloy-4

material

Moderator H,O H,O H,O H,O graphite - - D,O
Vendor codes are as follows:

W= Westinghouse; B&W=Babcock & Wilcox Company; CE=ABB Combustion Engineering

PWR = Pressurized-water reactor; BWR = Boiling-water reactor; HTGR= High temperature gas reactor;
LMFBR=Liquid metal fast breeder reactor; GCFR=gas-cooled fast reactor; CANDU=CANada deuterium
uranium; PHWR=Pressurized-heavy water reactor.




Spent fuel interim storage:

In a normal operating scenario, one-third of the core of a nuclear reactor is discharged and
replaced with fresh fuel every 12 to 18 months [15]. Managing the discharged (or spent) nuclear
fuel from nuclear reactors is a great challenge as it contains fissile isotopes (2°U, 2°Pu, 2*1pu),

minor actinides [MAs (Am, Np, Cm, mainly)] and fission products.

The idea of an interim storage is to reduce the activity and heat output of the fuel after removal
from the reactor to a relatively safe margin. Later, spent nuclear fuel will be either disposed or
shipped to reprocessing facilities.

For the interim storage of spent nuclear fuel, two concepts are in use:

e \Wet storage (on-site)

e Dry storage (near the site or off-site)

During the first year of wet storage, the radioactivity of spent fuel (SF) drops to about 1% of
its initial value, followed by another reduction of a factor 10 over the subsequent 10 years of

cooling [12].

Reprocessing:

The most widely used method for the reprocessing of spent nuclear fuel is the PUREX process.
PUREX is the abbreviation of Plutonium URanium EXtraction, Plutonium Uranium Recovery
by EXtraction or Plutonium Uranium Reduction Extraction. These PUREX facilities are
designed and licensed depending on the discharge burnup, the fissile content and/or the cooling
time of SF [12].

PUREX comprises the uranium and plutonium extraction and purification after dissolving SF
with nitric acid. This process can be described as the separation of uranium and plutonium from
the fission products first, and later partially or completely from each other. A 30% v/o TPB (tri
n- butyl phosphate) diluted with paraffinic hydrocarbons, such as n-dodecane, kerosene etc., is
commercially used as an organic solvent [12]. Figure 1-6 depicts the molecular structure of

TBP and a typical diluent: n-dodecane molecule.
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a) Tri-n butyl phosphate (TBP) b) Hydrocarbon: n-dodecane (nDD)

Chemical formula: (CHsCH.CH2CH20);:PO  Chemical formula: CHs(CH2)10CHs

CHs CHs

CH2
CH2

O

';;..t‘

Figure 1-6 The molecular structure of tri butyl phosphate (TBP) and hydrocarbon: n-dodecane
(nDD).

The PUREX process includes the following steps [12]:

e De-cladding (de-jacketing)

e Dissolution

e Feed preparation

e Co-decontamination and partition

e Uranium purification

e Plutonium purification

e Uranium and plutonium reconversion to oxides

TBP extraction makes advantages of the extractable aqueous nitrate complexes of the elements.
Figure 1-7. shows the effect of nitric acid concentration on the distribution coefficient of
various metals at room temperature [12]. This confirms the high selectivity of TBP for the
separation of uranium and plutonium from other elements. For the various valence (e.g., I,

IV and V1) of metals (M), the TPB extraction mechanism is shown in Eq. (1-4).

11



M(IID): [M(NO); » 3TBP],
M(IV): [M(NO,), « 2TBP], (1-4)

M(VD): [MO,(NOs), » 2TBP],

For example, uranium metal M(VI), and plutonium metal M(IV), react with TBP according to
the reaction in Eq. (1-5) and Eq. (1-6), respectively. In these equations the subscript (a) is the

aqueous phase while the subscript (0) represents the organic phase [12].

UO3* ) + 2NO3 ) + 2TBP(o) & [U0;(NOy); * 2TBP] o) (1-5)
and
Pu4+(a) +4NO3 ) + 2TBP,) & [Pu(NO3)4 » 2TBP] ) (1-6)

For the nitric acid, the TBP extraction mechanism is [HNO5 e nTBP], where nis 1 and 2,
dominantly [12]. TBP is covalently bonding with metal ions, whereas hydrogen bonding with
nitric acid and water [12]. Partitioning of uranium and plutonium is achieved by reduction of
Pu (IV) to non-extractable Pu (I11). After the purification, uranium and plutonium are converted

to their oxides.

Waste disposal:

Currently, most of the spent nuclear fuels are kept temporarily in spent fuel pools at the reactor
site or in special casks, near the site or off-site. Uncertainty remains on the topic of permanent
(or final) disposal of the spent nuclear fuel due to environmental, technical, economical, and

political reasons.

The most realistic method is the storage of spent nuclear fuel in deep underground repositories,
where it may remain confined and isolated from biosphere for very long periods of time.
Confinement and isolation are foreseen to be achieved by multiple barriers in such repositories.

The radioactive waste is placed into a steel canister in a special form that blocks mobilization

12



of radioactive materials. That canister is covered by multiple engineered barriers in order to
prevent the SF from any physical and chemical damage or to delay such occurrences to times

where the waste radiotoxicity has sufficiently decreased [12].
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Figure 1-7 Effect of nitric acid concentration on distribution coefficients in 30% v/o TBP 80%

uranium saturation at room temperature. (From [12].)

Nuclear fuel cycle: overview and challenges

The use of nuclear technology requires several different industrial facilities. The necessary
steps for uranium to be turned into nuclear fuel are illustrated in Figure 1-4. There are two
scenarios for nuclear fuel: once-through (or open) nuclear fuel cycle (NFC) and closed NFC.
The former considers the direct disposal of nuclear fuel after irradiation in a reactor and the
latter refers to the reprocessing or re-use of nuclear fuel after irradiation in a reactor. There are

many factors that can have an impact on the choice of the type of NFC [16]:
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Safety: in uranium mining, fuel fabrication, spent fuel handling and treatment, geological

disposal as well as all the transportations.
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Figure 1-8 Uranium spot price in USD per pound from 1990 to 2021.

Sustainability: covers e.g., efficient nuclear resource utilization, sustainability on the interim

storage and reprocessing and nuclear waste management.

Non-proliferation and security: the possibility to divert or access fissile materials, being it from

institutional side or malevolent group of people.

Economy: Overall cost e.g., uranium spot prices, fuel fabrication cost, the cost of back-end

facilities, cost of transportation, disposal, and personnel and so on.

Although once-through nuclear fuel cycle is generally accepted, closing the cycle would
provide better nuclear resource utilization and significant decrease of volume of the high-level

waste. For example, with an open NFC, natural uranium utilization is 200 tonnes per year for

14



1000-MWe PWR reactor at 80 percent capacity factor. On the other hand, this value decreases
by a factor 100 with fully closed cycle with fast reactor [12]. However, the cost would probably
be compensated by additional back-end facilities. The main determining factor will therefore
be the future uranium prices. Figure 1-8 shows the uranium spot prices in the market from 1990
to 2021. In the global picture, selecting of open or closed cycle might differ from one country

to another.

1.3. GEN-I1V fuel concept

The management of spent fuel (SF) from Light Water Reactors (LWRS) is a great challenge as
it contains many radioactive elements, that is, fissile isotopes (*°U, 2°Pu, 2*'Pu), minor
actinides [MAs (Am, Np, Cm, mainly)] and fission products. The main concern is the
minimization of long-term environmental effects of the spent nuclear fuel. Therefore,

appropriate back-end scenarios have to be elaborated.

Over the decades, many back-end strategies have been devised for safe and sustainable energy
production. In the case of a once-through nuclear fuel cycle, currently the most popular
scenario is to isolate SFs from the environment. Alternative technologies have been developed
in order to re-use and reprocess SFs. The PUREX process, for example, which is the standard
method for reprocessing, aims at recycling U and/or Pu as a pure stream, leaving the fission
products and MAs in a raffinate, which is classified as high-level waste (HLW). After that, the
extracted U and/or Pu is shipped either to fuel fabrication or enrichment facilities.

Partitioning and transmutation (P&T) is considered a future management strategy to reduce the
final radiotoxicity and heat load of the SF [17,18]. It includes the extraction (or partitioning)
of MAs from PUREX waste and the preparation of MA bearing oxide fuel. The transmuted
fuel will then be irradiated under a high energy neutron flux in a Fast Neutron Reactor (FNR)
or an Accelerator Driven Hybrid System (ADS) [17,18].

Figure 1-9 shows the radiotoxicity changing with time for one tonne of 10-years-cooled spent
nuclear fuel, from a standard PWR reactor with 4.2 wt% initially enriched *°U at 50 GWd/tHM
burn-up [17]. Figure 1-9 a) depicts the contribution of FPs, Pu and MAs to the overall SF’s
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radiotoxicity. Figure 1-9 b) compares the SF’s radiotoxicity of three back-end scenarios where
I) represents the once-through nuclear fuel cycle, I1) shows the PUREX HLW and 111) displays
the partitioning of MAs from the PUREX waste stream. The FPs do not have long-term
radiotoxic effects; their radiotoxicity drops below the one of natural uranium after about 300
years. For the PUREX waste it would take several thousand (~20.000) years and for the direct
disposal of SF one would have to wait ~200.000 years until the radiotoxicity drops under the

level of natural uranium.
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Figure 1-9 Radiotoxicity (Sv/tHM) of 1t of SF from a PWR (initial enrichment 4.2 wt% 235U,
burn-up 50 GWd/tHM) as a function of time after discharge (year). a) Contribution of fission
products (FP), plutonium (Pu) and minor actinides (MA) to radiotoxicity. b) Modification of
radiotoxicity due to separation of U, Pu or U, Pu and MA. (From [17].)
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1.4. The objectives and structure of this thesis

The fundamental understanding of the behaviour of nuclear fuel has been of great importance.
The overall goal of this thesis is therefore to understand the impact of atomic interactions on

the nuclear fuel properties, which is ultimately linked to the fuel performance.

The following research questions are tackled in this thesis:

1. How can non-stoichiometry in uranium dioxide (UO2) be addressed by empirical
potential studies?

2. What are the dominating defects in non-stoichiometric UO,?

3. How can empirical potentials predict the material properties of americium (Am),
neptunium (Np) containing uranium (U) and plutonium (Pu) mixed oxide (MOX) as a

function of the atomic fraction?

The thesis is structured as follows: Chapter 1 and 2 provide a short introduction and
background, respectively. Chapter 3-4 presents the research design and the methods applied
in the articles appended. Chapter 5-6 presents the results and Chapter 7 provides some
conclusions and describes potential future research work based on this thesis’ outcomes.

The papers are integral components of this thesis and can be found in the annex.
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2. The uranium-oxygen system

Understanding the uranium-oxygen system is important for the nuclear industry as uranium
dioxide (UO,) is a key material for the current fleet of nuclear reactors. UO; is stable at room
temperature. At higher temperatures (above ~600 K) a non-stoichiometric UO2+x compound is
formed, and with increasing oxidation, the system passes through several intermediate
compounds and phases, namely UsOg, U307, U3Og [19-26]. Figure 2-1 shows the uranium
oxygen phase diagram [19]. The first part of this study focuses on the UO2+x domain, for which

gaining fundamental knowledge is of great technological importance.
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Figure 2-1 Uranium-oxygen phase diagram. (From [19].)
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2.1. Crystal structure of UO>

UO; presents a f.c.c. type crystal structure (Fm3m space group), where uranium ions are
located at the Wyckoff 4a octahedral sites and oxygen ions occupy the Wyckoff 8c tetrahedral
positions [27]. Figure 2-2 a) and Figure 2-2 b) illustrate the fluorite structure of UO> from
different perspectives. Figure 2-2 c) shows the thirteen interstitial sites, 12 of them being

located along the unit-cell’s edge and one interstitial-site being at the unit-cell’s centre.

The accepted lattice parameter of UO; is 5.47 A and the corresponding theoretical density is
10.95 gcm3[27,28]. The mean interatomic distances with respect to the nearest neighbour atom
are U-U (1%-nn) =3.9 A, 0-O (1%-nn) =2.7 A and U-O (1%-nn) =2.4 A at room temperature
[27]. Figure 2-3 shows the calculated radial distribution function g(r) of O-O, U-O and U-U
within a r=10 A (cut-off) distance at 300 K and 3000 K, respectively.

2.2. Material properties of UO>

Bulk properties of UO> were investigated by empirical potential study. A comparison study
was carried out between three widely used empirical potential sets, namely Yakub [29], CRG
[30,31] and Arima [32], Density Functional Theory (DFT) calculations and experimental
results. The Yakub potential was selected as it has been well tested, and because of its ability
to adequately address anion clustering formation in UO> [29,33,34]. This potential was used to
address non-stochiometry in UO2.x in the first paper [35]. Similarly, both the CRG and Arima
potential have been extensively tested in literature, especially for dynamic calculations, and
reproduce reasonably well thermo-mechanical properties of UO- [30,33,36]. In addition, they
provide concise sets of interatomic potentials to investigate the material properties of a complex
U-Pu-Am-Np-O system [30-32,37,38]. These potentials were used to address the material
properties of MA bearing MOX fuel in the second part of the thesis [39].
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Figure 2-2 a) and b) Various perspectives of the unit cell of uranium dioxide. The black balls
represent uranium cations, the red balls stand for oxygen anions and the green balls signify (c)
the interstitial sites. The (110) plane of the unit cell, which has 4 oxygen atoms, contains

octahedral sites at the mid-point of the plane as well as at the centers of two edges.

Table 2-1. shows the calculated lattice parameters, elastic constant as well as the bulk modulus
for various sets of UO> potentials. Neither the Yakub nor the Arima potential are capable of
reproducing C12 and Cas at the same time [29,32]. This issued was solved by the CRG potential
[30,31]. CRG potential sets were therefore selected to study temperature effects on material
properties of UO; [30,31].

Initially, UO> system with 4 x 4 x 4 supercells were heated from 300 K to 3000 K at 50 K
intervals with a simulation time step of 2 fs and at zero pressure [33]. System pressure and
temperature were controlled by Nosé-Hoover thermostat and barostat with relaxation time of
0.1 ps and 0.5 ps, respectively [33]. At each system temperature, volume and enthalpy were
averaged over a certain time period. The averaged lattice parameter and enthalpy were used to
calculate the thermal expansion coefficient and specific heat of UO, respectively. Figure 2-4
addresses the temperature effects on material properties of UO> as predicted by the CRG

potential [30,31]; experimental data were taken from [40].
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Figure 2-3 The radial distribution function g(r) of O-O, U-O and U-U within a r=10 A (cut-off)
distance at 300 K and 3000 K calculated in this thesis using Yakub potential [29].
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Figure 2-4 Temperature dependence of UO: properties as predicted by CRG potential [30,31]

a) lattice parameter [L] b) thermal expansion coefficient [a;, = %(Z—;)P] c) change in system

enthalpy [AH] and d) specific heat ¢, = (Z—:)P. Experimental data were taken from [40].
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Table 2-1 Comparison of bulk properties of UO..

Bulk Yakub CRG Arima DFT Experimental

properties [29] [30,31] [32] [41] [27,42]
ay/nm 0.544 0.545 0.545 0.545 0.547
C11/GPa 345.3 406.29 436.02 389.3 389.3+1.7
C,,/GPa 717 124.70 115.93 138.9 118.7+1.7
C,4/GPa 66.7 63.90 106.25 71.3 59.7+0.3
B/GPa 162.9 21856 | 222.63 210 209+2

UO2:x

At temperature above ~600 K UO; can dissolve oxygen to form UO2+x compounds in which
the x represents the deviation from stoichiometry or oxidation level [24,43]. Upon oxidation,
oxygen ions appear as isolated point defects (Oi) entering the UO, matrix without deforming
the lattice structure. These oxygen ions increase the valence state of two uranium ions e.g.,
from U** to U>*. At low values of x in UO24, a typical oxidation reaction for UO; is assumed

to occur, as shown in Eq. (2-1).
1 44+ 12— 5+
Eoz(g) 42U 2 0i*” +2U (2-1)

The deviation from stoichiometry x in UO2+x in a regime dominated by isolated oxygen
interstitials does not correspond to what is experimentally observed at larger deviation from
stoichiometry [20,21]. The higher values of x in UO2.x is generally associated with an anion
cluster formation [44-49]. Figure 2-5. shows the experimental data for the deviation from

stoichiometry X in UO2+x.
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The well-known di interstitial cluster (20i) formation, found by the neutron diffraction
experiments performed by Willis, is known to occur at higher departure from stoichiometry
[47,50]. In addition, Bevan et al., and Cooper and Willis determined the crystal structure of
further oxidation of UO2+x to U40g.y [22,26]. They concluded that oxygen atoms can even form
complex clusters, namely up to the aggregation of five oxygen interstitials with one being at
the cluster centre. Based on these pioneering works, the thermodynamic stability conditions of
these structures have been intensely discussed [48,51,52]. However, to date, the understanding
of these defects” complex nature still remains insufficient. In this thesis, oxygen cluster

formation and non-stoichiometry were addressed by empirical potential study.
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Figure 2-5 The deviation from stoichiometry x in UO2+x. The left graph is taken from Lindemer
and Besmann’s, work, the right graph is the comparison of Blackburn et al.’s, Perron and

Lindemer’s and Besman’s work [20,21,53].

UsOg

One of the other complicated compounds of the U-O system is UsOg because of its non-
stoichiometric U4Og.y form. Three phases of U4Oq.y are known, namely a-U4Og.y, B-U40Oq.y and
v-UsOg.y [22,26]. The space group of U4Os.y is 1-43d, in which the uranium ions are in a 4 x 4
x 4 conventional UO; f.c.c. arrangement, while the excess oxygen ions are in cuboctahedron
arrangement. Figure 2-6 shows the structure of B-U4Oq.y, as proposed by Cooper and Willis
[22].
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015 48(e)  7/8+bg by 1/4+bg  Tetrahedron 12 atoms

Figure 2-6 The crystalline structure of f-U4Og.y proposed by Cooper and Willis [22]. The grey
balls represent uranium atoms, the blue balls stand for regular oxygen atoms and the green balls
signify the cuboctahedron arrangement of oxygen ions. a) shows the whole lattice arrangement,
b) is the cuboctahedron arrangement with a central oxygen and c) is the corresponding atomic

coordinates with ai-a4 and bi1-bg positional parameters.

U30s

U30s exhibits three phases (o, B, v)- U3Osg. a- U3Og is within the space group of C2mm, [ -
Uz0g is Cmcm and y- UzOg is P21/m [54]. UsOg is important as it is one of the

thermodynamically and kinetically stable compounds of the U-O system.
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2.3. State-of-the-art research

In the first phase of this research, the clustering behaviour of oxygen interstitials and holes
were addressed by empirical potential (EP) based atomic scale simulations. Recent theoretical
works on defect chemistry include, for example, Murphy et al., who evaluated point defect
concentrations and non-stoichiometry in thoria. They used DFT to predict the defect formation
energies [55]. A similar approach was adopted for uranium oxide by Cooper et al. [56]. Soulié
etal., and Bruneval et al. extended the UO; study by adding oxygen defect clusters in their
model [57,58]. Even though their results qualitatively provide a comparable defect
concentration trend, the quantitative understanding still suffers from inconsistencies. This is
mainly because of the various approximations used for the descriptions of the strong correlation
between uranium f electrons, which in turn affects the defect formation energies. Unlike the
above-mentioned studies, this thesis investigated the oxygen clusters up to di-interstitial by
means of EP simulations in expectation of a qualitative agreement between DFT and EP.
Motivated by the positive results, a qualitative validation against measurements of

stoichiometry dependence on oxygen partial pressure and temperature was performed.

The binary oxides based on UO; fuel matrix (Ui.yPuyO2, U1yAmyO2, U1yNpyO2) have been
treated extensively in recent studies, concluding a linear relationship between lattice parameter
and composition (Vegard’s law) [59-64]. Compared to that, the availability of data on their
complex ternary and quaternary oxide mixtures are, however, very limited. Therefore, in the
second phase of this study, EP methods have been extended to investigate the complex U1y
y'PuyAmy-O2 and U1y, PuyAmy-Npy-O2 systems’ lattice parameters as a function of atomic

fraction.

Research Design

. An atomic scale analysis of defect clustering and predictions of their concentrations in
U02+x

The simulations were carried out for the clusters of the form of {nO!": pUg}?"~P)— with n
being the number of oxygen interstitials and p being the number of holes that would be bound
to the defect. The exploration of the arrangement of holes around a single oxygen interstitial

defect, or an oxygen interstitials cluster, is a tedious and difficult task, given that the number
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of cases to be addressed increases in a combinatorial way with the number of holes considered.

In order to optimize the calculation time, several methods were tested:

o The brute force approach was used as a reference, where all possible combinations are
relaxed and compared in terms of energy.

o A Monte-Carlo approach was then tested, where U>* are only displaced when the energy
gain after the displacement obeys an acceptance (Metropolis) criterion.

o Arrigid lattice approach was used to address the energy gain issue, evoked previously

when permuting U>* and U** ions.

The methods described above were used to address the most stable defect configurations in
UO: in a reasonable time frame. Once the most stable defect cluster configurations were
obtained, they were further analysed with respect to their binding energies. Two widely used
methods, namely the Mott-Littleton and the supercell method, were applied to address the
defect energies in an ionic crystal. Further, these energies were complemented with a Point
Defect Model (PDM), in which the defect concentrations were derived from the reaction
energies. A validation of the methodology and the results was then conducted based on

deviation from stoichiometry in UO2+x (see Chapter 5).

e Lattice parameter of Am, Np bearing MOX fuel: an empirical potential study.

The lattice parameter of the simple oxides AnO2 (An= U, Pu, Am or Np) was calculated as a
pre-validation. In a second step, binary mixture oxides were modelled for various
concentrations of MAs in the host UO2 matrix. The lattice configuration was predicted via a
systematic optimization method called rigid lattice method. From that configuration, relaxed
system energies and lattice parameters were investigated as a function of composition. Then,
the assessment was extended to complex Ui.y.;'PuyAmyO2 and Uzy.y-yPuyAmyNpy-O2
systems. Finally, the results of this study were compared to the available experimental data and

also to the standard ionic radii model (see Chapter 6).
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3. Techniques

Atomistic simulations allowed for the discovery of a diverse range of solid-state material
properties, such as equilibrium and transport properties. For empirical potential (EP)
simulations, the overall assumption is the physical interpretation of atomic interactions, which
is the basic input of any simulation. In this respect, this research does not only focus on the
development of computational and numerical techniques, but also on the deep understanding

of the nature of these EPs.

Two techniques are used in EP studies, namely either static simulations, generally aiming at
finding stable or meta-stable configurations or time-dependent dynamic simulations where the
time-evaluation of the system is tracked by integrating Newton’s law of motion. The latter
technique, coupled to thermodynamics, enables to derive important thermo-physical
parameters of the material under investigation. However, the reliability of EP calculations is
still limited by the quality of interatomic potentials. Therefore, the validation is of high

importance.

In the following, methods and techniques used to perform EP based atomic scale simulations
are described in detail. The fundamental knowledge on the non-stoichiometric UO; and MA
based MOX fuel technology is discussed and extended. Throughout the study atomic scale
simulations were performed with the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [65] and the General Utility Lattice Program (GULP) [66] software,
while the defect chemistry solver was developed based on the Newton-Raphson optimization
algorithm [67].

LAMMPS is an open-source code which is written in C++ and originally developed at Sandia
National Labs [65]. LAMMPS can evaluate the particles up to millions or billions in liquid,
solid and gaseous state. In addition, it can simulate atomic, polymeric, biological, solid-state
(metals, ceramics), granular, coarse-grained systems using the interatomic potentials and

boundary conditions [65].

GULP is originally developed at Curtin university to fit interatomic potentials to both energy
surfaces and empirical data, which is written in FORTRAN [66]. The earliest versions focus
on solids, clusters, and embedded defects, while the current version can model surfaces,

interfaces, and polymers etc., [66].

27



3.1. Empirical potentials in ionic crystal

In the EP based atomic scale calculations it is important to accurately define interatomic forces
in order to reproduce material properties. There are two types of interatomic potentials being
used in fuel material calculations, namely core-shell and rigid ion model. The former considers
the polarization effects by describing atoms as a core, which are connected to the shell by an
imaginary spring. In the latter model, each atom is described as a rigid point object. Throughout

the study a rigid ion description was used for the calculations.

A typical form of the potential energy between two ions i and j at a distance apart rij is expressed
by Eq. (3-1).

V(rij) - V(rij)long—range + V(rij)short—range (3'1)
and

(§e)?Z;Z;
V(rij)long—range - W (3-2)

1)

The V(ri,-) oo term stands for the electrostatic interaction between point charges with €,

long—ran
the vacuum permittivity. ¢ is the degree of covalence, or ionicity with (0 < ¢ < 1) and e is the
magnitude of charge. For UO2, one considers full ionicity: Z(U**) = +4 and Z(0?7) = —2.
Although the equation as shown by Eq. (3-2) seems quite simple, the calculation of the system
coulomb energy under periodic boundary conditions is challenging. In this study, Ewald
summation techniques were used to handle long-range electrostatic interactions in three
dimensions [68].

The second term of Eq. (3-1) V(ri]-) . expresses the short-range interactions. The

short-rang
Buckingham form is widely used to address such interactions in oxide materials, which is
shown in Eqg. (3-3) [69].

I'i]' C
V(rij)short—range - Aexp (_ ?) - (3'3)
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Where A, p and C are potential parameters. The exponential term (e™) expresses the repulsion
of overlapping electronic shells and the inverse power function (-1/r®) expresses the van der

Waals attraction. Other types of potentials used in ionic crystals are the following:

Buckingham-4 ranges potential in Eq. (3-4) is proposed to overcome the non-physical

attraction of Buckingham potential at very short interatomic distances [70-74].

( Tij :

Aexp _F , ifrj <ry
5t order polynomial, ifry <1y < Imin
V(rj; = -
( 1’)Short—range < 3™ order polynomial, if rpin < T35 <1y (3-4)
C :
- if rjj; > 1,
\ Iij

Born-Mayer-Huggins (BMH) potential function in Eq. (3-5) is commonly used to describe the

ionic interactions in oxides. The aiorj, biorj, Ciorj and f, appearing in the interatomic potential
are the parameters [32,37,38].

v( =f,(b;+b AN GG
r‘ij)short—range - 0( i j) €Xp b; + b]- ri6]. (3-5)

Morse potential in Eq. (3-6) represents the covalent bonding of the cation-anion pairs. In the

morse function model D, y;; and rj; are potential coefficients [29,75].

V(rij)short—range = Do [exp (_ZYij( rij_ri*j)) —2exp (_Yij (rij_r;j))] (3'6)

The adopted expression Embedded atom method (EAM) potential in Eq. (3-7) for the ionic

crystal with the potential energy (E;) of the atom i surrounded by atom j is in the following
form [30,31].
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1
Ei = Ez VaB(ri]‘) — Goc Z GB(rij ) (3'7)
]

]

Where a and B are the elements of atoms i and j. The first term V,(ry;) simulates the pairwise

interactions that includes both short Vg (r;) —a combination of Buckingham in Eq.

short—range

(3-3) and Morse potentials in Eqg. (3-6) and a long range VaB(rij) electrostatic

long—range
descriptions. The second term in Eq. (3-7) expresses the many-body dependence on the

surrounding ions. The term includes the summation of set of pairwise functions (o) and the

embedding energy G, parameters.

There are also other empirical potential descriptions for oxide systems, such as tabulated
potentials, charge optimized many-body (COMB) potentials, second-moment tight-binding
variable-charge (SMTB-Q) interatomic potentials etc., [76—79]. In the present work, the widely
used Yakub (Buckingham + Morse) [29], CRG (EAM potential) [30,31] and Arima (BMH)
potentials were selected [32,37,38].

3.2. Static calculations

Static calculations are performed for two main reasons, namely, to compute the lattice energy
(or cohesive energy) of a perfect crystal, and the energy to create a defect within that crystal.
The defect energy calculation was the main focus due to its fundamental importance to obtain
deeper knowledge on the thermodynamic and transport properties of nuclear fuel. The static
energy calculations were performed based on a concept of energy minimization or relaxation

techniques.

The concept of energy minimization

Energy minimization is a widely used iterative technique in atomic scale calculations [80]. In

this approach, the energy function E(ri) is minimized with respect to atomic coordinates r; of
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an N atoms system. In general, the minimum of the function E(ri) must be satisfied, as shown
in Eq. (3-8).

OE,. 0°E,.
L = 0and >0 (3-8)

Energy minimization starts with an initial atomic configuration, which is, in this case, a crystal
structure and its corresponding edge distances. The straightforward application of consecutive
iterative steps would probably make the system locate at the nearest local minimum. The main
issue is that the energy minimization can never be guaranteed to find the global minimum.
Especially for the defective systems different initial configurations must be sampled to ensure
true minima to be obtained. Figure 3-1 shows the 2D analogous of energy landscape as a

function of conformation space.

Initial configuration

Energy

local minimum

global minimum

-

Conformation space

Figure 3-1 The energy landscape as a function of conformation space.

Although a variety of numerical algorithms can be used to perform energy minimization in
atomic scale simulations, the present work mainly applied the conjugate gradient and Newton
Raphson for minimization [65,66]. The minimizations were performed under constant volume

or constant pressure conditions (i.e., with volume relaxation as well).
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Defect energy calculations:

Defect energy calculations were performed using the LAMMPS and GULP software because

of their ability to use different methods, namely in this study the Mott-Littleton and supercell

method [65,66]. To maintain coherence, both codes used the same interatomic potentials to

perform the system defect energy calculations.

The Mott-Littleton method divides the space around the defect into three regions as

shown in Figure 3-2. In region I, atoms are fully relaxed, while in region Ila, only
harmonic relaxation due to the defect charge is assumed. In region Ilb, an infinite purely
dielectric medium is assumed [66]. In this work, radii of 1.4 nm for region | and 2.8 nm

for region Ila were used.

In the supercell method a neutral system needs to be recovered, by adding a uniform

background charge to the system. This background charge does not affect interatomic
forces and simply results into an additional term to the system total energy. In
LAMMPS [65], the system energy is not corrected for background charge; at post-

processing, defect energies are then corrected for the charge’s Madelung energy to the
2
infinite dilution limit according to the potential predictions: f* = fL + % , Where f*

and fL are the formation energies of the defect at infinite dilution and under periodic
boundary conditions with total system size L (=0.544 x 4 nm after relaxation of the
pristine system), q is the total charge on the solid, a (=2.84) is the cubic system
Madelung constant and e (=3.28, i.e., for Yakub potential [29]) is the static dielectric

constant.
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Region 2b

Region 2a

Region 1

Figure 3-2 Mott-Littleton method: division of space into three regions.

3.3. Molecular dynamics simulations

Molecular dynamic (MD) simulations reproduce the time evolution of the collective behaviour
of N particles by integrating Newton’s law of motion within specified boundary conditions
[81]. For an N particle system with U being the potential energy and m the particle mass, the
equations are

dzri
— 3Ny 5 —
mF——VU(r ),1—1,2,...,N

(3-9)

The exact solution of this N-body problem is not possible. Therefore, in MD simulations the
main focus is on the numerical solutions, given that the force calculations are the most

computationally demanding. A typical flowchart for an MD code would then be like,

I.  Assign initial particle positions and velocities

ii.  Calculate the total force on each particle
iii.  Update particle positions and velocities according to Eq. (3-9)
iv.  Compute properties (energy, temperature, pressure etc.)

V.  Repeat from (ii) until the system reaches the desired conditions.
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3.4. Monte Carlo simulations

The Monte Carlo particle swapping method was used to investigate first the anion-hole cluster
formation in UO2.+x, and second to find the structure of the solid solution of AnO, (An= U, Pu,
Am or Np) systems. The Monte Carlo swap functionality, which is implemented in LAMMPS,
was used [65]. The method can be summarised as follows [81]:
I.  The particles of interest were initially randomly distributed within the simulation
system.
ii.  The Monte Carlo swap functionality was used, allowing only for one swap in each run
step.
iii.  For each run step, the energy difference between two states right after the swap is
calculated, expressed as AE = E,.; - E, where n is the configuration.
iv.  The swap is accepted or rejected based on the Metropolis acceptance criterion (pacc)
(see Eqg. 3-10 and Figure 3-3).

v.  lteration of steps ii — iv until the system reaches convergence.

exp(-BAE)
1
Always Reject
accept
Accept
0 AE

Figure 3-3 Metropolis criterion of acceptance.
_ {1, AE<0 (3-10)
Pacc = lexp (-BAE), AE >0

.. 1 . . . .
where 8 is inverse temperature or e T is temperature in Kelvin and kg is Boltzmann constant
B

ineV-K1,
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3.5. Defect chemistry

Cluster defect energies are not, as such, sufficient to know which defect will dominate, as the
configurational entropy, and possibly the vibrational entropy, should also be taken into account.
The equilibrium defect concentrations may be expressed as a point defect model, which
expresses the equilibrium of the defect reactions at play. In UO2.x, the simplest model needs to

account for:

e Small polaron equilibrium, i.e., the dissociation of 2U*" into a U3* — U®" pair (electron-
hole pair)

e Oxygen Frenkel equilibrium, i.e., the spontaneous formation of an oxygen interstitial —
vacancy pair

e An oxidation reaction of the crystal with an O2 molecule

e Electroneutrality of the system, considering the presence of all defect species.

Although conceptually simple, this system was proven not to be sufficient to reproduce the
complex behavior of UO2.x. It has been evidenced that a better picture is provided if the
clustering of oxygen interstitials is accounted for in the model [47,50]. Therefore, oxygen
interstitial clusters with varying effective charges are introduced in the model. Changes in the
defect cluster charge were modelled in this work through the presence of localized holes on the
uranium site. Assuming that a single individual oxygen interstitial cluster species dominates,
in the form of {n0}": pU;;}(?"~P)" _with n, the number of oxygen interstitials and p, the number

of holes in the cluster.

Point defect model:

A point defect model (PDM) expresses interactions (or reactions) between defects in a similar
way as one treats chemical reaction equilibria. It links, for each defect reaction, the
concentrations at equilibrium of species involved. Although virtually any defect and defect
reaction could be considered, the point defect model will solely provide a good representation
of a material if the dominant defects are included in the picture. In uranium dioxide, it is
commonly accepted that the dominant defects relate to electronic and oxygen disorder [47,82].

The simplest description of UO., close to stoichiometry, expresses the polaron (electron-hole
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pair creation) and the oxygen Frenkel (oxygen vacancy — interstitial pair) equilibria. Using

Krdger-Vink notations [83], these reactions can be expressed, respectively as

205 = U+ U (3-11)

vii+03=0{+vg (3-12)

A relation between defect concentrations may then be expressed according to mass action law

which involves the change in free energy of the system Af

_ [Ugllug] AfP 3-13
KD = W = exp <— kB—T> ( )
_ [05'][v5'] _ AfF 3-14
ke = ozl ~ P <_ kB_T) .

Where [Uy] and [Uy] are the concentration of holes and electrons assumed in the valence and
conduction band, respectively. The [O;'] represents the oxygen interstitial concentration
while [vg] is the vacancy oxygen concentration. Above the simple system contains seven
unknowns and needs to be closed by other relations that express, for example, conservation of
the site occupancy and of the system charge neutrality. In the infinite dilution limit, one may

approximate regular atom concentrations by their value in a perfect crystal [Uy] =~ [v{‘] =
% [05] = 1 otherwise the relative contribution of each defect to uranium, oxygen and interstitial

lattices should be summed up. The charge neutrality condition for any kind of defect (i) with a

concentration Cjand net charge gi must be maintained

> aici=0 (3-15)
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One last relation is required, which links the system to the constraints imposed by the
environment. For UO2, we consider that the oxidation reaction from the atmosphere

surrounding the system dominates. The point defect reaction is expressed as
X L orix 4 L "y orye (3-16)
vi+2Ug5 + EOZ(g) = 0{+2Uy

Or, in mass action law form

o1y _ (_ﬂ’) (&17)

Where po, stands for the surrounding oxygen partial pressure. The deviation from
stoichiometry X, in a regime dominated by isolated oxygen interstitials and holes, follows o
pé/z ® The simple description of defects in UO,, however, does not correspond to what is

experimentally observed at larger deviation from stoichiometry: it has been evidenced that a
better picture is provided if the clustering of oxygen interstitials is accounted in the model, as

the observed relation rather obeys x o p})/z 2 [44,46,84]. One therefore introduces oxygen

interstitial clusters with varying effective charges in the point defect model. Changes in the
defect cluster charge were modelled in this work through the presence of localised holes on the
uranium site. Assuming that a single individual oxygen interstitial cluster species dominates,
in the form of {n0}": pU;;}?"~P)" —with n, the number of oxygen interstitials and p, the number
of holes in the cluster — the corresponding power dependency for the charge neutral system

could be generalised as x « pg. , with the exponent m= 5 For example, in the case of

_n
2(2n-p+1
isolated O;"” (n=1, p=0) one comes back to the first case and m= %; this situation is expected to

dominate close to perfect stoichiometry when clustering is not favourable for configurational

entropy reasons. Experimentally, one observes a domain where the power dependency of x
goes aspg; this observation would be compatible with two clusters of limited size:

{0{": 20U} (n=1, p=2) or {20;": 3Uy;}’ (n=2, p=3). A distinction between both types cannot be
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gained from stoichiometry measurements, but could be obtained from electrical conductivity
data, as the second defect cluster type should be, for charge neutrality reasons, compensated
by isolated holes, which are mobile defect species. Several authors have proposed to consider
singly charged di-interstitial clusters as the dominant defect at moderate departures from
stoichiometry [44,46,84]. This leads to

n0;' + p Uy = {n0}": pUy}@n-Pr (3-18)
[{nO!": pU{J}(Zn—p)'] AfCls. (3-19)
Keis. = . : = exp| -
[Oi"]*[Ug]P kgT

If one assumes that next to isolated point defects, only Willis clusters with charge -1 are formed,

the site balances may be expressed as:

[Ug] + [Ug] + [Uy] = 1 (3-20)

[05] + [vs'] =2 (3-21)

[v]+[0]'] + (2 +a)[{20{:3Uy}] =1 (3-22)

The parameter a is used here for {20;": 3Uy} or Willis clusters to restrict access to neighbour
interstitial sites. Using a = 6 also enables to reproduce UO2+x saturation at x = 0.25, i.e., a
stoichiometry corresponding to UsOg. The PDM system of equations is solved with a Newton-
Raphson iterative technique, ensuring numerical convergence is obtained. The deviation from
stoichiometry is then evaluated from the various defect concentrations, considering that defects

on the uranium sub-lattice play a negligible role

x = | Xn{{nOi: pUK}P]— [v]] (3-23)

38



Numerical solution scheme: Newton-Raphson method

The system of equations (3-13), (3-14), (3-15), (3-19), (3-20), (3-21) and (3-22) is solved with
a Newton-Raphson iterative technique [67]. The point defect equations are in the functional

form of

fl(Xll Xz, ...,XN) = Cl
fZ(Xll Xz, ...,XN) = CZ
(3-24)

fn (X1, X5, ., XN) = Cn

Where x; and C;j are the point defect concentrations and arbitrary constants, respectively. When

above the N functional relation rearranged as F(x)= 0 as such
Fi = fi(Xl,Xz, ...,XN) — Ci = 0 for izl, 2,...,N (3'25)

Where F=[F1 F2 ... Fn] Tand x= [x; X, ... xx]™. F(X) and x € RN being a vector, F(x) can be

N OFj

expanded in Taylor series in the neighbourhood of x. Fj(x + 8x) = Fj(x) + %24 F 8x; + hot,
where “hot” is higher order terms. In the matrix form:
F(x + 6x) = F(x) + J. 8x + hot, where J is Jacobian matrix (3-26)

By neglecting the hot and by setting F(x + 6x) =0. To linearize the set of equations, the

equation below is solved until the system converges.

—F(x) = ]. 8%, where 86X = Xpew — Xold (3-27)
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4. Proposed approach: configurational space exploration

Configurational space exploration was performed to investigate first the anion cluster
formation in UO2+x and second to find the structure of the solid solution of AnO, (An= U, Pu,
Am or Np) systems. Exploration of such arrangements are a demanding task, given that the

number of cases increases in a combinatorial way for the composition considered. For example:

e The number of the arrangement of holes around a single oxygen interstitial defect, or
!

. . . N
an oxygen interstitial cluster is ]

with N, the number of accessible sites (256)

for 4 x 4 x 4 unit-cell, and n, the number of U°* inserted in the system.

e The number of lattice configurations of a solid solution of AnO, (An= U, Pu, Am or
!

(N-n)!xn!

being the number of accessible sites (256) for 4 x 4 x 4 unit-cell, and n= (y x 256), the

Np), in case of a binary oxide system U1.yPuyO-, is expressed as [

], with N

number of Pu replaced by the U lattice position. Similarly, if the system of interest is

UiyyPuyAmyO2, the  number of  possible  combinations  becomes

N! (N—n)!
[(N—n)!xn!] [(N—n—m)!xm!

| with m= (y’ x 256), the number of Am atoms distributed in the

simulation box etc.

To optimize the calculation time, several methods were tested.

4.1. Monte Carlo (MC) — Molecular Dynamics (MD) method

A Monte-Carlo approach was tested to investigate oxygen cluster configurations in UO2.,
where U°* are only displaced when the energy gain after the displacement obeys an acceptance
(Metropolis) criterion. The major issue with this approach is that the point of departure usually
is a relaxed configuration, where the permutation of an U and an U** ion often results in a
positive energy gain. Although well-thought criteria enable to progressively converge towards
lower energy configurations, convergence to the energy minimum is slow and not guaranteed.
Figure 4-1 shows Monte Carlo-Molecular dynamics (MC-MD) method [65] carried out at a
swap temperature of 2000 K for a system of {0;": 2U}* using Yakub potential [29]. The
method was validated with a conjugate gradient method. Figure 4-2 depicts the defective
system energy calculated with MC-MD method compared to the results obtained by using a

conjugate gradient method for a system of {0;": 2U{}* using Yakub potential [29].
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Figure 4-1 MC-MD method carried out at 2000 K swap temperature for a system of
{O{": 2Uy}* using Yakub potential [29].

The MC-MD method could also be used to evaluate the lattice configuration of a solid solution
of AnO2 (An= U, Pu, Am or Np) system where An** are only displaced when the energy gain
after the displacement obeys an acceptance (Metropolis) criterion [65,81]. In that case, the An**
permutation could never result in a positive energy gain. However, the selection of the
temperature of the thermodynamic ensemble would probably be challenging, as the atomic
positions affect the acceptance (Metropolis) criterion of An*" ions. Figure 2-3 depicts the
calculated radial distribution function g(r) of An**-An*" at 300 K and 3000 K. Although the
mean value of An**-An*" distance is the same for different temperatures, selecting different
system temperatures will lead to the prediction of different lattice configurations of mixed

actinide solid solutions.
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Figure 4-2 The energy comparison with MC-MD method and conjugate gradient method for a

system of {0;": 2Uy}* using Yakub potential [29].

4.2.Rigid lattice approach

A rigid lattice approach considers the non-relaxed and the relaxed configuration maps to be
qualitatively similar. The search for the optimal configuration is then performed in the non-
relaxed scheme and avoids the systematic relaxation stage, which would require between 100
and 1000 calculation steps. The relaxed configuration energy is only calculated once, for the
optimal configuration. Although the method could be used in a brute-force scheme, the interest
also lies in coupling it to a Monte-Carlo algorithm. A typical rigid lattice method coupled with
Monte Carlo metropolis algorithm is shown in Figure 4-3. The method is applied to the

following two systems [65]:
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With regard to oxygen cluster configurations in UO..y the fact that non-relaxed
configurations are used eliminates the energy gain issue evoked previously when
permuting an U%" and an U*" ions. Figure 4-4 depicts the configuration maps for a
system of {0;": 2Uy}* using Yakub potential [29] a) conjugate gradient map b) rigid

lattice map.

015 .

01F .

Rigid lattice method (AE) in [eV]

0.05

O PEEETITT aaaanul PRI M PRI | PEEEETITT MEEEETIT
10° 102 104 108
time step

Figure 4-3 Rigid lattice method coupled with Monte Carlo metropolis algorithm for a system
of {O;": 2Uy}* using Yakub potential [29].

With respect to the lattice configuration of a solid solution of an AnO2 (An= U, Pu, Am
or Np) system, the fact that rigid lattice configurations are used eliminates the atomic
vibration issue evoked previously for the Monte Carlo — Molecular dynamics system
[65].
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Figure 4-4 The configuration maps for a system of {O;": 2Uy;}* using Yakub potential a)
Conjugate gradient method b) rigid lattice method. The contour map expresses the brute energy
as a function of the distance of each hole to the oxygen interstitial atom. When different
configurations correspond to the same distances, the minimum value over these configurations
is retained. The most stable configuration is observed for both holes located in second nearest
neighbour to the oxygen interstitial, in opposite direction (along <1 1 1> direction) from each

other.

4.3. Verification of methods

The clustering of a single oxygen interstitial with one and two holes is compared to a brute
force approach. All developed methods converge towards the same geometrical arrangement.
In the case of a single hole, the hole is predicted to occupy the first nearest neighbour position
relative to the oxygen interstitial. With two holes, the predicted configuration of minimum
energy consists of the holes being located in second nearest neighbour positions to the oxygen
interstitial, as illustrated in Figure 4-5. They are located in opposite direction from each other,
as expected based on pure electrostatic considerations; this configuration is also in good

agreement with recent DFT calculations [85].
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Figure 4-5 Yakub potential relaxed configurations of oxygen interstitial and interstitial clusters
[29]. Blue and white spheres represent the regular uranium and oxygen ions in f.c.c UO..
Yellow spheres stand for interstitial oxygen ions while the green ones for U (holes) positions.
For the case {20;": 2Uy}" and {20;": 3Uy;}’ orange spheres are used to highlight oxygen ions
displaced from their regular positions. For the sake of clarity, central vacancy sites are not

emphasized.
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Di-interstitial clusters were studied here as charge-compensated clusters, with one to four
holes. The most stable arrangement of two oxygen interstitial atoms was first determined
separately due to it metastable state; the presence of charge-compensating holes was considered
in a second stage. Two oxygen interstitials were initially placed in the two nearest octahedral

interstitial sites with a distance of g times lattice parameter. The symmetric relaxation was

observed to correspond to the optimal arrangement, i.e., the two closest neighbour oxygen
interstitials as presented in Figure 4-5. The complex di-interstitial defect clusters with varying
charges {20{": pUy;}*~P) were then investigated. For a single charge-compensating
hole {20;": Uy}, the most stable configuration consists of the hole located on one of the
closest neighbours of the oxygen interstitials. The structure of the {20;": 22Uy} and
{20;": 3Uy}’ clusters, however, does not correspond to the traditional description from Willis,
with two regular oxygen atoms displaced from their regular position [50]. While uranium ions
are not displaced from their regular fluorite location, an alternative arrangement of the oxygen
atoms was predicted here, with oxygen atoms stabilizing as a split di-interstitial {30i": v}
In such a configuration, oxygen ions are arranged as a regular triangle, with positions along
<111> directions from a central oxygen vacancy. This structure, with a single oxygen atom
displaced from its regular position, was also derived in DFT calculations [86,87]. Figure 4-5

depicts the predicted cluster configurations for UO.+x using Yakub potential [29].

The present study predicts the progressive binding of the cluster {20;'} as it accumulates one,
two and three holes, while the neutral cluster, with 4 holes, tends to be less stable. Figure 4-6
depicts the minimum energy configuration of a neutral di-interstitial cluster - {20;": 4Uy}*
which was found in this study. The fourth hole {Uy} is not bound to the cluster but stays far
from the cluster of {20;": 3Uy;}, behaving like a “free” hole. At this stage, this result already
indicates that from a pure energy perspective, di-interstitial clusters of charge -1 could be
encountered, as often suggested based on the interpretation of experimental data through point
defect models. Further, the calculated higher order cluster configurations, such as 30;, 40;,
50;i, were not included in this study, being kept for future research (see section Conclusion &
Outlook).
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Figure 4-6 Minimum energy configuration of {20;": 4Uy}* cluster. Blue balls and yellow balls

)
X

free

are oxygen and U (Uy)) atoms, respectively. For the sake of simplicity, ordinary uranium sites
are not shown. ~2.1 eV is the calculated cluster binding energy while free Uy; depicts the hole

which is not bound to the cluster.

In a second phase, mixed oxide lattice configurations were predicted by the rigid lattice method
[65]. Currently, two concise sets of interatomic potential were considered to investigate the
material properties of a complex U-Pu-Am-Np-O system, namely the CRG potential set and
the Arima potential set [30-32,37,38] The method was validated for the case of UgsPuosO-
using the Arima potential set, for which an ideal, homogeneous mixture was observed, as
shown in Figure 4-6. This finding is solely based on visual inspection. The predicted lattice
configurations could be further validated by performing a series of additional calculations, e.g.,
by conducting a crystal structure analysis. The next steps will therefore include the
performance of a series of calculations, such as computing the pair correlation function and the
structure factor (Fourier transform) of such configurations. Besides, the current approach could
be cross-checked with other approximations, which were developed to address solid solution
configuration, e.g., SQS [88].

In contrast to the Arima set, a phase separation (UO2-PuOz) was observed by the CRG potential
set, when the atomic interactions were defined [30-32,37,38]. This observation is also
supported by the study of thermodynamic properties of U1yPuyO, MOX fuel using classical
molecular Monte Carlo simulations by Takoukam-Takoundjou et al. [89] They confirm that
the Pu clustering in MOX matrix is higher at 300 K than at 1000 K. This might ultimately lead
to a phase separation at 0 K, which is in contradiction to recent experiments [63]. Due to the
observed phase separation the CRG potential was eliminated for the following mixed oxide
calculations [30,31]. Figure 4-7 a) shows the application of the rigid lattice method to the

system of Uo.sPuo.s0x2.
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Figure 4-7 A 4 x 4 x 4 (768 atoms in total) UosPuos02 system. Black and yellow spheres

represent the uranium and plutonium atoms, respectively. The small red dots represent regular

oxygen ions. a) Initial (random) distribution of uranium and plutonium atoms in f.c.c. matrix

b) Optimal configuration as predicted by the rigid lattice approach using Arima potential in

this study [32].
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Figure 4-8 Left) Application of the rigid lattice method to the system of UosPuos02, two

random configurations were selected initially, I and Il. Right) excess energy calculations for

various system using CRG potential set: U1yPuyO2, U1.yAmyO- and U1.yNpyO- [30,31].
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Figure 4-9 a) Calculated lattice parameter of the binary oxide system Ui.yPuyO., U1yAmyO,
and U1yNpyO2 b) excess energy calculations for various system using Arima potential set
[32,37,38] Ul-yPUyOZ, Ul-yAmyOZ and Ul-pryOZ.

In addition, to increase the reliability of the current research, the excess energy (or mixing
enthalpy at 0 K) was calculated according to the following expression:

AEpix = EA*B — (yoE2 + ypEB) (4-1)

Where EA*B is the excess energy of A and B binary solid solution, EA and EB are the standard
lattice energies of component A and B, y, and yg are the mole fractions of component A and
B, respectively. The whole range of calculated excess energies as a function of atomic fractions
for a binary oxide system are shown in Figure 4-7 b) using the CRG potential set and Figure
4-8 b) using the Arima potential set [30-32,37,38]. For both cases, the excess energies for Us.
yPuyO2, U1yAmyO, and U1yNpyO- fit well with a polynomial shape that corresponds to the

minimum energyy configuration as found by the rigid lattice method. Furthermore, the

. Ul—pryOZ Ul—yPuyOZ Ul_yAmyOZ
observed trend in AE;, corresponds to the AE .- < AE . <AE_;.
. . . . . U;—yPuy,0 U;—yNpyO
relation observed with the Arima potential set, while AE '~ WP < AE 7 Py o

Ul_yAmyOZ
mix

for UiyPuyO2, U1yAmyO2, U1.yNpyO2 system.

AE is found with the CRG potential set. Figure 4-8 a) shows the lattice parameter
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4.4.Performance assessment

Table 4-1 The performance assessment for different methods.

{0": 2U 1> Conjugate Gradient Rigid lattice

Full exploration ~7 CPU-day ~15 CPU-min
Monte Carlo . :

(Metropolis acceptance) 30 CPU-day 100 M time-step 2 CPU-min

The developed methods were compared with regard to their computational time. The
performance assessment was carried out on the basis of {0;": 2Uy}* defective system and
default LAMMPS input file while the system size was 4 x 4 x 4 [65]. In case of full
configurational space exploration with rigid lattice method, the simulation time decreases by a
factor 1000 compared to the conjugate gradient method as shown in Table 4-1. The rigid lattice
method coupled with Monte Carlo Metropolis acceptance decreases the exploration time
further by another factor 10. This coupled rigid lattice approach was thus observed to rapidly
converge towards the optimal configuration, namely 10,000 times faster than with the brute
approach (conjugate gradient) method. Based on the computing time gain and efficiency
performance — convergence to the energy minimum is observed after about 5000 Monte-Carlo

swaps.

The rigid lattice method was validated for the case of UosPuosO> for 4 x 4 x 4 unit-cell; the
convergence to the energy minimum was observed after about 20,000 Monte-Carlo swaps

which corresponds to ~8 CPU-min computational time.
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5. Validation of the proposed approach: application to defect chemistry in
UO24+x
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Figure 5-1 The deviation from stoichiometry x in UO.+x (bottom row) is calculated from the
defect concentrations over a range of temperatures (top row). Comparison is made with the

correlations published by Lindemer and Besmann, and Perron’s thermodynamic data [20,21].

The clustering behaviour of oxygen interstitials and holes was addressed by an empirical
potential, based on atomic scale simulations. The defect energies were then interpreted by
means of a PDM to derive the concentration of defects and defect clusters as a function of
temperature and oxygen partial pressure as shown in Figure 5-1. The top row shows the
individual defect concentrations over a range of temperatures (973 K - 1573 K). At low partial

pressure, oxygen interstitials O;" are dominating the non-stoichiometry in UO2.x, the hole
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concentrations Uy, follow the same slope of O;" while the electron Uy; and vacancy oxygen
Vo' concentration decreases sharply. At higher partial pressure, the oxygen cluster
configuration {20;":3Uy}, which was found in this study, starts to dominate the non-
stoichiometry in UO2+x and finally reaches the hole concentration Uy; . The bottom row depicts
the comparison of calculated deviation from stoichiometry with experimental data taken from
Lindemer and Besmann, and Perron [20,21]. At 1273 K and 1573 K good agreement between
our model and experiments was achieved. This confirms that the proposed dominant defect-
Willis with minus one charge- corresponds to those derived from experiments. At 973 K, both
the experiments and the proposed model show slight inconsistencies. One should also consider
that at low temperature (<600 K) UO> exhibits a solid solution with U4Og in which the excess
oxygen ions agglomerate into a cuboctahedron (CoT) structure [22,25,26,90]. Such a clustering
configuration beyond the Willis might dominate the deviation from stoichiometry in UO2+x at
low temperatures. This statement, however, is based solely on theoretical considerations and is
therefore not included in the current study but kept for future work (see Conclusion and
Outlook). Details can be found in [91].
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6. Application to Gen-1V fuels
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Figure 6-1 Relationship between lattice parameter and MA concentration for a complex a) Us-
y-y PuyAmy-O2 and b) Uz.y.y-yPuyAmy-Np,~O2 system as predicted by Arima et al. at 0 K. c)
Comparison of this study’s EP results to the experimental data, and the ionic radii model.

Lattice parameter of Am, Np bearing MOX fuel

The lattice parameters of MOX fuel containing up to 5at% MA with maximum 60at% Pu were
addressed by empirical potential based atomic scale simulations (see Figure 6-1). Lattice
configurations were predicted by means of the Metropolis-Monte-Carlo method. The following

results were found: Details can be found in [39]:

o Configurational space exploration of the arrangement of Pu, Am, Np in the host UO>
matrix was shown to be most effective with a rigid lattice approach — where no
relaxation is performed in a first stage — in combination with a Monte Carlo-
Metropolis particle swapping method.

o The lattice parameter of the binary oxide system Ui.yPuyO2, U1.yAmyO2, U1yNpyO>

AO,

obeys a linear relation that corresponds to  al*™* = (y, — 1)agJOZ +yad,

o The lattice parameter of a complex Ui.yyPuyAmyO2 b) Uiy.y-yPuyAmyNpy-O2
system decreases linearly with an increasing amount of MA dissolved in the MOX fuel

matrix.

53



Melting point of Am, Np bearing MOX fuel (preliminary results)

Determining the melting point of nuclear fuel is of high importance as it indicates the stability
of the material during accidental conditions. Experiments face difficulties at high temperature
measurements, which is why trustable models need to be developed. In this part of the thesis,
atomic scale tools will be used to predict the melting point of Am, Np bearing MOX fuel. Three
ways of finding the melting point of such complex mixtures will, eventually be compared,
namely from experimental data as published in the literature, by calculating it by means of the
co-existence method and via free energy calculations that corresponds to Fsolid = Fiiquia Where F

is the system free energy.

e Melting temperature based on literature data and predicted by thermodynamic relations

Table 6-1 The melting temperature values of simple oxides.

UoO; PuO; AmO, NpO2

Tmano, (K) 3120+30 [92] | 2701+35 [92] 2448 [93] 3070+62 [94]

Assuming that the (U-Pu-Am-Np)O2 mixture is ideal, as confirmed by the previous work [39],
the thermodynamic relations for such complex mixture takes the form of Eq. (6-1) and Eq. (6-
2) [95].

sol.
AHS, < — - 1> = RTIn(45%), An = U,Pu,Am or Np (6-1)
TmAn02 CAn02
lig.
Tan Cino, = 1and Tancanp, = 1 (6-2)

Where AHLS, is heat of fusion (kdmol-1), c%, And cip, refer to the concentration of solid

and liquid phase, respectively and T,  is the melting temperature in Kelvin and R is gas

AnO;

constant. For the sake of simplicity, AHLS, = 3RT,

mano, Was assumed with the corresponding

T values simply taken from the literature, as tabulated in Table 6-1. Figure 6-2 shows the

mAno,
melting temperature of Am, Np bearing MOX fuel as predicted by thermodynamic relations

e.g., numerical solution of Eq. (6-1) and Eq. (6-2).
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Figure 6-2 The melting temperature of Am, Np bearing MOX fuel as predicted
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Figure 6-3 The time evaluation of the coexistence phases for a simple UO2 system using CRG

potential at 3200 K. Black and green spheres represent the uranium and oxygen atoms,

respectively [30,31].
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Figure 6-4 The time evaluation of the coexistence phases for a simple UO> system using CRG
potential at 2900 K. Black and green spheres represent the uranium and oxygen atoms,

respectively [30,31].

e Coexistence method: Empirical potential study (ongoing research)

The melting temperature of Am, Np bearing MOX fuel will be performed using the concept of
coexistence method where each phase is represented by the pristine 8 x 8 x 8 (total system is
16 x 8 x 8) cells system [96]. NPT (constant particle, pressure and temperature) simulations
will be used to observe the system’s evolution over time [96]. Figure 6-2 and Figure 6-3 depict
the coexistence method for a simple UO> system using CRG potential; the solid phase was
created for half of the system at 300 K, while the other half was completely liquefied at a
temperature of 4000 K. At 3200 K the system was observed to be totally liquid after about 150
ps, while at 2900 K the system was totally solid after about 70 ps. This confirms that the
system's melting temperature, for which the solid-liquid phases are in equilibrium, would
probably be in between those temperatures, however, somehow closer to 3200 K than to 2900

K because of the time period [97].
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Currently, the developed coexistence method is being used to discover the melting
temperatures of all simple actinide oxides, such as AnO, where An = U, Pu, Am or Np. The
method will be further extended to reproduce the melting temperatures of their binary, ternary,
and quaternary mixtures. Finally, a comparative study will be carried out between available

experimental data and empirical potential simulation results.

o Free energy calculations and melting point determination (ongoing research)

The melting temperature of the solid mixed oxide is found by means of free energy calculations,
where the free energy of Fsoiia = Fiiquia. In @ MD perspective the free energy is taking the form

of the following equation

1
0

Where, F; is the Helmholtz free energy of the system of interest and F, is the Helmholtz free
energy of the system, which is already known (e.g., Einstein solid or ideal gas). The lambda
(A) is the coupling parameter of the thermodynamic integration and “< > is the canonical
ensemble average. Non-equilibrium approaches could be used to evaluate the thermodynamic
integral shown in Eq. (6-3), namely adiabatic switching and reversible scaling [98,99]. The
adiabatic switching method assumes that the A(t) is a function of time, such that H(A(t)) =
A(Hy +[1 —A(t)]H; and the system of interest F;, in the final form of F, —F, =
%[ngﬁa,’gﬁffble — wyirriversible] ‘\yhere Wirriversible js the jrreversible work [98,99]. Figure 6-5
depicts the system’s Hamiltonian changes in the forward and backward direction with respect
to A parameter for UO> using CRG potential at 300 K [30,31]. The reversible scaling method
assumes that each value of 2A,.,, corresponds to a particular temperature. Changing the A, cw
will allow to predict the broad temperature of the Helmholtz free energy of the system of

interest. The melting point will be the point where the free energy of solid and liquid is equal,
Fsolid = Fiiquid [98,99]
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Similarly, the free energy method will be used to compute melting temperatures of all simple
oxides in a first step. The method will be further extended to reproduce the melting
temperatures of their binary, ternary, and quaternary mixtures. Finally, a comparative study
will be carried out between available experimental data, the coexistence method, and the free

energy method.
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Figure 6-5 The system’s Hamiltonian (H) changes in the forward and backward direction with
respect to A parameter for UO> using CRG potential at 300 K. The subscript i and f depict the

initial and final system stage, respectively.

Contribution to the current literature (ongoing research)

o The melting temperature of actinide oxides, estimated so far, is in the error limit of +
25-20 K when using the coexistence method. One of the advantages of the suggested
free energy method is the fact that it will allow to decrease the error on the melting
temperature.

o The coexistence method is generally very CPU demanding and requires large systems,
while the free energy approach is considered to be hard to establish in a first step, but
less CPU demanding for further studies.

o Changing the reference system in Eq. (6-3) will allow to also capture the defective

system’s melting temperature in future research efforts.
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7. Conclusions & Outlook

A fundamental understanding of the physics is of paramount importance to design, develop
and safely operate nuclear facilities. The overall goal of this thesis was therefore to comprehend
the impact of atomic interactions on the nuclear fuel material properties. For this purpose,
atomic scale simulations were performed for the nuclear fuels, UO2 and Gen-IV fuels. This
research mainly focused on the atomic arrangement of defects and defect clustering inside the
fuel matrix and on the lattice configuration of Gen-1V oxide fuels. Two sampling methods were
used, namely energy minimization (batch sampling) and Metropolis-Monte Carlo method

(continuous sampling).

Apart from that, a user friendly -Newton Raphson base- point defect model solver was
developed, which is intended to be used also in further studies. The following sections give a
detailed outlook for future research work potentially to be conducted building on this thesis’

outcomes.

. An atomic scale analysis of defect clustering and predictions of their concentrations in
U02+x

In this research, the charge state of oxygen interstitial and interstitial clustering in UO2+x was
performed using a Buckingham type empirical potential [69]. As a first step, cluster involving
a single oxygen interstitial and two holes {O;": 2Uy;}* was addressed. The most stable defect
arrangement with two holes consists of these holes being located in the second nearest
neighbour positions to the oxygen interstitial, in opposite directions to each other; this
configuration agrees with DFT calculations [85]. Then complex di-interstitial defect clusters
with varying charges {20}": pUg}*~P) were investigated. For the case of {20]":3Uy}, the
split di-interstitial {30i"": vg: 3Ug} form was observed to be the most stable arrangement. In
such a configuration, oxygen ions are arranged as a regular triangle, with positions along <111>
directions from a central oxygen vacancy, v . Similarly, the DFT calculations performed by
Andersson et al. and Wang et al. also proved that the split di-interstitial configuration is the
most stable form of two oxygen interstitials cluster (or Willis cluster) [86,87]. For future studies
it would be interesting to perform the same DFT calculations e.g., for the {30i": vg': 3U5}

configuration, with the hole positions explicitly predicted by this study.

Moreover, the oxygen clusters up to di-interstitial were investigated, being the only

experimentally proven defect configuration, by using EP simulations. Higher order oxygen
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defect arrangements, such as 30i, 40i, 50i and their corresponding energy calculations, must

be performed in order to give better conclusions about the dominant defects in UO2+x [51,100].
1

Experimentally, one observes a domain where the power dependency of x goes as pf)z =

__n
2(2n—-p+1)

Po, , Where n is the number of oxygen interstitial (Oi") and p is the number of the holes

(Ugy) bound to the anion cluster [20,21,45]. This observation would be compatible with the
clusters of limited size: {Oi": 2Uy}x (n=1, p=2), {20i": 3Uy}' (n=2, p=3), {30i": 4U;}*'
(n=3, p=4), {40i": 5U}}*" (n=4, p=5) and {50i": 6Uy}* (n=5, p=6). Figure 7-1 depicts the
possible (dominant) anion cluster configurations predicted by EP based atomic scale
simulations using Yakub potential. Cluster energy calculations are part of ongoing research
[29,35]. In addition to that, future research could also be extended to the hypo stoichiometric
UO.domain. Park and Olander [46] or Crocombette et al. [101], for example, suggested various
charge states of vacancy oxygen and vacancy oxygen clustering in UO2.x using experimental
data fitting and DFT modelling, respectively. As an alternative to these methods, performing
the simulation with an empirical potential study would be of added value.

The clustering behaviour of oxygen interstitials and holes was investigated by empirical
potential based atomic scale simulations. The defect energies were then interpreted by means
of a PDM to derive the concentration of defects and defect clusters as a function of temperature
and oxygen partial pressure. A validation of the methodology and the results is then conducted
based on deviation from stoichiometry in UO2+x. The study could be further validated through
the lattice parameter data as a function of stoichiometry which can be used as a test of the defect
concentration predictions. Also, electrical conductivity data could be added to the picture to
cross-check the results.

Further, this thesis’ results can potentially be extended to UsOg and UsO7 [102]. Experiments
found that uranium exhibits U** and U°* charge states in UsOg and U307 super-cells. To support
the available experimental data, it would be interesting to perform an empirical potential study

and a structure analysis for those phases.

In the future, this thesis’ results will also allow to discuss the solubility of different fission

products and dopants such as Cr, Gd etc., in the UO, matrix at EP level.
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e Lattice parameter of Am, Np bearing MOX fuel: an empirical potential study

The lattice parameters of MA containing MOX fuel at various atomic fractions were addressed
by empirical potential based atomic scale simulations. Lattice configurations were predicted
by a systematic Metropolis-Monte Carlo method [65]. A very simple empirical interatomic
potential was used to describe the interactions of systems with electrons f. For future studies it
is recommended to repeat this approach by using other available pair potentials, which have

been developed so far to address actinide oxide systems [33,103].

In addition, further empirical potential studies of minor-actinide containing MOX should also
include the valence state modifications, e.g., Am and U cations (Am®*" and U°*) as suggested
by experiments Lebreton et al. [104] and DFT calculations Talla Noutack et al. [105].

The predicted lattice configurations could be further validated by performing a series of
additional calculations e.g., by conducting a crystal structure analysis. The next steps will
therefore include the performance of a series of calculations, such as computing the pair
correlation function and the structure factor (Fourier transform) of such configurations.
Besides, the current approach could be cross-checked with other approximations, which were

developed to address solid solution configuration e.g., SQS [88].

The work which has been carried out for the lattice parameter of Am, Np bearing MOX fuel is
considered to be only the start of an upcoming series building on this work. In the second stage

complex melting point and thermal conductivity calculations will be tackled.

The first part of this thesis covered the non-stoichiometry in UOg; these calculations will be
stepwise extended to binary, ternary and quaternary oxide systems which were discussed within
the Gen 1V fuel concept. The preliminary results of the free energy calculations will be used,

ultimately, to construct phase diagrams of oxide-materials at EP level as a long-term project.

Finally, to satisfy the author’s intellectual curiosity, the knowledge gained from using the
LAMMPS software will be used to understand the molecular mechanisms involved in the
PUREX solvent extraction process, e.g., for the system of uranyl (nitrate) and/or plutonyl
(nitrate)-TBP—diluent (nDD)-HNO3— H20.
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Figure 7-1 Yakub potential prediction to the possible anion cluster configurations in UO> unit-

cell [29,35]. Blue balls represent ordinary uranium atoms, white balls oxygen atoms. Yellow

balls represent the excess oxygen atoms (Oi") in the unit-cell of UO2, while green and black

balls are localised U>* (Uy)) and vacancy oxygen positions (vg'), respectively. The graphs in

the left column show the non-neutral anion clustering configurations, while the graphs in the

right column show the charge compensated clustering configurations, which correspond to the

power dependency of Y.
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The physical properties of uranium dioxide vary greatly with stoichiometry. Oxidation towards hyper-
stoichiometric U0, — UO2.x — might be encountered at various stages of the nuclear fuel cycle if
oxidative conditions are met; the impact of stoichiometry changes upon physical properties should
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configurations and a rigid lattice approach turned out to be the most useful strategy to optimize defect
configuration structures. Ultimately, results from the point defect model were discussed and compared
to experimental measurements of stoichiometry dependence on oxygen partial pressure and
temperature.
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1. Introduction

technology [1]. Thermodynamic and transport properties of UO2
are a strong function of non-stoichiometry. Although a remarkable

Over the past decades, uranium dioxide (UO;) has been the
reference fuel for the current fleet of nuclear reactors (Gen-II and
Gen-lII); today it is also considered by the Gen-IV International
Forum for the first cores of the future generation of nuclear reactors
on the roadmap towards minor actinide (MA) based fuel
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number of studies has been performed to address the relationship
between the material properties and oxygen defects in UO3 , the
fascinating complexity of these defects calls for further in-
vestigations [2—7].

It is widely known that the UO; lattice can host a large number
of oxygen defects in various charge states and configurations, for
example, by clustering with electronic defects, both electrons and
holes; the only experimentally proven defect configuration is the
di-interstitial cluster derived from neutron diffraction measure-
ments by Willis [8]. Computer simulations techniques can help to
get insight into these defect structures, considering that they can be
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addressed by density functional theory (DFT) or empirical poten-
tials (EP) [9-14]. For such investigations it is of paramount
importance to gain quantitative knowledge of the defect concen-
trations as a function of environmental conditions, that is, tem-
perature and oxygen potential (or oxygen partial pressure). This
knowledge is provided by a point defect model (PDM) in which the
chemical defect reactions are evaluated via a mass action law
[15,16]. From that model, deviation from stoichiometry x in UOy
can be derived, which is also experimentally accessible.

Recent theoretical works, for example, Murphy et al. evaluated
point defect concentrations and non-stoichiometry in thoria using
DFT to predict the defect formation energies [17]. A similar
approach adopted for uranium oxide by Cooper et al. [9]. Soulié
etal. [18], and Bruneval et al. [ 19]extended the UO; study by adding
oxygen defect clusters in their model. Even though, their results
qualitatively provide a comparable defect concentration trend, the
quantitative understanding still suffers from inconsistencies. This is
mainly because of the various approximations used for the de-
scriptions of the strong correlation between uranium f electrons,
which in turn affects the defect formation energies. Unlike the
above mentioned studies, we investigated the oxygen clusters up to
di-interstitial by means of empirical potential simulations in
expectation of qualitative agreement between DFT and EP. The
positive results then further motivated us to go through a qualita-
tive validation against measurements of stoichiometry dependence
on oxygen partial pressure and temperature. In the future this will
also allow us to discuss the solubility of different fission products
and dopants in the UO, matrix at EP level.

2. Methods
2.1. Atomic scale simulations

Atomic scale simulations were performed using the LAMMPS
software, version 2017 [20]. Calculations consider atoms as point-
wise charged particles interacting with each other through inter-
atomic potentials. These calculations were complemented with the
GULP software in view of its ability to compute defect energies with
different methods [21]. In order to maintain coherence, the system
defect energy calculations were performed using the same inter-
atomic potentials with both codes.

Several sets of parameters have been derived in the open liter-
ature to describe atom interactions for the UO; system [22,23].
They differ in the degree of covalence, or ionicity £, with (0 <§ < 1),
attributed to ions and the analytical expression used for the short-
range atom interactions. Most potentials are variants of the Buck-
ingham potential form [24], sometimes coupled to a Morse term
[25] to describe covalent bounds. The commonly adopted expres-
sion for the pair potential between ions i and j separated by dis-
tance rj; takes the following form:

(fe)’ziZ; 5\ G
V(rj)=————+ Ajexp| —— | —— +Dj|ex
(ri) Areor; ij €Xp Pi l_g u[ P(

=255 = ry) ) —2exp (3 (1~ i) )| 1

The first term stands for the electrostatic interaction between
point charges with gy, the vacuum permittivity. For UO,, one con-
siders full ionicity: Z(U*") = +4 and Z(0?") = — 2. Classical Ewald
summation techniques were used to handle long-range electro-
static interactions in three dimensions. The second term of Eq. (1)
expresses the short-range repulsion of overlapping electronic
shells and the third term expresses the van der Waals attraction as a
simple inverse power function. The last term is a Morse function

that represents the covalent bond of the uranium-oxygen pairs.
Pairwise interactions were evaluated up to a cut-off distance of
1.1 nm. The system configuration was relaxed at constant volume
until a convergence of 104 eV is reached (total energy difference
between consecutive minimisation steps).

Earlier studies revealed that the predictive character of empir-
ical interatomic potentials for mechanical, thermal or defect
properties of UO, are quite challenging, as there is no universal set
of parameters [23,26—28]. While these studies generally addressed
absolute values, the present work rather focuses on relative values,
such as defect binding energies, for which better agreement was
observed between interatomic potential parameter sets [29]. The
Yakub potential has been extensively tested in literature for both
static and dynamic calculations, and reproduces reasonably well
defect and thermo-mechanical properties of UO, [12,30,31]. This
potential was therefore selected for this study; its short range
parametrization is reported in Table 1.

In UO,, hole electronic defects are generally thought to maintain
the system charge neutral [32]. In the present study, holes were
described as localised on the uranium sublattice as uranium atoms
with a (5+) charge. For the description of interactions involving
those particles the atom charge (Z) is simply modified while
respecting the ionicity proposed in the original model — see Eq (1).
Modifications of the short-range interactions were considered as a
second order effect and were not applied for this study [29,33,34].

2.2. Defect calculations

Defect calculations were performed according to the supercell
method, with LAMMPS [20], where a pristine system of 4 x 4 x 4
conventional UO;, unit-cells under periodic boundary conditions
was considered as a starting structure [22]. The lattice parameter
was set to the experimental value for UOy, 0.547 nm [35], before
relaxation. Defects were introduced in the system, which is then
relaxed to find the energy minimum, and the corresponding atomic
configuration.

Reaction energies are based on the system energy difference
between the individual products and reactants. One must remain
careful when interpreting the as-calculated energies in empirical
potential calculations, as only energy differences between systems
having an identical set of particles have a straightforward, physical,
meaning. For the defect calculations that do not preserve the
stoichiometry of the pristine material — where particles of one or
several species' appear in or disappear from the system — the
calculated defect energy implicitly takes, as a reference state for
that particle, the non-interacting, charged, particle in vacuum. For
example, in the case of an oxygen interstitial defect, the reference
states consist of the pristine UO; crystal on the one hand, and a
charged 02~ in vacuum on the other hand. The latter configuration
is purely conceptual in the empirical potential method, as the
second electron captured actually remains unbound in vacuum.

To overcome this issue, one focuses here on stoichiometric
defect reactions (that conserve the species), so that the corrections
for particle addition and removal cancel out. Coming back to our
example, neither the as-calculated oxygen interstitial energy,
neither the opposite defect — the oxygen vacancy — energy, have a
physical meaning. However, when combining the results, one ob-
tains the oxygen Frenkel pair energy. In order to facilitate the
construction of a point defect model from empirical potential cal-
culations, one privileges defect reactions expressing the formation
of defect clusters from their individual components, i.e. evaluating
the free energy change.

1 one also considers here atoms with different charges as different species.
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Table 1
Short range parametrization of Yakub et al. [12], and.f = 0.5552

ion pairs Ajj (eV) pi x 107'% (m) Gj x 1075 (ev m®) D;j (eV) i % 10" (m™) 1 % 107" (m)
Ut — 0>~ 43218 0.3422 0.0 0.5055 1.864 2.378

Ut — g 187.03 0.3422 0.0 0.0 - -

0? - 0* 883.12 0.3422 3.996 0.0 - -

AtEP level, issues remain for some of the reactions considered in
the PDM, (see § 2.4); for example the formation of an electron-hole
pair, for which the electron and hole tend to be localised on the
uranium sublattice. The creation of the pair implies the disap-
pearance of two regular U*" atoms, and the apparition of one U
and one U°* atom and, hence, a species change from empirical
potential simulation perspectives. Empirical pair-potentials results
need to be corrected for the difference in ionization energy be-
tween U?* and U, for example following a Born-Haber cycle [36].
Alternatively, a value derived from experiment [37] or ab initio
calculations [38] could be used for the defect reaction energy.

For the system oxidation reaction, no proper correction scheme
exists, as it would involve the calculation of an O, molecule. The
latter state is far from the validation domain of the empirical po-
tentials used, considering that they were developed to address
ceramic crystals. For that reaction, energies derived from experi-
ment [39] or ab initio calculations would be a better alternative [ 14].

The supercell method can be applied to a charged system, such
as for defect calculations. A neutral system is recovered by adding a
uniform background charge to the system [40], whereas this
correction is not implemented in LAMMPS. This background charge
does not affect interatomic forces and simply results into an addi-
tional term to the system total energy. At post-processing, defect
energies are then corrected for the charge’s Madelung energy to the
infinite dilution limit according to the potential predictions: f* =

fr +52iL,‘f where f* and fL is a formation energy of the defect at
infinite dilution and under periodic boundary conditions with total
system size L (=0.544 x 4 nm after relaxation of the pristine sys-
tem), q is the total charge on the solid, o (=2.84) is the cubic system
Madelung constant and e (=3.28, for Yakub [12] potential) is the
static dielectric constant.

2.3. Exploration of configuration space

The charge state of oxygen interstitials (O;) and O; clusters is
evaluated in this empirical potential study. One also considers the
presence of charge-compensating holes that would be bound to the
defect. The exploration of the arrangement of holes around a single
oxygen interstitial defect, or an oxygen interstitials cluster, is a
difficult task, considering that the number of cases to be addressed
increases in a combinatorial way with the number of holes

considered: TN%)W with N, the number of accessible sites (256)

for a 4 x 4 x 4 unit-cell system, and n, the number of U>* inserted
in the system. In order to optimize the calculation time, several
methods were tested.

e The brute force approach, used as a reference, where all possible
combinations are relaxed and compared in terms of energy. The
method only performs in a reasonable amount of time for up to
three U°* in the system (~2.7 x 10° combinations).

A Monte-Carlo approach was then tested, similar to former
works [41-43], where U°* are only displaced when the energy
gain after the displacement obeys an acceptance (Metropolis)
criterion. The major issue with this approach is that one
generally starts from a relaxed configuration, so that the per-
mutation of an U>* and an U*" ions most often results in a

positive energy gain. Although well-thought criteria enable to
progressively converge towards lower energy configurations,
convergence to the energy minimum is slow and not
guaranteed.

A rigid lattice approach, where one considers that the non-
relaxed and the relaxed configuration maps are qualitatively
similar. The search for the optimal configuration is performed in
the non-relaxed system (1st stage) and the optimal configura-
tion is relaxed (2nd stage). By doing so, one avoids repeated
relaxation stages, which each necessitate of the order of
100—1000 calculation steps. The relaxed configuration energy is
only calculated once, for the optimal configuration. Although
the method could be used in brute-force scheme, the interest
also lies in coupling it to a Monte-Carlo algorithm; the fact that
non-relaxed configurations are used eliminates the energy gain
issue evoked previously when permuting U>* with U** ions.

The latter approach was validated for the clustering of a single
oxygen interstitial with one and two holes and compared to a brute
force approach. Both methods converged towards the same
geometrical arrangement. In the case of a single hole, the hole is
predicted to occupy a first nearest neighbour position relative to
the oxygen interstitial. With two holes, the predicted configuration
of minimum energy consisted of the holes located in second
nearest neighbour positions to the oxygen interstitial, as illustrated
by the mapping in Fig. 1. They were located in opposite directions
from each other, as could be expected from pure electrostatic
considerations; that configuration is also in good agreement with
recent DFT calculations [44].

The systematic configuration space exploration confirmed that

1 & Binding ensrgy (eV)

2nd

-0.2

U>* nn position

unbound pndqst

U>* nn position

Fig. 1. Binding energy of two holes and an oxygen interstitial atom as predicted with
Yakub potential [12]. The contour map expresses the binding energy as a function of
the distance of each hole to the oxygen interstitial atom. When different configurations
correspond to the same distances, the minimum value over these configurations is
retained. The most stable configuration is observed for both holes located in second
nearest neighbour to the oxygen interstitial, in opposite direction (along <11 1> di-
rection) from each other as it is shown in Fig. 2.
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a) (0f:: Uy

b) {0f": 2U}*

) {20{'}"" -metastable

Fig. 2. Yakub potential relaxed configurations of oxygen interstitial and interstitial clusters [12]. Blue and white spheres represent the regular uranium and oxygen ions in fc.c. UO,.
Yellow spheres stand for interstitial oxygen ions while the green ones for U%* (holes) positions. For the case {20; : 2Uy} and {20; : 3Uj;} orange spheres are used to highlight
oxygen ions displaced from their regular positions. For the sake of clarity, central vacancy sites are not emphasized. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

the minimum energy configuration was indeed reached. The rigid
lattice approach was thus observed to rapidly converge towards the
optimal configuration found with the brute approach method.
Based on the computing time gain and efficiency performance —
convergence to the energy minimum is observed after about 5000
Monte-Carlo swaps —, the method is expected to facilitate the
search for optimum configurations when a larger number of defects
are at play.

2.4. Point defect model

A point defect model (PDM) expresses interactions (or re-
actions) between defects in a similar way as one treats chemical
reaction equilibria. It links, for each reaction, the concentrations at
equilibrium of the species involved. Although virtually any defect
and defect reaction could be considered, the point defect model
will only provide a good representation of a material if the domi-
nant defects are included in the picture. In uranium dioxide, it is
commonly accepted that the dominant defects relate to electronic
and oxygen disorder [45,46]. The simplest description of UO,, close
to stoichiometry, expresses the polaron (electron-hole pair crea-
tion) and the oxygen Frenkel (oxygen vacancy — interstitial pair)
equilibria. Using Kroger-Vink notations [15], these reactions can be
expressed, respectively as:

205 =Uy + Uy (2)

Vi 405 =0; + vy (3)

A relation between defect concentrations may then be
expressed according to the mass action law which involves the

change in free energy of the system Af:

I _ (AP
AT ‘”’( ksT) &
001 A
Kg 03] [Vf] P( 1(3T> (5)

where [Uy] and [UL,] are the concentration of holes and electrons
assumed in the valence and conduction band, respectively [47]. [0}']
represents the interstitial oxygen concentration while [vg*] is the
oxygen vacancy concentration. This simple system expressed by
Egs. (2) and (3) contains seven unknowns and needs to be closed by
other relations that express, for example, conservation of the site
occupancy and of the system charge neutrality. In the infinite
dilution limit, one may approximate regular atom concentrations
by their value in a perfect crystal [Ujj]= [v;]:-} [05]=1 otherwise
the relative contribution of each defect to uranium, oxygen and
interstitial lattices should be summed up. The charge neutrality
condition for defects (i) with a concentration C; and net charge q;
must be maintained:

Zqiq =0 (6)

One last relation is required, which links the system to the
constraints imposed by the environment. For UO,, we consider that
the oxidation reaction from the atmosphere surrounding the sys-
tem dominates. The point defect reaction is expressed as:
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v 42U Jr%oz(g):o;brzul'J (7)

Or, in mass action law form:

_[oJue]” _ _0 8
(U5)* (] vpo, exp( kBT> ®

where pg, stands for the surrounding oxygen partial pressure. The
deviation from stoichiometry x, in a regime dominated by isolated
oxygen interstitials and holes, follows o pgz 5. This simple descrip-
tion of defects in UO,, however, does not correspond to what is
experimentally observed at larger deviation from stoichiometry; it
has been evidenced that a better picture is provided if the clus-
tering of oxygen interstitials is accounted in the model, as the

observed relation rather obeys x otpz,iz [48—50]. One therefore
introduces oxygen interstitial clusters with varying effective
charges in the point defect model. Changes in the defect cluster
charge were modelled in this work through the presence of local-
ised holes on the uranium site. Assuming that a single individual
oxygen interstitial cluster species dominates, in the form of
{no; : puy}®" P — with n, the number of oxygen interstitials and
p, the number of holes in the cluster — the corresponding power
dependency for the charge neutral system could be generalised as x
=g, with the exponent m = Wm. For example, in the case of
isolated O;" (n = 1, p = 0) one comes back to the first case and
m = %; this situation is expected to dominate close to perfect
stoichiometry when clustering is not favourable for configurational
entropy reasons. Experimentally, one observes a domain where the
power dependency of x goes as pg,izz this observation would be
compatible with two clusters of limited size: {Oi” : 2U{J}x (n=1,
p = 2) or {20i": 3Uy}’ (n = 2, p = 3). Stoichiometry measure-
ments can not distinguish between the two types of clusters.
Electrical conductivity will, however, be sensitive to the type of
defect, since the latter defect cluster type needs to be compensated
by non-bound holes, which are mobile, while the former cluster
type is fully charge compensated. Several authors have proposed to
consider singly charged di-interstitial clusters as the dominant
defect at moderate departures from stoichiometry [48—50]. This
leads to:

no; +p Uy={no; : puy} > » (9)
[{no;' 3 DUD}(Znip)v} Afcls.

Ko =t 4 = - 10

= o P g p( ke ) ao

If one assumes that next to isolated point defects, only di-
interstitial clusters with charge —1 are formed, the site balances
may be expressed as:

(U] + [Uy] + [Uy] =1 (11)
[Og]+[ve'] =2 (12)
[vi]+[0]] + 2+a)[{20] :3Uy}] =1 (13)

The parameter a is used here for {20; : 3U)} or Willis clusters
to restrict access to neighbour interstitial sites. Using a= 6 also
enables to reproduce UO,,x saturation at x = 0.25, ie. a

stoichiometry corresponding to U4Oq9. The PDM system of equations
is solved with a Newton-Raphson iterative technique, ensuring
numerical convergence is obtained. The deviation from stoichi-
ometry is then evaluated from the various defect concentrations,
considering that defects on the uranium sub-lattice play a negli-
gible role:

X = ‘Z[n{noi” : pUl'J}(Z"’p)'] | —[ve] (14)

3. Results and discussions
3.1. Oxygen interstitial clusters configuration and energy

The configuration and the defect energy was calculated for
various cluster of oxygen interstitials and holes by means of the
rigid lattice approach to determine the lowest energy structure (cf.
§2.3). All the defect configurations were rendered in Fig. 2 and
defect energies were listed in Table 2.

Clusters involving a single oxygen interstitial and one or two
holes has already been addressed in § 2.3. While the single hole is
predicted to bind as first nearest neighbour to the oxygen inter-
stitial, the most stable defect arrangement with two holes consists
of these holes located in second nearest neighbour positions to the
oxygen interstitial, in opposite directions from each other. That
configuration is in agreement with DFT calculations [44].

Di-interstitial clusters were studied here as charge-
compensated clusters, with one to four holes. The most stable
arrangement of two oxygen interstitial atoms was first determined
separately due to it exhibiting a metastable state; the presence of
charge-compensating holes was considered in a second stage; two
oxygen interstitials were initially placed in two nearest octahedral
interstitial site with a separation of@ times lattice parameter. Fig. 2

shows the optimal arrangement of two oxygen interstitials {20}'} 3
as predicted in this study. We then investigated complex di-
interstitial defect clusters with varying charges {20; : pU{,}(47P'.
For a single charge-compensating hole {20;' : Uy} | the most stable
configuration consists of the hole located on one of the closest
neighbours of the oxygen interstitials. The structure of the

{20; : 2Uy;} and {20; : 3U}} clusters, however, do not correspond
to the traditional description from Willis, with two regular oxygen
atoms displaced from their regular position [8]. While uranium ions
are not displaced from their regular fluorite location, an alternative
arrangement of the oxygen atoms was predicted here, where oxy-
gen atoms stabilize as a split di-interstitial {30i" : vg'}. In such a
configuration, oxygen ions are arranged as a regular triangle, with
positions along <111> directions from a central oxygen vacancy.
This structure, with a single oxygen atom displaced from its regular
position was also derived in DFT calculations [38].

Our study predicted the progressive binding of the cluster as it
accumulates one, two and three holes, but the neutral cluster, with
4 holes, tended to be less stable. Without further interpretation
through a point defect model at this stage, this result already
suggests that from pure energy perspectives, di-interstitial clusters
of charge —1 could be encountered, as often suggested from
interpretation of experimental data through point defect models.
The results also suggest a low probability of forming neutral di-
interstitial clusters.

Once the most stable defect cluster configurations were ob-
tained with LAMMPS [20], they were further analysed in terms of
their energies with GULP [4]. Using the GULP code, the supercell
method results were cross-checked with values derived using the
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Table 2

Prediction of the defect clustering binding energy 4f, in uranium dioxide calculated with 4 x 4 x 4 unit-cell method using Yakub potential [12]. Negative binding energy

indicates preference for the cluster over its individual components.

Bindi E— - ury e " oy oy
Energy {01+ Uy} 10 205} {207} {20} : Up} {20 : 2ug) (20] - 3Uy)
A S [ev] ~067 ~1.09 126 ~012 ~140 ~2.09

Mott and Littleton approach [51]. The latter method divides the
space around the defect into three regions; in region I atoms are
fully relaxed, while in region lla, only harmonic relaxation due to
the defect charge is assumed; in Region IIb, an infinite purely
dielectric medium is assumed. In this work, we used radii of 1.4 nm
for region I and 2.8 nm for region Ila; very good agreement between
both methods is generally reported [52,53] and also observed here.
Results of binding energy calculations in the supercell approach are
reported in Table 2.

3.2. Deviation from stoichiometry

Point defects energies were evaluated for U0, x (see in Table 2).
They were complemented with a PDM in which the defect con-
centrations were derived from the reaction energies. We assume
that the system of Eqgs. (4), (5) and (8) dominates at exact stoi-
chiometric composition and they may be solved analytically under
the following assumptions: [0;] = [vg*], [Uy] = [Uy] and the [Uj]=
[vi']=%[0p]=1. For such a case, Ko is expressed as:

Ko=Kp, |22 (15)

Po,

The oxygen partial pressure at exact stoichiometry pz,z, suffers
from large discrepancies between laboratories [35,48,54,55]. One of
the reasons might be that the samples exhibit different impurity
contents. Measurements performed by Leinders et al. [35],
concluded that the relation found by Lindemer and Besmann'’s [54]
data analysis gives the best agreement with their observations. In
spite of the inconsistencies, we used the Lindemer and Besmann
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Table 3
Comparison of calculated Frenkel pair 4fF and oxidation reaction energy 4f° at 0 K.

Formation Energy This study Other works
AfF [eV] 41 +/- 0.1 3.0 to 4.6 [2,56]
AfOlev] —0.4 +/- 0.01 —0.2 to —0.8 [3,6]

predictions for both pgz vs temperature (T) and the x in U0y, x Vs
p51[54]. This allows us to implicitly handle the defect vibrational
entropies as corrections to Ko.

Another parameter appearing in Eq. (15) is Kp which is related
to the band gap energy. Ab initio calculations and experiments
generally agree on the band gap width — the energy to form an
electron in the conduction band and a hole in the valence band —,
with AfP = 2.1 +/— 0.1 eV [37,38].

It was observed that reaction constant Ko in Eq. (15) is ulti-
mately linked to the precision of K, p;h and Kp. Any changes in
those parameters would significantly affect the overall defect
concentrations. Two recent studies report and discuss in-
consistencies between the Frenkel pair energy —related to Kp -
derived from atomic scale simulations and experiments [22,31].
One reports an experimental range of 3—4.6 eV [2,56] while
atomistic simulations (both ab initio and EP) generally predict
slightly higher values, i.e. between 3 and 7 eV [22,31,57]. The Yakub
potential provides a value of 5.7 eV [12].

In a first phase, the stoichiometric deviation of UO; was quali-
tatively evaluated. Eq. (15) was used to calculate Ko with the nor-
malised pressure at exact stoichiometry i.e. po, / 1361 = 1. Results

presented in Fig. 3 show that isolated oxygen interstitials OI

-10 0 10 20 30
Iogm(pO /pO *)in [atm]
2 2

Fig. 3. Qualitative evaluation of defect concentrations in UO,.  predicted by Yakub potential [12]. Left) represents the single interstitial clustering concentrations and Right) is di-
interstitial clustering concentrations over the normalised oxygen pressure range at 1273 K.
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Fig. 4. The deviation from stoichiometry x in UO;.  (bottom row) is calculated from the defect concentrations over a range of temperatures (top row). Comparison is made with the
correlations published by Lindemer and Besmann [54], and Perron’s thermodynamic data [55].

dominate at lower oxygen partial pressure region in UO,,x. No
significant contribution was observed from other types of single

interstitial clusters, namely: {O; : Uy} and {O; : 2Uy}". The gen-
eral concentration trend for single interstitial clusters at lower
partial pressure [0;] > [{O; : Uy} ] > [{O; : 2U}}] was determined
which is also in line with the interpretation of DFT simulation re-
sults [9]. They all progressively saturate as one approaches x~0.07,
considering that beyond that value, first neighbour sites would
become populated; then oxygen interstitials cannot be considered
as isolated anymore. In the case of di-interstitial clusters, the trend
predicted at higher oxygen partial pressure is to observe single

charge di-interstitial clusters dominating: ({20} :3Ug}] >

[{20; : 2Uy} | > [{20] : Uy} | > [{20;} |. Therefore, once higher
order clustering is a concern, non-formally charged defects were
observed to dominate. Considering saturation of isolated oxygen
interstitial clusters occurs at low departure from stoichiometry
because of site exclusion — if a first neighbour site becomes occu-
pied, a di-interstitial cluster is actually formed — one focuses on a
relatively simple PDM made of isolated point defects and a single

type of oxygen interstitials clusters [{20; : 3U3} |, which was pre-
dicted in this study to dominate at higher stoichiometry.

In a second phase, Eq. (15) was used to calculate Ko with the
oxygen pressure at exact stoichiometry provided by Lindemer and
Besmann [54]. We considered the general agreement on the band
gap and on the overestimation of the Frenkel pair energy by

empirical potential simulations, which was described earlier. The
dependence of Ko to Kr was also derived from the Lindemer and
Besmann's work on the basis of Eq. (15) [54]. The calculated Frenkel
pair energy AfF, and oxidation reaction energy Af© are reported in
Table 3. These energies have been found to be in good agreement
with literature values.

The defect concentrations as a function of oxygen partial pres-
sure were computed at equilibrium for UO,,x and presented at
three different temperatures (see Fig. 4). The material stoichiom-
etry was then derived from the oxygen defect balance. As illus-
trated in these Figures, the agreement for the departure from
stoichiometry at approximately x < 0.01 suffers from large un-
certainties, which should be put into perspective with the large
experimental uncertainty at these low values of x. At higher pres-
sure, predictions on the x in U0, fits well with the experimental
data points show better agreement for the x in U0y, x.

4. Conclusions

The clustering behaviour of oxygen interstitials and holes is
addressed by empirical potential based atomic scale simulations.
The defect energies are then interpreted by mean of a PDM to
derive the concentration of defects and defect clusters as a function
of temperature and oxygen partial pressure.

Avalidation of the methodology and the results is conducted on
the basis of the deviation from stoichiometry in UOy .

The following results were achieved:
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o Configurational space exploration of the arrangement of local-
ised holes around isolated oxygen interstitials and oxygen
interstitial clusters was shown to be most effective with a
combination of a rigid lattice approach — where no relaxation is
performed in a first stage — with a Metropolis Monte Carlo
particle swapping method.

e The PDM established from EP results and experimental values
which are not accessible to EP techniques shows good agree-
ment with various sets of experimental data.

With the proposed dominant defect type - {20; : 3U}}, di-
interstitial with minus one charge-, the calculated relation be-
tween both stoichiometry and electrical conductivity evolution
with oxygen partial pressure have a power dependence that
corresponds to what was shown in experiments. Especially, at
1273 K and 1573 K good agreement between our model and
experiments was achieved.

e At 973 K, both the experiments and the proposed model show
slight inconsistencies. One might also consider that at low
temperature UO; exhibits a solid solution with U40q in which
the excess oxygen ions agglomerate into a cuboctahedron (CoT)
structure [58—60]. Such a clustering configuration of higher
order might dominate the deviation from stoichiometry in
U0, x at low temperature. However, this statement is based
solely on theoretical arguments and not supported by experi-
mental data; it should therefore be addressed in future work.
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Abstract

An empirical potential study was performed for the americium (Am), neptunium (Np) containing
uranium (U) and Plutonium (Pu) mixed oxides (MOX). The configurational space of a complex
Uly.y-yPu,AmyNp,~O, system was predicted by the rigid lattice Monte Carlo method. Based on the
computing time and efficiency performance, the method was found to rapidly converge towards the
optimal configuration. From that configuration, the relaxed lattice parameter of Am, Np bearing
MOX fuel was investigated and compared with available literature data. As a result, a linear behaviour
of the lattice parameter as a function of Am, Np content was observed.

1. Introduction

Minor actinide [MA (Am, Np), mainly] bearing mixed oxide (MOX) is of interest for use as fuels for fast reactors
(FR) and accelerator driven hybrid systems (ADS) [1]. The effect of MAs on the MOX properties, such as
thermal conductivity, melting point and lattice parameter, is of paramount importance to the safe, reliable and
sustainable operation. Among these material properties, lattice parameters are essential to obtain the theoretical
density, which is used to ensure the quality of nuclear fuel during fabrication [2].

In recent studies, structural, elastic, thermodynamic and mechanical properties of actinide dioxides AnO,
(An = U, Pu, Am or Np) and their binary mixtures have been treated extensively [3—14], concluding a linear
relationship between lattice parameter and composition (Vegard’s law) [15-22]. Compared to that, the
availability of data on their complex ternary and quaternary oxide mixtures are, however, very limited. For the
system U-Pu-Am-Np-O, for instance, it is reported that the stoichiometric complex U, _...,/Pu,AmyNp,»O,
has a fluorite structure and that the lattice parameter exhibits a linear behaviour for a dilute (up to few at%) range
of composition of MA, and maximum 60 at% Pu [23].

Atomic scale simulation techniques, both density functional theory (DFT) and empirical potentials (EP),
are promising to evaluate complex oxide systems’ properties. Although DFT-based models have been
successfully applied to nuclear fuel, the fist principles description of actinide f-electrons is a highly challenging
and debated issue [24—26].In contrast, empirical potentials are derived from fitting of the individual material’s
available properties, which can be used for the evaluation of mixed systems. Therefore, this study aims at
investigating the lattice parameter of U, Pu, Am and Np mixed oxides as a function of atomic concentrations
via EP methods.

The paper is organised based on the following steps: First, the lattice parameter of the simple oxides AnO,
(An = U, Pu, Am or Np) was calculated as a pre-validation. Second, binary mixture oxides were modelled for
various concentrations of actinides in the host UO, matrix. The lattice configuration was predicted viaa
systematic optimization method called rigid lattice method [27]. From that configuration, relaxed system
energies and lattice parameters were investigated as a function of composition. Then, the assessment was
extended to complex U,_,_/Pu,Am,O, and U,_,.,,»Pu, Am,/Np,~O, systems. Finally, the results of this study
were compared to the available experimental data and as well as to the standard ionic radii model.

©2021 The Author(s). Published by IOP Publishing Ltd
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Table 1. Parameters for Busing-Ida type interatomic potential function, as
parametrized by Arima et al [31-33].

lon a;(nm) bi(nm) ¢i(J7%nm’ mol %) References
utt 0.1318 0.0036 0.0 [32]
Pu'* 0.1272 0.00325 0.0 [32]
Am** 0.1282 0.00373 0.0 31]
Np** 0.13148 0.0039 0.0 [33]

o? 0.1847 0.0166 1.294 [36,37]

2. Techniques

2.1. Atomic scale simulations

Atomic scale simulations were performed according to the supercell method, using the large-scale atomic/
molecular massively parallel simulator (LAMMPS) version 2020 [28]. A4 X 4 x 4 conventional (non-
primitive) fm3m cell under periodic boundary conditions was considered as a starting structure. The lattice
parameterwas set to the experimental value of the host matrix before relaxation (see table 2). The forces acting on
each ion were obtained by the Busing-Ida type [29, 30] empirical potential fields by Arima et al [31-33]. We will
further denote this as the Arima potential set.

The Arima potential set was developed to reproduce actinide oxide system properties, in particular lattice
parameter, bulk modulus and thermal conductivity [31-33]; it has been extensively tested in the literature and
was therefore selected for this study [31-34]. The consistent potential set covers the U, Pu, Am, Np and O ion
descriptions, which could be used to define pairwise interactions in solids. The potential energy V (r;;), between
two ionsiand jata distance apart rj; is expressed by the following form:

(e)*Ziz; a; + aj — 1 CiCj
V() = —— + f,(bi + b))exp| ———| — — 1
b dmeor; fo€ i) exp b; + b r,-}G- o

The parameters a;, b;, ¢; appearing in the interatomic potential function are given in table 1. The first term of
equation (1) simulates the electrostatic interaction between point charges with ¢, the vacuum permittivity. The
electric charge on each atom is assumed to be 67.5% (=€) of the formal charge (Z;). Classical Ewald summation
techniques were used to handle long-range electrostatic interactions in three dimensions [35]. The second term
with f,, adjustable parameter expresses the short-range repulsion of overlapping electronic shells, and the third
term expresses the van der Waals attraction as a simple inverse power function. In this study the pairwise
interactions were evaluated only up to a cut-off distance of 1.1 nm.

In the stoichiometric simple oxide AnO, (An = U, Pu, Am or Np), a stable An*" is generally considered to
maintain the system charge neutral [20-22]. In the present study, a perfect system was created, meaning that the
oxygen to metal ratio will always remain 2 and the actinide atoms are always sitting in the unit cell of the fluorite-
like cation sites. To describe the actinide charge state in a stoichiometric complex mixed oxide system, a
common value of (4+) was considered, as confirmed by previous research conducted by Kato and Konichi [23].
However, combinations of other oxidation states e.g. (3+, 5+, 6+), which would also correspond to overall
neutrality, were not applied for this study.

The lattice paramteres were investigated via energy minimization techniques at 0 K. The atomic coordinates
and lattice vectors were relaxed until the zero strain with the conjugate gradient algorithm implemented in
LAMMPS [28]. There are two advantages for the calculation of system properties at 0 K for EP studies. The first
one is to check whether the empirical potential is correctly implemented as a pre-validation. Second, a
fundamental understanding of the system behaviour can be gained by ignoring the atomic vibrations. To addres
the relationship between lattice parameter of Am, Np bearing MOX fuel as a function of atomic fractions (at%),
a staticapproach at 0 K was followed in this study.

However, for the experimental validation 300 K were used to simulate room temperature conditions, while
neglecting standard atmospheric pressure of 0.1 MPa. The equation of motion was integrated with velocity-
verlet algorithm with the unit time step (At) of 2 femto-second. The simulations were carried out under NPT
(constant number of ions, temperature and pressure) conditions which were controlled by the canonical
dissipative Nosé-Hoover thermostat and barostat with relaxation time of 0.1 ps and 0.5 ps, respectively. The time
for the system to reach equilibrium was 10 ps and the measured lattice parameter were averaged over the next
10 ps.

2.2. Exploration of configuration space
The configurational space for the U, _y.,.,#Pu,AmyNp,»O, system was explored in this empirical potential study,
also considered as the lattice configuration of a solid solution. The exploration of such an arrangement is a
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Figure1.A4 x 4 x 4 (768 atoms in total) U, sPu, 5O, system. Black and yellow spheres represent the uranium and Plutonium
atoms, respectively. The red small dots represent regular oxygen ions. (a) Initial (random) distribution of uranium and Plutonium
atoms in f.c.c. matrix (b) Optimal configuration as predicted by the rigid lattice approach in this study.

demanding task, given that the number of cases to be addressed increases in a combinatorial way for the

composition considered. For example, in case of a binary oxide system U,_,Pu,O,, the number of combinations
N!

(N — n)! x n!

n = (y X 256), the number of Pu replaced by the U lattice position. Similarly, if the system of interest is

is expressed as , with N being the number of accessible sites (256) for4 x 4 x 4 unit-cell,and

| —a)
U.y.yPu,Amy0,, the number of possible combinations becomes i N —1)l
(N—n)!xn!'||] (N—n—m)! x m!

withm = (y’ x 256), the number of Am atoms distributed in the simulation box, etc. In order to optimize the
calculation time, the rigid lattice method was tested [27].

In the rigid lattice approach, the non-relaxed and the relaxed configuration maps were demostrated to be
qualitatively similar. To address the energy gain issue due to the permutation of the U, Pu, Am or Np ions the
non-relaxed configurations were used. Initially, a host UO, lattice was created according to the potential
predictions of the atomic coordinates (cf table 3). The Pu, Am or Np ions were randomly distributed as
substitutes in the uranium sublattice. The optimal configuration was found then, by coupling the simulation
system with a Monte Carlo-Metropolis algorithm, which dictates the swap probabilities to be always in the
direction of energy loss [28].

The method was validated for the case of Uj sPu, 50,; ahomogeneous mixture was observed, as illustrated by
figure 1; no clustering or separate UO,-PuO, phases were predicted, which is in line with recent experiments
[21]. The systematic configuration space exploration confirms that the minimum energy confi