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This article presents a synthesis of the investigations at the atomic scale of the transport properties of
defects and fission gases in uranium dioxide, as well as of the transfer of results from the atomic scale
to models at the mesoscopic scale, performed during the F-BRIDGE European project (2008–2012).

We first present the mesoscale models used to investigate uranium oxide fuel under irradiation, and in
particular the cluster dynamics and kinetic Monte Carlo methods employed to model the behaviour of
defects and fission gases in UO2, as well as the parameters of these models. Second, we describe briefly
the atomic scale methods employed, i.e. electronic structure calculations and empirical potential meth-
ods. Then, we show the results of the calculation of the data necessary for the mesoscale models using
these atomic scale methods. Finally, we summarise the links built between the atomic and mesoscopic
scale by listing the data calculated at the atomic scale which are to be used as input in mesoscale mod-
elling.

Despite specific difficulties in the description of fuel materials, the results obtained in F-BRIDGE show
that atomic scale modelling methods are now mature enough to obtain precise data to feed higher scale
models and help interpret experiments on nuclear fuels. These methods bring valuable insight, in par-
ticular the formation, binding and migration energies of point and extended defects, fission product local-
ization, incorporation energies and migration pathways, elementary mechanisms of irradiation induced
processes. These studies open the way for the investigation of other significant phenomena involved in
fuel behaviour, in particular the thermochemical and thermomechanical properties and their evolution
in-pile, complex microstructures, as well as of more complex fuels.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The F-BRIDGE project [1,2] was a European initiative aiming at
complementing the classical empirical approach to design nuclear
fuels by a more physically-based description of fuel and cladding
materials. As such, F-BRIDGE was part of the international
on-going effort to increase the efficiency in designing innovative
fuels both to improve performance and safety of current fuel sys-
tems and to design those for tomorrow, next to the Center for
Material Science of Nuclear Fuels (CMSNF) [3], the Nuclear Energy
Advanced Modelling and Simulation (NEAMS) program [4], the
Consortium for Advanced Simulation of Light Water Reactors
(CASL) [5] in the US, or the NXO project in Japan [6].

A better knowledge of the elementary phenomena occurring
under irradiation is crucial to enable a better prediction, leading
itself to a rationalization of the design process and a better selec-
tion of promising fuel systems. One important objective of the
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F-BRIDGE European project was to develop a consistent multiscale
approach enabling the description of the transport properties in
UO2 under irradiation (in particular normal operational conditions)
at the mesoscopic level. Various methods from the atomic to the
mesoscopic scale, which yield complementary information, were
used, in particular electronic structure methods (density functional
theory), empirical potentials, kinetic Monte Carlo methods and rate
theory models (cluster dynamics). The results of atomistic simula-
tions represented the keystones and guiding principles for the
establishment of the mesoscale models, but the analysis of the
mesoscale models input parameters also guided the investigations
performed at the atomic scale. This multiscale approach was devel-
oped jointly with the experimental separate effect studies and
characterizations at relevant scales also performed in the F-BRIDGE
project [7,8].

The multiscale approach that the F-BRIDGE investigation con-
tributed to develop is shown in Fig. 1. The green rectangle shows
the methods used for the investigation of transport properties
reported here.

We present here a synthesis of the investigations at the atomic
scale of the transport properties of defects and fission gases in ura-
nium dioxide, as well as of the transfer of results from the atomic
scale to specifically developed models at the mesoscopic scale per-
formed during the F-BRIDGE European project between 2008 and
2012. The atomic transport properties of defects and fission gases
in uranium dioxide have been extensively studied at the atomic
scale, using electronic structure calculations (see reviews by Liu
et al. [9] and Dorado et al. [10]) and empirical potential methods
(see e.g. Govers et al. [11,12] and Devanathan et al. [13]). This is
the first time, however, that such a systematic exercise including
the calculation of a wide range of parameters of mesoscale models
and the development of such models using the data calculated at
the atomic scale was done for a fuel material, even if one only
one aspect of in-pile irradiation was considered. In particular, the
thermodynamical properties of fuel, the chemical evolution hap-
pening during burn-up, or the modification of the mechanical
properties were not considered in the investigations presented
here.

The outline of the article is as follows. We first present the
mesoscale models developed to investigate defects and rare gas
behaviour in uranium oxide fuel, and in particular the cluster
Fig. 1. Multiscale approach that the F-BRIDGE investigation contributed to develop of the
the focus of the work reported here from the atomic to the mesoscopic scale. (For interpr
web version of this article.)
dynamics and kinetic Monte Carlo methods employed to model
the behaviour of defects and fission gases in UO2, as well as the
parameters of these models. Second, we describe briefly the atomic
scale methods employed, i.e. electronic structure calculations and
empirical potential methods. Then, we show the results of the cal-
culation at the atomic scale of the data necessary for the mesoscale
models. Finally, we summarise the links built between the atomic
and mesoscopic scales by listing the data calculated at the atomic
scale which is to be used as input in mesoscale modelling and iden-
tifying the gaps.

Many of the calculation results presented in this synthesis have
been published individually. When this is the case, the reference is
given at the beginning of the section presenting them.
2. Mesoscale investigation of UO2 under irradiation

2.1. Mesoscale modelling

The modelling of fuel under irradiation at the mesoscopic scale
aims at describing the evolution of the fuel microstructure either
in-pile or under ion irradiation. In particular, the evolution of the
populations of point defects, defect clusters and fission gas atoms
and bubbles in one or several grains over macroscopic times are
investigated. The knowledge of these quantities is essential since
these populations control a large number of material properties
and their macroscopic evolution, e.g. nucleation and growth of
bubbles and dislocation loops, porosity, re-densification and radia-
tion enhanced diffusion. The mesoscale investigations thus bring
further insight into the physico-chemical and mechanical beha-
viours of fuels, which condition the design and safety of nuclear
reactors.

Various types of methods exist to model materials at the meso-
scopic scale. Several have been applied to materials, and in par-
ticular nuclear fuel under irradiation, such as rate theory
methods, kinetic Monte Carlo or phase field methods. The first
two types of methods were selected for the multiscale approach
developed. These methods and their application to the investiga-
tion of the behaviour of defects and gases in UO2 are described in
detail in Refs. [14] and [15]. Their principles, the results that can
be obtained and the input parameters needed are recalled below.
transport properties developed in the F-BRIDGE project. The green rectangle shows
etation of the references to colour in this figure legend, the reader is referred to the
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2.2. Cluster dynamics

2.2.1. Principle
Cluster dynamics is a rate theory method adapted to the

simulation of the evolution of point defects and defect clusters in
materials [16]. In this method the system investigated is seen as
a gas of clusters of various sizes (including monomers) of vacan-
cies, interstitials and solute atoms. The atomic positions are not
considered and the properties of the system are often spatially
averaged. The evolution of the system is then described by a set
of differential equations on species concentrations. In the case of
non-conservative clusters consisting of defects (vacancies and
self-interstitials) and solute atoms, with a few mobile clusters i.e.
that react with or can be emitted by other clusters, the equations
can be written as follows:

dCðn;pÞ
dt

¼
X

ðm;qÞmobile

Jðn�m;p�qÞ$ðn;pÞ �
X

ðm;qÞmobile

Jðn;pÞ$ðnþm;pþqÞ

þ Gðn; pÞ � Kðn;pÞ ð1Þ

where C(n,p) is the concentration of clusters containing n defects
and p solute atoms; J(n,p)M(m,q) terms are the flux from one cluster
size to another; G(n,p) is the source term which describes the pro-
duction of defects through irradiation; K(n,p) is the sink term which
accounts for the annihilation of mobile defects on sinks.

The resolution of these equations yields the concentrations of
the various defects and defect clusters over time. In practice, a
detailed description is only important for the monomers and small
clusters. Approximations are made for large cluster sizes.
2.2.2. Advantages and limitations
Due to its low computer cost, cluster dynamics can handle long

term evolution that cannot be investigated through atomistic
methods. Cluster dynamics enables the development of more gen-
eral and precise models than standard operational rate theory
models previously applied to nuclear fuels [17], which rely on
the same physics, but make significant and poorly justified
approximations on the cluster size distribution. In comparison,
the complete and unbiased description of the cluster size distribu-
tion in cluster dynamics is a natural receptacle for the basic para-
meters yielded by atomic scale studies.

A significant drawback of the method is the loss of space corre-
lations of the elements of the material microstructure which is the
price paid for the strong decrease of the computer cost compared
to atomistic methods. The improved description compared to ear-
lier rate theory models comes with an increased complexity of
numerical resolution. Finally, if cluster dynamics has been exten-
sively applied to metallic systems, developments are still needed
for the application to fuels.
Fig. 2. Simulated and experimental fraction of Kr released for the best parameter
set [15].
2.2.3. Model developed
The cluster dynamics method was applied to the study of the

behaviour of defects and krypton in irradiated UO2 [15]. The model
used for the investigation of fission gas release in UO2 is described
in detail in Refs. [14] and [15]. We recall here only the main para-
meters and assumptions of the model.

Only one lattice composed of neutral (UO2) sites is considered
in this study. The elementary vacancy (hereafter called V) and
interstitial (I) are therefore assumed to be the Schottky defect
(UO2 trivacancy) and the anti-Schottky defect (UO2 tri-interstitial),
respectively. Both types of defects are assumed to be mobile and
can therefore react with other defects and be absorbed or emitted
by clusters. The gas atoms are supposed to be mobile in two con-
figurations, as interstitial (noted Kr) or combined with a di-Schot-
tky vacancy (Kr-U2O4 complex noted V2Kr), as may occur in metals.
The energetic and kinetic parameters of the model were taken
from atomic scale calculations (see Sections 2.4 and 6). The source
term is evaluated on the basis of classical molecular dynamics
simulations [18]. The cascade resulting from the implantation of
a single ion (250 keV krypton ion or fission product) is assumed
to break down into lower energy independent subcascades of
�20 keV, each producing on average one cavity of 40 vacancies,
�2.7 loops of 15 interstitials and 40 additional isolated interstitials
and vacancies. Krypton is assumed to be inserted in an interstitial
position during implantation.
2.2.4. Results obtained
The fraction of Kr reaching the surface and released at 1250 �C

was calculated and compared to the experimental data, as shown
on Fig. 2.

The results of the cluster dynamics simulations enabled us to
propose two mechanisms for krypton release: 8% of the initially
interstitial krypton immediately reaches the surface (initial burst)
while the remaining fraction is trapped by vacancies to form suc-
cessively VKr (Kr in a Schottky defect) and V2Kr (Kr in a di-Schottky
defect) and is released during a second stage following a quasi
Fickian behaviour. Eventually, 11% of the krypton is released. A
Fickian analysis of the release curve of this second stage yields a
diffusion coefficient of V2Kr of 4 � 10�21 m2/s. A preliminary sensi-
tivity study of the release as a function of the vacancy migration
energy showed that more mobile vacancies induce a more effective
Kr bulk trapping, which leads to a lower initial release. Additional
investigations, however, are necessary to confirm these results and
determine the precise mechanisms at work.

Although the initial fission gas release cannot be accounted for
by a Fickian behaviour, the second stage can be fairly well
described by a purely diffusive process, which means this kind of
experiment is a relatively simple but reliable tool to evaluate diffu-
sion coefficients. Cluster dynamics enabled a comprehensive inter-
pretation of both stages.

Models taking into account grain boundaries to describe poly-
crystalline UO2 must still be developed to improve the description
of the fission gas behaviour.
2.3. Kinetic Monte Carlo

2.3.1. Principle
Kinetic Monte Carlo (KMC) methods [19–24] are stochastic

methods enabling the simulation of the time evolution of a system
when the processes governing the evolution are known. The scope



Fig. 3. Oxygen diffusivity D as a function of the deviation from stoichiometry x in
the hyperstoichiometric regime at 1073 K for the various models, as well as the
experimental data.
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of applications for KMC is extraordinarily wide, ranging from epi-
demiology and population kinetics to surface growth or radiation
damage. Three commonly used kinetic Monte Carlo models are:

� Lattice or atomistic KMC [25,26]: In this variant the system is
the atomic lattice, the processes of evolution are jumps of the
atoms composing the system from a position to another and
the jump rate is due to local environment.
� Object KMC [27–29]: Only the positions of the ‘‘objects’’ e.g.

defects or impurities are considered, and the positions of atoms
on the background lattice are not included in the simulation.
This is the kind of model applied to UO2 in F-BRIDGE.
� Event KMC [30] is a variant of object KMC where events are

related to interactions between objects and not to atomic jumps
on the lattice.

A kinetic Monte Carlo simulation consists of determining at
every time step a plausible subsequent state of the system through
the selection of a transition among all the possible transitions
according to their occurrence probability law. A large number of
steps are simulated so that the average result can be evaluated.
In lattice KMC, one must choose at every time step an event among
all the possible jumps and keep track of the successive positions of
the mobile atoms of the system. From a technical point of view
there are two problems to solve at each step: selecting an appro-
priate event and determining the time at which it occurs. The tran-
sition events are chosen randomly proportionally to their
transition rates. Once a transition is chosen, its time of occurrence
is determined by generating a random number and comparing it
with the probability that the system undergoes its current transi-
tion at a given time. At the end of the simulation, various interest-
ing parameters can be extracted, such as diffusion coefficients or
thermodynamic constants.

2.3.2. Advantages and limitations
Kinetic Monte Carlo provides a methodology to overcome the

molecular dynamics time limitation. The main advantage of KMC
methods is that systems out of thermodynamic equilibrium can
be simulated for microscopic time scales while keeping spatial cor-
relations. In addition, transition events can be turned off or on to
separate the effects.

All possible events and their rates, however, must be known in
advance, the method in itself is not predictive. KMC are also com-
putationally expensive, in particular compared to rate theory
methods. In the case of plain lattice KMC, calculation time scales
linearly with the number of atoms.

2.3.3. Results obtained
A simple kinetic Monte Carlo model was applied to the investi-

gation of the migration of oxygen interstitials in UO2. Two cases
were considered:

� In the first case, only mono-interstitials were able to move and
they could only move into an interstitial site if that site was
empty. Mono-interstitials were also prevented from occupying
nearest neighbour sites because of the repulsion observed in
electronic structure results.
� In the second case di-interstitials could form with a rate gov-

erned by the calculated binding energy and interstitial diffusion
barrier and then hop via a di-interstitial mechanism. Clusters
containing more than two interstitials were prevented from
forming via a blocking scheme equivalent to the one used for
mono-interstitials in the first case. The influence of the barrier
to the di-interstitial dissociation was investigated by consider-
ing two different barriers: one calculated in GGA which is
slightly lower than the di-interstitial migration energy [31]
and one obtained during the project using GGA + U, which is
higher than the di-interstitial migration energy (di-interstitial
models 1 and 2, respectively).

The evolution of the oxygen diffusivity as a function of the
deviation from stoichiometry x in the hyperstoichiometric regime
yielded by the ‘‘mono-interstitial’’ and the two ‘‘di-interstitial’’
models at 1073 K, as well as the experimental diffusion coefficients
of tracer 18O obtained by mass spectrometry or nuclear reactions
[32,33], are shown in Fig. 3.

It can be seen that in the mono-interstitial model D initially
increases with the deviation from stoichiometry until the intersti-
tials begin to interact with each other by blocking available diffusion
paths, which results in decreasing D for high x. It is seen that the oxy-
gen diffusivity calculated by this simple blocking model is in good
agreement with experimental observations at low x but is much
lower than the maximum D observed experimentally for x = 0.12.

The inclusion of the di-interstitial mechanism increases the
oxygen diffusivity for all deviations from stoichiometry, especially
at high x values, which greatly improves the agreement with the
experimental data. The oxygen diffusivity is higher in the second
di-interstitial model since it encourages the formation of more
di-interstitials, which are more mobile than mono-interstitials.
This model seems to agree the best with the experimental data.
It is important to note, however, that the experimental diffusivities
exhibit a very large scatter, and that more precise experimental
data would be needed to discriminate between the two di-intersti-
tial models.

2.4. Input parameters of mesoscale models

Mesoscale models, in particular cluster dynamics and Kinetic
Monte Carlo, employ a certain number of parameters to describe
the behaviour of systems under irradiation. One can distinguish
the data concerning the thermal evolution of the material, its
defects and the fission products and the data on phenomena
induced by irradiation. The main parameters of the mesoscale
models applied in the F-BRIDGE project to the transport properties
of defects and rare gases are as follows.

2.4.1. Thermal evolution

� Formation, migration, binding energies of point defects
� Formation, migration, binding energies of defect clusters in bulk

as a function of size
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� Migration energies near extended defects and grain boundaries
� Incorporation and migration energies of solute atoms (isolated

or clusters) in bulk and near extended defects
� Equation of state for solute
� Surface tension of solute clusters/bubbles
� Recombination/elimination rates of defects on sinks.

2.4.2. Irradiation induced phenomena

� Damage created by irradiation: source term
� Volume evolution of extended defects during irradiation
� Irradiation induced resolution of defects or solute atoms
� Precipitation of solutes
� Radiation induced and enhanced diffusion

As will be shown in Sections 5 and 6 of this article, this data can
be determined at the atomic scale.
3. Atomic scale methods used to calculate the input parameters
of mesoscale models

Two types of methods were used to calculate at the atomic scale
the input parameters of mesoscale models: electronic structure
methods and empirical potentials. These methods are described
extensively in the literature, for instance in Refs. [34,35,36]. We
give below a short description of the two types of methods.

3.1. Electronic structure calculations

The properties of matter can be deduced from calculations at
the atomic scale by solving the Schrödinger equation. This
approach, which considers the interactions between the nuclei
and the electrons described by a set of coupled differential equa-
tions, and necessitates only little prior knowledge of the system
studied or parameterization, is called electronic structure or ab ini-
tio. Only an approximated solution to the many body problem can
be obtained using numerical techniques, for instance the density
functional theory (DFT).

In this framework the total energy of a system is calculated as a
function of its electronic density. This reduces significantly the
number of variables of the problem compared to other quantum
chemistry methods, and therefore the computational cost needed
to solve approximately the Schrödinger equation. The exact analy-
tical expression for the energy as a function of the electronic den-
sity is unknown, the interactions impossible to calculate exactly
are gathered in a term called the exchange–correlation term. This
separation is justified by the fact that this part of the energy, even
if it is important for the chemical bonding, is small compared to the
total energy of the system. Various approximations were proposed
for the exchange–correlation term, for instance the local density
(LDA) or generalised gradient (GGA) approximations, or for strong-
ly correlated systems, such as actinide compounds, the DFT + U
method or hybrid functionals.

3.2. Empirical potentials and classical molecular dynamics

Empirical potentials constitute the second large family of
atomic scale modelling methods. In contrast to quantum mechan-
ical methods, empirical pair potentials parameterise the interac-
tion between atoms in terms of a simple analytical function.
Therefore, the complex and computationally demanding descrip-
tion of the electron dynamics is withdrawn in favour of a simpler
effective model.

Pair potentials, depending only on the distances between the
atoms of the system, and usually containing a short-range repul-
sion, a van der Waals attraction, a long-range Coulomb interaction
and a covalent bonding term, are very commonly-used potentials,
especially for mostly ionic compounds such as UO2. The para-
meters of these potentials are determined empirically by fitting
the free parameters to a set of thermophysical properties obtained
experimentally or from electronic structure calculations.

The polarisability of the constitutive ions is a significant contri-
bution to the total energy of the system. The most common treat-
ment to take into account this polarisability, called the rigid ion
model, is to combine the effects of polarisability of the ions into
the attractive part of the short range interaction potential. A more
complex method is the core–shell model, in which each ion is rep-
resented as a positively charged, massive core coupled by a har-
monic spring to a negatively charged shell, massless or exhibiting
a small mass.

Different sets of potential parameters were proposed as suitable
for modelling the bulk and defect behaviour of nuclear oxide fuels
[36]. These potentials are very often combined with the simulation
of molecular dynamics, which enables the simulation of the evolu-
tion in time of a system and to explore its configuration space. This
combination is referred to as classical molecular dynamics (CMD).
4. Assessment of atomic scale methods for the description of
bulk and defective UO2, as well as rare gas behaviour

Simulation of the irradiation behaviour of UO2 is one of the
most challenging problems for atomic scale modelling because of
the particular properties of actinide compounds and of the com-
plexity of the processes induced by irradiation. During the F-
BRIDGE project comprehensive work was done to review and
improve the state of the art of the atomic scale description of
UO2 under irradiation, in particular the description of perfect and
defective UO2, as well as of the behaviour of rare gases, using elec-
tronic structure and empirical potential methods [36]. The results
of the assessment done are summarised here.

The evaluation of the density functional theory performed
[36,10] shows first that the GGA approximation yields reasonable
properties of bulk UO2 (except for the electronic structure), but that
the description of the defect behaviour is only qualitative. The
GGA + U formalism combined to a careful monitoring of the orbital
occupancies (see Section 5.1.1) improves significantly the descrip-
tion of bulk UO2 and of oxygen transport. This is in agreement with
the conclusions of Liu et al. [9]. Precise experiments on uranium dif-
fusion similar to the recent ones performed on oxygen are needed
to complete the assessment on uranium defects. Other promising
methods like hybrid functionals should also be assessed.

The validity of several types of functionals for the description of
bonds formed by rare gases has also been assessed on model mole-
cular compounds [37]. The results show that when the rare gas
atom shares density with the neighbouring atoms, the GGA func-
tionals yield good geometries and qualitatively correct binding
energies, even if these are quite significantly overestimated. The
use of hybrid functionals enables us to obtain good geometries
and satisfactory binding energies. For compounds in which the rare
gas atom forms weak dispersive-like bonding, the accuracy yielded
by the various functionals is not as good. No functional gives satis-
factory binding energies of all the association compounds investi-
gated. Several GGA and hybrid functionals yield correct
geometries, even if some isomers are not obtained. One GGA func-
tional (PBE) yields qualitatively correct results for the compounds
of the three rare gases and several hybrid functionals give satisfac-
tory energies for He compounds. The results of this study must be
confirmed on more solid systems, for instance small clusters
simulating the first coordination sphere of the rare gas incorporat-
ed in a material.
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The assessment of the empirical potentials available for UO2

shows that despite the lack of a mechanism for charge transfer
the general ordering of defect energies is well respected. The com-
parison of the migration energies yielded by empirical potentials
with experimental and DFT + U results is surprisingly consistent,
even if significant scatter is observed in the results between differ-
ent pair potentials. Moreover, these empirical potentials enable a
correct description of many of the important aspects of radiation
damage. For example, simulations using these potentials repro-
duce the initial displacement cascade, the molten core region at
the centre of the cascade and the final recombination phase of
the irradiation period. The use of core–shell potentials is desirable
as they offer an accurate and simple method of describing a mate-
rial dielectric relaxation that may be important for correctly
obtaining point defect interaction and formation energies. But
there are technical and conceptual difficulties in their use for the
simulation of displacement cascades [38]. It remains to be seen
whether these difficulties can be overcome, or whether the core–
shell models will not be suitable for the specific case of radiation
damage simulations. Potentials allowing one to take into account
charge transfer would also be beneficial for the study of UO2 under
irradiation.

In addition, various static methods of exploration of potential
energy surfaces have been checked against molecular dynamics
and experimental results. The results show that despite some
slight discrepancies, the agreement between static methods and
molecular dynamics values is generally satisfactory.

Finally, the question of the validity of the simulation of radia-
tion damage using displacement cascades has been investigated.
This question remains essentially open given the difficulty in
simulating radiation damage, especially in insulators. Further
developments and electronic structure calculations would be
desirable for validation of the far-from-equilibrium configurations
formed in these simulations, in particular for short ion–ion dis-
tances. Moreover, the electronic part of irradiation damage in ionic
fuel materials is currently not included in these simulations, but is
an important part both of the overall stopping process and of the
transfer of energy to the matrix. New developments are currently
in progress to describe the electronic effects in metals and
insulators.
Table 1
Formation energies of point defects in UO2 yielded by DFT + U.

Point defect Formation energy (eV)

Oxygen interstitial IO �0.05
Uranium interstitial IU 5.36
Oxygen vacancy VO 5.38
Uranium vacancy VU 10.43

Bound di-interstitial ðIO
OOÞ 0.43

Bound di-interstitial ðI X
OOÞ �0.26

Bound Schottky defect S1 3.32
Bound Schottky defect S2 2.54
Bound Schottky defect S3 2.82
Infinitely separated Schottky defect S⁄ 10.66

Infinitely separated Oxygen Frenkel pair FPO
⁄ 5.33

Bound uranium Frenkel pair FPU 11.18
Infinitely separated uranium Frenkel pair FPU

⁄ 15.79
5. Investigation of the transport properties in UO2 at the atomic
scale

We present here the results of the atomic scale calculations of
the data necessary for the mesoscale models (see Section 2.4). First,
the results of the investigations of the behaviour of defects are
shown. This includes the calculation of the formation, migration,
binding and recombination energies, as well as the investigation
using the simulation of displacement cascades and thermal spikes
of the damage created by irradiation to determine the source term
of the mesoscale models. The radiation induced diffusion has also
been considered. Second, the studies of the behaviour fission gases
and helium in UO2 are presented. In particular, the results on the
incorporation and migration of gases in UO2, as well as on the for-
mation of bubbles and the resolution under irradiation are shown.

5.1. Transport properties of defects in UO2

5.1.1. Electronic structure study of O and U defect behaviour
The formation energies of various point defects in UO2 were cal-

culated in the framework of the density functional theory in the
DFT + U formalism with the orbital control scheme developed dur-
ing the F-BRIDGE project to ensure the convergence to the elec-
tronic ground state of the system [39–41]. Neutral supercells
were considered. The U and J parameters of the DFT + U
approximation were not fitted, but the 4.50 eV and 0.51 eV values
determined experimentally by Kotani and Yamazaki [42] using
analysis of X-ray photoemission spectra were used. Because of
the prohibitive cost associated to the modelling of paramagnetic
systems in DFT + U, this magnetic order is approximated by a col-
linear anti-ferromagnetic order.

The point defects as follows were considered: O and U mono-in-
terstitials, O and U mono-vacancies, O2 di-interstitials, Schottky
defects (UO2 trivacancies) and Frenkel pairs. For the defects involv-
ing more than one atom, infinitely separated and bound configura-
tions were investigated. Two O di-interstitial bound configurations
and the three non-equivalents configurations of the Schottky
defects were considered. The formation energies obtained relative
to metallic uranium and gaseous dioxygen are listed in Table 1
[43].

The analysis of the defect formation energies presented in
Table 1 shows that the formation of the oxygen interstitial, the
bound Schottky defects and di-interstitials (especially in the con-
figuration where 3 oxygen atoms are split over one site) is very
favourable. The binding energy of Schottky defects amounts to sev-
eral eV, as can be seen by comparison with the formation energy of
isolated Schottky defects.

The analysis of the charge redistribution induced in the lattice
by the point defects shows the creation of U5+ or U3+ cations for
charge compensation. The oxygen interstitial induces the forma-
tion of two U5+ cations, the oxygen vacancy the formation of two
U3+ cations and the uranium vacancy the formation of four U5+

cations. The position of the U5+ and U3+ cations relative to the point
defect has an influence on the formation energy of the defect and
has to be carefully monitored.

Since the end of the F-BRIDGE project several studies [44–46]
focused on the various possible charged states of the point defects
in uranium dioxide and showed that UO2 is strongly ionic and that
the large majority of defects formed in this materials are charged.

The migration energies of several elementary migration
mechanisms for oxygen and uranium defects were also investigat-
ed in the DFT [47], and DFT + U framework [48,49] using the
nudged elastic band method (NEB) [50]. The migration mechan-
isms considered are as follows:

� Vacancy mechanisms, in which an atom moves to a nearest
neighbour vacancy of the same chemical specie in the h100i
or the h110i directions. In the case of uranium simple mechan-
isms, as well as a combined mechanism involving movement of
the U vacancy and of the neighbour oxygen atoms were
considered.
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� A direct interstitial mechanism, in which an interstitial atom in
an octahedral site moves to the next nearest octahedral intersti-
tial site.
� An indirect interstitial mechanism (also called interstitialcy), in

which an atom in an octahedral site replaces an atom on a
neighbouring lattice site, which in turn moves to an octahedral
interstitial site.

The migration energies obtained for the various mechanisms
investigated are shown in Table 2. The results of these calculations
enable us to determine the precise mechanisms for the O and U
migration. In the presence of interstitials, O and U migrate through
an indirect mechanism, also called interstitialcy mechanism. In
presence of vacancies, the migration occurs through jumps in the
100 direction, but for uranium, this migration is combined with
significant movement of the nearest neighbour oxygen atoms.

5.1.2. Metadynamics investigation of O self-diffusion
To study longer-term evolution, the self-diffusion of oxygen and

uranium atoms in pristine UO2 was also simulated using the
Lagrangian metadynamics method [51,52] implemented in the
CP2K program package [53] combined to empirical potentials.

The implementation of rigid-ion and core–shell models into
CP2K performed in the framework of the F-BRIDGE project allowed
the combination and extension of these new functionalities with
features already implemented in CP2K. In this way, it was straight-
forward to build a link to the metadynamics module of CP2K.
Metadynamics is an accelerated sampling method allowing for
the fast exploration of a system’s free energy landscape, even if
energy barriers are present which are large compared to the typical
thermal fluctuations. In this way, rare events can be observed
within the time periods accessible by standard molecular dynam-
ics simulation runs. The free energy landscape of a reaction path
is reconstructed from the normal evolution of a system biased by
a history-dependent potential which is obtained from a sum of
Gaussians functions centred along the trajectory based on a suit-
ably chosen set of collective variables. Metadynamics simulations
can also be employed for a brute-force exploration of the free ener-
gy surface to spot all nearby minima. Thereafter, the NEB method
or any similar technique is applied for the refinement of the reac-
tion path.

In the case of the self-diffusion of oxygen and uranium in UO2 a
suitable and obvious collective variable to drive the system in
phase space is the displacement of a target atom from its original
position in the lattice. The history-dependent bias potential dis-
courages the target atom to visit the same spot in the lattice
repeatedly. Such a collective variable was implemented into the
metadynamics module of CP2K.

Two types of empirical potentials, a rigid-ion [54] and a core–
shell [55] model, were employed for the simulations to study the
Table 2
Migration energies of point defects in UO2 yielded by DFT and DFT + U.

Mechanism Migration
energies (eV)

DFT DFT + U

Oxygen Direct interstitial 3.6 3.2
Indirect interstitial 1.1 0.9
Vacancy in h100i direction 1.2 0.7
Vacancy in h110i direction 2.7 2.5

Uranium Direct interstitial 5.8 7.9
Indirect interstitial / 4.1
Vacancy in h100i direction / 7.2
Vacancy in h110i direction 4.4 5.5
Vacancy in h100i direction combined with O
displacement

3.6
impact of the potential type on the diffusion behaviour. Metady-
namics was used for the exploration of the free energy surface
starting from an equilibrated sample of 5 � 5 � 5 unit cells of
UO2. The displacement of the target oxygen or uranium atom with
respect to its original lattice position was used as the only collec-
tive variable. Already after less than 100 picoseconds of simulation
time various migration events involving activation energies of sev-
eral eV were observed. Fig. 4 shows the free energy profile for the
self-diffusion of an oxygen atom at 1500 K and 1 bar in pristine
UO2 after about 100 ps simulation time.

A strong dependence of the free energy profile on the simula-
tion temperature and the applied potential is observed. The
core–shell potential AMD simulations show already for lower tem-
peratures (500–1000 K) a relatively flat free energy profile indicat-
ing an enhanced diffusivity of oxygen. The oxygen atom quickly
leaves its original lattice position to explore the nearby interstitial
octahedral holes at a distance of about 4 Å. Energy barriers of up to
2 eV are surpassed during the migration processes which gives
access to simulation time scales much beyond any standard mole-
cular dynamics simulation. These preliminary results are encour-
aging and electronic structure based metadynamics simulations
of transport phenomena in UO2 seem to be in reach.
5.1.3. Classical molecular dynamics investigation of O and U self-
diffusion near grain boundaries

To take into account the polycrystalline nature of materials, the
influence of grain boundaries on self-diffusion was also studied.
The uranium and oxygen self-diffusion near two symmetrical grain
boundaries with different misorientation angles between grains –
the tilt R5 and R41 – were investigated [56,57] over temperatures
varying from 300 K to 2100 K using molecular dynamics simula-
tions and the Morelon empirical potential [54]. The R41 grain
boundary exhibits a small misorientation angle and the interface
defects correspond to edge dislocations without any significant
space between both mono-crystals. The R5 grain boundary exhi-
bits a larger misorientation (36.9�). This induces a gap of about
1 Å between the two mono-crystals which can be seen as a line
of Schottky defects at the interface [58].

Since the atomic structure near the grain boundaries changes
continuously as a function of the distance from the interface
[33], the diffusion properties are likely to change too. In order to
study the influence of grain boundary structure on self-diffusion
coefficients the simulation box was divided in 3 Å wide slabs along
Fig. 4. Free energy profile after 100 ps of metadynamics simulation using a rigid-
ion potential for the migration of an oxygen atom at 1500 K and 1 bar in pristine
UO2. Zero refers to the original interstitial position of the O atom. The minima
correspond to the next octahedral hole positions in the UO2 lattice.



Table 3
Migration energies (in eV) resulting from the fit of the Arrhenius diagram of the
diffusion coefficients in the grain boundaries and comparison with the bulk values.
The two values for the bulk correspond to the various mechanisms (vacancy/
interstitial migration).

R5 R41 Bulk Morelon Bulk DFT + U (Section 5.1.1)

O 0.6 0.8 0.3/0.7 0.7/0.9
U 0.8 0.8 3.9/4.2 3.6/4.1

482 M. Bertolus et al. / Journal of Nuclear Materials 462 (2015) 475–495
the axis parallel to the grain boundary plane. For each slab a self-
diffusion coefficient was calculated by averaging the mean square
displacement of all the atoms present in the slab. Fig. 5 shows the
evolution of the oxygen self-diffusion coefficients at 1500 K with
the distance to the interface for the R41 and R5 grain boundaries.
For comparison the bulk self-diffusion coefficient obtained in sin-
gle-crystal is displayed in the same graph (blue horizontal line).

Both grain boundaries exhibit similar behaviours and three
zones can be distinguished according to the distance from the
interface. In the zone closest to the interface, called grain boundary
core, the diffusion coefficients are highest and relatively constant.
This zone is narrow: approximately 12 Å in width (twice 6 Å). For
distances from the interface ranging from 6 to 20 Å, i.e. in the inter-
mediate zone, the diffusion coefficients decrease strongly. Then, for
distances greater than 20 Å, the diffusion coefficients decrease
slightly. At 50 Å from the interface the diffusion coefficients are
40 times and 60 times lower than the values at the interface for
R41 and R5, respectively. This is a significant drop, but all coeffi-
cients are still two orders of magnitude higher than those calculat-
ed in the bulk. This tends to prove that grain boundaries do not act
as defect sinks but enhance diffusion.

The evolution of self-diffusion coefficients with temperature in
the vicinity of R41 and R5 grain boundaries was studied for tem-
peratures ranging from 300 K to 2100 K to determine the activa-
tion energy to the self-diffusion, and subsequently the migration
energies of the O and U defects. Since uranium and oxygen self-d-
iffusion coefficients are constant in the grain boundary core, calcu-
lations were performed inside this zone.

The migration energies resulting from the Arrhenius diagrams
of the diffusion coefficients in the grain boundaries are presented
in Table 3 and compared with those of the bulk.

It can be seen from Table 3 that the uranium migration energies
obtained near the grain boundaries, approximately 0.8 eV, are
much lower than the point defect migration energies calculated
in near-stoichiometric bulk UO2 using electronic structure calcula-
tions (4.1 eV for the interstitial and 3.6 for the vacancy, see
Section 5.1.1) or measured experimentally in polycrystalline UO2

matrices (3.03–4.68 eV [33]). This result confirms that grain
boundaries considerably enhance the migration of uranium atoms.
This is in agreement with the experiments carried out by Sabioni
et al. [59] who measured an increase of five orders of magnitude
for the uranium self-diffusion coefficient near a grain boundary
compared with the one in a single-crystal.
Intermediate 
zone 

GB 
core 

Bulk zone 
Grain zone 

Fig. 5. Oxygen self-diffusion coefficients as a function of the distance from the grain
boundary. The horizontal blue line corresponds to the diffusion coefficient in bulk
UO2 [56]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
Even if there is also an apparent enhancement of the O diffusion
near the GB, the oxygen migration energies in the two types of
grain boundaries are close to the ones obtained in the bulk (near
stoichiometric or hyperstoichiometric) using the Morelon potential
or in DFT + U (see Table 3). This agrees well with the fact that no
difference is seen in the oxygen self-diffusion between single crys-
talline and polycrystalline UO2 [60,48]. The small size of the sys-
tems and the relatively short times simulated could be
responsible for the difference in the experimental and simulated
diffusion coefficients.

In both types of grain boundaries, diffusion has been found to
be anisotropic. The diffusion is significantly faster along the grain
boundary interfaces than perpendicular to the grain boundary
plane. Two different mechanisms for the oxygen atoms were found
for the two GBs. For R41 oxygen diffusion occurs through hopping
mechanisms in the three directions, whereas in R5, we observe a
hopping mechanism along the grain boundary interface and a con-
tinuous (Brownian) diffusion in the direction perpendicular to the
interface. The precise migrating species remain, however, to be
determined.

5.1.4. Empirical potential study of oxygen and uranium Frenkel pair
recombination

An important phenomenon occurring under irradiation and
determining the final quantity of defects created is the recombina-
tion of defects. The oxygen and uranium Frenkel pair (FP) recombi-
nation mechanisms were studied in UO2 [61] using a dynamical
core–shell empirical interatomic potential, which enables one to
take into account the polarisability of the ions. The results were
compared to a more conventional rigid-ion model. The analysis
of the simulation performed indicates that the FP recombination
is a complex process involving several phenomena. The FP recom-
bination can happen instantaneously when the distance between
the interstitial and the vacancy is small (1st and 2nd neighbours
for oxygen, 1st to 3rd neighbours for U) and is thermally activated
at larger separation distances. Other criteria, however, can prevail
over the interstitial-vacancy distance. The surrounding environ-
ment of the FP defect, the mechanical stiffness of the matrix and
the orientation of the migration path are shown to be major factors
acting on the FP lifetime.

Fig. 6 shows a schematic sketch of the FP recombination paths
investigated for the oxygen. Several simulations starting from dif-
ferent initial configurations were run at various temperatures.

The results of these simulations are collected in Fig. 7 as Arrhe-
nius plots from which the average lifetimes of a FP can be derived.
The straight lines in this figure are the best fits using an Arrhenius
function.

s ¼ s0 expðEa=kBTÞ ð2Þ

where Ea is the recombination activation energy or energy barrier
that an interstitial must overcome to recombine with the vacancy,
and s0 is a pre-exponential factor.

The simulation results show that core–shell and rigid-ion mod-
els provide a similar qualitative description of the FP recombina-
tion mechanisms. However, the FP stabilities determined by both
models significantly differ in the lower temperature range consid-



Fig. 6. Schematic representations of the migration paths for the recombination of the oxygen FPs of rank (a) 1, (b) 2, (c) 3, (d) 4 of type I and II, and (e) 5 [61]. The full circles
represent the oxygen atoms on a regular lattice site, the empty circles the vacancies and the full squares the interstitials.
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ered. The recombination time of the oxygen FPs can be up to an
order of magnitude lower in the core–shell model at T = 600 K.
These differences highlight the importance of the explicit descrip-
tion of polarisability on some crucial properties such as the resis-
tance to amorphisation. This refined description of the
interatomic interactions would certainly affect the description of
the recrystallization process following a displacement cascade. In
turn, the recovery phase would be better described using the
Fig. 7. Arrhenius plots and best fits of the lifetimes of the oxygen FPs of rank (a) 1, (b) 2, (c
(black) and core–shell (red) model [61]. (For interpretation of the references to colour i
core–shell model due to the lack of polarisability in the rigid-ion
model.

5.1.5. Classical molecular dynamics investigation of the formation and
migration of dislocations

In addition to the studies of point defects shown in the previous
Sections, investigations of the extended defects created under irra-
diation in UO2 were also initiated. The structure of dislocations, an
) 3, (d) 4 of type I, (e) 4 of type II, and (f) 5 for different temperatures in the rigid-ion
n this figure legend, the reader is referred to the web version of this article.)



Fig. 9. Possible pathways for slip in UO2 on the f100gh110i system [62]. Red and
green spheres represent oxygen and uranium ions, respectively. Small blue spheres
represent the position of the O–U–O triplet as the dislocation moves up the page.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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estimate of strain they induce on the surrounding lattice and the
activation energy to dislocation creep were investigated using
empirical pair potentials, principally the Morelon potential [62].
Pure edge and screw dislocations with 1=2½110� Burgers vectors
were considered, these consisted of three edge dislocations with
½�110�, ½001� and ½1 �12� line directions respectively and a screw dis-
location with a ½110� line direction. The simulations cells were cre-
ated by rotating the fluorite UO2 lattice such that the dislocation
line direction was parallel to the z-axis. The cell was periodic in
the z-direction only and the line energy was determined by calcu-
lating the energy of ions contained within a cylindrical region, of
radius r, centred on the dislocation and subtracting the energy of
the same number of ions of perfect UO2 (i.e.

P
NjEj) lattice using:

EðrÞ ¼ EdðrÞ � EpðrÞ ffi EdðrÞ �
X

j¼U;O

NjhEji ð3Þ

where, Ed(r) is the energy of the cylinder containing the dislocation
and Ep(r) is the energy of a cylinder of the same radius containing
pure UO2.

The calculated line energies for the four dislocations examined
here are given in Fig. 8. This shows that the screw dislocation has
the lowest line energy and that there is excellent agreement
between the simulations (solid lines) and the predictions of linear
elastic theory (dotted lines) beyond the dislocation core.

To quantify how easy it is to move a dislocation, the Peierl’s bar-
riers to slip in each of the three edge slip systems was calculated
using the NEB method. This is defined as the minimum energy
the atomic configuration must overcome to produce a second
atomic configuration that is identical, apart from a displacement
of the dislocation core by a single lattice spacing, as shown in Fig. 9.

The lowest energy barrier occurs for the f100gh110i system
(2.5 eV nm�1), while the f110gh110i and f111gh110i slip sys-
tems have Peierl’s barriers of 4.6 eV nm�1 and 3.1 eV nm�1, respec-
tively. The calculated values, showing the lowest Peierl’s barrier on
the f100g slip plane, are in agreement with experiment for
stoichiometric UO2 [63].

5.1.6. Classical molecular dynamics simulations of collision cascades in
mono, bi and polycrystalline UO2

During reactor operation, the fission fragments generated
within the oxide fuel lose their kinetic energy from two types
of processes. At high energy, the fission fragment energy loss ori-
ginates essentially in inelastic interactions, such as electronic
excitations of atoms in the fuel matrix, which may result in the
displacement of atoms located along the ion trajectory. At lower
energies, energy loss occurs through ballistic collisions between
Fig. 8. Line energies of the dislocations as a function of the distance from the core
[62]. Solid lines are those determined from the simulations and dotted lines are the
calculated from linear elastic theory.
atoms. The ballistic phase of radiation damage is often investigat-
ed using the simulation of displacement cascades starting from a
primary knock-on atom (PKA) within the framework of molecular
dynamics. In this method a single atom (the PKA) in the simula-
tion cell is given a significant kinetic energy representing the bal-
listic interaction of radiation with the host matrix. This atom then
collides with its neighbouring ions which are subsequently dis-
placed and are able to displace other atoms. Different successive
phases occur during a displacement cascade. First, within a few
tenths of picoseconds, a ballistic phase is created during which
long range migration of atoms can occur. This phase leads to
the formation of sub-cascade branches. During a second stage,
the energy of the cascade is thermally dissipated and a molten
volume appears which lasts a few ps. Finally the temperature
inside the box decreases progressively under the influence of
the thermostat applied to atoms externally placed at the box
boundaries since the system is completely relaxed after a few
tens of ps.

There are a number of factors that can influence the evolution of
radiation damage cascades in materials, in particular the choice of
PKA (i.e. U or O), the amount of energy transferred to the PKA and
the direction in which the PKA is initiated. The influence of the
direction of the PKA was examined by performing simulations in
which 0.4 keV, 1 keV and 10 keV was assigned to the PKA in 24 dif-
ferent directions, while also taking care to examine the statistical
effects associated with CMD simulations [64]. The total numbers
of defects at the peak of radiation damage are plotted according
to the direction in which the PKA was initiated in Fig. 10.

The results suggest that at relatively low PKA energies there is
some anisotropy in the number of defects produced by the cascade.
However, as the initiation energy is increased the direction in
which the PKA is initiated becomes less significant.

The influence of grain boundaries on the primary damage state
created by a recoil nucleus in the UO2 matrix was also investigated
using classical molecular dynamics simulations [65]. This study
was divided in two steps: first, the study of the structural proper-
ties of several symmetrical tilt boundaries for different misorienta-
tion angles ranging from 12.7� to 61.9�, second the study of
displacement cascades near these grain boundaries.

For all the grain boundaries studied, the structure around the
interface up to about 10 Å exhibits a perturbed fluorite lattice.
However, in all cases, the structure after relaxation is stable. As
indicated in Section 5.1.3 the type of defects present at the inter-
face depends directly on the value of the misorientation angle.
For the small angles, for instance for the R41 grain boundary, the
interface defects correspond to edge dislocations without any sig-



Fig. 10. Total number of defects at peak damage as a function of the crystallo-
graphic direction of the PKA [64]. The error bar represents the mean number of
defects over the 10 simulations ± one standard deviation.
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nificant space between both mono-crystals. For misorientation
angles greater than 20�, e.g. for R5, there is a gap of about 1 Å
between the two mono-crystals which can be seen as a line of
Schottky defects at the interface. Displacement cascades were ini-
tiated with a uranium projectile with a 10 keV initial energy. In all
cases, numerous point defects are created at the grain boundary
region and the mobility of these defects is increased. However, cas-
cade morphologies depend strongly on the structure of the grain
boundaries (see Fig. 11).

Most of the displacements take place along the grain bound-
aries because of the large number of point defects at the GBs.
Therefore, one can assume that displacements are enhanced by
thermal diffusion and not due to ballistic collisions. Consequently,
a large part of the PKA energy is dissipated along the GBs and few
point defects are created in the grains.
Fig. 11. Snapshots of displaced atoms at the end of displacement cascade initiated nea
represent the uranium atoms while the small red ones represent the oxygen atoms. (For in
the web version of this article.)
In the case of poly-crystalline UO2, displacement cascades
develop only in a few grains, and the grain size is not affected. This
behaviour is similar to the one observed in bi-crystal symmetrical
tilt boundaries with high misorientation angles. GBs diminish the
number of collision sequences and act like sinks which trap the
least energetic atoms. The role of the pre-existing defects at the
interfaces is then of great importance for the creation of the prima-
ry damage due to a recoil nucleus. The grain size, however, prob-
ably plays an important role and needs to be considered in
further studies.

5.1.7. Simulation of thermal spikes in mono and polycrystalline UO2

using classical molecular dynamics
In continuity with the work studying primary damage creation,

thermal spikes were simulated in mono- and poly-crystalline UO2.
While simulations of displacement cascades model the primary
damage arising from collision sequences, which occurs for low
energy projectiles, thermal spikes simulate the primary damage
induced by high energy projectiles whose energy is mainly
deposited in electronic excitations.

The thermal spikes simulated in monocrystalline UO2 all exhibit
the same three stages [13]. The first stage of the thermal spike con-
sists of the melting of the inner cylindrical zone, after less than
0.1 ps. Due to the difference in local density between the melted
zone and the fluorite lattice, a shock-wave is rapidly emitted from
this cylindrical zone. Subsequently a solidification phase occurs
and lasts for approximately 50 ps. It is during this phase that resi-
dual damage appears. Nevertheless, no amorphisation of the fluor-
ite matrix remains at the end of the thermal spike. Simulations
performed in bulk UO2 show different types of damage according
to the initial energies. Below a linear energy transfer equal to
16 keV/nm, no defects or few point defects located within the ther-
mal spike core are found.

For linear energy transfer greater than 16 keV/nm interstitial
clusters appear in the {111}-plane leading to the formation of
small edge dislocation loops with Burgers vector in the h110i
r various GBs: (a) R41, (b) R25, (c) R13, and (d) R17 [65]. The large grey spheres
terpretation of the references to colour in this figure legend, the reader is referred to



Fig. 12. Primary damage state after a thermal spike initiated with a linear energy
transfer of 66 keV/nm [13]. Only the atoms with potential energies higher than in
the bulk of the fluorite structure are shown. The colours indicate the potential
energy leveled from blue for the lowest potential energies to red for the highest
ones. Dislocation loops appear with burger’s vector along the h110i direction. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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direction along the {111} slip plane. For higher linear energy trans-
fer energies (>66 keV/nm) nanometric edge dislocation loops are
formed with Burgers vector in the 1/2h110i direction along the
{100} slip plane, as shown in Fig. 12. It is important to remark here
that for the geometry considered, a linear energy transfer of 4 keV/
nm corresponds to a total energy dissipated in the simulation box
equal to 80 keV. The damage created by thermal spikes is therefore
significantly different from that created by displacement cascades.

Thermal spikes were then simulated in polycrystalline UO2. The
polycrystal was created using the Voronoï polyhedral scheme.
Therefore, each grain boundary has no particular structure and
embeds several point defects. We have studied a simulation box
of size 50 � 50 � 50 nm containing 60 grains of different fluorite
orientations with minimum grain size of 3 nm. A 66 keV/nm ener-
gy was chosen to initiate the thermal spike inside one grain since
this initial energy created the maximum damage in the bulk (dis-
location loops).
Fig. 13. Snapshots of a thermal spike initiated with a 66 keV/nm energy in a polycryst
nearest uranium neighbours): red corresponds to the coordination number of the perfect
correspond to coordination numbers lower than 12. (For interpretation of the references t
The results of the simulation are summarised in Fig. 13. Each
image represents a snapshot of a 10 Å slab during the thermal
spike. Atoms are colour coded according to their potential energy:
red atoms correspond to atoms in fluorite structure while other
colours represent atoms in point defect or surrounded with point
defects. This representation facilitates the localization and visu-
alisation of grain boundaries.

After 4 ps a melting zone appears in the centre of the box (blue
circle in the second snapshot). It is confined within one grain,
which melts completely. This result is different to what was
observed for displacement cascades in poly-crystal UO2 [65] where
the melting zone crosses several grain boundaries because of sub-
cascade branches. Here, the grain boundaries act as energy sinks.
During the recrystallization phase, which follows the melting
phase after about 28 ps, surrounding grains grow into the melted
zone. At the end of the simulation only point defects are created.
Unlike the simulation of a thermal spike carried out in single-crys-
tal, no linear defects (dislocation loops) were created. These differ-
ences between mono- and poly-crystals show the importance of
grain boundaries as energy sinks. However, grain size effect should
play an important role and should be considered in further studies.
5.1.8. Classical molecular dynamics study of radiation induced
diffusion

The contributions of the electronic and nuclear processes of
energy loss during irradiation to the migration processes in the
material are usually referred to as radiation induced diffusion
(RID). Since this phenomenon is a key parameter of all fuel perfor-
mance applications, it is essential to ascertain what physical pro-
cesses contribute to it and to what extent. Classical molecular
dynamics simulations using the interatomic potential developed
by Morelon et al. [54] were performed in an attempt to estimate
ballistic mixing effects and their possible temperature dependence
[66]. Collision cascades were simulated at various temperatures
from 300 K to 1400 K, covering the temperatures relevant to nor-
mal operation and to long term storage conditions. Because of
the computational resources required for such calculations, the
energy of the projectile, a uranium primary knock-on atom
(PKA), is limited to several tens of keV. Simulations were therefore
performed with various incident projectile energies (from 1 keV to
80 keV) to enable the extrapolation of results to more realistic PKA
energies.

Since a displacement cascade does not impact all the atoms pre-
sent in the material, as thermal diffusion processes do, the mean
square displacement of atoms has little meaning if given without
the correspondent number of displaced atoms. The total square
displacement R2

X , i.e. the mean square displacement multiplied by
the number of atoms displaced through the irradiation process, is
here a more relevant parameter since the diffusion coefficient
related to irradiation is directly connected to it. If the number of
cascades F which occur in a certain fuel volume during a given time
al UO2 [13]. The atoms are colour coded by their coordination number (number of
fluorite structure (12 uranium first neighbours), rainbow colours from yellow to blue
o colour in this figure legend, the reader is referred to the web version of this article.)



Table 4
Incorporation energies of krypton and xenon atoms in UO2 calculated using the GGA
and the GGA + U approximation.

Incorporation energies (eV) Int. VU VO S1 S2 S3

Kr DFT + U 6.6 2.2 5.3 0.6 1.3 1.4
Xe DFT 12.0 5.8 9.1 / / /

DFT + U 9.5 3.8 6.9 1.2 1.8 2.3
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is known, it is then possible to estimate the diffusion coefficient
Dn(X) associated with the nuclear contribution to RID of element
X using Einstein’s equation, as expressed below:

DnðXÞ ¼
1

6� Vc � dX
F � Vc � R2

X ¼
1

6� dX
F:R2

X ¼ K:F ð4Þ

where dX is the volume density of element X, Vc the volume occu-
pied by displaced atoms following a cascade event and K the pro-
portionality constant between the fission rate and the athermal
diffusion coefficient. The 1/6 factor comes from the symmetry of
the uranium dioxide fluorite structure.

The results of the simulation show that the number of displaced
atoms and the total square displacement are proportional to the
PKA energy, which makes it possible to extrapolate them to higher
energies. They also increase slightly with temperature. Then, as
was shown previously [13], the total square displacement is
approximately proportional to the number of cascade overlaps.

Fig. 14 shows the thermal diffusion and RID coefficients of oxy-
gen and uranium in UO2 estimated from the current CMD results
for normal operating (temperatures from 700 to 1400 K, cascade
density equal to 2 � 1019 m�3 s�1 over 4 years) and long-term stor-
age conditions (temperatures below 700 K, cascade density less
than 5 � 1015 m�3 s�1 over 10,000 years) compared with the RID
coefficients found in the literature (in some cases extrapolated).

It can be seen on Fig. 14 that radiation induced diffusion is an
almost athermal process, as was expected at least in the nuclear
energy loss regime. It can be seen on Fig. 14b that the calculated
in-pile uranium diffusion coefficient describing the ballistic mixing
lies two to three orders of magnitude below that determined
experimentally under comparable conditions. It is therefore prob-
able that nuclear collisions and the associated ballistic mixing do
not provide an explanation for the observed movement of atoms
under normal operating conditions. Electronic excitations which
are not taken into account in the simulations and/or the enhanced
diffusion of defects could explain this difference. For oxygen,
experimental thermal diffusion coefficients range between
1 � 10�20 and 1 � 10�22 m2 s�1 at 700 K and are therefore compa-
rable to the RID coefficients estimated here. At 1400 K on the other
hand, the ballistic contribution to the diffusion coefficient seems
negligible (2 � 10�22 m2 s�1 in comparison with 1 � 10�14 and
10�12 m2 s�1 at 1400 K).

In long-term storage conditions, the values determined in this
study are at least two to three orders of magnitude below those
which were deemed relevant for spent nuclear fuels. The
Fig. 14. Ballistic mixing contributions to the RID coefficients for (a) O and (b) U in UO2 e
cascade density less than 5 � 1015 m�3 s�1 over 10,000 years) and normal operating c
2 � 1019 m�3 s�1 over 4 years) compared to the thermal diffusion coefficients from the l
phenomena mentioned above may be invoked to explain this
difference.

These first results relative to the ballistic mixing under irra-
diation constitute a relevant dataset to feed models relative to
the fuel behaviour under irradiation.
5.2. Transport properties of fission gases in UO2
5.2.1. Electronic structure study of rare gas incorporation in UO2

The incorporation of krypton and xenon was investigated in
UO2 using DFT + U [43,8]. The same calculation level and para-
meters was used as for the study of defect formation and migration
(see Section 5.1.1). The impurities were introduced at various posi-
tions in the crystal lattice, in particular the oxygen and uranium
substitution sites (VO and VU), the octahedral interstitial site (Int.)
and in the three possible Schottky defects (S1, S2 and S3). The incor-
poration energies obtained are given in Table 4. Positive incorpora-
tion energies mean that the impurity is not favourably
incorporated in the lattice.

It can be seen in Table 4 that the incorporation energies of Kr
and Xe are all positive, which means that Kr and Xe are insoluble
in UO2. These energies are high for all defects except for the Schot-
tky defects (values around 1 eV). This suggests that if Xe and Kr are
not soluble as interstitial or in U or O sites, they should be relative-
ly easily incorporated in pre-existing trivacancies.

The incorporation energies calculated also show that Kr and Xe
have a similar behaviour in UO2. Combined with the analysis of the
atomic displacements (see Fig. 15) and charge redistribution
observed after incorporation, the results obtained prove that steric
effects are the main contribution to the incorporation of these rare
gas atoms in UO2 as is expected because of their filled electron
shell, as was also shown by Thompson and Wolverton [67] and
Brillant et al. [68].
stimated in this work using the CMD results in storage (temperatures below 700 K,
onditions operating (temperatures from 700 to 1400 K, cascade density equal to
iterature (references are listed in [66]).



Fig. 15. UO2 supercells containing (a) one Kr and (b) one Xe atom incorporated in a U vacancy. Uranium and oxygen atoms are represented in blue and red, respectively. The
rare gases are shown in grey and the purple atoms represent the oxygen atoms first neighbours of the rare gas. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5
Free energies of Xe (in eV) accommodated at point defects as a function of
temperature, compared to the energies obtained at 0 K using energy minimisation.

Temperature/K Xei XeU XeO Xedimer XeSchottky

0 [70] 11.92 5.40 9.34 4.87 4.21
300 11.71 5.45 9.27 4.87 4.23
550 11.54 5.48 9.27 4.87 4.23
800 11.07 5.56 9.22 4.89 4.23
1050 10.81 5.56 9.14 4.82 4.24
1300 10.73 5.64 8.98 4.77 4.64
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5.2.2. Empirical potential study of Xe incorporation in nanovoids
The study of the incorporation of rare gases in larger defects is

not yet possible using electronic structure methods and empirical
potentials must then be used. The thermodynamics of the forma-
tion of Xe containing nanovoids and bubbles from point defects
was investigated using an unusual disintegration procedure within
the context of classical molecular dynamics simulations employing
empirical pair potentials [69]. The Morelon empirical potential [54]
was chosen for pure UO2 and a new potential developed during the
F-BRIDGE project was used for Xe-U and Xe-O in UO2 [70]. This dis-
integration procedure allows the determination of the free energy
of Xe atoms accommodated in the UO2 lattice and more important-
ly an estimation of the dynamic and temperature effects.

In the disintegration procedure the interactions with the target
ion (i.e. the one for which the free energy is to be calculated) are
reduced incrementally such that no entropy is created during each
step and the process can be viewed as being reversible. The inter-
nal energy, dU, of the system can be calculated using:

dU ¼ dF þ TdS ð5Þ

where dF is the change in the Helmholtz free energy, T is the tem-
perature and dS is the change in entropy. As no entropy is created
the total change in the entropy is simply that exchanged with the
thermostat and Eq. (5) becomes:

dU ¼ dF þ TdS ¼ dF þ dQ reversible ð6Þ

where dQ is the variation in heat during a reversible reaction.
The variation in the internal energy during a reversible reaction

may also be given by

dU ¼ dQ reversible þ dW reversible ð7Þ

where dWreversible is the work performed along the disintegration
path, i.e. the free energy (dF = dWreversible).

The free energies of the Xe atoms incorporated at point defects
in UO2 are presented in Table 5. The data predicts that there is very
little change in the free energy of Xe accommodated at point
defects as the temperature increases. Xe sits preferentially in
Schottky defects (S), as was seen at 0 K. At higher temperatures
the oxygen sublattice starts to diffuse and so larger differences in
the free energy are predicted due to the rearrangement of the oxy-
gen ions surrounding the defect.

The free energies of each Xe atom in a series of nanovoids and
bubbles with different radii and Xe densities were calculated using
the disintegration procedure. The evolutions of the average Xe free
energy are presented as a function of the Xe:Schottky ratio and of
the density of Xe in the bubble in Fig. 16.

Fig. 16a shows that as the Xe:Schottky ratio increases the aver-
age free energy of the Xe contained within the bubble increases
until the Xe:Schottky ratio reaches approximately 1.6, after which
the free energy remains relatively constant. The temperature also
appears to have only a very small influence on the average free
energy. By comparing the average free energies in the different
bubble sizes at a Xe:Schottky ratio of 1 it is evident that there is
a decrease in the average free energy of Xe going from a single
Xe in a single Schottky defect to 4 Xe atoms in the nanovoid and
up to bubbles of 6 and 10 Å radius, thus suggesting a driving force
to bubble nucleation.

Besides, Fig. 16b shows that there is a significant difference
between the free energy of Xe in a bubble in UO2 and pure Xe with
the same density, and that this difference decreases as the size of
the bubble increases. This difference is particularly apparent in
the density region that has been observed experimentally as
demarked by the vertical black lines in Fig. 16b. Therefore for the
smallest bubbles in UO2 it is not appropriate to consider that the
Xe gas in these bubbles will behave the same as the pure Xe case
due to the Xe/UO2 interface. For the 10 Å radius bubbles the dis-
crepancy is reduced but still significant. The equation of state of
gaseous Xe EOS is therefore not valid for small bubbles.
5.2.3. Empirical potential investigation of He migration in bulk UO2

In addition to the incorporation of rare gases, their migration
properties are important parameters of mesoscale models. The
migration of He in UO2 was investigated [71,72] using three sets
of interatomic potentials: the Morelon et al. [54] and the Basak
et al. [73] potentials, as well as the Yakub potential developed in
the F-BRIDGE project [71].



Fig. 16. Evolution of the average Xe free energy as a function (a) of the Xe:Schottky ratio and (b) of the density of Xe in the bubble [69].

Fig. 17. Apparent activation energy of the helium diffusion in UO2+x estimated
using CMD with the free hopping approximation.
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Since the diffusion of He is a slow process, a combination of
conventional CMD and Monte Carlo (MC) methods was applied
to accelerate the simulations using the Yakub potential. In a real
oxide fuel, the solubility of He is extremely low and increases with
temperature. The He concentrations in CMD simulations cannot be
kept as low as in reality due to accuracy requirements and in order
to maintain reasonable simulation times. CMD simulations were
therefore performed at He concentrations higher than in the real
dioxide, and the results were then extrapolated to lower
Fig. 18. He diffusion coefficient in the (a) hyperstoichiometric and (b) hyp
concentrations. Fig. 17 shows the evolution of the apparent activa-
tion energy to He diffusion as a function of stoichiometry.

It can be seen on Fig. 17 that the apparent activation energy
decreases when the deviation from stoichiometry increases. In
hyperstoichiometric UO2 the activation energy is about 1.3 eV for
O/U = 2.09. In the hypostoichiometric system it even becomes less
than 0.5 eV for O/U = 1.91.

CMD simulations using the Basak and Morelon potentials were
also performed at temperatures ranging from 1000 to 3000 K. Var-
ious deviations from stoichiometry were considered in each case to
derive an Arrhenius expression for He diffusion in the hyper- and
hypostoichiometric domains. The Helium diffusion coefficients
derived using the Morelon potential are plotted in Fig. 18.

The simulations suggest two migration mechanisms for helium.
At low temperatures He diffusion is assisted by oxygen vacancies
and exhibits a very low activation energy, around 0.5 eV. In the
high temperature region, as well as for stoichiometric and hyper-
stoichiometric uranium dioxide, the activation energy presents a
higher value, around 2.1 eV. Such behaviour was expected since
at high temperature or in absence of structural defects, thermally
generated defects dominate with concentrations showing a Boltz-
mann dependence on both the temperature and the defect forma-
tion energy. In that case, the activation energy is given by the sum
of the migration energy and of the formation energy of the assist-
ing defect.

The expression that can be derived for He intrinsic diffusion
coefficient, i.e. in the stoichiometric and hyperstoichiometric
domain, is as follows for the Morelon potential:
ostoichiometric domains obtained using the Morelon potential [54].



Fig. 19. Diffusion coefficient of xenon atoms as a function of temperature. Atoms
located at grain boundaries are in red and purple; bulk atoms in blue and light blue.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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DHe;int ¼ 0:5 exp
�2:0 eV

kBT

� �
cm2=s ð8Þ

and for the VO-assisted mechanism (hypostoichiometric domain),

DHe;VO ¼ 0:011 � jxj � exp
�0:5 eV

kBT

� �
cm2=s ð9Þ

where x is the (negative) deviation from stoichiometry.
NEB calculations were performed to elucidate the He migration

pathways. He diffusion was considered both in a perfect lattice and
in presence of one oxygen vacancy. NEB calculations confirmed the
vacancy-assisted mechanism, which implies jumps between octa-
hedral interstitial positions and oxygen vacancy locations, and
showed that the observed migration energy corresponds to the
barrier between the two sites. When there are no extrinsic oxygen
vacancies (i.e. in the stoichiometric and hyperstoichiometric
regimes) oxygen vacancies can still be created at elevated tem-
peratures as intrinsic defects. It was found, however, that another
diffusion mechanism, consisting of direct jumps of He atoms
between octahedral sites with a migration energy around 2.2 eV,
is operative at elevated temperatures. This is confirmed by both
the MD and the NEB calculations. The migration energies calculat-
ed are reported in Table 6.

Finally, the effect of uranium vacancies on He diffusion was
investigated. It was found that when He atoms are initially located
in octahedral interstitial sites, no effect of uranium vacancies is
observed on the diffusion coefficient. When He atoms are initially
located at uranium vacancy sites, however, the diffusion coefficient
decreases by 3 orders of magnitude. This shows the trapping effect
of uranium vacancies on He atoms.
5.2.4. Empirical potential investigation of Xe migration near grain
boundaries or dislocations

Xe is known to precipitate in nuclear fuel, either inside the
grains (to form intragranular bubbles) or at grain boundaries
(forming intergranular bubbles). The modelling of all steps leading
to the formation of these bubbles is essential to properly describe
the fission gas release process. The present section focuses on the
mechanisms of diffusion leading to segregation or precipitation
near grain boundaries and dislocation loops.

Following the investigation of Xe migration in bulk UO2 [74],
the behaviour of Xe at grain boundaries was studied using classical
molecular dynamics [75]. Two polycrystalline systems containing
6 grains with total sizes 10 � 10 � 10 nm (referred to as small sys-
tem) and 20 � 20 � 20 nm (called large system) were constructed.
The simulations performed enabled the calculation of the diffusion
coefficient at grain boundaries as a function of temperature which
is shown in Fig. 19.

The fit of the data of Fig. 19 yields activation energies to the Xe
migration in the bulk and the grain boundaries equal to 2.4 and
0.9 eV, respectively. A faster diffusion coupled to a lower activation
energy is observed at the grain boundaries compared to the bulk,
as was seen for U (see Section 5.1.3). Uranium and xenon atoms
show similar activation energies, in agreement with the hypothesis
that Xe migration is assisted by uranium defects. It should be noted
that Xe clustering occurs at grain boundaries.
Table 6
He migration energies (in eV) between two octahedral interstitial positions (OIS) and
between an interstitial position and an oxygen vacancy, NEB calculations with Basak
and Morelon potentials.

Migration mechanism Basak Morelon

HeOIS) HeOIS 3.5 2.26
HeOIS) HeVO 0.42 0.42–0.48
The effect of microstructure on segregation characteristics of Xe
was then explored [76] by substituting uranium ions by Xe in the
previously determined atomic structures of dislocations: edge and
screw, both with Burgers vectors of h110i (see Section 5.1.5). The
segregation energy is thus the difference between the energy of
Xe in a U vacancy in the bulk and near the dislocation. Fig. 20
shows plots of the Xe segregation energy as a function of the dis-
tance from the dislocation, as well as a contour plot of the energies
in the plane perpendicular to the dislocation direction. For both
dislocation types the Xe energy increases as the distance from
the dislocation core increases. The segregation energies for the
edge and screw dislocations were predicted to be approximately
2.7 eV and 5.5 eV, respectively. Xe segregation to dislocations is
therefore found to be thermodynamically favourable and more
favourable to a screw dislocation than to an edge dislocation by
approximately 3 eV.

For the edge dislocation the lowest energy segregation site is in
the tensile region of the strain field close to the dislocation core.
This result is intuitive as the XeU defect is predicted to have a posi-
tive defect volume. Interestingly, despite this positive defect vol-
ume the segregation of Xe into the compressive region of the
dislocation is preferable to bulk UO2. The screw dislocation, on
the contrary, does not possess a significant region of hydrostatic
strain and as a result the perturbation caused by the incorporation
of Xe is significantly less than for the edge dislocation.

In order to provide context we compare these segregation ener-
gies obtained for dislocations to those obtained for the R5 (tilt), R5
(twist) and random grain boundaries discussed in reference [76].
Segregation energies for the R5 (tilt), R5 (twist) and random grain
boundaries were found to be 4.1 eV, 1.0 eV and 6.4 eV, respectively.
Therefore, the most thermodynamically favourable site for Xe seg-
regation is at a randomly arranged grain boundary followed by
accommodation near the core of a screw dislocation.
5.2.5. CMD investigation of rare gas resolution under irradiation
Bubbles act as traps for noble gases in nuclear fuels. However,

this trapping effect is only temporary because of interaction of the-
se bubbles with energetic particles that lead to partial resolution or
even full destruction of the bubble. This process, generally referred
to as irradiation-induced resolution, has been known for more than
40 years. A first interpretation is the Nelson model [77] where
direct elastic collision with fission fragments or energetic PKA
results in the ejection of atoms, one by one, from the bubble. That
mechanism has later been called homogeneous resolution. Com-



Fig. 20. Relative Xe energy versus distance for (a) an edge and (c) a screw dislocation in UO2 [76], (b) and (d) are energy maps of (a) and (c): the sites are coloured by their
relative energies indicating the lowest energy (black) to the highest energy (yellow) sites. Each point is the position of a single Xe atom at a given site in the UO2 host. In both
cases the dislocation line is along the z-axis of the coordinate system (out of the page). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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mensurate with the work of Nelson, Turnbull and Cornell [78] pro-
posed another model by which the energy lost by fission fragments
through electronic excitation favours a ‘‘sputtering’’ mechanism
where blocks of material (1.0–2.0 nm size) traverse the bubble,
leading to gas resolution. This mechanism has later been called
heterogeneous resolution. In the initial model of Turnbull, bubbles
are assumed to be partially or totally destroyed when they are tra-
versed by a fission fragment. The proposed resolution rate is pro-
portional to the bubble content, with an estimation of 200
resolved atoms per traversing fission fragment for a 10 nm bubble.
Later on, the model was adapted to account for an interaction dis-
tance between the fission fragment path and the bubble (the track
radius), which would, de facto, lower the estimated number of re-
solved atoms per fission fragment.

The efficiency of both types of resolution processes was investi-
gated using molecular dynamics techniques. Elastic collisions that
were proposed by Nelson to explain gas resolution operate mostly
below a few hundred keV for high energy ions and lead to a ballis-
tic process similar to that observed during the recoil of an atom
after neutron scattering or radiative emission such as a-decay.
Such collision cascades have been studied using the PKA approach,
where the initial collision is modelled through an impact energy
given to a regular lattice atom (cf. Section 5.1.6). This approach
was applied to helium [79,80] and xenon bubbles [81] in UO2 to
illustrate the resolution from small intragranular bubbles.

It was found that the interaction of helium bubbles with urani-
um PKAs with energies between 10 and 50 keV resulted in gas
resolution via two mechanisms. First, energetic recoil during the
ballistic phase and second via leakage into the highly defective
region of UO2 at the bubble surface: damage assisted resolution.
Examples of these mechanisms can be viewed in Fig. 21. Helium
bubbles of increasing density were investigated and resolution
was observed in all cases both by damage assisted and ballistic
mechanisms. The probable mechanism of resolution (i.e. damage
assisted or ballistic) was determined by monitoring of the resolved
atoms’ kinetic energy throughout the simulation. The amount of
total resolution was found to increase with increasing bubble den-
sity. It is unclear, however, if the proportion of atoms resolved by
the two mechanisms also varies as a function of bubble pressure.

In the case of Xe, displacement cascades simulations initiated
by PKA with energies between 10 and 50 keV were performed in
the presence of low, medium and high density xenon bubbles of
radius 2.0 Å and 2.5 nm. No resolution was observed in the major-
ity of simulations (68%). The maximum resolution, which occurred
only in two simulations, was 3 atoms emitted from the bubble via a
ballistic mechanism. There was no significant increase in the aver-
age kinetic energy of the gas atoms in the bubble nor was leakage
observed into an amorphous region, as seen with helium.

The investigations also covered the damage created by thermal
spikes (cf. Section 5.1.7) since Turnbull’s model is based on the fact
that the major contribution to the slowing down of swift ions actu-
ally originates from interactions with electrons. The dependence of
resolution with bubble size, bubble pressure, thermal spike radius
and energy deposited by the thermal spike was investigated. The
numbers of resolved atoms for various conditions are illustrated
in Fig. 22.

At low energy deposition rate in the lattice, no resolution was
observed. Resolution was only observed starting from an energy
transfer equal to 13 keV/nm. The series of simulations performed
indicate that the number of resolved atoms increases almost lin-
early (over the range covered in our simulations) with the thermal
spike energy as follows:

Nat:resol ¼ 11:03 ðEav=at � 3:17Þ ð10Þ

where Nat.resol is the number of resolved atoms and Eav/at is the aver-
age initial energy (in eV) per atom deposited by the thermal spike.
Interestingly, no dependence of this quantity with the bubble size
or with the number of gas atoms they initially contain was
observed.

These results show that displacement cascades and thermal
spikes exhibiting similar energy transfers to the lattice give rise
to very different resolution. Displacement cascades result in limit-



Fig. 21. Displacement cascade simulation where a uranium PKA interacts with a small over-pressurised helium bubble [79]. (a) The PKA is initiated. (b) Ballistic phase; He is
emitted via energetic recoil. (c) Damage assisted resolution; He is absorbed into the highly defected region. (d) Final configuration at 25 ps where helium is trapped in the
disordered region of UO2.
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ed Xe resolution: a maximum of three atoms were resolved by a
50 keV PKA during the initial ballistic phase (first tenth of picosec-
onds). Much larger resolution is observed for thermal spikes where
the number of resolved atoms increases linearly with the deposited
energy starting from a threshold value of approximately 13 keV/
Fig. 22. Number of resolved Xe atoms as a function of the thermal spike energy,
plotted for various bubble sizes and gas density in the bubble [81].
nm. Resolution by thermal spike occurs during the whole duration
of the event (melting and cooling down phases).

Atomic scale simulations allowed us to assess the mechanisms
involved in earlier descriptions of resolution models (Nelson and
Turnbull models). Although this work supports the ‘‘bubble
destruction’’ approach of Turnbull, a major outcome is that bubble
size and bubble density do not influence the resolution parameter,
at least over the range covered in the study. The upper limit of
number of atoms resolved which is independent from bubble size
or pressure implies that from a certain size, bubbles can no longer
be fully destroyed, leading to an increase of bubble size due to
trapping. Uncertainties remain, specifically on the proportion of
the electronic stopping power that is actually converted to lattice
energy but our estimation is that at the highest stopping power
that could be expected from a fission fragment, the number of
resolved atoms per bubble would be between 5 and 20, the latter
value being obtained if one assumes full conversion.

6. Multiscale approach: summary of the links between the
atomic and mesoscopic scales

This section synthesises the results obtained in the develop-
ment of the multiscale approach by showing the parameters of
mesoscale models needed for the description of the atomic trans-
port properties of defects and rare gases in UO2 which were calcu-
lated using atomic scale methods during the F-BRIDGE project and
those which remain to be determined.



Table 7
Input parameters of mesoscale parameters concerning the thermal evolution of UO2

calculated using atomic scale methods during the F-BRIDGE project and those which
must still be determined.

Mesoscale parameters Electronic structure Empirical potentials

Point defect formation
energies: Vu, Vo,
Vuo, Vuo2, Io, Io2,
Iu, FP

Calculated using GGA
and GGA + U (see
Section 5.1.1)

Rigid ion and core–shell
(CS) pair potentials (see
[36])

Migration energies of
vacancies and
interstitials in bulk

Static calculations for Vu,
Vo, Io and Iu using GGA
and GGA + U (see
Section 5.1.1)

Static and dynamical
calculations for Vu, Vo, Io
and Iu using rigid ion and
core shell potentials (see
[36])

Calculations must be
done for Vuo, Vuo2, Io,
Io2

Calculations must be
done for Vuo, Vuo2, Io,
Io2

Migration energies near
extended defects
(vacancy clusters,
dislocations) or grain
boundary

Calculations of model
systems could be done

Calculations near
dislocations and grain
boundaries using rigid
ion potentials (see
Section 5.1.3)

Formation/bonding
energies of extended
defects

Very small clusters could
be done

Dislocations studied
using rigid ion potentials
(see Section 5.1.5)

Migration energies of
extended defects

Currently very difficult
because of the
computational cost

Dislocations studied
using rigid ion potentials
(see Section 5.1.5)

Incorporation and
migration energies of
isolated fission gas
and helium in bulk

Incorporation studied in
GGA + U (see
Section 5.2.1) migration
remains to be done

Static calculations using
rigid ion and core–shell
potentials (see
Section 5.2.3)

Migration energies of
isolated fission gas or
helium in or near
grain boundary or
extended defects

Calculations of model
systems could be done

Static calculations using
rigid ion potentials (see
Section 5.2.4)

Energy of rare gas in
bubbles/equation of
state

Currently very difficult
because of the
computational cost

Calculation for Xe using
rigid ion potential (see
Section 5.2.2)

Table 8
Input parameters of mesoscale parameters concerning irradiation processes calcu-
lated using atomic scale methods during the F-BRIDGE project.

Mesoscale parameters Empirical potentials calculations

Damage created Number and types of defects created by
‘‘small’’ displacement cascades using rigid ion
and shell model pair potentials (see
Section 5.1.6), as well as by thermal spikes
using rigid ion pair potentials (see
Section 5.1.7)

Resolution of defects Recombination of O Frenkel pairs using rigid
ion and shell model pair potentials (see
Section 5.1.4)

Precipitation of bubbles of
fission gases and helium

Calculations of the free energy of Xe bubbles
using rigid ion potential (see Section 5.2.2)

Resolution of gases Calculations of resolution of He and Xe in
cascades and thermal spikes using rigid ion
pair potentials (see Section 5.2.5)

Radiation induced diffusion Investigation using rigid ion pair potentials
(see Section 5.1.8)

Radiation enhanced diffusion Investigation of migration of He in presence of
defects at various stoichiometries (see
Section 5.2.3)
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6.1. Thermal evolution

Table 7 summarises the status of the calculations of the para-
meters concerning the thermal evolution of UO2 using atomic scale
methods. The parameters in orange are data that can be presently
calculated but could not be obtained by the end of the F-BRIDGE
project. The red colour indicates parameters that are still very dif-
ficult to obtain.

It can be seen in Table 7 that significant progress was made and
that most parameters concerning the thermal evolution of UO2

were calculated using state of the art empirical potential or elec-
tronic structure methods. These parameters were used in the
mesoscopic models developed in the project and presented in Sec-
tion 2. Of course, because of the complexity of the systems and of
the processes investigated, the results shown here will have to be
refined and extended in the future.

The high computational cost of electronic structure calcula-
tions, in particular for actinide compounds, induces very strict
limitations on the size of systems that can be considered, as well
as on the time of dynamic calculations. The investigations there-
fore focus on point defects and on the static investigation of migra-
tion pathways. Empirical potential studies complement the
electronic structure investigations by enabling much more exten-
sive dynamical investigation and the study of larger systems,
including grain boundaries and extended defects. The common
investigation of the properties of point defects enables the valida-
tion of the empirical potential results by comparison with the elec-
tronic structure results.
Concerning electronic structures calculations, larger and more
complex systems need to be modelled and the dynamics of the sys-
tems have to be investigated more exhaustively. Then, the influ-
ence of the defect charges needs to be studied, as has been
started since the end of the project by several authors [82,44–
46]. The influence of temperature on the parameters calculated
should also be determined. The behaviour of the rare gases and
the processes near extended defects, as well as the chemical evolu-
tion of fuel during burn-up should also be addressed. Moreover,
even more sophisticated approximations should be applied to
our systems. In particular, the combination of the DFT with the
dynamical mean field approximation (DFT + DMFT) [83], which
enables a dynamical description of the electronic correlations
and permits an even better description of the strong correlations
and magnetism in actinide compounds, should in a near future
be applicable to defective systems. Then, new functionals devel-
oped recently should improve the bonds formed between rare gas-
es and materials. This will enable us to further validate the results
presented here.

As for empirical potentials, calculations of even larger systems,
especially for the modelling of polycrystalline samples or extended
defects, should be envisaged to refine the results presented here.
The improvement of the potentials themselves, for instance the
development of charge transfer potentials enabling us to take bet-
ter into account the various charge states exhibited by the acti-
nides in oxide compounds, such as the many-body potentials
recently developed by Sattonnay and Tétot [84], Li et al. [85], Coop-
er et al. [86], would also improve the modelling and will enable us
to confirm the results presented in this article.
6.2. Radiation induced processes

Table 8 synthesizes the parameters of mesoscale models needed
for the description of the radiation induced processes in UO2 which
were calculated using atomic scale methods during the F-BRIDGE
project. It must be noted that due to the large size of systems that
need to be considered and the long times that need to be simulated
to model these phenomena, electronic structure methods are not
presently applicable. The results shown here were obtained using
empirical potentials.
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It can be seen in Table 8 that first calculations have been per-
formed to determine or evaluate all the types of parameters con-
cerning radiation induced processes in UO2 using empirical
potentials. These phenomena are, however, numerous and very
complex and if interesting results were obtained, the studies pre-
sented in this work should mainly be seen as examples of the fea-
sibility of investigating irradiation induced processes at the atomic
scale to obtain data necessary for the higher scales. Investigations
must be completed to obtain a more exhaustive view of the
mechanisms involved. The electronic processes of energy loss in
the material must in particular be further addressed. As in the case
of the thermal parameters, the application of more sophisticated
empirical potentials will also be a source of improvement.

7. Conclusions

Despite the specific difficulties involved in the description of
fuel under irradiation, the results obtained during the F-BRIDGE
project prove that atomic scale modelling methods are now mature
enough to investigate fuel materials and enable one to obtain pre-
cise data to feed higher scale models and help interpret experi-
ments on nuclear fuel. They have also shown that a multiscale
approach aiming at describing the fuel behaviour from the atomic
to the mesoscopic scale can contribute significantly in the determi-
nation of the underlying phenomena governing the transport prop-
erties of defects and rare gases in nuclear fuel.

Due to the complexity of nuclear fuel materials and of the phe-
nomena occurring under irradiation in reactor, however, these
results are only one step toward the elucidation of the mechanisms
leading to the complete evolution of nuclear fuels under irra-
diation. Much remains to be done and the results presented in this
article on the transport properties of defects and fission gases are
being refined and extended.

Progress has already been made in the study of transport prop-
erties since the end of the project. The investigation of the influ-
ence of the non-stoichiometry on defects [44–46,87] and fission
gas behaviour [82,87,88] using DFT + U and the many-body empiri-
cal potentials mentioned above [89] have showed the importance
of charged defects. Then, the calculation of the diffusion coefficient
of Xe calculated using a combination of electronic structure and
empirical potential methods have been confronted to the results
of atomic diffusion experiments to elucidate the elementary
mechanisms involved in gas diffusion [88].

Beyond the transport properties, other phenomena involved in
the behaviour of fuel under irradiation are investigated. In par-
ticular, thermochemical and thermomechanical properties are
the focus of numerous recent studies. Electronic structure calcula-
tions of thermal expansion or of the evolution of the bulk modulus
as a function of temperature [90], which are important data for
macroscale models, have started, as well as the electronic structure
evaluation of thermodynamical data, such as specific heat or vibra-
tional entropy [91], which are critical for the determination of
phase diagrams and fuel melting temperatures. The UO2 thermal
conductivity, which is another key parameter that determines
the fuel temperature in the pin, especially at its centre, and there-
fore impacts strongly all the thermally activated processes, as well
as fuel melting in off-normal situations, has also been determined
using DFT + U and empirical potentials [92–95]. Then, mechanical
properties and their evolution in the presence of irradiation-in-
duced defects have been investigated [96]. The study of the effect
of the microstructure, initiated in F-BRIDGE by the investigation
of dislocations, grain boundaries and polycrystalline UO2, has also
been extended and refined [97,98].

Finally, non-oxide fuel materials have been investigated in and
outside F-BRIDGE using electronic structure calculations, in par-
ticular carbide [99] and nitride fuels [100–103].
These studies open the way for the investigation of significant
phenomena involved in fuel behaviour under irradiation that have
not yet been investigated at the atomic scale, in particular.

� The evolution of the chemical composition due to burn-up, and
its effect on the fuel characteristics, especially thermal conduc-
tivity, melting temperature and mechanical properties.
� Thermodynamic data for fuel and fission product compounds,

which are major requirements to derive reliable thermodynam-
ic models and fission product speciation, especially for fuel-
cladding interaction and off-normal situations.
� Complex microstructures, in particular the high burn-up

structure.
� The behaviour under irradiation of more complex fuels, in par-

ticular mixed fuels such as MOX and minor actinide bearing
fuels.

At the mesoscopic scale, significant effort is needed to develop
the models to strengthen further the links between atomic and
macroscopic scales and address systematically the problem of
transferring information from one scale to another. One specific
need is to draw on recent modelling advances to develop and
improve elastic, plastic, creep and fracture models. Then, the cou-
pling between mechanics and thermochemistry [104,105] is a
promising approach to investigate fuel evolution and fuel cladding
interaction.
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