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Abstract

Nitride fuels have always been considered a good candidate for GEN

IV reactors, as well as space reactors, due to their high fissile density, high

thermal conductivity and high melting point. In these concepts, not being

compatible with water is not a significant problem. However, in recent years,

nitride fuels started to raise an interest for application in thermal reactors,

as accident tolerant or high performance fuels. However, oxide fuels have

benefited from decades of intensive research, and thousands of reactor-years.

As such, a large effort has to be made on qualifying the fuel and developing

tools to help assess their performances.

In this thesis, the modeling side of this task is chosen. The effort is

two-fold: determining fundamental properties using atomistic models and

putting together all the properties to predict the performances under irradi-

ation using a fuel performance code. The first part is done combining many

frameworks. The density functional theory is the basis to compute the elec-

tronic structure of the materials, to which a Hubbard correction is added to

handle the strong correlation effects. Negative side effects of the Hubbard

correction are tackled using the so-called occupation matrix control method.

This combined framework is first tested, and then used to find electronic and

mechanic properties of the bulk material as well as the thermomechanical

behavior of foreign atoms. Then, another method, the self-consistent mean

field (SCMF) one, is used to reach the dynamics properties of these foreign

atoms. In the SCMF theory, the data that were obtained performing the ab

initio simulations are treated to provide diffusion and kinetic flux coupling

properties.

In the second step of the work, the fuel performance code TRANSURA-

NUS is used to model complete fuel pins. An athermal fission gas release

model based on the open porosity is developed and tested on oxide fuels.

A model for nitride fuels is introduced, and some correlations are bench-

marked. Major issues remaining are pointed out and recommendations as

to how to solve them are made.
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Sammanfattning

Nitridbränslen är intressanta kandidater för framtida GENIV-reaktorer

samt rymdreaktorer, p̊a grund av deras höga densitet av klyvbart mate-

rial, värmeledningsförm̊aga och smältpunkt. För dessa reaktorsystem är

inte vattenkompatibilitet ett betydande problem. Men p̊a den senare tiden

har nitridbränslen även börjat bli intressanta för tillämpningar i termiska

reaktorer, som olyckstoleranta eller högpresterande bränslen. Oxidbränslen

har däremot haft nytta av årtionden av intensiv forskning, och tusentals

reaktor-̊ar.

För att nitridbränslen ska kunna mogna till industriell niv̊a behövs ett

betydande arbete utföras för att säkerställa deras egenskaper och man behöver

utveckla prediktiva verktyg för att kunna bedöma deras prestation i drift.

Denna avhandling behandlar en del av det nödvändiga modelleringsarbetet.

Modelleringen har skett genom att koppla ihop olika niv̊aer: atomistiska

modeller har använts för att bestämma bränslets grundläggande egenskaper

och dessa har sedan använts för att parametrera nitridbränslens egenskaper

med en bränslekod (TRANSURANUS). Den atomistiska modelleringen har

genomförst genom att flera olika ramverk har kopplats ihop. Täthetsfunk-

tionalteori är grunden som använts för att bestämma elektronstrukturen för

materialen och för att bättre beskriva de starkt korrelerade elektronerna har

en Hubbard-korrektion lagts till. De biverkningar som detta tillägg normalt

ger upphov till har hanterats med hjälp av en nyutvecklad metod som här

tillämpats p̊a nitridkompositerna.

Detta modelleringsramverk har först testats och sedan använts för att

bestämma de elektroniska och mekaniska egenskaperna hos materialen samt

de termodynamiska egenskaperna för lösningsatomer och orenheter. Sedan

har även diffusionsegenskaper studerats med hjälp av en medelfältsmetod.

I den andra delen av arbetet har bränslekoden TRANSURANUS används

för att modellera hur hela bränslestavar beter sig under bestr̊alning. En

modell för atermiska utsläpp av fissionsgaser, baserat p̊a den öppna porosi-

teten, har utvecklats och testats p̊a oxidbränslen. En modell för nitridbränslen
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har även införts och testats. Viktiga framtida utvecklingar inom forskn-

ingsfältet identifieras och rekommendationer lämnas om hur de kan angri-

pas.
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Résumé

Les combustibles de type nitrure ont toujours été considérés comme de

bons candidats pour la quatrième génération de réacteurs, ainsi que pour les

réacteurs spatiaux, grâce à leur haute densité en matière fissile, et leur con-

ductivité thermique et température de fusion élevées. Dans ces concepts, ne

pas être compatible avec l’eau n’est pas un problème prépondérant. Cepen-

dant, ces dernières années, les combustibles de type nitrure ont commencé à

devenir intéressants pour des applications dans les réacteurs thermiques, en

tant que combustibles à haute performance ou combustibles tolérants aux

accidents. Néanmoins, les combustibles d’oxyde d’uranium bénéficient de

décades de recherche intensive et de milliers de réacteur-ans. Pour cette

raison, un gros effort doit être fait pour qualifier les combustibles de nitrure

et pour développer des outils à même d’estimer leurs performances.

Dans cette thèse, la partie simulation de la tâche est choisie. L’effort peut

être divisé en deux : déterminer les propriétés fondamentales en utilisant

des modèles atomistiques et assembler toutes les propriétés pour prédire le

comportement sous irradiation en utilisant un programme de calcul relatif

aux performances du combustible. La première partie est réalisée en asso-

ciant de nombreuses méthodes. La théorie de la fonctionnelle de la densité

est la base utilisée pour calculer la structure électronique des matériaux,

à laquelle est ajoutée la correction de Hubbard pour prendre en compte la

corrélation forte entre les électrons. Les effets indésirables de cette correction

sont gérés en utilisant la méthode du contrôle de la matrice d’occupation.

Ce cadre théorique est d’abord testé, et ensuite utilisé pour déterminer les

propriétés électroniques et mécaniques du matériau pur, ainsi que le com-

portement thermomécanique des impuretés dans ce matériau. Ensuite, une

autre méthode, celle de la théorie de champ moyen auto-cohérente (SCMF),

est utilisée pour obtenir les propriétés de diffusion de ces impuretés. Dans

la théorie SCMF, les données récoltées par les simulations ab initio sont

traitées pour fournir un coefficient de diffusion et les propriétés de couplage

de flux cinétiques.
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Dans la seconde étape du travail, le programme de calcul de perfor-

mance de combustibles nucléaires TRANSURANUS est utilisé pour simuler

des crayons entiers. Un modèle de relâchement athermique des gaz de fis-

sion basé sur la porosité ouverte est développé et testé sur des combustibles

d’oxyde d’uranium. Un modèle de combustibles de type nitrure est introduit

dans le programme et certaines corrélations sont évaluées. Les problèmes

principaux restants sont soulignés et des recommandations pour les résoudre

sont faites.
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Chapter 1

Introduction

Nuclear power has been around since the second world war, with the first

reactor being Chicago Pile-1 in 1942 [5]. Since then, hundreds of reactors

have been built. Mainly, these use an oxide fuel with a metallic cladding.

Today, nuclear power applications span a wide range of activities – producing

electricity, powering boats and submarines, producing medical isotopes, and

being used for research and education. There is also a renewed interest in

sending nuclear reactors to space [6]. This alone shows that nuclear power

will remain part of our environment for many decades at least, and is enough

to justify a continuous effort of research to mitigate its problematic sides and

develop its strong points. The negative aspects are well-known: safety, waste

and spent fuel, feared shortage of fissile materials, and fragile economics

among others. Answers to these issues could be recovering uranium from

sea water at a decent cost or adding safety systems that would lower the

probability of an accident. The recent accident of Fukushima-Daiichi also

pointed out that redundant safety systems can all fail at the same time

in unforeseen conditions [7], and that rather than bringing in engineering

solutions to enhance the safety, physical solutions should be sought. One

possible way to do this is to replace the oxide fuel - zirconium based cladding

couple by a nitride fuel - silicon carbide cladding. This thesis focuses on

nitride fuels.

This type of fuel is not a new idea. It is almost as old as nuclear power

itself [8, 9]. However, oxide fuels have been favored and are almost exclu-

1
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sively used in current reactors, and we therefore have a lot of experience with

UO2 and its properties are very well known. It can be efficiently manufac-

tured, adequately post-processed, recycled into mixed-oxide (MOX) fuels if

so wished. The reactor designs have benefited from thousands of reactor-

years of experience to reach the state in which they are today. To even

consider an alternative, it has to present serious advantages. Uranium ni-

tride has some. First, its uranium density is very high. It means that if

it is inserted in an already built reactor, keeping the same geometric prop-

erties, there will be more uranium atoms than currently available. These

extra atoms could be used either to increase the power, or to make the fuel

residence time longer. In both cases, it helps with the economics, since a

shutdown to refuel is expensive. The thermal conductivity is also higher,

and the melting point is reasonably high. The resulting lower temperature

of the fuel centerline can be used to increase safety margins, or to increase

the linear power. The density of light atoms is lower than in oxide fuels,

and the neutron spectrum can therefore be harder, which is good for breeder

reactors, in which uranium-238 and minor actinides from spent fuel rods can

directly or indirectly be burnt to produce energy. Additionally, nitride fuels

behave well when some of the uranium is replaced by minor actinides, and

the safety margins can be conserved at a much lower cost than with UO2

[10].

UN also has disadvantages. It has to be enriched in 15N in order to avoid

undue buildup of radioactive 14C, which to this day, remains expensive to do.

It can dissociate at high temperature, before melting [11]. Exposure to water

might be a threat to its mechanical integrity. But the main obstacle to its

licensing for use in commercial reactors is arguably the lack of determination

of its thermomechanical properties, especially under irradiation. Although

data from the initial USA programs are available, both in-pile and out-

of-pile, they are often only partially reported in open literature, or were

obtained using fuel samples with very different qualities [12, 13, 14]. Later,

both Russia and Japan attempted to refine the available data in a systematic

way, but to this day, many properties are still insufficiently well determined.

More details about the experimental results are available in section 3.4.2 of

this thesis.
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For this reason, modeling has an important role to play. When UO2

fuels were developed, computers were weak and experiments a bit easier to

conduct than nowadays, since regulations were less strict and funding more

abundant. Today, with the increased difficulty to get the much-needed data

and the increased refinement of modeling frameworks, added to manifold

increase of the available computer resources, theoretical studies of nuclear

fuels are possible from even the smallest scales, and the results can be trusted

within certain limits, as is shown by comparison to the experiments [15].

Such modeling tools are detailed in the next section.

This thesis is written in that context. The objective of this work is to

improve the knowledge of nitride fuel properties, so that they could be used

in commercial reactors one day, hopefully not too far from now, if no show-

stopper is discovered. In the rest of this document, the development of a

nitride model for a fuel performance code is presented. While doing so, it

appeared that many of its modules could not give reliable results. Some-

times, it was because an adequate model was missing, as was the case for the

athermal fission gas release. Sometimes because an experimental correlation

could not be trusted, as was the case of the fission gas diffusion coefficients.

When such an issue was identified, further modeling has been performed, at

different scales, to try to fill the knowledge gap. For this reason, this thesis

features sections on ab-initio work as well as on the development of a mech-

anistic model to determine the amount of fission gas released by athermal

processes, and of course, the implementation of a nitride fuel model in a fuel

performance code.





Chapter 2

Methods

2.1 Electronic ground state

Predicting the electronic structure of a material is a widely used method

to derive properties such as the geometric structure, the elastic constants,

thermodynamics and kinetic correlations, and point defect energetics among

many others. However, the method of choice for the majority of the crys-

tallographic systems, namely Density Functional Theory (DFT) is not able

to properly handle strongly correlated materials. In this section, we will

review the reasons why it fails, in addition to suggested methods to reach

reasonable and usable results.

The main topic of this thesis is not about the development of condensed

matter theory but rather its applications, and the methods that follow have

not been developed nor implemented by the author. As such, the mathe-

matical description will be kept to a minimum, and adequate references will

be provided. The explanation effort will be on the physics, to understand

what is happening and why such a refinement is needed.

2.1.1 Conventional DFT limitations

The conventional DFT is discussed in many publications in great detail

[16, 17] and is not the object of this section. Instead, here will be quickly

shown where the interaction coming from the strong correlation appears in

5
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the equations, and why it is not sufficient to handle those systems.

To do that, let us rush through the main ideas and assumptions of

DFT. It starts by realizing that Schrödinger’s equation, even with the Born-

Oppenheimer approximation (Eq 2.1), is practically impossible to use for

systems containing more than a handful of particles. It is expressed as

HΨ(x1, x2, ...) = EΨ(x1, x2, ...) (2.1)

H = T + Vee + Vext

where T is the kinetic energy of the electrons, Vee is the Coulomb poten-

tial between the electrons and Vext is an external potential, usually used to

represent the interaction of the nucleus on the electrons. The xN variables

are used to represent both the position and the spin of a given particle.

The big breakthrough here is credited to Hohenberg and Kohn, for re-

alizing that replacing the particles by the density of particles allowed the

equation to be solved exactly. They formulated two theorems stating that

“The external potential vx(r) is (to within a constant) a unique functional

of the ground state electron density n(r).” and that “E(n) assumes its min-

imum value for the correct n(r) with
∫
n(r)dr = N .”

Thanks to these observations, the number of degrees of freedom of the

system was drastically reduced, but unfortunately, some functionals were

still unknown. The external potential can be exactly known, but the kinetic

energy and the Coulomb interaction have to be approximated.

The most commonly approximation here is due to the work of Kohn and

Sham. Not knowing these two functionals, they decided to consider instead

of the real system a fictional system of non-interacting particles, and to add

the interaction effects later. Now, the Hamiltonian is as follows.

H[ρ] = Vext[ρ] + TKS[ρ] + VKS[ρ] + Exc[ρ] (2.2)

Exc[ρ] = T [ρ]− TKS[ρ] + Vee[ρ]− VKS[ρ]

Where the KS subscript corresponds to the Kohn-Sham functionals for

the kinetic and the interaction energy functionals.
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It is worth noting that up to that point, everything is still exact. The

problem is that everything that cannot be calculated exactly is now in the

Exc[ρ] functional, and that approximations are needed to compute it. It

is useful to think about what physical effects are contained in that func-

tional: the interaction between same-spin electrons and the self-interaction,

the coulomb interaction for opposed-spin electrons and the kinetic energy

difference between the real system and the fictional non-interacting system.

Now that the content of this exchange correlation functional is known,

let us mention the different ways to approximate it. These ways need to

be precise and fast, not to lose the benefits of DFT. Here, we can mention

the Local Density Approximation (LDA) that for each value of density at-

tributes the exchange and correlation of an ideal electron gas of that density.

This obviously does not take into account any non-local effect and has been

improved upon by the Generalized Gradient Approximation (GGA), that

not only consider the density, but the spatial derivative of the density. Meta

GGA methods also considers the second spatial derivative, and it is possible

to partially mix the exchange correlation obtained from GGA or meta GGA

methods with a percentage of the exchange found by a Hartree-Fock method

(no correlation for opposed-spin electrons, but exact exchange) in so-called

hybrid GGA and hybrid meta GGA methods.

All these exchange-correlation functionals work reasonably well for most

materials, but complications arise when one wishes to study strongly corre-

lated materials. Indeed, these functional will often lead to a too pronounced

delocalization of the electrons, and therefore will tend to give a metallic

electronic state even for materials which are not. This is mostly due to the

electronic self-interaction that is not correctly handled leading to the unre-

alistic phenomenon that one electron, or rather its electronic charge density

distributed over space, will repel itself. Hybrid functionals do not have this

specific problem but suffer from other issues coming from the Hartree-Fock

approximations, that shall not be detailed here.

One way to at least partially solve these issues, that has been adopted

in this work, is described in the next section. Other methods are mentioned

at the end of section 2.1.2.2.



8 CHAPTER 2. METHODS

2.1.2 DFT+U

Now that it is established that the conventional way of treating the exchange

correlation in DFT is not sufficient for strongly correlated materials, let us

look at the most commonly used way to fix this issue, namely, the DFT+U .

This is the framework that is used for the ab initio simulations of this thesis.

The idea here is to favor the localization of the electrons by adding a

Hubbard term to the Hamiltonian, as follows

HHubbard =
∑
i 6=j

∑
σ

tijc
†
icj + U

∑
i

ni↑ni↓ (2.3)

In the Hamiltonian, the first term is describing the motion of strongly

correlated electrons, that have to go from one atomic site j to another near-

est neighbor atomic site i, and can do so with an amplitude tij which is

proportional to the bandwidth of the valence state. In that term, c† and

c represent the creation and annihilation operators. The second one is de-

scribing the correlation on a given atomic site, which is U if 2 electrons are

present, and 0 otherwise, as indicated by the occupancy perators n. This

model is only valid as a one-band approximation since there is no term al-

lowing to change band. The ratio between t and U can give an indication

of the nature of the material. If t is much bigger than U , then the electrons

will tend to hop from site to site, whereas if U is bigger than t, the energy

required to overcome the interaction with neighboring electrons will prevent

any jump, turning the material into an insulator.

In DFT+U , the correction will only be made on strongly correlated

electrons, to avoid deteriorating the efficiency of the simulation for electrons

not needing it. The energy of the system then becomes

EDFT+U [ρ] = EDFT[ρ] + EHubbard[nIσmm′]− Edc[n
Iσ] (2.4)

where the superscripts I and σ indicates the atomic site and the spin of

the electron, and the subscripts DFT+U , DFT and Hubbard refer respec-

tively to the energy of the full system including the Hubbard correction,

of the full system without the correction and of the correction alone. The

subscript dc is indicating the energy that was counted twice. Indeed, one
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of the difficulties arising from adding this correlation term arises from re-

moving the correlation that was already present in the conventional DFT.

The exchange-correlation functional cannot be simply ignored since, as men-

tioned earlier, it is composed of more physical effects than just the electronic

correlation. It is therefore complicated to know what to remove, and many

approaches exist, of which two are more popular: the Around Mean Field

(AMF) and the Fully Localized Limit (FLL) double counting approaches.

From the names, one can realize that they correspond to two limit cases,

with electrons either itinerant or localized. Indeed the FLL method consid-

ers that orbitals are either empty or full, whereas the AMF one relies on

all the orbitals being exactly equally occupied. For the case of a metal, the

AMF method is better suited and the double-counting energy is calculated

as follows.

EAMF
dc [nI ] =

∑
I

U I

2
nI(nI − 〈nI〉) (2.5)

It can also be noted that when deriving the energy functional with re-

spect to the occupation number, it appears that the energy of the occupied

states is lowered by U/2, whereas the one of the empty states is increased

by the same amount. This acts towards the opening of a gap, or at least

towards a more marked localization of correlated electrons.

This is for the theory. Implementing it in a code might be a bit more

complicated than directly using what Anisimov et al.[18, 19] derived because

of basis issues. Indeed, rotating the basis of atomic orbitals should have no

impact on the results, which is not the case. The two different implemen-

tations suggested by Liechtenstein et al.[20] and Dudarev’s group [21] are

rotationally invariant and implemented in most DFT codes.

First chronologically, Liechtenstein et al. suggested this amendment to

the conventional DFT

EHubbard[n] =
1

2

∑
m,σ

(
〈m,m′′|Vee|m′,m′′′〉nσmm′n−σm′′m′′′ +(

〈m,m′′|Vee|m′,m′′′〉 − 〈m,m′′|Vee|m′,m′′′〉
)
nσmm′nσm′′m′′′

)
(2.6)
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where the Hubbard energy functional is added and the double counting

energy functional is removed. In the Hubbard correction, there is simply a

sum of all the possible interactions between particles of different spins, and of

all the possible interactions of particles with the same spin. In the equation,

Vee is the Coulomb interaction and m refers to a magnetic quantum number.

σ is the spin orientation. To respect Pauli’s principle, the wavefunction has

to be antisymmetric, hence the subtracted term.

In this formalism, U and J are defined as follows, where l is the angular

momentum quantum number, and represent the screened Coulomb and the

hopping parameters.

U =
1

(2l + 1)2

∑
m,m′

〈m,m′|Vee|m,m′〉 (2.7)

J =
1

2l(2l + 1)

∑
m,m′

〈m,m′|Vee|m′,m〉 (2.8)

and the double counting is considering that the exchange correlation

counted by the conventional DFT is directly proportional to the total num-

ber of electrons in the correlated orbital.

(2.9)Edc[n
σ] =

1

2
Un(n− 1)− 1

2
J
∑
σ

(nσ(nσ − 1))

From the expression derived by Liechtenstein et al., approximating fur-

ther U and J to be spherical averages and choosing a basis such that the

occupation matrix is diagonal, the energy functional becomes the one pro-

posed by Dudarev et al (Eq 2.10).

EHubbard+dc =
U − J

2

∑
σ

[∑
m1

nσm1m1
−
∑
m1,m2

nσm1m2
nσm2m1

]
(2.10)

The main advantage of this formalism is that the extra correlation only

depends on one term, U − J , instead of 2. Results are very similar to the

ones obtained using Liechtenstien’s equations.
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2.1.2.1 Choice of U

The U parameter is often chosen to fit one or several properties of the

material under study. For instance, the lattice parameter, the band gap and

the magnetic moment of the material are studied for different values of U ,

and the one yielding a state closest to the reality is chosen. In reality, U

should not be a fitting parameter, as it corresponds to a physical property.

There exists different ways to determine which value should be used[2, 22].

The problem is that these require tremendous amounts of computer time

to give an answer. For the sake of completeness, let us mention the most

commonly used and the basics principles behind them.

The constrained random-phase approximation (cRPA)[22] is based on

the idea that the U value of a given set of bands could be seen as a Coulomb

interaction screened by the rest of the system. To do so, one has to define

a narrow band at the energy level. Then, the bands are divided into this

narrow band and the rest. The idea is to compute the Coulomb interaction

in this band, renormalize it through screening with the rest, but not with the

narrow band itself, and to do it in a self consistent way. In this self consistent

process, one starts by a conventional DFT calculation with a guessed U.

Hamiltonians in the narrow band and in the rest are then computed and

diagonalized. Polarization functions are computed and used to estimate the

screened Coulomb interaction, which in turn is used to calculate a new U

parameter. The simulation stops when U does not change anymore.

The linear response method[2] is easier to grasp. In this one, the number

of strongly correlated electrons is varied, and the second derivative of the

total energy with regard to the number of electron is used to compute U .

This is due to the fact that U , as defined above, is the energy to localize an

electron on a site where there already was one.

In this thesis, this computationally expensive methods were not used,

and U was considered as a fitting parameter.

Choice of U for UN The range of values that have been used in the lit-

erature is extremely large, going from an extra correlation of 0 eV in all the

conventional DFT simulations, but also sometimes in DFT+U calculations

[23] to the extremely high value of 5.2 eV [24] derived from a self-consistent
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GW simulation, which intent was to find a value for further DMFT work,

where the U is expected to be much higher than in DFT+U since the screen-

ing is not taken into account in the same fashion.

The general agreement seems to be that a U value between 2 eV and 2.5

eV coupled to a J value between 0.1 eV and a few tenths of eV is reasonable.

Used in the literature, we can mention the couples (2.0,0.51) [25], (2.5,0.51)

[26, 27], (2.5, 0.7) [28] as well as a Ueff value of 2.0 eV [29, 30]. Gryaznov

[31] has also carried an extensive work on the choice of these parameters,

considering the spin-orbit coupling and the magnetic ordering, concluding

that a Ueff value slightly under 2.0 eV works best.

2.1.2.2 Metastable states

Only recently, it came to the attention of the actinide DFT+U community

that the same simulations in appearance were not always yielding the same

results [1]. This issue is referred hereafter as the “metastable” issue. Al-

though the focus has been on that phenomenon since less than a decade,

that was already known for Hartree-Fock simulations a long time ago[32, 33].

The problem here is that the energy landscape present several local min-

ima, and that the simulation could be trapped in one and unable to reach

the global minimum. Meredig et al [1] presented the impact of the Hubbard

correlation on the energy as function of the orbital occupation as the prob-

lem, as can be seen in Fig 2.1. This can also be related to what Cococcioni

[2] depicted (see Fig 2.2). In that plot, he shows the influence of the Hub-

bard correlation to try to get the exact energy. However, having a too large

U value, or the impact of the inexact double counting term for instance,

will create deviations from the exact material behavior and be the cause for

metastable states.

These metastable states should be avoided, as the properties of the ma-

terial can be wrongly predicted if the converged state is not the ground

state. At least four methods have been described in the literature to avoid

converging to a metastable state, and they are listed below.

� U -Ramping [1]
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Figure 2.1: Influence of U on the energy [1].

Since the problem of the metastable states seem to stem from the Hub-

bard energy, the idea of the ramping scheme is to turn this functional

on a little bit at a time. In this framework, the U value is varied from

0 (conventional DFT) to the required value, with small steps. Thus,

from one simulation to the next one, the geometric and electronic

structure are conserved, and the U parameter is slightly increased.

� Controlled symmetry reduction [31]

Here, the initial consideration was to focus on physical properties giv-

ing a possible distortion, and starting the simulation with such a dis-

tortion, only of much bigger amplitude than expected. The hope is

that by doing so, the metastable states of similar energy will undergo

a splitting, and that the ground state of the heavily distorted system
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Figure 2.2: Energy in function of the number of electrons [2].

will be a good starting point to converge towards the real ground state.

The deformation is then gradually removed.

� Occupation matrix control [34]

In this framework, every strongly correlated electron is given an initial

orbital, using the occupation matrix of the correlated orbitals. It is

considered that they are initially not delocalized over several orbitals.

After a few electronic steps during which they are forced to stay in

that orbital, they are allowed to move freely. The idea is to start

several simulations, in all the possible configurations. For instance,

for a material with 2 strongly correlated d electrons, there will be

two orbitals occupied among five. As such, 10 starting configurations

would be possible: 11000, 10100, 10010, 10001, 01100, 01010, 01001,
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0 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 0 0
0 0 0 0 0


Example of an occupation matrix for d electrons

00110, 00101, 00011, where 1 indicates one electron in the orbital, 0

indicates that the orbital is empty, and the 5 numbers correspond to

the 5 orbitals. For actinide compounds, with f electrons, 7 orbitals

exist and the number of possibilities is larger.

By exploring the occupation matrix, and checking the energy reached

for each simulation, it is believed that the ground state is reached.

The occupation matrix found for the ground state (which is not nec-

essarily diagonal, nor filled with integers anymore) is kept and used

for subsequent computations.

� Quasi annealing [35]

This method does not focus on starting in the correct minimum, but

on allowing the simulation to explore all of them. It gives the electrons

a spurious kinetic energy, that will allow the simulation to leave any

local minimum and visit the full energy map. Then, this kinetic energy

is gradually slowly removed, and the hope is that the system under

consideration is in its ground state.

For the sake of completeness, it is important to mention that there ex-

ists methods taking into account the exchange correlation in a much better

way, not falling in the metastable state issue. Here, we could mention the

LDA+DMFT, the GW+DMFT, the reduced density matrix functional the-

ory, the configuration-interaction methods, and the multiple Møller-Plesset

perturbation theories. These methods are either too computationally ex-

pensive to be used in this work, or not adapted for crystals.
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2.1.2.3 Compare DFT and DFT+U energies

It is very common to compare energies coming from different simulations,

to get the formation enthalpy, or the incorporation energy of a solute for

instance. Here, one should be extremely cautious as to not use energies

obtained with simulations using a different value of U . It could be tempting

for instance to try to calculate the formation enthalpy of UN following the

reaction

U + N⇐⇒ UN (2.11)

but the cohesive energy of UN needs to be computed using the DFT+U

framework, with a U of slightly under 2.0 eV, whereas both the cohesive

energies of U and N are best computed using conventional DFT [36]. This

can represent a difference of several eV in the total energy of a given system.

Jain et al. [37] have devised a way to solve this issue, by creating a series

of reactions, that can each be calculated either with DFT or DFT+U , but

this does not always work, as is the case for the reaction in Eq 2.11. In such

cases, they recommend a correction based on an experimental fit. Andersson

et al. [38] for instance used U + Si → USi as a fitting reaction to estimate

the formation enthalpy of U3Si2, showing that they could get much closer

to the experimental result in that way.

Another method that was recently suggested [39] is to remove the chem-

ical potential of single atoms computed with a given U before doing the

comparison. In the example above, µ0eV
U would be taken off the energy of U,

µ0eV
N off the energy of N, and µ2.0eV

U and µ0eV
N off the energy of UN before

calculating the formation enthalpy.

In a general way, it is recommended to be careful when doing such com-

parisons, and to keep in mind what the “+U” part brings to the simulation,

to make the best choice possible as to how to carry out the comparison

properly.
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2.2 Ground state and point defect properties

The previous section focused on how to find the ground state of a strongly

correlated system within the DFT framework. The topic of this one will

be to show the different kinds of energy calculations that can be done and

were carried out in this thesis, and how to analyze them. Before starting,

it is important to say that since all the materials under consideration in

this work are metals (from an electronic point of view), charge neutrality of

defects is not something that has to be dealt with.

2.2.1 Density of States

The density of states (DOS) represents how many energy states are available

for an energy interval. It allows to determine if the material is a metal or

an insulator by checking its value at the Fermi energy, or to witness the

hybridization of atomic orbitals by observing an energy shift of said orbitals.

In the case of an insulator, the band gap can also be evaluated from the

DOS. If the DOS is plotted for positive and negative spin, a ferromagnetic

behavior can also be deduced.

2.2.2 Elastic constants

The Hessian matrix can be computed from DFT, by slightly moving the

atoms and computing the new total energy. By doing it in every degree

of freedom, and calculating the second derivative of the energy, the Cij
coefficients can be computed.

From there, it is possible to compute E, G and ν using the following

formulas, for an anisotropic material [40]

A =
C11 + C22 + C33

3
B =

C23 + C13 + C12

3

C =
C44 + C55 + C66

3
(2.12)

E =
(A−B + 3C)(A+ 2B)

2A+ 3B + C
G =

A−B + 3C

5
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ν =
A+ 4B − 2C

4A+ 6B + 2C
(2.13)

2.2.3 Defects and Formation energy

Once we have the ground state of the perfect crystal, one might be tempted

to remove an atom, or to move around another one. Maybe to combine

both. By doing so, it is possible to compute the formation energy of various

defects.

The formation energy of a defect can be calculated in a straightforward

way for monospecies compounds, using the following formula,

Ef = EDef −
NDefected

N
ERef (2.14)

where N and NDefected are the numbers of atoms in the system without

and with the defect, and ERef and EDef are respectively the energies of the

system without and with the defect.

The task becomes more complicated when several chemical species are

present in the compound, due to the difficulty of finding the share of the

total energy coming from each species. This is not a problem for the Frenkel

pairs and Schottky defects, described later, since they keep the exact same

stoichiometry. For the other types of defects, different approaches have been

followed. Kuksin’s group for instance [41] chose to not give the formation

energy of the defects changing the stoichiometry, but rather their relative

energy, one to the other, allowing to see which defect allows for the most sta-

ble stoichiometry deviation, towards any species domination. Other works

[42] include an attempt to evaluate the chemical potential of each species,

by either considering an isolated atom, the full system of a sufficient size

with one missing atom (a vacancy simulation), or by considering extreme

cases and saying that the actual chemical potential lays somewhere between

them [43].

In that case, the formation energy could be calculated following Eq. 2.15,

Ef = EVac − ERef +
∑
i

niµi (2.15)
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where µi is the chemical potential of the species i, and ni is the number

of missing atom of that type (1 in the case of a single vacancy), or using the

similar

Ef = EVac −
∑
i

niµi (2.16)

where this time, the ni represent the total number of atoms of the species

i.

In this thesis, since no consensus is reached in the literature about how

to correctly do it, it was decided to not give a value for the formation energy

of the defects.

All the defects are represented on Fig 2.3, but let us go through them

quickly, in addition to a few additional common ones that were otherwise

not considered in this thesis work.

� Vacancies

This is the most simple type of defect. They simply represent a miss-

ing atom. It is a good place to mention that throughout this thesis,

the vacancies will oftentimes be said to be attracting a solute, mov-

ing in the lattice, etc. Of course, a vacancy cannot directly have an

interaction, since it is nothing but the absence of an atom. By this

shortcut, it is meant that we consider the local changes in the elec-

tronic structure due to the absence of an atom. The vacancy of a

specific chemical species X will be called a “X vacancy”. When a

foreign atom is located in a “X vacancy”, it is commonly referred as

a “X” substitutional atom.

� Interstitial atoms

Second simplest defect to picture, the interstitial atoms, sometimes

only called “interstitials”, are an extra atom added in one off-lattice

empty place. They are usually further qualified depending on their

coordination, to be for instance tetrahedral or octahedral.

� Dumbbells
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This is another way to include an extra atom in the lattice. This

time, the atom moves an atom, often of the same type, out of its

perfect position, and both or them stay around this position, forming

a dumbbell, whose center is on the crystal site. They can be orientated

in different ways, indicated by the factor to apply to the basis vectors

to find the direction.

� Antisites

Another type of defect modifying the stoichiometry of the system with

a magnitude twice as strong as the previous defects is the antisite. This

kind of defect is defined for crystals containing two chemical species.

In this case, one site is occupied by an atom of the other type.

� Frenkel and Schottky defects

As mentioned before, these defects are special, in that that they con-

serve the stoichiometry. A Frenkel defect corresponds to an atom being

knock out of its ideal position, and ending up in an interstitial position.

A Schottky defect in compounds with two different chemical species

corresponds to two vacancies, one of each kind. In the literature, these

vacancies can be far apart or in nearest neighbour positions. The later

is sometimes called a divacancy. The formation energy of these two

defects can then be calculated according to the following formulae:

EFrenkel
f = EFrenkel − ERef (2.17)

ESchottky
f = ESchottky −

N − 1

N
ERef

Where this time, N represents the number of formula units.

The formation energy of a defect can be used to calculate its equilibrium

concentration at a given temperature, following an Arrhenius law (Eq 2.18,

where the concentration is given as a fraction of the atomic sites that are a

defect).

Ceq = exp

(
Gf

kBT

)
(2.18)
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Figure 2.3: Defects in a rocksalt structure.

2.2.4 Incorporation and solution energy

Once the different types of defects have been defined, the next step is to

figure out what would happen one tried to introduce a foreign species in

the lattice, and to determine how to know where that species would be at

equilibrium. That can be done by calculating the incorporation energy if

many defects are already available in the crystal, or the solution energy

if that is not the case. The incorporation energy represents the difference

in energy between the system with the foreign species and the sum of the

system energy and of the energy of one atom of the solute species.

EInc = ETotal − ERef − µSolute (2.19)

where ETotal is the energy of the system with the solute, ERef is the

energy of the system without the solute but with the defect, and µSolute is the

energy of one atom of the solute. Several points have to be considered here.

The solute energy has been calculated in different ways in the literature.

Sometimes, an isolated atom has been computed. Other times, the most
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stable structure of the solute at room temperature is computed. The second

approach has been used in this work. One should realize that although it

will change the absolute incorporation energies of a solute, the difference

between an atom in a substitutional position and in an interstitial position

will stay the same, and therefore the relative stability is not affected by the

way to compute the energy of one atom.

The solution energy is simply the sum of the incorporation energy and

of the formation energy of the defect. It reflects where a solute is most likely

to stay when no defects are already present in the lattice.

ESol = EInc + EDef
f (2.20)

2.2.5 Binding energy

An important part of the thermodynamical behavior of defects and solutes

in a lattice is to estimate the binding energy between two of them. By this, it

is meant to calculate whether the energy of the system decreases, increases

or does not change when two impurities far apart are brought together.

Translating this sentence to an equation, we get

Eb = EFar − ENear (2.21)

Where a positive value means attraction. However, the simulations typ-

ically need, for technical reasons, to have a size too small to have the im-

purities far enough one from the other not to suffer from any interaction.

The solution is then to take two simulations, with one impurity in each, and

a simulation with the two impurities together. The cohesive energy of the

lattice also has to be canceled out, and this is done by taking a reference

cell, without any defect. The binding energy is then calculated as follows.

Eb = Edef˙1 + Edef˙2 − E2 def − ERef (2.22)

where the subscripts def˙1, def˙2 and 2 def respectively refers to the

energy of supercells with only the first defect, only the second one, and

both.
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The binding energy is typically given for a specific nearest neighbor (NN)

position. This distance is dependent on the lattice type. For a far enough

NN, the binding energy will always tend towards 0, but this distance varies,

based on the defect type and on the crystal structure.

This energy is needed to understand both clustering and diffusion.

2.2.5.1 Case of an AFM rocksalt structure

The system under consideration in this thesis is an AFM rocksalt structure.

Only one face-centered cubic substructure is considered. Many configura-

tions in which the distance separating the two defects or foreign atoms are

the same are non-equivalent. They are all represented in Fig 2.4.

The differentiation of the configurations is made on the supposed spin

of the two locations, as well as the spin of the planes separating the two

positions. If the spin is the same (respectively opposed), an S (respectively

O) subscript is used. If that is not enough to differentiate two non-equivalent

configurations, as is the case for the 2NN and 4NN ones, then the unicity is

assured by superscript N and T , for “Normal” and “Tangential” to the spin

planes. It can be noted that for some configuration, such as the 5NNO, it

is not purely normal nor tangential but a combination of both and in that

case, the larger component is used.

2.2.6 Migration energy

To know how atoms are moving around, an essential step is to compute

the migration energy. This represents the difference between the energy of

the system when the atom is in its most stable position, and the maximum

energy reached on the path to another stable position, representing the

barrier that has to be overcome to allow for a migration. This maximum

energy is reached at the migration window, or saddle point, most often in

the middle of the path, but not always.

A safer way to calculate the migration energy is to use the Nudged

Elastic band (NEB) method [44]. The idea with the NEB (chain-of-states

method) is to calculate the equilibrium state of the system in an initial and a

final geometric configuration. Then, a certain amount of images are created,
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Figure 2.4: Configurations for binding energy calculations in an AFM rock-
salt structure.

moving progressively the atoms which are not in the same position in the

two states. This motion is linear in function of the number of images asked.

Once the images are defined, a DFT calculation is run for each of them,

and they are relaxed. However, they are constrained by springs, which add

an energy and create local minima for the migrating atom. This is done

by projecting out the perpendicular component of the spring force and the

parallel component of the true force [44].

Em = ESP − EStable (2.23)

The migration energy is not a direct indication of the diffusion coefficient,
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Figure 2.5: Typical bell-shaped energy profile in a migration event. The
saddle point is the position corresponding to the top of the bell. The initial
and final positions are here not equivalent.

that can depend on many other effects, as will be made clear in section 2.3.

2.2.6.1 Case of an AFM rocksalt structure

As for the binding energy, the migration energies to consider in an AFM

rocksalt structure are so many due to spin considerations. Very similarly,

the differences between migration events is made by properties of the initial

and final positions. All the jumps considered in this thesis are presented in

Fig 2.6.

The subscript corresponds to the initial and final geometric positions

with regards to the blue atom while the superscript gives information about

the spin configuration, still with regards to the blue atom. It will be made

clearer to the reader why these jumps need their nomenclature in sections
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2.3.2 and 2.3.3.

For instance, ωOS12T indicates a migration from a position 1NN with an

opposed spin to a position 2NN with the same spin. ω2 corresponds to an

exchange with the blue atom while ω0 corresponds to an exchange outside

of the interaction range of the blue atom.
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Figure 2.6: Configurations for migration energy calculations in an AFM
rocksalt structure.

2.2.7 Elastic correction

One issue directly coming from simulations is the size of the supercell. It is

necessarily limited to a few hundreds atoms, and this does not allow for a

perfect relaxation of the system when defects or solute atoms are introduced
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or moved. If the size of the cell is kept constant, then the elastic deformation

is limited to the cell, and the bulk of the material around the cell is supposed

untouched. If the size of the cell is left to vary, then it is assumed that the

bulk around the defect can absorb any elastic deformation. None of them

are very realistic.

In this work, the size of the supercell has been kept constant upon the

introduction of impurities. As a result, there exists a residual stress, that

should be accounted for in the energy calculations.

Two solutions based on the continuous linear elasticity theory have been

described in the literature, for isotropic systems [45] as well as anisotropic

systems [46]. Both are based on the bulk elastic and crystal constants,

as well as the residual stress. In this thesis, the second solution has been

adopted, since actinide compounds are in general not isotropic.

The elastic correction on the supercell energy was carried out using the

Aneto code, written by Céline Varvenne and Emmanuel Clouet.

2.2.7.1 Local environment

One important factor that should be taken into consideration but rarely is

done correctly is the local environment. The incorporation, binding and

migration energies will change if around the atoms of consideration the host

is not a perfect matrix. It would be interesting to know how, and can for

some effects be very important.

The binding energy of more than two defects could be calculated using a

trivial generalization of the formula 2.22, but that would give an idea of what

would happen when three or more faraway defects are brought together at

the same time, not of what would happen when a third or more defect would

be brought to an existing defect cluster. It would of course be possible to

calculate an exact value for each behaviour using DFT, but the amount of

possibilities is so high that it is practically impossible.

The same goes for migration energies. Will an xenon atom diffuse with

a lower energy barrier if there is another Xe atom directly next to the final

position? Maybe. It was not computed in this thesis work but these are

the kind of questions that are relevant and are susceptible to change the

physical results qualitatively. This can create hundreds or thousands of
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migration energies that need to be computed, which is complicated to do

using DFT, due to the computational cost. A way to partially address

this issue, that was used in this thesis in complement of the many DFT

calculations, is known as the FISE (Final-Initial State Energy) or KRA

(Kinetically Resolved Activation) method. In this framework, migration

energies are calculated thanks to a reference migration energy and the energy

of the initial and final states, following the formula 2.24.

Eif
m = Em +

Ef − Ei

2
(2.24)

where i and f refer to the initial and final positions and E0
m is the ref-

erence migration energy, calculated using atomistic models, when the local

environment is the perfect host crystal. There is a difference reference en-

ergy for each chemical species. The factor 1/2 in the formula comes from

the fact that the saddle point is most often located in the middle of the

initial and final positions of the migrating atom. Figure 2.7 shows the idea

behind the calculation of a FISE migration energy, and how it can predict

an erroneous value if the saddle point is not in the middle of the migration

path.

2.3 Kinetics of an atomistic system

Once the thermodynamics of a system has been determined, it is very in-

teresting to study its kinetics. This is needed if one wants to obtain the

diffusion coefficient of a solute, or even a self diffusion coefficient. This is

however not straightforward, and even in the simplest approaches, it is im-

portant to understand what is a diffusion path, and how to use it to get a

diffusion coefficient.

2.3.1 Limiting rate

The limiting rate is a direct consequence of any diffusion path having dif-

ferent non-equivalent steps. One of these steps will be the slower, and as a

first approximation, it could be used to derive a diffusion coefficient. Not

considering the limiting rate and only the exchange rate of a solute and a
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Figure 2.7: Migration energy in the FISE formalism.

vacancy could lead to unreasonable diffusion coefficients. For instance, in

body-centered cubic iron, Y can exchange position with a vacancy with a

near 0 energy (estimated to 0.02 [47] or 0.03 eV [48])

2.3.1.1 Diffusion path

To avoid this error, one has to understand the concept of diffusion path.

An atom exchanging its position with a vacancy is not enough to be able

to travel any significant distance. Subsequent vacancy-solute exchanges will

not result in any effective diffusion. To understand the concept, let us look

at figure 2.8.

In this figure, the vacancy-assisted migration of a solute atom in a fcc

structure is represented. The subfigures a and f show the system where the

solute has actually migrated, but to achieve that, several steps were needed.
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(a) Initial state (b) Solute and vacancy ex-
change their positions

(c) The vacancy exchange
its position with host
atoms

(d) The vacancy goes
around the solute, staying
in 1NN position

(e) Final state

Figure 2.8: Illustration of the vacancy diffusion mechanism in a fcc crystal.

� The vacancy and the solute exchange position.

� The vacancy goes around the solute, exchanging its position with ma-

trix atoms.

� The vacancy and the solute exchange their positions again.

� We could add a last step where the vacancy turns around the solute

again, to have the same final and initial positions, only shifted by a

lattice parameter.
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It is easy to imagine that the migration energy of a solute atom and of a

lattice atom will not be the same. This diffusion path is here very simple, but

it can be made much more complicated and have a lot more than two non-

equivalent transitions if the cell displays a distortion, a magnetic ordering,

or if the atom needs several defects to diffuse, or is part of a cluster for

instance. It can then become hard to evaluate which diffusion path will

require the lowest energy.

2.3.1.2 Diffusion rate

Once the path is determined, the simplest approach to identify the slowest

part of this path, and therefore the limiting rate, is to compute the migration

energy of each transition. Indeed, the rate can be calculated following the

formula

R = K1exp

(
− Em

kBT

)
(2.25)

Where K1 is a prefactor that depends on many parameters, and repre-

sent the vibration frequency of the atom whose migration is under investi-

gation. Some of these parameters are the type of atom that migrates, the

local environment, and the electronic properties of the host material. Since

the prefactor depends on many parameters, one first approximation is to

consider that it is the same for every type of atoms, and to take it directly

related to the Einstein or the Debye frequencies. Then comparing the tran-

sition rates is the same as comparing the migration energies. Since they

intervene in an exponential term, it can be approximated that the highest

migration energy even by a bit will result in a transition rate much slower

than the other ones. If the barrier with this rat is part of the diffusion path,

then this is called the limiting rate.

In the limiting rate approach, the slowest rate is equaled to the diffusion

coefficient.

2.3.2 Leclaire’s model

Considering that taking the limiting rate as an approximation of the full dif-

fusion rate is suboptimal, more advanced frameworks have been developed.
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One of the most widely used is the LeClaire model [49, 50]. In this model, a

number of migration energies are computed, depending on the crystal struc-

ture. It is represented for the vacancy-assisted mechanism in a fcc structure

in Fig 2.9.

The idea is that the presence of a solute atom will perturb the migra-

tion of host atoms. Then, in addition of the simplistic view that consisted

in calculating the migration energies corresponding to the exchange of the

vacancy with a solute atom and the exchange of the vacancy with a host

atom, a set of other migration energies are computed. All the migrations

making the vacancy start or end up in a first nearest neighbor (1NN) posi-

tion (for a fcc lattice, up to a 2NN position for a bcc lattice) of the solute

are modeled, and their energy assessed. Due to symmetries, this number is

kept relatively low (Fig 2.9). All positions which are not 1NN to the 1NN

position are considered equivalent. This can be explained by saying that the

migration barriers are perturbed by the solute, but this perturbation has a

limited range, here chosen to be equal to the 1NN distance. Everything

outside this range is unperturbed.

Once all of these energies are known, jump frequencies are calculated

using

ωi = νiexp

(
− Em

kBT

)
(2.26)

where νi is a factor containing the entropic effects.

Then, the model uses all of the jump frequencies to evaluate the diffusion

coefficient, following Eq. 2.27.

D = a2 u

2ω2 + u
ω2exp

(
−
EVf + EV−Sb (1NN)

kBT

)
(2.27)

where u depends on all other frequencies, according to a formula vary-

ing for each crustal structure. The most frequent are presented in [49].

EV−Sb (1NN) is the binding energy of a solute and a vacancy in 1NN posi-

tions, and EVf is the vacancy formation energy.

In that way, the model is more precise than just considering the rate

limiting step.
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Figure 2.9: LeClaire’s model in a fcc structure.

2.3.3 Self Consistent Mean Field

Going one step further than LeClaire’s model, a framework called Self Con-

sistent Mean Field (SCMF) has been developed [51]. The main advantage

of using SCMF over LeClaire’s model is that it provides an analytical frame-

work to extend the solute-defect interaction range to any distance without

loss of accuracy.

This theory does not only enable to compute a diffusion coefficient, but

it will also give details on flux coupling effects such as dragging (meaning

that the solute and the vacancy go in the same direction in average, which
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is not the typical case) by yielding the transport coefficient matrix of the

alloy.

It is based on the rather simple looking equation

dP (~n, t)

dt
=
∑
~m

(W (~m→ ~n)P (~m, t)−W (~n→ ~m)P (~n, t)) (2.28)

where ~n represents the state of the system in terms of atomic configura-

tions. ~n is a multiplet giving the occupation (0 or 1) for all the lattice sites.

W are transition rates from one state to the other, and the P are distribution

functions for a specific chemical species. The equation simply sums up all

the possibility to reach a state ~n while subtracting the possibility to leave

the same state.

Based on this equation, a full model is derived. However, its derivation

is lengthy and was not within the objectives of the thesis. The extension

of the model to AFM fcc structures presented in Paper IV, needed since

the magnetic ordering breaks the symmetries and increases the number of

non-equivalent migration energies, was done by a coauthor. As such, the

reader is referred to useful publications on the model [52, 51, 53].

2.4 Fuel performance code

Fuel performance codes combine all the models and correlations together

to attempt to replicate past irradiations, for validation, and to predict the

irradiation behavior under different conditions, for licensing purposes. These

models and correlations usually represent thermal, mechanical, chemical or

neutronic effects. The accuracy of each of them is essential to guarantee that

the results are meaningful, and model development is a primordial part.

In most of the fuel performance codes, the models are based on the burn-

up and temperature but some are based on the microstructure, claiming

better prediction capabilities, in [54] for instance.

Here, we will quickly review general principles behind fuel performance

codes, and the different models and correlation that are used in TRANS-

URANUS [3].
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2.4.1 General principles

Fuel performance codes are based on a choice of architecture to which the

models and correlations are plugged. In the rest of this section, we will

assume that the objective is to model one fuel pin instead of a full core or

even a fuel bundle, with its cladding and plena if needed. The objective is

to be able to predict the behavior of the fuel under irradiation, based on the

material properties and on the irradiation history.

One of the first choices is to choose a geometric representation of the

system, which means choosing assumptions about axial and radial coupling.

In a 3-dimensional code, all the models can be fully coupled. In a 1D code,

the fuel pin has to be supposed to be invariant upon rotation about the

fuel centerline, and the axial coupling cannot directly exist. It is however

possible to add back some of this coupling in the code in an effective manner.

Another choice that has to be taken is whether the models and corre-

lations should be coupled or applied independently one after another, and

in the later case, in which order. To take a quick and easy example, the

fuel temperature has an impact on swelling and thermal expansion, which

itself has an impact on the gap width, which in turn can change the fuel

temperature. On one hand, coupling everything can be very computation-

ally expensive. On the other hand, if the models are used without coupling,

the order in which they are called can change the results. To minimize the

impact of the non coupling, this has to be studied, as for instance in [55].

The choice between finite elements and analytical solutions is another

choice to be made. Finite elements will often mean a better accuracy while

taking more computing time.

The above represents what needs to be decided before starting to write

the code, because the architecture will depend on all of it. Only then, all

the models can be put together in the way that was selected. The choice of

models will determine if the code is made to simulate thermal or fast reac-

tors, which type of fuel, which type of coolants and claddings, etc. Ideally,

the code can handle many different options.

The input file, in addition to giving a way to the user to communicate

its preferences to the program, must also allow the user to instruct the

irradiation history to be represented.
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It can also be mentioned that fuel performance codes can be interfaced

with other programs. For instance, the cross sections that are needed to

compute the actinide inventory at any moment should change at the same

time. However, a fuel performance code is not a neutronic one, and the

best that can be done is to enter the cross sections corresponding to a few

different cases – flux hardnesses, fuel compositions, geometries. However,

interfacing with a code such as MCNP or SERPENT can provide cross sections

that are actualized during the simulation and better corresponding to the

studied case. Such interfacing can also be done with programs specialized

in thermo-hydraulics calculations, or reactor dynamics [56], , which can be

important when strongly absorbing materials such as Gd is used in the fuel.

2.4.2 TRANSURANUS

The fuel performance code chosen for this study in TRANSURANUS, devel-

oped by JRC-ITU [57]. This code has demonstrated excellent predictive

capabilities for oxide fuels [58, 59]. It can handle a wide range of situations,

both in steady-state or transient operation, for very short times or years,

and has a deterministic and a statistical version. Its mostly European com-

munity is very active and works on expanding the code, by inserting new

models for the high burn-up structure or a mechanistic treatment of the

fission gas which can deal with both the fission gas release and the gaseous

swelling. It has been developed in such a way to facilitate the implementa-

tion of physical models and correlations, which are mainly independent of

the mathematical architecture of the code.

TRANSURANUS has originally been written for fast reactor modelling

but has since several decades been refocused on thermal reactors. As a result,

it can handle a large variety of cladding materials and coolants. Concerning

the fuel, it is primarily designed to reproduce oxide fuel performances - UO2

and MOX. The addition of a different fuel in the code requires the insertion

of its thermomechanical properties and the change or calibration of a number

of fuel-dependent models, as will be demonstrated for nitride fuels in this

thesis.

In this code, the fuel rod is split in axial slices and these slices are split in

radial zones. The axial coupling is “weak” and involves both a mechanical
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equilibrium as well as the balance of fission gas concentration and its influ-

ence on the gap conductance. The radial zones consist of macroscopic and

microscopic zones. The former are considered for varying material properties

(depending on temperature, burnup, etc.) while the second subdivision of

the macroscopic rings is used for the purpose of numerical integrations. At

each time step, the new power profile is calculated, from which the burn-up

is obtained. Many models such as checking for failures, local melts, applying

microstructure changes, calculating the new temperatures and mechanical

stresses are then used in a sequential way. For more details and a complete

organization of the code, the reader is referred to the user’s manual [3].

2.4.3 Implementation of a new fuel in TRANSURANUS

Implementing a new fuel in TRANSURANUS has been made easy by the

developers. Indeed, there is a set of 15 predefined models and correlations

that can be chosen by changing only one input parameter. The full list is

constituted of the following.

� The elastic constants (Young’s modulus and Poisson’s ratio), the yield

stress and the rupture strain, the creep strain and the creep anisotropy

� The thermal expansion, the thermal conductivity, the specific heat,

the melting temperature and the heat of melting and the emissivity

� The swelling

� The fraction of heavy metal elements

� The density

In addition, properties such as the gas diffusion coefficient, the number

of fuel fragments that will appear and the way they will relocate, the ac-

tinide redistribution, the grain size growth, and the cross-sections can also

be entered in the code and chosen from in the input file.

With all of these models, the behavior of a fuel can be modeled.

A complete description of all the possible correlations as well as a litera-

ture review of what is available for nitride fuels is available in the licentiate

thesis of the author [60].
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2.4.4 Fission gas release

This part was originally written for my licentiate [60]. However, in order to

make this thesis a complete work on its own, it is reproduced here.

2.4.4.1 Review of the physical phenomena affecting the fission

gas

Hereafter is a quick review of the different phenomena acting upon the fis-

sion gas and therefore more or less directly its release rate. For a more

detailed study, the readers are referred to [61, 62]. This part is only here to

give the reader context. The present thesis does not focus on implementing

individually all of these effects, nor does it give a mathematical framework.

Equations can be found in the references provided. Such a framework would

be heavily dependent on empirical parameters needed in nearly every ap-

proximate model required to describe each of the phenomena. In this work, a

macroscopic approach has been adopted, following what was already present

in TRANSURANUS.

It is important to realize that a correct understanding of the fission gas

behavior provides insight into one of the major factors of fuel swelling and

is needed if one wants to implement a mechanistic model for the fission gas,

which would take care of both the fission gas release and of the swelling.

An review of what can happen to the fission gas from its creation to its

release is presented here.

� Fission gas creation

The fission gas atoms are created at a rate of around 0.3 atoms per

fission, with variations depending on the mother nuclide and the type

of flux, as can be observed from the evaluated nuclear data file. In a

harder flux, the fission fragments tend to have similar masses [63]. For

a higher precision, the fission yields should be reconsidered for every

reactor type. It is useful to remember here that many gas atoms will

not be created as such directly after the fission, but will appear after

the decay of precursors, that may also diffuse in the lattice.
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Although rarely a fission gas, helium production coming from alpha

decay and (n,α) reactions should be considered. For nitride fuels,

some oxygen and helium atoms are created from the nitrogen atoms,

respectively through successive neutron captures and (n,3α) reactions

[64].

� Recoil

When the fission gas atoms are created, they have a high kinetic energy

that will be dissipated by transfer to the fuel, creating crystallographic

defects. In some cases, the kinetic energy is sufficiently high and the

location of the fission event sufficiently close to a free surface to allow

for direct release to the open space.

� Knock-out

The fission products might transfer enough of their kinetic energy to

a gas atom through collision for it to reach the open volume. The

knock-out and recoil phenomena are not, or very marginally, tempera-

ture dependent and will therefore be most visible at low temperatures,

before the other processes, thermally activated, start. The release orig-

inating from these phenomena will often in the rest of this thesis be

referred to as athermal release.

� Thermal diffusion in the lattice

1. Single atoms

When the temperature becomes sufficiently high, the probability

of gas atoms migrating is not negligible anymore. Depending on

the type of gas atom, the lattice diffusion can be vacancy-aided

or follow an interstitial path. In both cases, the atoms can reach

the free surface by this means.

One should also keep in mind that xenon and krypton are sel-

dom produced directly from fission but rather from decay of the

precursors iodine, tellurium, selenium and bromine. Therefore,

their diffusion should also be considered. Fortunately, they are

a lot less mobile and neglecting their diffusion can be accepted,
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especially considering the high uncertainty on any experimental

diffusion coefficient.

The diffusion of the atoms can however be hindered or slowed

down by defects in the crystal structure. They can also aggregate

and form bubbles that have a lower mobility.

2. Bubbles

The same as for single atoms is true for bubbles, that is to say

that their diffusion is a temperature activated phenomenon. The

main difference is that for bubbles to effectively diffuse, the tem-

perature has to be significantly higher, since it depends on the

coordinated displacement of many single atoms. Due to the high

density of gas atoms in the bubbles, one should be aware that the

gas atoms are not in a gas phase until after they are released to

the open volume.

When modelling bubbles, one has to keep in mind that there is

a probability for resolution. Gas atoms from the bubbles can be

injected back into the lattice. The bubbles can also interconnect

when they grow and diffuse. This phenomenon can, through a

heavy parametrization, be described by means of rate theory.

This is however too computationally demanding to be inserted

as such in a fuel performance code, and is instead treated using

simpler models (See section 2.4.4.2).

3. Irradiation enhanced diffusion

The effective diffusion of gas atoms can be greatly enhanced by

irradiation. According to the work of Dienes et al. [65], its effect

is three-fold: The diffusion will be enhanced due to the high

number of defects created, the nucleation will be enhanced and

the clusters and bubbles will be broken up partially or entirely.

The last two phenomena should be taken into account in the

bubbles part of the model. It is also interesting to notice that

this enhancement will be constant in time (for a constant fission

rate) only once a thermodynamic equilibrium has been reached

and the number of defects (vacancies and interstitials) is constant.
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This “ramping” of the enhancement is however believed to take

a very short time when compared to the full irradiation time and

can therefore safely be neglected.

4. Diffusion on grain boundaries

The jump frequency of atoms on a planar defect (here a grain

boundary) is much higher than in a perfect 3 dimensional lattice,

resulting in a much faster diffusion of gas atom once they reach

those defects. This is one of the main assumptions of the model

described in section 2.4.4.3.

� Grain boundary sweeping

Small grains have a tendency to transfer atoms to bigger grains until

they disappear. That is a consequence of the interfacial energy penalty.

The gas contained in those smaller grains is therefore released to the

grain boundary, even without diffusion of said gas atoms.

� Gas at the grain boundary

The behaviour of fission gas atoms at the grain boundaries is in itself

a full area of study. Its treatment is usually minimalistic in a fuel

performance code, but it is however interesting to briefly discuss what

is believed to happen. Once again, the readers are referred to more

complete reviews, such as [61].

The processes described thereafter repeat themselves when the gas

is released to the open volume, creating a somewhat ”fresh“ grain

boundary, meaning that the gas is once more stored until the threshold

is again reached.

1. Nucleation

The first step on the grain boundaries in the nucleation of the

bubbles. These bubbles are very small and their density can vary

a lot. Although mostly visible at the beginning, this process is

believed to go on until the end.

2. Growth
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Then, the small bubbles absorb more gas atoms coming from

inside the grain, and they are therefore growing.

3. Coalescence

Once the bubbles are big enough, chances are that they will inter-

act with each other and coalesce to form an even bigger bubble.

This is a very complex phenomenon with a lot of geometric con-

siderations.

4. Tunnel networks

In addition to direct venting for the bubbles close to the open

surface, they can through coalescence form a tunnel network of

interconnected bubbles. Once this network reaches the free vol-

ume, the gas is released.

� Gas once released to the open volume

To finish the story on fission gas, one could mention that once released,

the gas will be stored in the open volume until the fuel rod is opened.

If the fuel is not reprocessed, that is not meant to happen. The gas is

detrimental to the gap conductance, applies a pressure on the cladding

and is a biological hazard if released to the environment, and should

therefore be taken into account when designing any subsequent step.

2.4.4.2 Historical development of a fission gas release model

There are two main different approaches to model the fission gas release. One

is at a microscopic scale, taking into account all of the phenomena described

in the previous section in, for instance, a rate theory code. This requires

not only a lot of computational power, but also, and that is still today the

main hindrance, an extensive work of parametrization. Each of the processes

affecting the fission gas should be characterized by several parameters such

as the diffusion coefficient, the binding energy with defects, the resolution

rate in bubbles and so forth. A few attempts to do it this way have been

published [66, 67, 68, 69]. However, although interesting from the point of

view of physics and very challenging, this has not been adopted in this work.
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Figure 2.10: Phenomena pertaining to fission gas release [3]. With
permission from the European Commission

Instead, a somewhat macroscopic approach has been used, considering

averaged values allowing for an analytical solution in the simplest cases, and

for a numerical solution in more realistic cases. This approach still considers

the physical phenomena and needs parametrization, but this is made easier

since the position of the gas atoms are not considered individually. The

historical development of the intra-granular part of this approach is the

topic of the next subsection.

Another way to do it is to simply use an empirical correlation equation

giving the fission gas release from a few parameters such as the temperature,

the burn-up and the density. This approach is not favored in this study and

has only been used for comparison with the nitride fuel results.

Intra-granular model of FGR
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Booth’s model Booth’s model [70] relies on considering that the fuel

is composed of homogeneous, uniform and spherical grains whose radius is

determined by keeping the surface to volume ratio identical to the one of the

real non-ideal case, and the boundaries of these spheres are perfect sinks,

that is to say that their gas concentration and gas concentration gradient

remain zero. The ratio of gas released over the total amount of gas can

then be calculated using Fick’s second law of diffusion, considering a source

term (corresponding to irradiation) or a sink term (corresponding to decay

in case of unstable fission gas atoms, or to a neutron absorption converting

the gas atom to a different element) if needed.

This model is the basis of many modern fission gas release models but

presented a number of limitations that had to be overcome. For instance,

the source term and diffusion coefficients had to be constants, corresponding

to constant fission rate density and temperature. This can be solved by

using numerical methods to solve the equations instead of looking for an

analytical solution [71, 72]. These methods are not going to be discussed

in this thesis, as it is sufficient to know that two of them are present in

the TRANSURANUS code. More cumbersome were the realizations that

the Booth model cannot reproduce physical phenomena such as the bubble

effects (trapping, resolution, diffusion, ...) within and outside of the grains

nor the incubation period experimentally observed during which nearly no

gas is released.

Speight’s model One key realization on how to take into account in-

tragranular bubbles was that at typical irradiation temperatures, those were

moving much slower than individual atoms and therefore, these individual

gas atoms could be considered trapped in them. From that point, Speight

[73] proposed to modify the diffusion coefficient to an effective diffusion coef-

ficient, which would be weighted by the fraction of time the gas was available

for diffusion. In other words, the effective diffusion coefficient became the

diffusion coefficient multiplied by the fraction of time when the gas atoms

were not in bubbles. Speight noticed that this fraction could conveniently

be written as a factor depending only on the resolution and trapping rates.

Theoretical expressions for those have been proposed [67], but more work
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is needed, and one could argue that the diffusion coefficients measured dur-

ing irradiation experiments already at least partially account for this effect,

since bubbles will be present.

Further, considering the diffusion of bubbles has been done [66], yielding

another slightly more complex equation to convert the diffusion coefficient

to an effective diffusion coefficient.

Inter-granular model of FGR The problem of the incubation period

can be solved by using an appropriate model for the intergranular part.

Before being released to the open volume where it can be measured, the gas

is released from the grains to the grain boundaries where it is temporarily

stored. As mentioned in the previous section, the behaviour of the gas in the

grain boundaries is particularly intricate. Fuel performance codes have to

rely on simplified models if one does not wish to sacrifice the computational

performance.

Different approaches, depending on the wanted degree of refinement,

can be used. The simplest one, which does not help solving any problem, is

to consider that the grain boundaries are not storing any gas and that the

fission gas released from the grains is integrally released to the open volume.

Another slightly improved model is to consider that the gas is released when

a predefined threshold on the gas concentration, or gas pressure, is overcome.

Then all the gas present at this grain is released and the concentration is set

back to zero. Continuing with refinements, one can consider this threshold

not to be a constant, but instead to vary with the temperature, since the

gas pressure will then change, or with the temperature gradient, which will

in some conditions create micro-cracks that will lead to releasing the stored

gas.

Some work on percolation has also been done [74, 75], but seems harder

to implement in a fuel performance codes since the grains are not considered

individually but instead all of the grains present in a region of the fuel are

considered together. Although this region can be made bigger or smaller

easily, they will not reach the small size of a grain, as this would dramatically

hamper the speed of calculations. This issue has to be kept in mind when

modelling all the phenomena that are grain dependent, since those will have
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to be somewhat averaged.

Other physical phenomena In addition to the intragranular and inter-

granular parts, one might wish to “plug in” some models that can easily

be activated or deactivated depending on the effect one wishes to study.

That is for instance the case of a grain boundary sweeping model, a high

burn-up release model, or an athermal release model. The latter is impor-

tant as it will be the main driver of the release at low temperature, and the

development of such a model is a part of this thesis.

Currently, several approaches exist to take into consideration the ather-

mal release. One of them is to add a term in the effective diffusion coefficient

which will dominate at low temperature. That is the choice that Turnbull

made in his three-domain diffusion coefficient model [76]. A different one,

chosen for instance in a recent study of nitride fuels [77] based on the work

conducted at the Battelle Memorial Institute [12] is to consider that the

athermal release is a fraction of the total gas production.

2.4.4.3 Open porosity based model

In this study, a different approach has been chosen for the athermal release.

An approach based on the porosity is chosen because of its importance in

the release [12] and of its typically high value in nitride fuels. The goal

was to decrease the importance of the empirical parameters by taking into

account the porosity directly in the model, instead of a variable in a fitting

parameter used to enhance the predictions. The model is fully described in

Paper VI which is attached to the present thesis and the reader is referred

to it to read the mathematical derivation.

Nomenclature Many terms in this thesis and in the attached paper are

not conventional and are described hereafter. Some important abbreviations

are also explained for clarity.

� TD refers to the theoretical density, which is the highest density that

can be achieved according to the theory.
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� The porosity in this work is as usual referring to the volume fraction

occupied by void or gas over the total volume.

� The open porosity is the porosity that is in direct contact with the

open space, namely the gap and the plena. Its value ranges from 0%

to the value of the porosity.

� The surface porosity is the fraction of the surface of a grain which is

covered by porosity.

� The surface open porosity is the fraction of the surface of a grain which

is covered by the open porosity.

Assumptions for the model The model assumes that the space is filled

with identical grains. Those grains are homogeneous and take the shape of

a tetrakaidecahedron (TKD), since it is the highest order polyhedron that

permits to fully fill the space. Conventional oxide fuels are typically a few

percent away from a density of 100 %TD, and this justifies a filled space as

a starting point.

Grains that are in contact with the gap or a central void have been

disregarded as they represent an extreme minority. They are therefore not

expected to significantly impact the averaged surface open porosity that is

used in the model. Averaged values are needed since grains are individually

modelled.

The porosity is assumed to occupy cylinders along the TKD edges. All

of the cylinders are of the same size. This assumption is breaking down

when the porosity becomes too big. The exact limit at which this becomes

unrealistic is unknown but is certainly under 30% porosity, since results are

unphysical for lower densities, as mentioned in the appendix of paper VI.

The open porosity is modelled as a fixed fraction of the porosity at any

place in the fuel. Such an assumption is needed because a fuel performance

code such as TRANSURANUS cannot keep track of grains in an individual

way, neither can experimenters provide such an accurate information to use

as an input parameter. This fraction is currently derived from the work of

Song [4], which is only valid for oxide fuels at beginning of life. A correlation

with a broader range of validity should be sought.
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All the fission gas atoms that reach the open porosity are released to

the open volume. This is because the diffusion coefficient of gas atoms in

grain boundaries is higher as explained in a previous section. Therefore, the

grain boundaries are always modelled at equilibrium, that is to say that the

athermal release and thermal venting are instantaneous.

The gas diffuses according to the Speight model within a grain. This

implies a number of assumptions already discussed in a previous section.

These assumptions limit the validity of the model to porosities under 30%

where the porosity could not take the cylinder shape anymore. At density

under 85 %TD, the correlation to convert the porosity to open porosity has

not been investigated and is obtained through extrapolation, which could

also be a problem.

Fission gas release model The full fission gas release model of TRANS-

URANUS can be described in a serial way.

1. The fission gas is created. This amount is derived from the linear

power indicated as input after converting it to a volumetric power

generation rate, the type of fuel and the type of neutron spectrum. A

limited number of elements are considered: Xe, Kr, and He.

2. The intragranular routine calculates the amount of gas that reaches

the grain boundaries. This is done using the various numerical solu-

tions for the Speight model, including a modified algorithm developed

by Forsberg and Massih [71] or the URGAS. An effective diffusion co-

efficient has to be used. It is usually assumed to be the same for

xenon and krypton as the literature is too scarce and uncertain to use

different ones. Ab initio results might change this in the future.

3. A fraction of the initial porosity resulting from fabrication is considered

to be open porosity.

4. This open porosity is converted to the surface fraction of the grain

boundaries covered by open porosity.
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5. A fraction of the gas reaching the grain boundaries, corresponding to

this surface fraction of open porosity, is directly released to the volume.

It is therefore removed from the gas stored at the grain boundaries.

6. The grain boundary sweeping routine is activated.

7. The high burn-up routine is optionally launched.

8. The intergranular routine determines if the gas stays at the grain

boundary or is released to the open volume, i.e. whether the grain

boundaries are saturated or not.

The steps 3, 4 and 5 corresponds to what have been developed and tested

in part of this thesis work. It replaces a single step consisting in releasing a

fraction of the fission gas produced, between the steps 1 and 2.

Conversion from the porosity to the open porosity This part of the

model is probably where most of the future work has to be focused. Already

at the beginning of the irradiation, the conversion is highly dependent on the

as fabricated porosity, but also on the manufacturing route. As shown by the

work of Song [4] for oxide fuels, the amount of cold-work has an influence,

especially at low densities. Manufacturing the fuel with a new method such

as for instance spark plasma sintering could also have unexpected results on

this correlation. Additionally, the type of fuel used could have an impact,

and as long as a sound theoretical model is not available, one should use

one correlation per type of fuel (and ideally, one per type of manufacturing

route, but the data is extremely scarce).

The main uncertainty is in the evolution of this correlation during irradi-

ation. Models exist to describe the porosity changes, based on densification

and creation of bubbles, but nothing is known about the way it relates to

the open porosity. In the absence of data, this part has been ignored in this

thesis, and the initial correlation kept for all the irradiation time.

The work of Song [4] as been used, and the correlation is separated in

three linear regions.
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Figure 2.11: Open porosity as function of the density in % of theoretical
density (TD) [4]. Linear fitting following Eq 2.29, 2.30, 2.31.

Under 5% of porosity, with P (−) being the porosity and Popen(−) being

the open porosity

Popen = P/20 (2.29)

Under 5.8% of porosity

Popen = 3.10P − 0.1525 (2.30)

Above 5.8% of porosity

Popen = P/2.1− 3.2 · 10−4 (2.31)

For nitride fuels, data are presented in section 3.4.2.2.

Conversion from volume to surface open porosity The heart of the

model resides in the conversion from the open porosity to the surface open

porosity. This is the part where most of the assumptions described in sec-

tion 2.4.4.3 are useful, and after the uncertain correlations discussed in the

previous section, the part which will limit the range of validity of the model.
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A complete geometric and mathematical description is provided in the

appendix of paper VI. Only the result is reproduced here, in equation 2.32,

showing the fraction of gas reaching the grain boundary which is actually

reaching the open volume, as function of the porosity.

SP
ST

=
12

1 + 2
√

3

r

l
= 1.54

√
P (2.32)

Athermal release and release threshold at the grain boundaries

The release calculated by this model is considered to be the athermal release,

since it is not based on the tunnel networks of interconnected bubbles that

will appear as soon as thermally activated processes start. As explained

before, a fraction of the gas reaching the grain boundaries as calculated by

the Speight model is directly released to the open volume, and therefore not

stored at the boundary.

It is however important to realize one limitation of the fuel performance

code when using this model which will lead to a minor under-prediction

of the fission gas release. Indeed, the gas should be fully released at some

grain boundaries, or some part of a grain boundary, without affecting the

amount of gas stored at the grain boundaries which are in the closed porosity.

However, since the grains are not modelled individually, the code considers

that the amount of gas stored per surface unit is a weighted average between

the amount of gas actually stored at the closed porosity and no gas stored at

the open porosity. The direct effect is that the recorded stored gas is lower

than it should be, and the threshold mentioned in section 2.4.4.2 takes longer

to reach.





Chapter 3

Results

Although there exists a relativistic KKR study of UN from 1980 [78], the

first DFT paper on UN dates to 1984, describing the research work of Brooks

on the actinide series [79]. It is reporting results obtained using LMTO cal-

culations, with and without using spins. Obviously, no extra correlation

was added. The focus is on the lattice parameter and the density of states,

with a discussion on the type of electronic bounds present in such materials.

Since then, many more studies have been published, using gradually more

complex methods, and hopefully more exact. The evolution of the research

has been two-fold. While one part of the community focused on an ever-

better description of the ground state, trying to tackle all of the problems

appearing with strong correlation, another part has been working on apply-

ing the calculations on increasingly larger systems to determine macroscopic

properties useful to characterize the fuel.

3.1 Accurate electronic structure calculations

Before doing any advanced DFT modeling, it is essential to be reasonably

sure to first being able to find the ground state. The means to do so are

presented in section 2.1. In this part, the results on actinide nitride com-

pounds, using conventional DFT+U , and DFT+U complemented by either

the ramping method or the OMC one are compared. It is considered that

53
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the lowest energy found using the three methods corresponds to the ground

state, although there is no absolute certainty.

All the compounds under investigation have a rocksalt crystal structure.

This means that one actinide atom and one nitrogen atom are in theory

enough to represent the system. However, since being able to model an

antiferromagnetic structure is needed, two atoms of each are the minimum.

For convenience, most of the ground state simulations have been made with

8 atoms, 4 of each kind, although it was not strictly required to do so.

3.1.1 Comparison of the methods

The results comparing all three methods are presented in Paper I and

Paper II.

The compounds studied are ThN, PaN, UN, NpN, and PuN. For each

of them, three different types of magnetism have been studied: AFM, FM

and non-magnetic. The low temperature magnetic ordering of UN, NpN

and PuN is experimentally known, so limiting the study to this specific

ordering could have been enough, but it was chosen not to do it, because

information on which U value to use could possibly be gathered from the

results. Indeed, if the experimentally known magnetism was only happening

on a limited range of U values, then it gives a first indication as to how to

set the parameter.

The main results are that the OMC method always gives better results

than the ramping one, and than the bare DFT+U framework. The later

type of simulations will here after be referred as “Single Shot” simulations.

There are three types of comparisons. In the first one, that was the case

for ThN and PaN, all three methods yield the same results, and it seems

that there is no metastable states, at least up to a U value of 5 eV, as can

be seen in Fig 3.1.

NpN displays a more conventional behavior, in that the OMC starts

yielding much better results when the U value increases, showing that this

method should be favored over the ramping and the single shot ones (Fig 3.2).

No clear differences could here be observed between the last two methods

mentioned.
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Figure 3.1: Energy of the PaN system as function of the U parameter.

Another observed behavior is that the ramping method seem to create a

type of inertia, as can be seen in Fig 3.3. Indeed, since the wavefunction and

all other electronic properties are conserved from one simulation to the next

one, where the U value is slightly increased, it creates an extra difficulty

for the system to reach a completely different state. In the actinide nitride

cases, it is typically when the system goes from a cubic structure (at low

U values) to an orthorhombic one. On the other hand, the OMC method

seems not to have issues in capturing this phenomenon. This is depicted in

figure 3.3.

Therefore, if no check is performed beforehand, the OMC method should

be used, since it is at least as good as the other ones. However, if a check

was performed, and no benefits can be drawn from this refinement, as is the
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Figure 3.2: Energy of the NpN system as function of the U parameter.

case for ThN and PaN, then, subsequent simulations should be done using

the conventional DFT+U , for the sake of the calculation efficiency.

In order to draw a more general conclusion about the respective abilities

of the ramping and the OMC methods, a similar test was carried on on

different materials. Here, we present results on silicide compounds. The

energy difference cannot be directly compared to the actinide cases since it

was not renormalized o the number of uranium atoms, but it appears clearly

that the OMC method is better for the U3Si2 compound too.
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Figure 3.3: Energy of the PuN system as function of the U parameter.

3.1.2 Sensitivity of the OMC method to the number of

atoms and the symmetries

An additional interesting check that was not included in Paper I was to

study the robustness of the OMC method with the number of atoms and

symmetries. In theory, the results should be the same independently of the

number of atoms, when normalized. The test was carried out on UN. All

21 possible initial matrices were used in systems with 2, 4 and 32 uranium

atoms.

The initial configurations leading to the ground state are not the same

between the cases with 2 and 4 atoms, presumably because of different

symmetries. Indeed, the cell with 2 uranium atoms, and as many of nitrogen,
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Figure 3.4: Energy of the U3Si2 system in function of the U parameter.

is not cubic (despite representing a cubic structure). The difference between

the cases with 4 and 32 uranium atoms are harder to evaluate. In the

bigger cell, the larger number of degrees of freedom prevented a perfect

convergence, as can be seen from the states with an almost equal energy.

The final occupation matrices of supposedly-equivalent uranium atoms are

also slightly different in that last case.

The symmetry impact was studied using the VASP inbuilt function to

turn off the automatic detection of symmetries in the Bravais lattice, space

group, supercell or k-points mesh. It was found that turning the symmetries

off resulted in a lower total energy and should therefore be favored. The un-

expected effect for UN was that it became orthorhombic, when the previous

results in the literature found it tetragonal, as explained in Paper I.
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From the discussion in the previous paragraph, it may seem that the

OMC method is not robust, but the ground states found using the three

different cells and normalized by the number of uranium atoms have the

same energy, lattice parameters and magnetic moment. It is therefore con-

cluded that the exploration can be done with any number of initial atoms,

as long as this number is coherent with the properties of the material, such

as magnetic ordering and local distortions, and that having too many atoms

is counterproductive. Not having symmetries lead to a lower total energy,

and should therefore be used too.

3.1.3 Actinide alloys or impurities

In the case of actinide impurities, for instance Pu atoms in a UN matrix,

and actinide alloys, for instance (U,Pu)N, a different U correction should be

applied to each different chemical species with strong correlation. U atoms

in UN have around two valence electrons and Pu in UN has around five.

Thus, for both species, there are 21 ways to fills the occupation matrix.

This would lead to 441 simulations to perform to find the ground state.

However, it is possible to do it in a smarter way, by finding the ground state

and the occupation matrix of UN and PuN, and use them as input when the

elements are mixed. Of course, this is not perfect, but work on (U,Pu)O2

has shown that the ground state was found [80].

This would be different in a (U,Pu)N alloy, where Pu atoms cannot be

considered as symmetry-breaking impurities. In that case, many simulations

have to be performed, and the OMC method is therefore not adapted.

3.2 Ground state properties

One of the strengths of DFT is that many properties can be assessed from

modeling only the unit cell. This is the case for the density of states or the

elastic constants for instance.

The first property of UN that research groups tried to access was the

geometric structure. UN is a rocksalt compound, but not cubic. It has been

reported to be tetragonal by several authors, with a c/a ratio sometimes over

1, sometimes under, depending on the framework and on the magnetism [81,
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Table 3.1: Metastable states found for a different number of atoms and
different symmetries. ∆E corresponds to the energy difference with the
ground state, in meV, renormalized with the number of U atoms. All these
simulations were done with U=2.0 eV and J=0.1 eV.

∆E [meV]
2 at 2 at 4 at 4 at 32 at

Initial Matrix Sym No sym Sym No sym No sym

0000011 7 12 0 60 9
0000101 0 76 0 66 1
0000110 7 29 0 40 108
0001001 235 73 162 60 4
0001010 7 76 0 66 71
0001100 0 0 0 66 74
0010001 0 62 5 0 19
0010010 7 2 5 0 6
0010100 0 99 5 0 19
0011000 2 0 5 0 0
0100001 2 159 375 66 8
0100010 7 70 0 66 2
0100100 0 72 207 66 173
0101000 173 237 162 66 10
0110000 2 72 5 65 2
1000001 0 65 5 0 19
1000010 7 4 5 0 0
1000100 0 65 5 0 165
1001000 235 13 5 0 19
1010000 0 72 5 65 71
1100000 206 160 5 65 4
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31]. The lattice parameter has been found with a reasonable accuracy. This

accuracy tends to diminish when the GGA+U method is applied, since both

the GGA part and the U part tends to overestimate the lattice parameter.

As such, it was not particularly worrying that the lattice parameter

found for UN was larger than the experimental one by a few percent, as

reported in Paper I. More interesting and unexplained so far was the found

orthorhombic structure.

3.2.1 Density of states and electronic properties

The density of states (DOS) allows to check the metallic behavior, and to

visualize very easily the influence of the increased correlation through the

splitting of the f -bands.

It is important to remind that for all the studies without a +U correction

or equivalent, UN is in a FM state. This is the case for these DOS plots of

the bulk [82, 83, 84], sometimes with spin-orbit coupling (SOC) [85], of the

surface [83, 86] and of the surface with an oxygen atom very near [87].

DOS plots were also produced using more advanced methods, such as

DFT+U [25, 81, 31, 29, 23, 88, 26] and, for FM and NM states, DMFT

[89, 28]

The DOS of actinide nitride compounds and have been presented in

Papers I and II. Below are reproduced the DOS of UN with U and J

values of respectively 2.0 eV and 0.1 eV, as well as some DOS with less details

showing the evolution when the U parameter is varied (with a constant J

value).

In Fig 3.5, it can be seen that the metallic behavior of UN almost entirely

comes from the f electrons. It can also be observed that they hybridized

with the nitrogen p electrons at around -3 eV, making a strong bond in the

crystal. In Fig 3.6, it is very easy to observe that the 5f levels that are

occupied see their energy diminish when the U value gets larger, whereas

an opposite effect is observed for the non-occupied orbitals, resulting in

a splitting of the f orbitals. This can be derived from the equations of

Anisimov et al. [19], and is the expected behavior.

This is however not observed for all compounds, and non magnetic U3Si

has a DOS that is largely independent on the extra correlation, as shown in
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Fig 3.7. This is believed to be due to a combination of several factors, in-

cluding the non-magnetism, since it was the same for PaN and ThN (Paper

II) and UN in a NM state (non published work).
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Figure 3.5: DOS of UN for (U ,J)=(2.0,0.1) with contribution from different
types of orbitals.

3.2.2 Elastic constants

Elastic constants are properties that can be calculated on a unit cell and

that have been extensively experimentally measured. As such, many authors

have computed them. By elastic constants is meant bulk, Young and shear

modulii, Poisson and Lame coefficients, as well as the Cij coefficients.
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Figure 3.6: DOS of UN for different U values. Only the total DOS is
represented.

These have been reported in several articles, using GGA [85], GGA+U

[23, 25, 81, 29] and a potential [90].

In Paper I, the bulk, Young and shear modulii were calculated for UN,

for the ground state and a metastable state, finding similar results. It would

be unsound to generalize this, since although not reported here, a prelimi-

nary work on U3Si showed that some metastable states could display very

different elastic behaviors when compared to the ground state [91]. In Pa-

per II, the impact of the U value on the elastic constants was investigated.

The results were somewhat intricate to interpret except for ThN and PaN.
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Figure 3.7: DOS of NM U3Si for different U values. Only the total DOS is
represented.

In these cases, a higher U value leads to a higher localization of the elec-

trons, and to the materials becoming harder, and having therefore larger

elastic constants. For the other three compounds investigated, a change of

the geometric structure happened simultaneously and competed with the

previous effect, rendering a quantitative interpretation impossible.

3.2.3 Choice of the U parameter

In this section, the choice of a U parameter for the different actinide nitride

compounds is discussed. It was the object of Paper II. It should be repeated

that U should ideally not be chosen as a fitting parameter, because it is not.

Instead, it should be evaluated from other first principles methods detailed

in section 2.1.2.1 or from experiments.

However, since such assessment of the U parameter is not available for

the materials under consideration here, the best we can do is to dedicated
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a particular care to the choice of the value. It can be done, since varying

this parameter will have an effect on different properties, such as the lat-

tice parameters, the density of states, the magnetic ordering or the elastic

constants. Comparing with experimental data can allow to estimate the

magnitude of the extra correlation needed. For instance, having a U value

above around 1.75 eV for the uranium atoms in UN allows for a switch from

a FM to an AFM ordering [92]. In U3Si2, a value above 1.5 eV permits to

avoid a distortion from the experimentally observed cubic symmetry [38].

In Paper II, the geometric structures, occupation matrices, DOS and

elastic constants of the first five actinide mononitride compounds have been

reported for a large range of U values and different magnetic orderings.

At the moment, it is still complicated to determine which U parameter

should be used, since the experimental data is lacking. However, when

experiments, or specialized calculations, determine with a greater precision

these properties, it will be possible to adequately select a (U ,J) couple to

use.

3.3 Defect and impurities properties

Other than determining properties of a perfect compound, DFT also allows

us to insert impurities, and look at the evolution of said properties, or at

what happens to these impurities. Necessarily, the impurities are occupying

a space in the crystal. The first steps are therefore to study the different

kind of spaces available. It is useful to know how much energy they require

to be created, so that their equilibrium concentration can be computed. It is

also needed to compute the incorporation energies of foreign atoms in these

different positions. Later, binding and migration energies can be computed

and used to find diffusion properties.

The self defects refer to the different vacancies and U and N interstitials.

They include Schottky defects, Frenkel pairs, dumbbells, as well as classic

vacancies and interstitials. They were studied in the GGA framework [93]

and in the GGA+U framework [88, 26]. Using classic GGA, Kotomin et al.

studied self interstitials near a surface [94, 95] and Bocharov et al. studied

the self vacancies, still near a surface [86]. The self defects were also studied
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by means of an angular-dependent interatomic potential [41].

3.3.1 Incorporation energy

The incorporation energy as well as the migration energies of Xe, Kr, Cs and

I have been studied in the GGA framework [93, 96]. In the same framework,

the incorporation energy of Nb, Y, Gd, Nd, Zr, Sm, Eu, Ce, Ba, Mo, Sr,

Rh, Pd and Ru and their contribution to local swelling have been assessed

[96]. The behaviour of Zr, Ba [26] and Xe [27] has also been investigated

using GGA+U .

In paper I, the incorporation energies of many fission products in UN

are calculated. They have been chosen because they can play a part in the

swelling or fission gas release processes, because they can decay to become

fission gas atoms after already having diffused, or because they can interact

with the cladding. In paper III, the cases of the impurity atoms O and C

are investigated, because they have been observed to influence a great many

of properties [97]. Since these atoms are present from the beginning and

have more time to diffuse, incorporation of two neighboring atoms has been

considered. The small size of the atoms also made it non-necessary to study

the influence of the residual elastic stresses.

The different positions considered for the incorporation of a foreign atom

are therefore the uranium and nitrogen vacancies, the Schottky defect, the

interstitial position as well as, for C and O, two neighboring nitrogen va-

cancies, taking into account that the antiferromagnetism creates two non-

equivalent such configurations. The formation energy of the defects has not

been computed in this study, since it is extremely difficult to attribute a cor-

rect chemical potential to the different chemical species of the compound.

Other have tried [41, 88]. Another reason for not calculating these ener-

gies is that none of the subsequent energies, be it incorporation, binding or

migration, depends on this value. The physical process does, but the data

available in the literature is good enough to identify the mechanism that

should be studied.

None of the elements that were studied are more stable in an interstitial

position than in another one. This is however not the case anymore if the

formation energy of the defect is considered, as it takes several eV to create
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any of them, except the interstitial position that does not require formation

to exist. It can be mentioned however that under irradiation, the problem

vanishes, since defects will be present in large quantities. A similar effect

is observed between the Schottky defect and the uranium vacancy position.

Since the incorporation cases, in some cases such as Xe and Kr, are similar

in both locations, but the formation energy of the Schottky defect is bigger,

some atoms will rather stay in the uranium vacancy if nothing helps the

creation or other defects. The results are summarized in figure 3.8. Fission

gas are indeed not soluble in the UN matrix, whereas the other ones are.
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Figure 3.8: Incorporation energy in UN. Blue, red and black circles re-
spectively represent the atoms more stable in Schottky defects, interstitial
positions and uranium vacancies.

3.3.2 Binding energy

Once the most stable positions are determined, a common quantity to com-

pute is the binding energy. This can give information about the tendency to
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cluster, or not, of atoms. The binding computed in this work are as follow:

� Between Kr and Xe, and a uranium vacancy

� Between C and O, and a nitrogen vacancy

These sets of data were needed to ultimately compute the diffusion

coefficients in UN.

� Between C and C, O and O, and C and O.

By computing this, one can get an idea about their tendency to cluster,

that has been observed experimentally.

In all of these, the atoms are in their most stable positions, namely

uranium vacancies for Xe and Kr and nitrogen vacancies for C and O.

As was reported in Papers IV and V, all the foreign atoms considered

are binding with a vacancy in 1NN position (with the exception of the carbon

position with the same spin). However, only carbon is still binding in 2NN

position, where all the other species are repelling vacancies there. Xe and Kr

basically do not interact with uranium vacancies at greater distance, while

O and C are still binding with nitrogen vacancy in a 3NN configuration

This already hints towards very different diffusion mechanism, as will be

confirmed in section 3.3.4. The very strong attraction in 1NN and strong

repulsion in 2NN for Xe and Kr seem to indicate that once a cluster with a

vacancy is formed, it will be very hard to break.

The data computed for the binding energies of the C-C, C-O and O-O

couples is presented in paper III and is not reported here.

3.3.3 Migration energy

Binding energies can give the thermodynamical behavior of a system, but

to get the kinetic behavior, migration energies are also needed. They were

computed for Xe, Kr, C and O for all the cases shown in Fig 2.6, and the

results are presented in Papers IV and V.

Assuming that the saddle point would be at the middle of a migration

path that would be a straight line between the initial and final positions,
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Figure 3.9: Binding energy in UN. Squares, circles and diamonds represents
configurations with respectively an opposed spin, the same spin, along a
tangential direction when a differenciation is needed, and the same spin
along the normal direction with respect to the spin planes.

a first attempt was made by performing a single DFT simulation with the

migrating atom in that position. The hope was that being in a symmetric

local energy extrema would be enough to stabilize it. Unfortunately, that

was not enough in most of the cases, and a NEB simulation, slightly more

computationally expensive, had to be used.

In Fig 3.10, all the migration energies reported in the papers are plotted.

The reference energy is 0 for when the solute and the vacancy are in a 1NN

position with the same spin. Plotting it like this, it is possible to not only

see the migration energy, but the total energy that has to be given to the

system to break a pair, and therefore the probability of it happening.

The full diffusion study is presented in the next section, but already, it

is possible to see that for Xe and Kr, it will be much harder to break a pair,
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and therefore the coupling with vacancies should be stronger.

For Xe and Kr, the jump exchanging the positions of the foreign atom

and of the vacancy has a much lower migration energy than all the rest.

This means that this exchange will happen very frequently, especially at low

temperatures. This is also a reminder that if we had considered this jump

to be the rate limiting step, a much larger diffusion coefficient would have

been erroneously found.

3.3.4 Diffusion properties

Combining the binding and the migration energies presented in the previous

sections, it is possible to reach the diffusion properties of the considered

species in UN. The results are available in Papers IV and V, with detailed

discussions about their signification. In the main body of this thesis, we will

focus on the mobility of each species and of the solute-vacancy clusters, on

the flux coupling and on the migration path.

Before starting, it is important to repeat that the diffusion properties

presented here only consider one diffusion mechanism: the vacancy-assisted

diffusion on the uranium (for Xe and Kr) or nitrogen (for C and O) sublat-

tice. Considering diffusion with two vacancies, with jumps from one sublat-

tice to the other or even using the interstitial positions is a more complex

task, that was not undertaken here. This should however be kept in mind

when comparing the results to experiments, although the effect of these dif-

fusion mechanism is expected to be lower, since the atoms are less stable in

interstitial positions and being near two vacancies will be less frequent than

being near one.

The exhaustive list of migration barriers needed for a full SCMF calcu-

lation has not been computed ab initio, although most were. The remaining

ones have been obtained using the FISE method, presented in section 2.2.7.1.

3.3.4.1 Mobility

Within the assumptions made in this work, the four elements considered

cannot migrate in the crystal without a vacancy. Hence, the mobility re-
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ported thereafter are the ones of solute-vacancy couples, except in the case

of the vacancy mobility.

Some effects are interesting and deserve that we spend a bit of time on

them. First, due to the spin contribution, we have two mobilities that are

not expected to be the same: along the normal and along the tangential

directions, with respect to the spin planes. Then, by observing the slope

of the mobility as function of the temperature, it is possible to see if the

diffusion mechanism changes. Indeed, if the slope changes, it means that

the activation energy of the migration process changes, and therefore, the

migration mechanism is different. The last effect that we will insist on in

the main body of this thesis is the impact of the vacancy having to drag

along a foreign atom on the mobility. The intuitive thought would be that

the mobility would decrease, since some of the jumps now have to be used

to move the solute, but as we will see, this is not always the case.

Normal and Tangential directions Most of the clusters diffuse almost

independently along both directions. This statement has to be mitigated

by the logarithmic scale of the mobility and they all have at least a slightly

different prefactor, but the V-Kr, V-Xe, V-C and nitrogen vacancy objects

have very similar results along the two directions.

On the other hand, the uranium vacancies and the V-O objects have

vastly different mobilities between the normal and tangential directions, es-

pecially at low temperatures. This means that the rate limiting step for

these two that is governing the diffusion process is different in the N and T

directions. This is something that is at this point still hard to explain in

details, but that will become clearer after section 3.3.4.3.

Slope of the mobility The Xe and Kr mobility keep the same slope over

the full range of temperatures studied, meaning that the diffusion mechanism

remains the same. This is, however, not true if the vacancy concentration

is artificially changed, as can be seen in Fig 12 of Paper IV. As for C

and O, there is a change of slope around 600K, indicating a change of the

rate-limiting step. The activation energy goes from 2.95 to 2.78 eV for V-C



3.3. DEFECT AND IMPURITIES PROPERTIES 73

0.6 0.8 1 1.2 1.4 1.6 1.8 2
1000/Temperature [/K]

10
-40

10
-36

10
-32

10
-28

10
-24

10
-20

10
-16

10
-12

M
ob

ili
ty

 c
oe

ffi
ci

en
ts

 [m
2 /s

]

M(VKr) T-direction
M(VKr) N-direction
M(VXe) T-direction
M(VXe) N-direction
M(V)     T-direction
M(V)     N-direction

(a) Mobilities of Kr and Xe clusters on the U sublattice

0.5 1 1.5 2 2.5 3
1000/Temperature [/K]

10
-56

10
-52

10
-48

10
-44

10
-40

10
-36

10
-32

10
-28

10
-24

10
-20

10
-16

10
-12

M
ob

ili
ty

 c
oe

ffi
ci

en
t [

m
2 /s

]

V    - T direction
V    - N direction
VO - T direction
VO - N direction
VC - T direction
VC - N direction

(b) Mobilities of C and O clusters on the N sublattice

Figure 3.11: Mobilities of solute clusters in UN
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and from 2.21 to 2.05 eV for V-O (average of N and T directions, exact data

available in Table IV of Paper V).

The lowering of the effective migration energy at high temperature means

that a mechanism that is more efficient at long-range diffusion becomes more

important, when the difference in probability between different diffusion

path decreases (dependency in −1/T ).

Comparison of solute-vacancy clusters with vacancy clusters As

maybe naively expected, the mobility of the V-C and V-O clusters is smaller

than the mobility of the nitrogen vacancies. However, an interesting effect

is that the mobility of the uranium vacancies is smaller than the ones of the

V-Kr and V-Xe clusters, especially at low temperatures. This is due to the

migration energies of the vacancy being much smaller in the neighborhood

of a Kr or Xe atom than in the perfect UN lattice. This will counteract

the effect of the extra jumps needed to diffuse the full cluster instead of the

vacancy alone. This can be seen in Table III of Paper IV. In short, the

solute atoms will greatly increase the number of vacancy jumps, making the

mobility of the cluster higher.

3.3.4.2 Flux coupling

One of the main advantages of the SCMF method over the LeClaire’s one

is that we can access flux couplings with greater accuracy and confidence.

That is whether the solute atoms and the vacancy will diffuse in the same

direction (dragging effect) or in opposite directions.

For Xe and Kr, what can be observed on Fig 3.12 is that there is a very

strong dragging force at all operating temperatures. That means that the

solute atoms and the vacancies will diffuse together in the same direction,

independently on whether it is along the N or the T direction. The red and

blue plots represent how much of the solute movement will happen as part

of the cluster, whereas the black and green ones represent how much of the

vacancy movement will happen as part of the pair.

For C and O, only the equivalents of the red and blue plots of Xe and

Kr are represented. When the coefficient is negative, it means that the

solute will diffuse in the opposite compared to the vacancy. As such, after a
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direct exchange, the solute-vacancy pair dissociates and the solute waits for

another vacancy to come along to be able to continue its diffusion.

3.3.4.3 Diffusion path

Putting all of the results together, it is possible to reach the diffusion path.

Here, we call diffusion path the successive jumps that have to be made

in order to be again in the same configuration, but translated along the

diffusion direction.

In figures 3.13, 3.14, and 3.15, the blue arrows represent a vacancy-solute

exchange, the red arrows represent a vacancy-host matrix exchange, and

the green arrows are the possibilities of dissociation of the cluster. There

obviously exist more possible dissociations, but only the most likely are

represented. The numbers next to the arrows give the order in which the

jumps happen.

The following results take into account both the migration energies (in

the activation energy) and the number of steps needed to perform an actual

diffusion (in the prefactor). A complete quantitative analysis is performed

in Papers IV and V. Only the most likely diffusion path is represented,

but there exist many more, with much lower statistical weight and which

therefore do not contribute much to the diffusion coefficient.

For Xe and Kr, migration along the N direction follows the most direct

path. However, along the T direction, vacancy jumps out of plane and back

have a lower migration energy than jumps staying in the same plane and

are therefore favored, allowing for quicker diffusion.

Oxygen along the T direction and carbon along the N direction have the

same diffusion paths. Instead of staying in the same spin plane all the time,

these atoms prefer to jump from planes with different spins. The same is

true for the host atom - vacancy exchanges. That does not add any step

compared to a fully-in-plane diffusion, but lowers the migration energies

required.

The normal diffusion of oxygen is the same as for Xe and Kr. In the

case of O, the lower ω14 migration energies could facilitate a dissociation at

steps 5 and 6.
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Figure 3.13: Migration path of Xe and Kr in UN, along the N (left) and
T (right) directions. Blue and red arrows represent respectively a vacancy-
solute exchange and a vacancy-host matrix exchange. The numbers corre-
spond to the order in which the jumps are occurring.

The tangential diffusion of carbon is, as shown on figure 3.12 not using

the drag effect. As such, carbon atoms exchange their position with a va-

cancy, and the vacancy leaves the cluster, or is used for diffusion along the

normal direction. When a new vacancy comes along, diffusion along the T

direction can proceed for one additional jump.

It might be worth noting that the mobility presented in section 3.3.4.1

is only considering the time where the vacancy and the solute atoms are

together, and not the time spent waiting for a new vacancy to come along.

This explains why the mobility along the T and N direction is the same for

carbon, since the same steps are required for effective diffusion.
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Figure 3.14: Long-range migration path of O in UN, along the T (left) and
N (right) directions. Blue, red and green arrows represent respectively a
vacancy-solute exchange, a vacancy-host matrix exchange, and a dissociation
of the cluster. The numbers correspond to the order in which the jumps are
occurring.

3.3.5 Diffusion coefficients

For Xe and Kr, the diffusion coefficients for different vacancy concentrations

have been computed and compared to the experiments, the detail of which

is available in Paper IV. Since the anisotropy is limited, the differentiation

between the normal and tangential directions is not reported in Fig 3.16.

The main conclusion is that using only one diffusion mechanism, a high

vacancy concentration is needed to get to experimental results. Under irra-

diation, this concentration will be high, and it should be taken into account

when using a theoretical value in a fuel performance code for instance. At

low temperatures, Kr diffuses a bit faster than Xe, but the difference is

small, and the choice that many modelers make to assume that the diffusion

coefficient of the two species is the same is justified, as the difference lies

within the uncertainties.
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Figure 3.15: Long-range migration path of C in UN, along the N (left) and
T (right) directions. Blue, red and green arrows represent respectively a
vacancy-solute exchange, a vacancy-host matrix exchange, and a dissociation
of the cluster. The numbers correspond to the order in which the jumps are
occurring.

3.4 Macroscopic fuel modelling

The goal of any nuclear fuel modeling is to ultimately be able to predict the

behavior of this fuel in real conditions. This could be during manufacturing,

operation, or repository. In this section, we focus on the irradiation behavior

of the fuel.

In the first part, the athermal model presented in section 2.4.4.3 is used

on oxide fuels, to demonstrate its capabilities. Then, the nitride fuel model

is presented.

3.4.1 Athermal fission gas release

This section is the topic of Paper VI. The objective of this work was to

find a better way to represent the athermal fission gas release, that had been
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Figure 3.16: Diffusion coefficients of Xe and Kr, compared to experiments.

demonstrated to depend on the porosity quite heavily [12]. Previously, in

TRANSURANUS, this part of the release was treated as a fit to experimental

data. Here, as presented in section 2.4.4.3, the new model is based on

geometric considerations.

In this section, the work reported in my licentiate thesis [60] is repro-

duced.

The model has been applied on two irradiation experiments: The first

case of the FUMEX project of the IAEA [98] and 4 fuel pins from the SUPER-

FACT irradiation [99, 100]. Details about the irradiations and the results

are available in Paper VI.

The objective of this section is to complement the results with a small

sensitivity study through the parametrization of the diffusion coefficient. By

doing so, the extreme importance of correctly determining this parameter

will appear even more clearly. The goal is to remind the scope of the de-

velopment presented in this report: only the athermal fission gas release

has been revamped, and it is not, in most cases, the main driver of the
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release. That is, however, believed to be different when the porosity, and

especially the open porosity is higher. For instance, in nitride fuels, which

are the object of the next chapter, it is not uncommon to have up to 15%

of as-fabricated porosity.

3.4.1.1 Effective diffusion coefficients

The work on oxide fuels has been very thorough and many research groups

have tried to determine a diffusion coefficient for gas atoms, usually not

differentiating xenon and krypton. In this study, two of them have been

used, to check their influence.

The first one has been derived by Turnbull et al [76] and has been very

frequently used, since its three-domain approach allows for more physics to

be incorporated in the diffusion coefficient. Its mathematical expression is

D = 7.6 ·10−10 exp

(
−35000

T

)
+ 3.22 ·10−16

√
R exp

(
−13800

T

)
+ 6 ·10−23R

(3.1)

where R is the rating in W/gU, T the temperature in Kelvin and the

diffusion coefficient is given in m2s−1. The first term is dominating at high

temperatures, and represents the thermal diffusion. The second part will

overtake for an intermediate temperature range as should the irradiation-

enhanced diffusion do, and the last one, which is not temperature-dependent

will be predominant when the temperature is too low to allow for any ther-

mal diffusion, be it enhanced or not.

The second diffusion coefficient used in this study has been reported by

Matzke et al [101] and is reproduced in Eq 3.2. It is also expressed in m2s−1.

This coefficient is much simpler and focusing solely on the thermal diffusion,

with a constant to account for the athermal release.

D = 5 · 10−8exp

(
−40262

T

)
+ 10−25 (3.2)

Not very surprisingly, both diffusion coefficient are fairly similar at high

temperature, as can be observed in Fig 3.17. However, at low temperature,

Turnbull’s coefficient becomes bigger, especially at high power ratings.
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Figure 3.17: Diffusion coefficients of gas atoms in UO2

3.4.1.2 Sensitivity study

This study complements the results already presented in Paper VI. Three

different cases have been run with the two diffusion coefficients introduced

in the previous section and with different model options. The results are

presented in tables 3.2 and 3.3.

The nomenclature is explained in Paper VI. In short, R is the release,

and the subscript T, A, P and OP correspond respectfully to the ather-

mal release being a low-temperature term of the diffusion coefficient, a fixed

percentage of the fission gas produced (previous model), the athermal re-

lease using the newly developed model not converting the porosity to open

porosity, and the athermal release using the same model but converting the

porosity.

The results clearly show that although the model does what it was cre-
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Case Exp RT+A RT RT+P RT+OP

Matzke 1.8 0.53 0.30 0.39 0.32

Turnbull 1.8 3.24 3.00 4.01 3.39

Table 3.2: Fission gas release (%) for the first case of the FUMEX project of
the IAEA

Pins Case Exp RT+A RT RT+P RT+OP GERMINAL [102]

4 and 16
Matzke 68.5 57.06 56.86 59.99 57.50 53.1

Turnbull 68.5 58.93 58.75 63.68 59.83 53.1

7 and 13
Matzke 66.5 73.47 73.34 76.11 73.89 57.47

Turnbull 66.5 70.02 69.87 74.17 70.77 57.47

Table 3.3: Fission gas release (%) for the first case of the SUPERFACT

irradiation experiment

ated for, the influence of the effective diffusion coefficient stays preponder-

ant. The importance will be even more obvious when dealing with non-

conventional fuels where the diffusion coefficient is not nearly as well deter-

mined, for instance nitride fuels.

3.4.2 Nitride fuel model

The implementation of a new fuel model is described in section 2.4.4.3.

All the properties implemented for the nitride fuel model are described in

my licentiate thesis for more details [60]. The properties cover as much as

possible the possibility of including plutonium in the fuel. Minor actinides

are not considered, but since they are usually representing a small atomic

percentage of the total fuel, properties are expected to be somewhat similar,

and (U,Pu)N properties will suffice in the first step of the work. They would

ideally need to be replaced when the work is continued. Nitride fuels with an

inert ZrN matrix have also been implemented, but no results coming from

that work are presented here [103].

Although the implementation of the nitride fuel model is largely com-
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plete, all the individual correlations or physical models are not presented

here. Instead, following the work presented in the previous section, the fo-

cus was on the effect of the porosity and open porosity. As in my licentiate

thesis, a strong emphasis is put on the uncertainties pertaining to many of

the models, but presented here in a more rigorous way.

The models presented in this thesis will be tested using two irradiation

experiments: one in thermal reactors, and one in fast reactors, both detailed

below.

� Irradiation in JMTR

Four fuel pins with around 20% of plutonium a fission gas release of

less than 3% have been irradiated in the thermal reactor JMTR. One

of them had a central hole, and all of them had a porosity close to

15%. Variations in linear power (from 535 W/cm to 730 W/cm) and

other related properties such as temperature and burn-up offer a nice

case to study its influence. Information on the axial peaking factor

is missing. Details about the irradiation have been published in the

literature [104, 105, 106].

� Irradiation in JOYO

The second irradiation experiment that has been used in this work

happened in the fast sodium-cooled reactor JOYO. Two pins with

18.6% plutonium and 19.39% enriched uranium have been brought

to 4.3% FIMA (Fission per Initial Metal Atom) . The two pins are

similar except for the gap size, and have been irradiated under the

same conditions. This experiment is particularly valuable for this work

since they measured not only the porosity but also the open porosity

at the end of the irradiation, starting from a fabrication porosity of

around 15%. The overall porosity increased, but the fraction of open

porosity strongly decreased. For more information on these two pins,

the readers are referred to [107, 108, 109]

The simulations considered here are close estimates of these irradiation

experiments, where the irradiation data not available in the open literature

have been estimated to be something reasonable.
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Figure 3.18: Comparison of the porosity corrections suggested for the ther-
mal conductivity of UN.

3.4.2.1 Thermal conductivity

One model that suffers from a poor theoretical description is the influence

of porosity on thermal conductivity. Several Maxwell-Eucken corrections

have been suggested [110, 111], as well as exponential [112] or polynomial

corrections, taking the form of (1 − P )x where x could vary from 1.5 to

3.8 [109, 113]. These corrections can lead to thermal conductivity values

varying by as much as 100% at 20% of porosity.

In this section, we use the semi-statistical tool from TRANSURANUS

to assess the effect of this uncertainty on various properties of UN. The

simulations are reproducing one of the pins of the JMTR experiment.

The semi-statistical model [3] permits to feed the fuel performance code

with one or several parameters for which the uncertainty is known. For

instance, one could say that the value of the thermal conductivity would be
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the theoretical one with a possible deviation of 10%, and indicate that this

deviation follows a normal or a Gaussian distribution. Then, each simulation

would pick a value with a probability corresponding to the distribution,

and 1000 simulations are run. In this work, the deviation from the ideal

theoretical value is chosen to be only 2%, well below the differences from

the literature.

The results are displayed in fig 3.19. Here it can be seen that the center-

line temperature at the end of life can vary by more than 10 degrees. The

fission gas release is affected by less than half a percent.

This can be compared to varying the linear heat rate by 5%, which is

oftentimes well inside the uncertainties. Results are plotted in Fig 3.20.

This time, the temperature varies with up to 90 degrees and the fission gas

release rate changes by up to 3%. It is therefore important to keep in mind

what is important to know with high accuracy in order to perform precise

calculations. The axial peaking factor of a pin, oftentimes not reported, can

have dire consequences.

3.4.2.2 Fission gas release

The model developed for oxide fuels is updated for nitride fuels. This is

done by changing the equation converting the porosity to open porosity. For

nitride compounds, two such works exist: one with conventional sintering

used to reach the desired porosity [114] and the other one using the spark

plasma sintering method [115]. It can be noted that the transition porosity

level below which all of it can be considered open or almost open is very

different in these two cases. To be able to model as many experiments as

possible, the one describing conventional sintering results was used. It is

reproduced in Fig 3.21.

As for oxide fuels, three linear regimes were fitted. For a porosity inferior

to 7%,

OP =
P

7
(3.3)

where OP is the open porosity, and P is the porosity. From 7% to 12%,

the linear fit follows the equation
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(a) Centerline temperature

(b) Fission gas release

Figure 3.19: Results at the end of life when the thermal conductivity can
vary by ± 2%.
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(a) Centerline temperature

(b) Fission gas release

Figure 3.20: Results at the end of life when the linear heat rate can vary by
± 5%.
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Figure 3.21: Conversion from porosity to open porosity. Experimental data
and the three linear fits.

OP = P · 2− 0.13 (3.4)

and for any lower density, most of the porosity is open, and a good fit

to the data is then

OP = P − 0.01 (3.5)

In all three equations, both porosity and open porosity are fractional

data. The rapid transition porosity range is larger than for oxide fuels

(presented in section 2.4.4.3).

As mentioned previously, the manufacturing method will have an impact

on the conversion from porosity to open porosity. The burn-up will also

change this correlation, but no study presenting these results have been

published.
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The model was tested for four pins in JMTR and two pins in JOYO and

are presented in table 3.4. The subscripts follow the same nomenclature as

that presented in section 3.4.1.2, whereas the superscript O and N indicates

whether the correlation to change the porosity to open porosity for oxide or

nitride fuels has been used. It can be noted that for high porosities, the ni-

tride correlation indicates that almost all of the porosity will be open, which

is not the case for the oxide correlation. As such, RO
T+OP is systematically

lower than RN
T+OP.

Except in the second JOYO pin, the model overestimates the release.

The reasons why this could happen are many. The diffusion coefficient,

described in [60] might simply be too big. There is indeed a very large

disparity between the different experimental values, as shown on Fig 3.16.

Another reason might be that the correlation to convert the porosity to

open porosity is not adapted, and a different manufacturing method, or a

different grain size has been used in the irradiation experiment.

Case Exp RT RT+P RO
T+OP RN

T+OP

JMTR 1 2.9 1.68 7.34 5.91 7.20

JMTR 2 1.8 0.00 2.90 1.70 2.79

JMTR 3 2.8 1.02 4.11 2.77 3.97

JMTR 4 1.7 6.57 8.22 7.62 8.11

JOYO 1 3.3 2.59 7.31 5.28 7.12

JOYO 2 5.2 1.58 4.52 3.27 4.36

Table 3.4: Fission gas release (%)

Finally, it should be noted that the diffusion coefficient used has a term

corresponding to the thermal diffusion of a single atom, which is what has

been derived in section 3.3.5. If reliable data on the concentration of va-

cancies depending on the fission density during irradiation were available, it

would be easy to change this term to the theoretical one.
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Conclusions

The main objective of this work was to contribute to expending the knowl-

edge, and ultimately aid the licensing process of nitride fuels for nuclear

reactors, for which almost everything is left to do. The focus was on mod-

eling of thermomechanical properties and irradiation performance of mostly

UN, but with some preliminary work on other actinide nitride compounds.

In the first part of the thesis, specific consideration has been given on

how to reliably model actinide materials. The issues related to the added

correlation needed to handle the 5f electrons and of the metastable states

appearing with an improper care of the aforementioned added correlation

have been explored, and an answer using the best readily available tools

has been provided. Using the DFT+U+OMC framework, the electronic

and elastic properties of five nitride compounds that may play a part in the

future of nuclear energy have been evaluated, leaving only AmN and CuN

on the side, since no reliable potentials were available to us at this date.

Having found a reliable way to conduct the atomistic modeling and refo-

cusing the work on UN, crystal defects were studied, and the incorporation

of fission products in these sites and how to move from one position to an-

other was then the object of a considerable amount of work, summarized

in four articles. The preferential position of many fission products in UN

was determined to be mainly in uranium vacancies and Schottky defects.

Continuing the work with only Xe, Kr (fission gas), C and O (found to have

dramatic effects on many UN properties), their diffusion properties were

91
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investigated.

To study diffusion properties, the self-consistent mean field method was

used. Due to the antiferromagnetic ordering of UN, many binding and mi-

gration energies had to be and were computed with consideration to the

spin planes. Very different behaviors were unmasked. Xe and Kr capture a

vacancy and will diffuse with it, the pair having a higher mobility than the

vacancy alone. O and C will already change their diffusion mechanism at

a somewhat low temperature, and stop dragging the vacancy and instead

diffuse through formation and dissociation of solute-vacancy clusters. A

strong anisotropy is detected for these solutes, especially for carbon that

cannot drag its vacancy in the tangential direction even at low temperature,

whereas the transition temperature in the normal direction is at around 1350

K. Even when they drag the vacancy along, the mobility of the C-Vac and

O-Vac pairs is lower than the one of the vacancy alone.

The most probable diffusion path has also been identified for the four

species. It should be said, with great insistence, that in this thesis work,

only the vacancy assisted diffusion on one face-centered cubic sublattice of

UN at the time has been considered. It is the beginning of the work, and it

is essential that other diffusion mechanisms are investigated, such as using

a divacancy, or a process in which the atoms are allowed to leave the lattice

and diffuse also through a direct interstitial mechanism.

The second part of the work focused on fuel performance codes. An early

identified issue was the athermal fission gas release, which was previously

purely empirical in TRANSURANUS. A new model has been developed, de-

termining the fraction of gas that should be released through athermal pro-

cesses based on geometric considerations and the open porosity. The model

was tested on oxide fuels, showing similar results to the previous one, but

without being a fit to experiments anymore.

Then, a nitride fuel model was implemented in TRANSURANUS. Mod-

eling full irradiations shows that the model is already mature enough to

reasonably well reproduce the results. A specific work has been done on

heavily porosity-dependent correlations, highlighting the need for a refine-

ment of some models. The relationship between porosity and open porosity

needs to be determined with a dependence on the grain size. The porosity
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correction of the thermal conductivity needs to be sorted out. Testing the

athermal release model on oxide fuels shows the limitations of said model

and the need to continue the work.

This thesis lays solid basis to continue the work. In particular, several

properties that suffer from a lack of experimental characterization could be

obtained through subsequent modeling. This is the case of the grain growth,

that has only been reported once, or of the thermal conductivity or fission

gas diffusion coefficients, that have been reported many times with a very

wide range of results, due to many parameters impacting the behavior of

the fuel that could be singled out by adequate modeling. Determining these

properties with greater precision would enhance the predictive capabilities

of any fuel performance code, and allow for them to play an active part in

a future licensing process.
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