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a b s t r a c t

Atomic scale simulation techniques based on empirical potentials have been considered in the present
work to get insight on helium diffusion in uranium dioxide. By varying the stoichiometry, together with
the system temperature, the performed molecular dynamics simulations indicate two diffusion regimes
for He. The first one presents a low activation energy (0.5 eV) and suggests oxygen vacancies assisted
migration. This regime seems to provide the major contribution to diffusion when structural defects
are present (extrinsic defects, imposed, e.g. by the stoichiometry). The second regime presents a higher
activation energy, around 2 eV, and dominates in the higher temperature range or at perfect stoichiom-
etry, suggesting an intrinsic migration process. Considering the dependance of He behaviour with oxygen
defects, oxygen diffusion has been considered as well in the different stoichiometry domains. Finally, fur-
ther investigations were made with nudged elastic bands calculations for a better interpretation of the
operating migration mechanisms, both for He and O.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The behaviour of noble gases in nuclear fuel, and particularly
their release into the rod free volume, is one of the most limiting
processes with respect to the fuel performance. The total quantity
of produced He remains generally low as compared to the amount
of produced fission gas, and moreover the total He balance is often
negative (more He is absorbed form the filling gas in the fuel than
vice versa), therefore most studies have focused on Xe and Kr [1,2].

In view of this, He release is commonly not modelled in fuel
performance codes, or it is assumed to behave in the same way
as Xe, with a diffusion coefficient higher by a few orders of magni-
tude to take into account a supposed higher mobility [2]. However,
the relevance of He behaviour in nuclear fuels regains interest in
the context of its production by a-emitters in storage conditions
and, in-pile, in actinide-containing fuels (MOX and inert matrix
fuels), in view of new experiments [3–8] and theoretical studies
[9–11] that have been published in the recent years.

In the present work, He diffusion has been investigated by com-
puter simulations, using semi-empirical interatomic potentials.
Expressions for He diffusion in different stoichiometry regimes
were derived. The results suggest that two migration mechanisms
ll rights reserved.
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could be operative. It was found that in hypo-stoichiometric fuel
ðUO2�xÞ, He migration operates via an oxygen vacancy-assisted
mechanism which has a low activation energy. In stoichiometric
ðUO2Þ and hyperstoichiometric fuel ðUO2þxÞ, He migration operates
via direct jumps between interstitial sites and this mechanism has
a much higher activation energy. This second mechanism domi-
nates in all cases at elevated temperatures.

These simulations provided at the same time an opportunity to
calculate the oxygen diffusion coefficient for the same departures
from stoichiometry. Such results are still rather scarce and mainly
concern oxygen diffusion in a stoichiometric matrix above 2000 K
[12–17]. Very recently, two publications became available about
oxygen diffusion in non-stoichiometric uranium dioxide [18,19].

The calculation techniques will be described in Section 2, the re-
sults of molecular dynamics simulations will be presented in Sec-
tion 3 and further interpretations of them will be discussed in
Section 4.
2. Calculation method

2.1. Generalities

Computer simulations have been considered to investigate He
atomic diffusion in uranium dioxide, where classical semi-
empirical interatomic potentials have been used to describe atom
interactions. Three techniques based on these potentials have been
envisaged:

http://dx.doi.org/10.1016/j.jnucmat.2009.10.043
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Table 2
Energy (in eV) of He incorporation energies as obtained with the potentials used in
the present work, Grimes’ original potential [22] and ab initio results of Freyss et al.
[9]. Energies at different locations were considered (their identification in the Fm�3m
space group is provided between brackets): in octahedral interstitial position (IOP, 4b
site), at the mid-point between two of these octahedral interstitial positions (24d
site), in an VO site (8c site), at the mid-point between an V��O location and an octahedral
interstitial position (32f site, with x; y; z ¼ 0:375), and at a V

0000

U location (4a site). For
mid-point calculations, constrained energy minimization was used for He atom
coordinates.

Basak Morelon Grimes Grimes Freyss
Re-calc. Or. val. Ab initio

He location
4b (in IOP) �0.1 �0.1 �0.1 �0.11 �0.1
24d 4.1 2.6 4.2 3.8

8c (in V��O) �0.09 �0.19 �0.23 �0.19 2.4
32f ; x; y; z ¼ 0:375 0.47 0.37 0.44 0.38

4a (in V
0000

U ) �0.2 0.18 �0.2 �0.19 0.4
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– Molecular dynamics techniques, in which one follows the
time-evolution of the system. Forces acting on all atoms
are calculated at regular intervals from the interatomic
potential in order to determine their trajectories.

– Nudged elastic band (NEB) calculations, which simulta-
neously energy-minimize a set of intermediate configura-
tions in order to find the migration pathway between two
atomic configurations.

– Energy minimization, in which atom positions are relaxed
until an energy minimum is found. Constraints can be added
to the minimization, fixing, e.g. one or more coordinates of
an atom. They are used as complement to NEB calculations,
in order to better visualize the energy surface during
migration.

The last two techniques have been used in order to interpret the
migration mechanisms operating during the MD runs.

2.2. Interatomic potential selection

Based on a previous study [20,21], two sets of interatomic
potentials describing atomic interactions in the host matrix have
been selected: Morelon potential [13] and Basak potential [15].
The detailed description and parametrization of these two poten-
tials can be found in [20,13,15]. These sets of potentials showed
a good agreement with experiment on defect properties [20] (for-
mation and migration energies) and thermal properties [21] (lat-
tice expansion, melting temperature), which are essential in view
of the calculations we present here.

The interactions involving He atoms (He–O, He–U, He–He) were
taken from the work of Grimes et al. [22] and were coupled to both
above-mentioned potentials that described the UO2 matrix. He-
host atoms are based on a Lennard–Jones description:

VijðrÞ ¼
Bij

r12 �
Cij

r6 ð1Þ

The parametrization of these interactions is provided in Table 1. He
atoms, described by a shell-core model in [22], were treated in the
present work using the commonly-named rigid ions model (for he-
lium, the words ‘‘rigid atom model” would be even more appropri-
ate) in view of their low polarisability [11,22].

The Lennard–Jones potential proposed by Grimes et al. [22] has
been used in the present work for He–He interactions, even though
other elaborated potentials exist [23]. This choice has little influ-
ence on the derived results in view of the low He concentration
considered (no bubbles were formed), it has the only objective that
two He atoms could not share a common site.

The transfer of the He–O, He–U, He–He interactions developed
by Grimes et al. [22] to the set of interatomic potentials for UO2

developed by Morelon et al. [13] and Basak et al. [15] was assessed
by recalculating the different incorporation energies. The compar-
ison is reported in Table 2, together with a comparison to ab initio
results.

2.3. Molecular dynamics simulations

A conceptually simple method to determine the diffusion coef-
ficient is to compute atom trajectories by molecular dynamics
Table 1
He–O, He–U, He–He interactions [22]: Lennard–Jones type, Eq. (1).

Bij (eV Å12) Cij (eV Å6)

He–He 69.3559 0.493712
He–O 2247.836 11.762
He–U 500.425 7.366
techniques. These techniques have the advantage that no hypoth-
esis is made about the migration path, the system ‘‘finds” it by con-
struction. However, in order to have sufficient statistics over a run,
a significant number of atomic jumps is needed. Therefore only
processes with a relatively low activation energy can be simulated
within a reasonable amount of time.

The diffusion coefficient of solute atoms in a matrix (or a sol-
vent) can be estimated using the Einstein relation between D and
the mean square displacement < jrðtÞ � rð0Þj2 >:

< jrðtÞ � rð0Þj2 >¼MSQDþ 6Dt ð2Þ

This equation is valid for t !1. The mean square quadratic dis-
placement (MSQD) represents the spread of the ion motion around
their equilibrium position, and the second term comes from diffu-
sion itself. MSD curves have been fitted to Eq. (2) to derive the dif-
fusion coefficient for each MD simulation performed. The mean
square displacement is derived from the system trajectory. Consid-
ering N particles of one species, it is given by:

< rðtÞ � rð0Þj j>2 ¼ 1
NNt

XN

n¼1

XNt

t0

rnðt þ t0Þ � rnðt0Þj j2 ð3Þ

where rnðtÞ is the position of the nth particle at time t. The sum over
different t0 (Nt terms) enables for better statistics.

The MD runs were performed with a system containing
12� 12� 12 conventional unit cells (total of 20,736 ions), and
104 He atoms randomly distributed, initially in octahedral posi-
tion. Such a large system was needed in order to improve the sta-
tistics, averaging the mean square displacements of a larger
amount of atoms. The system was first brought to the desired tem-
perature initializing the velocities from a Maxwell–Boltzmann dis-
tribution and applying a re-scaling procedure (every 0.05 ps) for
1 ps. The system pressure was kept close to zero by an adequate
choice of the system volume, based on our previous study [21].
The remaining of the simulation was run in the NVE ensemble.
Atom positions were extracted every 0.1 ps during 25 ps, after an
additional equilibration period of 4 ps. Illustrations of mean square
displacement curves are shown in Fig. 1a and b. The diffusion coef-
ficient was then calculated by a least square fitting of the slope of
the mean square displacement evolution with time.

By computing the diffusion coefficient at different temperatures
(from 1000 to 3000 K by steps of 250 K), one can fit the results to
an Arrhenius form. In addition to a non-defective host matrix, dif-
ferent departures from stoichiometry were simulated by modifying
the concentration of oxygen point defects (vacancies or intersti-
tial): 0%, 0.5%, 1%, 2% and 5%, covering the stoichiometry range



Fig. 1. Evolution with temperature of oxygen mean square displacement curve in perfectly stoichiometric UO2. On the left (a): 2250–3000 K and on the right (b): below
2000 K.
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from UO1:90 to UO2:10; point defects positions were chosen at
random.
2.4. Nudged Elastic Bands calculations

‘‘Nudged Elastic Bands” (NEB) calculations allow to find the
optimum migration pathway between two different atomic config-
urations. Their implementation in DL_POLY [24] works a follow:

– Determine two energy-minimized configurations between
which the optimum migration pathway is to be searched.

– Generate intermediate states by linear interpolation
between both initial configurations, these intermediate
states are called the ‘‘beads” of the NEB ‘‘chain”.

– The beads are connected with each other by a harmonic
spring, with a user-defined force constant.

– The system energy of the whole chain, including the energy
of the successive springs, is minimized with the atomic
coordinates in the intermediate beads as degrees of free-
dom. The springs impede the relaxation of an intermediate
bead into the nearest local minimum.

– Refinement is brought (‘‘nudging”) to this simple descrip-
tion, by ensuring that the forces acting on the beads are
approximately orthogonal to the forces optimizing the bead
configuration. It should provide evenly spaced beads along
the migration path. The maximum energy along the chain
corresponds then to the migration energy between both ini-
tial structures.

The migration energy is an important parameter in the expres-
sion of the diffusion coefficient; however, energy minimization
cannot be used to fully characterize the diffusion coefficient be-
cause the dynamic part (i.e. jump attempt frequency) is not mod-
elled. It is therefore often coupled to molecular dynamics
simulations: as a complementary technique, to derive migration
energies and pathways, or in order to use these quantities in
hyperdynamics simulations, like Temperature Accelerated Dynam-
ics [24].
2.5. Constrained energy minimization

Energy minimization involves finding a configuration that min-
imizes the system energy, starting from a chosen atomic configura-
tion. Constraints can be added to the minimization (‘‘constrained
energy minimization”, CEB), e.g. by keeping an atom’s x; y, and/or
z coordinate (or any combination of them) fixed. The defect energy
calculation was based on the Mott–Littleton method, implemented
in the GULP [25] code. It considers a full relaxation for atoms inside
a first sphere and an approximate relaxation for atoms at larger
distance form the defect, until a second sphere beyond which a
continuous dielectric medium is assumed. Sphere radii of, respec-
tively, 9 and 20 Å were shown earlier [20] to provide a good energy
convergence. This technique has been used as a complement to
NEB calculations in order to better vizualize the migration path-
ways and barriers. A constrained relaxation was applied to the sys-
tem, where the x- and y-coordinates of the migrating He atom
were fixed at each step, the relaxation being allowed in the z-direc-
tion and for all other atoms. By repeating such calculation at differ-
ent x and y values, the energy surface the migrating atom is
subjected to during its migration could be sampled. In the present
work, the relaxed configuration for a He atom at a location ðx0; y0Þ
was us ed as basis for the relaxation at the location ðx0 þ Dx; y0Þ,
and an identical procedure was used to start a new ‘‘line” in the
y-direction. Dx and Dy intervals were set to 0.03 Å.
3. Diffusion coefficient analysis (MD simulations)

3.1. Helium diffusion in UO2�x

MD simulations of He in UO2 were made at temperatures rang-
ing from 1000 to 3000 K, by steps of 250 K. Various departures
from stoichiometry were in each case considered in order to derive
an Arrhénius expression for He diffusion in the different stoichiom-
etry domains. The departure from stoichiometry was modelled by
creating randomly dispersed oxygen point defects: vacancies and
interstitials for respectively the hypo- and hyperstoichiometric re-
gions. The influence of uranium defects has been qualitatively as-
sessed by performing a separate effect study. Their influence on
helium diffusion is discussed in Section 3.3.

He diffusion coefficient as derived from the MD runs are plotted
in Figs. 2 and 3 (respectively the hypo- and hyperstoichiometry do-
mains) for both Morelon and Basak potentials.

It clearly appears on these graphs that He diffusion at low tem-
peratures is assisted by oxygen vacancies, and presents a very low
activation energy, around 0.5 eV (see Fig. 2). In the high tempera-
ture region, as well as for stoichiometric and hyperstoichiometric



Fig. 2. He diffusion coefficient in the hypostoichiometry domain. Left: Morelon and right: Basak potentials.

Fig. 3. He diffusion coefficient in the hyperstoichiometry domain. Left: Morelon and right: Basak potentials.
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uranium dioxide, the activation energy presents a higher value,
around 2.1 eV. Such a behaviour could be expected since at high
temperature, or in absence of structural defects, thermally gener-
ated defects dominate whose concentration shows a Boltzmann
dependance on both the temperature and the formation energy
of the defect. In that case, the activation energy is given by the
sum of the migration energy and the formation energy of the
assisting defect.

Considering that the vacancy formation energy at stoichiometry
is given by half the formation energy of an oxygen Frenkel pair
ðEOFPÞ, with a value of approximately 1

2� 3:2—4:6 eV ¼ 1:5—2:3 eV
[20], a value in the 2–3 eV range could easily be explained assum-
ing VO-assisted migration is still operating. However, in that case, a
still larger activation energy should be observed in the hyper-stoi-
chiometric domain (since the formation energy of a vacancy in
UO2þx amounts to EOFP), which is not the case. Therefore, the
2.1 eV activation energy should correspond to a second, intrinsic,
migration mechanism. Further insights on the migration mecha-
nism will be given in the next section, thanks to NEB and static
calculations.

The expression that we could derive for He intrinsic diffusion
coefficient, i.e. in the stoichiometric and hyperstoichiometric do-
main, is the following:

DHe;int ¼ 0:5 exp
�2:0 eV

kBT

� �
cm2=s ð4Þ
and for the VO-assisted mechanism, with x the departure from
stoichiometry:

DHe;VO ¼ 0:011 � x � exp
�0:5 eV

kBT

� �
cm2=s ð5Þ
3.2. Oxygen diffusion in UO2�x

In view of the importance of oxygen defects for He migration in
UO2�x, some attention has also been paid to oxygen self-diffusion
in the different stoichiometry domains. Such MD results for oxygen
diffusion in UO2 are still poorly covered in the open literature, with
a few works devoted to perfectly stoichiometric UO2 [12–16], in a
nano-crystal (small system with free surfaces) [17], and recently in
hypo-stoichiometric [18] and hyper-stoichiometric [19] uranium
dioxide.

The diffusion coefficients derived from the MD runs with Basak
and Morelon potentials at different temperatures are plotted in
Figs. 4 and 5 for, respectively, the hypo- and hyper-stoichiometry
regions. A fitting of these points to an Arrhénius expression as a
function of the stoichiometry departure is provided in Table 5, to-
gether with comparison to other MD, ab initio and experimental
results. A good agreement is observed on both the prefactor D0

and the activation energy Eact in UO2�x and UO2:00. It can be ob-
served that the calculations with Basak potential (much less so
for the Morelon potential) show that for highly hypostoichiometric
UO2�x ðx > 0:1Þ, the activation energy is increased, probably due to



Fig. 4. O diffusion coefficient in the hypostoichiometry domain. Left: Morelon and right: Basak potentials.

Fig. 5. O diffusion coefficient in the hyperstoichiometry domain. Left: Morelon and right: Basak potentials.
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the large concentration of vacancies and to interactions starting
between them. The predicted behaviour in the hyperstoichiometry
region is far different for both potentials. Morelon potential pre-
dicts an activation energy half of that observed experimentally;
while Basak potential predicts a still lower activation energy. Fur-
ther detail about the operating migration mechanisms in the dif-
ferent stoichiometry domains will be provided in the next section.

In stoichiometric fuel, or at high temperature, oxygen diffusion
coefficient presents an activation energy of 2.4 eV (see Table 5 and
Figs. 4 and 5). Yakub et al. [16] associate a change of slope in the
vicinity of 2000–2500 K, with a k-transition. Contrary to their
work, such a change could not be observed in our estimation of
oxygen diffusion coefficient between 2000 and 3000 K. Lower tem-
perature results were not exploited for diffusion at stoichiometry
because of the too large uncertainties on diffusion coefficient val-
ues below 10�7 cm2=s that are derived from MSD curve (limited
due to the system size and simulation times considered in the
present work). Indeed, in such conditions, the slope of the MSD
was concealed by the fluctuations of the ions mean quadratic dis-
placement around their equilibrium position (this is illustrated in
Fig. 1). Changes associated to a k-transition below 2000 K should
therefore be investigated with larger systems and/or for longer
simulation times. In view of the system sizes (20,736 compared
to 324–12,000 atoms) and simulation times (25 ps compared to
10–40 ps) used in both works, similar uncertainties on the results
should prevail, and the possible influence of the k-transition in that
temperature region be considered with caution.

3.3. He trapping on uranium vacancies

Even though enhancement of He diffusion is not expected in
presence of uranium vacancies (considering their lower mobility,
with a migration energy above 2 eV [20], such defects could influ-
ence He mobility through a trapping effect. A MD study similar to
those of Section 3 was therefore performed, only with Morelon po-
tential, this time considering uranium instead of oxygen vacancies.
When He atoms were initially located into octahedral interstitial
sites, no effect of uranium vacancies could be observed on the dif-
fusion coefficient. However, when He atoms were initially located
at uranium vacancy sites, the diffusion coefficient decreased by
three orders of magnitude (see Fig. 6). These observation show
the trapping effect of uranium vacancies on He atoms, and could
explain the large difference observed for the prefactor of He diffu-
sion derived here and that determined experimentally.

Similarly, when uranium and oxygen defects were inserted,
only trapping effects could be observed, without modification to
the activation energy. This observation was made for both ran-
domly distributed uranium and oxygen vacancies, as well as for
randomly distributed trivacancies (close configuration of a ura-
nium and two oxygen vacancies).



Fig. 6. He diffusion coefficient in presence of randomly distributed uranium vacancies.

Table 3
He migration energies between two octahedral interstitial positions (OIS) and
between an interstitial position and an oxygen vacancy, NEB calculations with Basak
and Morelon potentials.

Basak (eV) Morelon (eV)

Migration mechanism
HeOIS ! HeOIS 3.5 2.26
HeOIS ! HeV��O 0.42 0.42–0.48
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4. Migration path analysis (NEB and CEM calculations)

4.1. Helium migration

To further elucidate the mechanism of He diffusion and to study
the diffusion path in more detail, NEB calculations were performed.
Such calculations are commonly coupled to molecular dynamics
simulations in order to get insight on the migration mechanism
or to accelerate the computed dynamics of the system like in Tem-
perature Accelerated Dynamics simulations [24,26]. In a first time
He diffusion was considered, both in a perfect lattice and in pres-
ence of one oxygen vacancy. Then, considering the importance of
oxygen defects, specific calculations were also made for oxygen
migration.

To that aim, we started Temperature Accelerated Dynamics
(TAD) calculations, as implemented in the DL_POLY 2.19 software
[24], considering a system consisting of 4� 4� 4 UO2 conventional
unit cells (256 U and 512 O atoms), where a He atom was inserted
as well, in one of the octahedral interstitial positions (4b site in a
Fm�3m space group). This technique was used to explore, for the
He atom, the different escape pathways from the interstitial posi-
tion it was initially located in. A jump was recorded if an atom,
after energy-minimization of the system configuration, was dis-
placed by more than 1 Å. For each computed jump, a NEB calcula-
tion was then initiated between the original and the final
configurations. Once a jump has occured, the configuration returns
to the original one and the simulation proceeds again, in order to
explore other possible migration pathways. The TAD simulations
performed ran for 500 ps at 2000 K, with an energy minimization
(to detect transitions) every 0.05 ps.

The NEB calculations showed a very good agreement with the
migration energies derived from the MD runs, providing in addi-
tion the migration pathway. The calculated migration energies
are reported in Table 3, together with MD and experimental migra-
tion energies. A similar procedure has been considered to derive
the migration energy in presence of an oxygen vacancy. These re-
sults are reported in Table 3. Concerning the migration pathway,
the results show a migration from an octahedral interstitial site
to an equivalent one when no VO is present, and a migration to
the vacant oxygen site when an VO is in an adjacent place. Consid-
ering the small energy difference between both site locations (less
than 0.1 eV), a similar migration energy applies to jump back from
the VO site to the interstitial site. In Figs. 7 and 8, the migration
mechanism is illustrated. These results were derived from a large
series of energy minimization calculations, mapping the ðx; yÞ coor-
dination plane with a fine mesh, and in each individual calculation,
the x- and y-coordinates of the He atom were kept fixed. The
migration energies calculated that way are in excellent agreement
with the NEB calculations, but are approximately 1000 times long-
er to be performed.

The next TAD step usually consists of extrapolating the system
evolution at high temperature to a lower temperature. The repeti-
tion of such step was not needed here, as the different diffusion
pathways could be identified and enough statistics to derive the
diffusion coefficient were already obtained from the MD runs of
Section 3.

4.2. Oxygen migration

Oxygen migration has been assessed as well with TAD/NEB cal-
culations, with a similar methodology as for He migration. Three
systems similar to the previous case were considered, except that
no He atom was inserted:

– a non-defective 4� 4� 4 supercell (768 atoms) to represent
the perfect stoichiometry;

– a 4� 4� 4 supercell from which one oxygen atom has been
removed, to investigate migration of the oxygen vacancy;

– a 4� 4� 4 supercell in which one oxygen atom has been
added, to investigate migration of an isolated oxygen
interstitial.



Fig. 8. Determination of He migration pathway for VO-assisted migration, Morelon potential. The same formalism was used as in the previous figure, but with a different
color-scale for the energy. The energy barrier in presence of a vacancy is about 0.5 eV. The migration pathway is illustrated in green. The sudden changes of energy near the
oxygen vacancy are due to convergence problems of the energy minimization technique.

Fig. 7. Determination of He migration pathway in a regular crystal, Morelon potential. The graph shows the relaxed He position in the z-direction as a function of its x- and y-
coordinates (fractional coordinates were used), and the color indicates the energy of the configuration, relative to the minimum energy configuration. The energy barrier is
about 2.3 eV. The migration pathway is illustrated in green. (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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The migration energies obtained with this technique are re-
ported in Table 4. No clusters of interstitials were considered in
the present NEB calculations in view of the weak influence of oxy-
gen interstitials on He diffusion and considering the work per-
formed by Ichinomiya et al. [18]. The low activation energy
derived from the MD runs with Basak potential is in poor agree-
ment with the NEB calculations presented here, but a very good
correspondence is found with the results derived by Ichinomiya,
also obtained with Basak potential, for cluster migration.

The other migration energies derived here confirmed those ob-
tained in our previous general comparison of interatomic poten-
Table 4
Oxygen migration energies for different mechanisms, NEB calculations with Basak
and Morelon potentials.

Migration pathway Basak (eV) Morelon

V��O migration 0.22–0.29 0.25–0.32 eV
Single O00I migration 0.9 0.53 eV
Permutation of 4 atoms 4.2 3.1–3.27 eV
Permutation of 8 atoms 7.1 Event not observed
tials for UO2 [20,21] for oxygen vacancies and interstitials, as
well as other studies with the same potentials [13,15,18].

However, for the stoichiometric compound, the calculations
indicate that the major contribution to oxygen diffusion is neither
coming from interstitials neither vacancies migration, but rather
from an ‘‘unexpected mechanism”: the simultaneous migration
of 4 regular oxygen atoms in a f100g plane by permutation of their
places:

O1 ! O2 ! O3 ! O4 ! O1

Other events were also recorded, such as the formation of an oxy-
gen Frenkel pair, but with a lower frequency and a much higher for-
mation energy. For Basak potential, another event where 8 atoms
permuted their place could be observed, with a higher migration
energy (see Table 4).

This observation, if confirmed by other techniques, questions
the reliability of Oxygen Frenkel pair formation energies derived
from diffusion experiments (e.g. [27,28]), since it is then assumed
that oxygen diffusion operates at stoichiometry through the migra-
tion of thermally created interstitials or vacancies. In addition, an
extension of this mechanism to the permutation of a larger number
of atoms, at sufficiently high temperatures, could be another way



Table 5
Comparison of the derived parameters for the diffusion coefficient to other sources (MD results and experimental values). The x-dependance column indicates by which function
the prefactor of the diffusion coefficient should be multiplied to take into account the diffusion coefficient variation with x.

Stoichiometry UO2�x UO2 UO2þx

Parameter (units) x-dependance (–) D0 (cm2/s) Eact (eV) D0 (cm2/s) Eact (eV) x-dependance (–) D0 (cm2/s) Eact (eV)

Morelona x 0.00075 0.37 0.5 2.4 x 0.0020 0.55
x ¼ 0:1 0.00100 0.45

Basak x 0.00035 0.27 0.3 2.4
ffiffiffi
x
p

0.0000 0.3
x ¼ 0:1 0.00045 0.45

Other MD sourcesa

Kupryazhkin et al. [17],
bulk

0:26—0:8 2:6—2:76

Kupryazhkin et al. [17],
surface

0.01 1.6

Govers et al. [20] 0:2—0:6 0:6—1:3
Ichinomiya et al. [18] 0.26 0.9 (single OI)

0:14—0:24 (clusters)

Ab initio results (only Emig)
Gupta et al. [30,31] 1:0—1:2 0:7—1:1

Experimental results
Matzke [27,28] (recom.) 0.26 2.55 x 0.0045 0.94
Kim and Olander [32] x 0.00022 0.5 x 0.0045 0.94
Contamin et al. [33] x 0.0045 0.94

a Only works where an expression for the diffusion coefficient was derived are referred in the table. For Morelon potential, the diffusion coefficient at stoichiometry derived
in [13] is similar to the one derived here, it has therefore not been added in the comparison table.
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to explain the sudden increase of oxygen mobility observed at the
k-transition in fluorite systems.

5. Discussion

5.1. First interpretation of the MD simulations results

In view of the results of Section 3, two different mechanisms
can govern helium diffusion in uranium dioxide. At low tempera-
ture and in the hypostoichiometric region, diffusion is assisted by
oxygen vacancies. The rate-determining step of this mechanism
seems to be the jump of the He atom itself, rather than the motion
of oxygen vacancies, in view of their lower migration energy.

The results also indicated a probable second mechanism, that
could not be linked to VO-assisted migration in view of the similar
He diffusion curves in the stoichiometric and hyperstoichiometric
domains.

5.2. Helium behaviour

Different calculation techniques involving empirical inter-
atomic potentials were used in the present work to investigate
the diffusion of helium and its migration mechanism in uranium
dioxide and for departures from stoichiometry ranging from �0.1
to 0.1. The simulations predict two migration mechanisms for he-
lium. One of them is active in presence of structural oxygen vacan-
cies and has a low activation energy, around 0.5 eV. NEB
calculations have confirmed a vacancy-assisted mechanism, which
implies jumps between octahedral interstitial positions and oxy-
gen vacancy locations, and that the observed migration energy cor-
responds to the barrier between both sites. When there are no
extrinsic oxygen vacancies (i.e. in stoichiometric and hyperstoi-
chiometric systems), oxygen vacancies can still be created at ele-
vated temperatures as intrinsic defects. It was, however, found
that at elevated temperatures another diffusion mechanism is
operative, with direct jumps of He atoms between octahedral sites,
with a migration energy around 2.0 eV. This is confirmed by both
the MD and the NEB calculations.

Both above-mentioned activation energies were also obtained
experimentally [3–5,29], but the experimental prefactor presents
a large scatter, which can, according to our observations, be ex-
plained in terms of trapping due to uranium vacancies, or possibly
intragranular bubbles.

5.3. Oxygen behaviour

Considering the impact of oxygen defects on helium migration,
oxygen diffusion has been considered as well in the present study,
with the same techniques that were used for helium migration.
The use of NEB calculations enabled to better identify the migra-
tion mechanism predicted by MD simulations, particularly for
what concerns diffusion at stoichiometry. Indeed, for both poten-
tials, the major contribution to diffusion occurs through a simulta-
neous exchange of position of four (or more) atoms. The
permutation occurs through motion of atoms along < 100 > direc-
tions. This observation, if confirmed by other techniques, questions
the reliability of Frenkel pair energies derived from diffusion coef-
ficients measurements. The migration energy associated to oxygen
vacancies motion was for both potentials in the range 0.2–0.3 eV.
This low migration energy confirms that the rate-determining step
for He migration is the jumping of He atoms. Less attention has
been paid to the hyperstoichiometry region in view of its low influ-
ence on He mobility. Only migration of single interstitials was con-
sidered with NEB techniques. The disagreement between NEB
calculations and MD simulations for the Basak potential shows that
another migration mechanism, with a much lower activation en-
ergy, is operative, probably involving the migration of clusters of
interstitials, as shown by Ref. [18].

The results obtained for oxygen diffusion agree very well with
experimental data for stoichiometric uranium dioxide, and with
previous work on MD simulations of oxygen diffusion; but the cal-
culations in off-stoichiometric systems predict slightly underesti-
mated migration energies of vacancies and interstitials compared
to the experimental values.

6. Conclusion

This work showed how He diffusion can be influenced by the
oxygen and uranium defects in UO2. At low temperature, He diffu-
sion is assisted by extrinsic oxygen vacancies. At high temperature
or if no extrinsic oxygen vacancies are present (as is the case in
stoichiometric and hyperstoichiometric systems), an intrinsic
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diffusion mechanism occurs, by atomic jumps from interstitial to
interstitial sites. The role of uranium vacancies is more difficult
to quantify, but it appears that they can act as traps for He atoms,
and therefore considerably reduce the diffusion coefficient. The
activation energy seemed, however, unaffected. Trapping by ura-
nium defects, and possibly by intragranular bubbles, can explain
the bad agreement in terms of prefactor and the good agreement
on activation energy between the present simulation results and
experimental measurements.

We also investigated oxygen diffusion, not only for a stoichiom-
etric fuel, but also for different departures from stoichiometry, at
temperatures starting at 1000 K. MD results showed a good agree-
ment with experimental data, reproducing the observed activation
energies in all stoichiometry regimes. A quite unexpected migra-
tion mechanism could be identified in stoichiometric UO2, namely
a circular permutation of four oxygen atoms located in the same
f100g plane, the motion of each atom occurring along < 100 >
directions.
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