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ABSTRACT

The aggregation of defect clusters in UO, under irradiations creates dislocation loops and cavities, which
in turn contribute to swelling of the fuels, leading to detrimental pellet-clad mechanical interactions.
The kinetics of the defect clusters, however, have received less attention and are not well understood.
Using two interatomic potentials, the Morelon potential and a many-body model by Cooper, Rushton,
and Grimes (CRG), the energetics and kinetics of small uranium interstitial clusters, with and without
bound oxygen interstitials, are investigated with molecular dynamics and accelerated molecular dynam-
ics simulations. For the single bound anti-Schottky interstitial cluster (U;20;), both potentials find the
interstitialcy migration mechanism to be a low barrier migration mechanism. However, for the CRG po-
tential, an oxygen Frenkel pair assisted interstitial cluster migration mechanism with a lower migration
barrier is identified during accelerated molecular dynamics simulations. For the Morelon potential, the
interstitial clusters have geometrically compact structures, and small interstitial clusters (two and three
anti-Schottky clusters) are more mobile than the single bound anti-Schottky interstitial cluster; for the
CRG potential, the interstitial clusters have geometrically non-compact structures, yielding a more com-
plex energy landscape. The rapid migration of interstitials and interstitial clusters are important for the
irradiation response of UO, and correlates well with the very low barriers reported in a few historic

experimental studies.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Irradiation induced dislocation loops and defect clusters are
common features in crystalline materials. Uranium dioxide (UO,),
the most commonly used fuel in light-water nuclear reactors, is
no exception. The aggregation of defect clusters in UO, results in
dislocation loops and cavities, which in turn contributes to the
swelling of the fuels, leading to detrimental pellet-clad mechani-
cal interactions. Earlier experimental work by Soullard [1] reported
observation of interstitial dislocation loops of (111) type Burgers
vector by TEM in UO, thin foils irradiated with neutrons. In TEM
studies of ion irradiated CeO,, a surrogate material for UO,, the
faulted loops with Burgers vectors of 1/3(111) (Frank loop) lying
on {111} planes and consisting of interstitial CeO, clusters were
observed [2]. In additon, interstitial-type perfect dislocation loops
of 1/2(110) {110} character were also observed under electron ir-
radiations [3]. More recently, a detailed characterization of dislo-
cations in ion-irradiated polycrystalline UO, was carried out [4],
which only revealed 1/2(110) {110} character dislocation loops.
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The kinetics of the defect clusters, which contribute to the
growth of dislocation loops, however, have received less atten-
tion and are not well understood. In an early review on the topic
by Matzke [5], it was noted that upon annealing of self-damaged
PuO,, the damage recovery has a pronounced stage below room
temperature. Matzke [5] argued that it seems reasonable to at-
tribute this stage to the metal sublattice, possibly the metal in-
terstitials. In the analysis by Soullard [6], where dislocation loops
in UO, were obtained by irradiation at room temperature with 1.8
MeV electrons, the estimated migration energy of uranium inter-
stitials was in the range of 0.2 to 0.4 eV, which is extremely low.
This analysis was consistent with even earlier experiments show-
ing that interstitial type dislocation loops were observed in reac-
tor irradiated UO, at relatively low temperatures, between 50 and
100 °C [7].

Recently, using a combination of experiments and modeling,
Chartier et al. [8,9] showed that under irradiation conditions, the
early stage faulted Frank loop in UO, can be transformed into un-
faulted (110) dislocations via addition of Shockley partials. In their
molecular dynamics (MD) simulations [8], the Morelon empirical
potential was employed, in combination with the Frenkel pair ac-
cumulation methodology to minic ballistic damage. While previ-
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ous modeling studies [8,10-12] have mostly focused on the colli-
sion cascade type of MD simulations to understand the dislocation
loop generation, in this work, we are interested in understanding
the energetics and kinetics of small interstitial clusters that may
aggregate to form such dislocation loops. These small interstitial
clusters are also considered as basic units in formation of the in-
terstitial dislocation loops. Understanding of interstitial cluster ki-
netics is also useful for cluster dynamics models, since they may
play an important role in controlling the point defect concentra-
tions [13]. It is noted that we are mainly interested in the intersti-
tial cluster behavior under irradiation conditions. In thermal equi-
librium the concentration of these clusters will be very small and
will not contribute to the total diffusivity, which is rather governed
by the mechanisms identified in [14].

Previous density functional theory (DFT) calculations in
[15] found that the uranium interstitials in UO, migrate by an
interstitialcy mechanism in the [100] direction with a barrier of
about 4 eV. It is not possible to reconcile the above mentioned
experimental measurements based on damage recovery [6], which
indicate a few tenths of an eV barrier for uranium interstitials in
UO,, with the DFT result by simply invoking computational un-
certainty. It was suggested that the discrepancy may be rooted
in the experimental recovery signal corresponding to something
other than a single uranium interstitial [14]. Very recently, our DFT
study of a bound anti-Schottky defect U;20; [14], i.e. two oxygen
interstitials bound to the interstitial uranium ion, revealed that the
migration barrier is reduced by > 2 eV compared to a single U;
defect. The interstitial clusters considered in this paper, like the
bound anti-Schottky defect, are stoichiometric UO, units in inter-
stitial positions. The equilibrium concentration of uranium intersti-
tials is very low and for in-pile conditions uranium interstitials are
predominantly expected to be formed by irradiation. It is also ex-
pected that oxygen defects, such as oxygen interstitials, are fairly
mobile compared to uranium defects [16], and can quickly com-
bine with their uranium interstitial counterpart to form such clus-
ters as well as with sinks, implying that oxygen interstitials may
be assumed to be in thermal equilibrium. We only study the U;20;
type of clusters, because others do not move as fast and are also
less stable [14]. For the remainder of this paper, the single bound
anti-Schottky defect cluster is termed as a single uranium intersti-
tial cluster; while multiple stoichiometric UO, units in interstitial
positions are termed as multiple uranium interstitial clusters, e.g.,
di- or tri- uranium interstitial clusters.

2. Methods

We use two interatomic potentials to model interstitial defects
in UO,. The first potential is a many-body model developed by
Cooper, Rushton, and Grimes (CRG) [17]. The CRG potential uti-
lizes a combined Buckingham-Morse [18,19] and embedded-atom-
method (EAM) [20] potential approach. The other potential is de-
veloped by Morelon et al. [21]. In the Morelon potential, a piece-
wise function with four interaction ranges is used to describe the
0-0 interaction while a Buckingham potential is used to describe
the U-O interaction. The parameters of the Morelon potential are
taken from [22]. Both potentials have been used before to model
interstitial dislocation loops in UO, [8,11,13]. Recently, a variable
charge many-body potential based on a 2nd moment tight-binding
formalism, SMTB-Q potential, has been successfully used to model
dislocations (not interstitial dislocation loops) in UO, [23]. How-
ever, as will be shown later in this paper, we find that the SMTB-Q
potential is not suitable for studying uranium interstitial clusters
in uo0,.

Most of the simulations employ a 4 x 4 x 4 supercell of cu-
bic UO,, with a total of 768 atoms. For large interstitial clusters
(n UO, aggregates, with n > 3), the energetics are computed in a
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supercell oriented along x = [112], y = [111], and z =[110], repli-
cating 4 x 6 x 5 periods of the unit cell along x, y, and z, with a
total of 8640 atoms. The choice of this particular supercell shape is
made to establish a principal axis with UO, oriented in the [111]
direction, which is related to the nucleation of Frank loops lying
on the {111} plane from the uranium interstitial clusters. We em-
ploy the parallel MD code LAMMPS [24] for the simulations, and
the particle-particle particle-mesh solver (pppm) implemented in
LAMMPS is used to compute the long-range Coulombic interac-
tions. To allow the system to escape any metastable configuration,
we subject each interstitial cluster configuration to a thermal an-
neal at 600 K for 10 ps, maintained using a Langevin thermostat.
At the end of the thermal anneal, the system is quenched to 0 K,
and then subjected to energy minimization.

The parallel replica dynamics (ParRep) method [25,26] as im-
plemented in the LAMMPS code is used for the accelerated MD
simulations. During the accelerated MD simulations, the migration
events are tracked. ParRep addresses the timescale limitation of
conventional MD simulations for systems with rare events by us-
ing multiple replicas of the system to achieve a parallel speedup in
the time domain [26]. The supercells are first relaxed by conjugate
gradient minimization before they are equilibrated to nearly zero
pressure by performing MD simulations for 100 ps at a constant
temperature, and then subjected to ParRep simulations. The canon-
ical NVT (constant volume and temperature) ensemble is used
for the ParRep simulations. For computational efficiency, the long-
range Coulombic interactions are calculated with the Wolf summa-
tion method [27].

3. Results
3.1. Basic properties predicted by empirical potentials

The basic properties of UO,, including the oxygen Frenkel pair
formation energy, uranium Frenkel pair formation energy, and
Schottky formation energy, are calculated using the empirical po-
tentials. The results are listed in Table 1, in comparison with avail-
able experimental data [34] and selected DFT+U results in the lit-
erature.

From Table 1, all empirical potentials predict the oxygen Frenkel
pair formation energy (E?P) reasonably well, as compared to the
experimental range of 3.3-4.6 eV. For the uranium Frenkel pair for-
mation energy (ELF’P), both the Morelon and CRG potentials predict
values (11.9 and 11.09 eV) fairly close to the DFT value (11.2 eV
[15]). However, the tight-binding SMTB-Q potential describes the
uranium interstitial poorly [23], predicting a too low value of 5.58
eV, and it is consequently not used further in this work. As pointed
out in [23], the failure to capture E‘F’P by the SMTB-Q potential
roots back to the fitting of short distance core-core pair interac-
tions, not necessarily the advantage of the tight-binding formalism
compared to simpler functional forms such as the Morelon or CRG
potentials. For the Schottky formation energy, the Morelon poten-
tial predicts a lower value (3.9 eV) than the CRG potential (5.05
eV), which is closer to the experimental value (6.5 eV) [5]. Over-
all, given the empirical nature of interatomic potentials, both the
Morelon and CRG potentials predict reasonable defect energetics.

3.2. Single uranium-oxygen interstitial cluster

The single uranium-oxygen interstitial cluster, U;20;, is mod-
eled by placing a uranium interstitial atom at the center of the
oxygen cube, which corresponds to the octahedral interstitial po-
sition in UO,. Three different arrangements are considered for the
initial positions of the two oxygen interstitials, as shown in Fig. 1.
These are positions in (1) the center of nearest neighbor triangles,
(2) the parallel edge centers, and (3) the nearby edge centers of
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Table 1

The basic properties of UO, from empirical potentials, including the oxygen Frenkel
pair formation energy (E,?P), uranium Frenkel pair formation energy (ELF’,,), Schottky
formation energy (Esq,), and anti-Schottky formation energy (Equi_scn) in comparison
with available experimental data and DFT+U results. All energies are in eV.

E?P E‘Lrlp Egen Eanti—sch
Morelon pot. 3.0 119 39 119
CRG pot. 4.94 11.09 5.05 10.4
SMTB-Q [23]  4.25 5.58 523 -
DFT+U 3.83 28] 42(29] 11.2[15] 6.45(28]6.4[29] -
Experiments 3.3 [30] - 6.5 £ 0.5 [5] -

3.8 £0.5[31]

3.5+ 0.5 [5]

4.1 [32]

4.6 + 0.5 [33]

U interstitial

@) O

O lattice atom O interstitial

Fig. 1. Schematics illustrating three different options for the oxygen positions in
U;20;. The uranium interstitial is placed at the center of the oxygen cube.

Table 2

Comparison of U;20; cluster and U; migra-
tion barriers from empirical potentials to
DFT+U results. All energies are in eV.

U;20; U;
Morelon pot.  0.98 2.3
CRG pot. 2.3/1.68* 3.1
DFT+U 1.97 [14]  4.08 [15]

2 From MD simulations.

oxygen atoms in the cube. Using the CRG potential, the relaxed
configurations have formation energies of 29.4, 11.5, and 10.5 eV,
respectively. The formation energy of defects is computed using
bulk UO, as the reference state. However, after thermal annealing,
the configurations all relax into the lowest energy configuration,
with 10.5 eV in formation energy. This result shows that within the
MD procedure, the single uranium interstitial cluster easily reaches
the lowest energy state, regardless of its initial starting configu-
ration. A similar result is obtained for the Morelon potential, but
with a larger formation energy of 11.9 eV.

In Fig. 2(a)-(f), the migration paths of U;20; obtained using
the CRG potential ((a)-(c)) and the Morelon potential ((d)-(f))
are shown. These paths are calculated using the nudged elastic
band method with relaxed initial and final configurations. Dur-
ing the exploration of U;20; migration, different possible migration
paths/mechanisms are tested. The mechanism shown in Fig. 2 is
the interstitialcy mechanism, in which the uranium interstitial
atom kicks out a neighboring uranium lattice atom into a vacant
octahedral interstitial position, thereby contributing to net diffu-
sion. The oxygen interstitial atoms move with the uranium intersti-
tial during the process. Obviously, this is a complicated multi-step
mechanism, thus multiple NEB runs are carried out to determine
the migration barriers. The rate-limiting migration energies are 2.3
eV in the CRG case, and 0.98 eV in the Morelon case. These values,
together with U; migration barriers, are listed in Table 2, which
also includes DFT+U values for comparison.

The final configurations in the migration step are rotated 90 de-
grees compared to the initial configurations in Fig. 2, for both the
CRG and Morelon potentials. The only difference between the ro-

tated and un-rotated configurations is from the position of the oxy-
gen atoms. With the CRG potential, the rotation occurs during an-
nealing at 600 K for 10 ps, indicating a low energy barrier. An ad-
ditional NEB run is carried out to determine the migration energy
between the rotated and un-rotated configurations. The NEB run
reveals a small energy barrier of 0.13 eV. Another surprising result
from the NEB run is that an additional, even lower energy config-
uration, is identified, by a tiny energy difference of 0.07 eV along
the transition pathway. This configuration did not appear in the di-
rect relaxations from the initial positions. It also did not appear in
subsequent MD runs, possibly for entropy reasons. In any case, the
tiny energy difference between the lowest energy structure and the
assumed initial structure does not change the dominant migration
mechanism and only has a minor impact on the effective migra-
tion barrier. One important observation from the above result is
that, migration of the oxygen atoms associated with the uranium
interstitial atom only involves low energy barriers.

From Table 2, it is clear that both the CRG and Morelon po-
tentials predict a substantially reduced migration barrier of U;20;
compared to the U; defect. This is in good agreement with DFT+U
[14]. In particular, the CRG potential predicts a barrier of 2.3 eV for
U;20;, which is closer to the 1.97 eV predicted by DFT+U [14] than
the 0.98 eV predicted by the Morelon potential.

3.3. Energetics of uranium interstitial clusters

To understand the energetics of uranium interstitial clusters
consisting of multiple units, a “misfit” approach is used, as shown
in Fig. 3. This was previously used for studying of CeO, interstitial
clusters by Miao et al. [35]. In this approach, the initial clusters
are laid on one of the {111} planes in UO,. This could be used to
mimic the early stage circular 1/3(111) dislocation Frank loop, see
Fig. 3. This approach has also been used for studying the elastic
properties of uranium interstitial clusters in UO, [13].

Once the clusters are relaxed and the total energies are ob-
tained, the average formation energy of each cluster can be com-
puted. This is defined as

AET{ — Ecluster - Ei;:llk - nEUOZ

(1)

where n is the number of U;20; clusters, E .- is the total energy
of the supercell, Ep,, is the energy of the supercell without clus-
ter defects, and Eyo, is the energy of UO, per formula unit (1 U
and 2 O atoms). In addition, the average binding energy of each
uranium interstitial cluster can be computed. The average binding
energy gives a measure of the cluster energy when compared to
each isolated U;20; cluster, averaged over the number of clusters,

n(AE/_, — AE])

AEP —
n n-—1

(2)
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Fig. 2. (a)-(c) The migration path of U;20; using the CRG potential. (d)-(f) The migration path using the Morelon potential. The dark grey spheres are uranium atoms and
the red spheres are oxygen atoms. The arrows are used to indicate the migration directions.
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©

Fig. 3. A schematic illustrating the “misfit” approach from Miao et al. [35]. Reproduced with permission.

Here, a positive binding energy means the clusters attract each
other.

As shown in Fig. 4a-c, the formation energies of the UO, inter-
stitial clusters follow a monotonic decreasing trend as the cluster
size becomes larger (up to 69) for both empirical potentials. How-
ever, for the average binding energies of these clusters, there is
substantial difference between the CRG potential and the Morelon
potential. The Morelon potential result shows a monotonic increas-
ing trend as the cluster size becomes larger, while the CRG poten-
tial predicts non-monotonic behavior for cluster sizes of 2, 3, and
6.

In Fig. 4b-c, the binding energies of adding one additional U;20;
cluster for cluster sizes of 1, 2, 3, and 18 are also shown. This en-
ergy term is defined as,
En—l

cluster

AEP(n—1,n) = (3)
For clusters of sizes 3 and 18, different possible adding sites close
to the existing cluster were considered. The spread of the scattered
binding energy result for these clusters reflects the dependence on
the specific sites chosen to add the additional U;20; cluster. The
positive binding energy values as shown in Fig. 4b—c indicate that
both interatomic potentials favour the creation of size n cluster by
addition of another U;20; cluster to size n — 1 cluster.

This more complex behavior of the binding energies for very
small interstitial clusters using the CRG potential is also reflected

n=1 n
+ Ecluster - Ecluster = Epuir

in the detailed energetics of di-interstitials as a function of the U;-
U; distance. In Fig. 5, the relative energies of various di-interstitial
cluster configurations obtained using the CRG potential are shown
as a function of the U;-U; distance. Detailed atomic configurations
of points a-e on the figure are shown as subpanels. The reference
energy is a pair of single interstitials separated by infinite dis-
tance. The di-interstitial cluster has the lowest energy when the
two U;s are in 2nd nearest neighbor (NN) position (point b), which
is slightly lower in energy than that in 1st NN (point a) or 3rd
NN cases (point c). In contrast, for the Morelon potential, the di-
interstitial cluster has the lowest energy when the two single clus-
ters are located next to each other (1st NN, not shown). In gen-
eral, we find that for the Morelon potential, the predicted intersti-
tial clusters consist of multiple single clusters located next to each
other in 1st NN positions, resulting in a geometrically truly com-
pact (closest packed) cluster shape. For the CRG potential, the pre-
dicted interstitial clusters consist of multiple single clusters not al-
ways located next to each other in 1st NN positions, e.g., in 2nd NN
positions, resulting in a geometrically non-compact cluster shape.
Further, when the two U;s are farther apart, the CRG potential
predicts that the di-interstitial is a combination of a cuboctahedral
(COT) cluster, in which 4 extra O (interstitial) ions surround one
U interstitial, and a cluster with no extra O (interstitial) ions. This
is highlighted by the case where the U;-U; distance at the 7th NN
position, where the COT cluster is more than 1 eV lower than two
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Fig. 5. Upper left: The relative energies of different di-interstitial clusters as a func-
tion of the U;-U; distance measured in units of nearest neighbors in perfect UO,,
obtained using the CRG potential. The dashed line at zero indicates the reference
energy where two single interstitials are separated by infinite distance. The detailed
atomic configurations of points a-e on the figure are illustrated in the subpanels
surrounding the plot, with uranium interstitials in some configurations singled out
by small highlighted circles.

“regular” U;20; clusters separated at the 7th NN position. The COT
cluster was observed to form in the low-temperature CeO, MD
simulations by Aidhy et al [10], but not in their UO, MD simula-
tions. Apparently, formation of the COT cluster is closely related to
the interatomic potential used. The COT cluster was not observed
in the simulations using the Morelon potential.

3.4. Accelerated MD simulations of uranium cluster migration

3.4.1. Morelon potential simulations

Next, we focus on the accelerated MD ParRep simulations for
the kinetics of small UO, interstitial clusters using the Morelon po-
tential. The temperatures of the ParRep simulations are at 1300,
1600, and 1900 K for the single interstitial cluster, 1300, 1600,

and 1900 K for di-interstitial cluster, and 1000, 1300, and 1600 K
for tri-interstitial cluster. The choice of temperatures in the ParRep
simulations is based on achieving statistically meaningful number
of migration events within a reasonable computational time. Dur-
ing the ParRep simulations, the jump distance for each defect mi-
gration event is not always the same, which is typical for compli-
cated clusters, thus, we choose to report the migration event time
(the average waiting time between migration events) only, simi-
lar to our recent work [36]. In Fig. 6a, the averaged times for a
migration event to occur during the ParRep simulations for single,
di-, and tri-interstitial clusters are shown. Clearly, both the di- and
tri-interstitial clusters need much less time for migration events to
take place.

The average migration event time ty can be fitted to an Arrhe-
nius expression to obtain the cluster migration energy E; through
the following relation [37],

1 _ Em

— =1pe f, (4)
to
where kg is the Boltzmann constant, T is the temperature in K,
and vg is a temperature independent prefactor. For the single in-
terstitial cluster, the effective migration energy from the ParRep
simulations is determined to be 1.05 eV, closely matching to the
migration barrier of 0.98 eV that is determined from the NEB
calculations above. The effective migration energies (0.78 eV for
di-interstitials and 0.47 eV for tri-interstitials) of multi-interstitial
clusters are much lower than the migration barrier in the single
interstitial case. NEB studies of interstitial clusters that consist of
multiple interstitials are not carried out, because it is much more
difficult to identify the relevant mechanism in NEB calculations for
complicated clusters consisting of multiple interstitials.

To further investigate this phenomenon, a single interstitial
cluster is placed nearby a tri-interstitial cluster, followed by NVT
MD simulations at 1000 K. In Fig. 7, a snapshot of the MD simula-
tion is captured showing that the tri-interstitial cluster migrates
towards the single interstitial cluster before it finally combines
with the single interstitial cluster to form a four-interstitial cluster.
This further proves the rapid migration of the tri-interstitial clus-
ter. To quantify the migration of uranium clusters, a displacement
analysis is carried out for the configurations during the MD simu-
lation. The analysis is performed using the center of mass of each
individual defect cluster (as defined by the uranium atoms only).
In Fig. 8, the result for the movement of the tri-interstitial cluster
is shown. The single interstitial cluster is essentially not moving
during the MD simulation and is not shown in the displacement
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Fig. 6. The averaged time for migration events during MD simulations at different
temperatures T for single, di-, and tri-interstitial clusters using the Morelon poten-
tial. (b) The migration event time as a function of 1/T. The solid lines are fitted to
the Arrhenius expression.

\/

Fig. 7. Snapshots during an MD simulation of a single interstitial cluster nearby a
tri-interstitial cluster. Left figure is the starting configuration. For clarity, only ura-
nium defect atoms associated with the clusters are shown, with green atoms as
uranium interstitials and brown atoms as uranium vacancies. The defect atoms are
identified using an algorithm enabling comparison between the defective supercell
and bulk UO,, as performed similarly in our recent work [36]. In such analysis, a
split uranium interstitial is marked as two uranium interstitial atoms plus one ura-
nium vacancy. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

figure. The tri-interstitial cluster moves mostly in the x direction,
with some motion in the z direction as well.

Finally, a series of single UO, interstitial clusters are randomly
introduced into bulk UO, in a sequential way during MD simula-
tions at 2000 K. For each new introduction of a single UO, inter-
stitial cluster into the system, MD simulations are carried out for
100 ps; however, the last MD simulation run could last as long as
1 ns to detect if there is any morphology change in the aggregated
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Fig. 8. Displacements of the center of mass of the tri-interstitial cluster in x, y, z
and the total displacement as a function of transition event index during the MD
simulation in Fig. 7.

Fig. 9. MD simulation showing the formation of a 1/3(111) Frank loop from 10 in-
terstitial clusters. Atoms are colored by common neighbor analysis (CNA) and the
dislocation line is extracted using dislocation extraction algorithm (DXA) from Ovito
[38].

cluster. In Fig. 9, 1/3(111) Frank loop is shown to form when 10
interstitial clusters are introduced into the supercell.

3.4.2. CRG potential simulations

The ParRep simulations using the CRG potential are carried out
for single and tri-interstitial clusters. The di-interstitial cluster is
not studied due to its complicated behavior stated in Section 3.3.
The temperatures of the ParRep simulations ranges from 1400 to
2200 K for both the single interstitial cluster and the tri-interstitial
cluster. The slightly higher simulation temperatures used in the
ParRep simulations for the CRG potential are intended to reduce
the simulation time for generating a meaningful statistical number
of events, since the migration barriers are expected to be higher
than in the case of the Morelon potential. Precautions are also
taken to make sure the temperatures in the ParRep simulations
stay below the temperature where the oxygen sublattice premelt-
ing is known to occur, at approximately 2500 K [39].

The average time for a migration event to occur during the Par-
Rep simulations as a function of temperature, is shown in Fig. 10.
For each cluster case, the result can be split into two temperature
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Fig. 10. The migration event time as a function of 1/T. The solid lines are fitted to
Arrhenius expressions. The dashed line represents a migration energy of 1.68 eV.

regimes. Region 1 is from 1400 - 1700 K and region 2 from 1700
- 2200 K. In all cases, the tri-interstitial cluster migrates faster
than the single interstitial cluster. For both cases, the data in the
higher temperature region approximately follows an Arrhenius re-
lation. Fitting of the migration event time for the single interstitial
cluster in region 2 leads to an effective migration energy of 2.5 eV,
slightly larger than the value of 2.3 eV obtained from static calcu-
lations. For the tri-intersitital cluster, fitting in region 2 leads to a
smaller value of 2.2 eV. The fitting is not carried out for data in re-
gion 1, due to the large variation caused by fewer statistical events
at 1400K.

From the MD simulations of the single interstitial cluster, a dif-
ferent mechanism than that found earlier is revealed. The new
mechanism is assisted by an oxygen Frenkel pair nearby the U;20;
cluster, with a migration energy somewhat lower than the intersti-
tialcy mechanism identified by static calculations, 1.68 eV instead
of 2.3 eV. The configuration involved in the new mechanism is
shown in Fig. 11. The new configuration with the bound intersti-
tial U;30; + Vo is less stable than the U;20; cluster. It is close to
the saddle energy point along the migration path, 1.6 eV higher
than the U;20; configuration. After the migration event, the O va-
cancy disappears by recombination with the O interstitial. We sus-
pect that both migration mechanisms might contribute to the dif-
fusivity. Indeed, as shown in Fig. 10, the turning point of different
Arrhenius behavior occurs at 1700 K, with the lower temperature
region with tendency for lower migration energy.

4. Discussion

It is interesting to note that in general, the small interstitial
clusters examined in this work migrate faster than the single in-
terstitial cluster. It is also well known that the interstitial clusters
in metals sometimes diffuse rapidly, i.e., in bcc iron [40].

The CRG potential predicts the migration barrier for single in-
terstitial cluster in good agreement with DFT. The geometrically
non-compact cluster shape for di- and tri- interstitial clusters from
the CRG potential simulations suggests a complex energy land-
scape associated with the clusters. We did not try to confirm this
aspect from DFT due to the large size of the computational super-
cells. For the Morelon potential, the interstitial clusters have more
compact structures. This reflects the robustness of the Morelon po-
tential in modeling uranium interstitial clusters, and the associated
uranium interstitial dislocation loops, as has been demonstrated in
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Fig. 11. The configuration of a migrating U;20; cluster assisted by a nearby oxygen
Frenkel pair defect. The grey spheres are uranium atoms and the red spheres are
oxygen atoms. The orange square indicates an oxygen vacancy. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

other recent works [8,11,13]. However, the Morelon potential pre-
dicts too low migration barrier for the single interstitial cluster
(U;20;) compared to DFT, thus, it is not ideal for studying the ki-
netics of uranium interstitial clusters in a quantitative way. How-
ever, we still believe that the qualitative systematic trends are re-
liable.

5. Conclusions

In this work, the energetics and kinetics of small uranium in-
terstitial clusters which are the bound anti-Schottky defects in in-
terstitial positions, have been investigated using two interatomic
potentials for UO,, i.e., the Morelon and the CRG potentials. Both
MD and accelerated MD simulations using the ParRep method are
carried out. The following conclusions are obtained:

(1) The interstitialcy migration mechanism for the single inter-
stitial cluster, i.e. a uranium interstitial with two oxygen intersti-
tials, has a migration barrier of 0.98 eV and 2.3 eV for the Morelon
and the CRG potentials, respectively, with the latter in close agree-
ment with the DFT + U value of 1.97 eV. However, for the CRG
potential, an oxygen Frenkel pair assisted single interstitial cluster
migration mechanism with a lower migration barrier of 1.68 eV is
identified in the accelerated MD simulations.

(2) The formation energies of the UO, interstitial clusters follow
a monotonic decreasing trend as the cluster size becomes larger.
This suggests that it is energetically favorable for clusters to aggre-
gate together.

(3) Small interstitial clusters such as di- and tri-interstitials
have faster migration mechanisms than the single interstitial clus-
ter.

(4) For the Morelon potential, the small interstitial clusters have
geometrically compact structures while for the CRG potential, the
small interstitial clusters have geometrically less compact struc-
tures, yielding a more complex energy landscape.

(5) Small interstitial clusters can grow into 1/3(111) faulted
Frank loop for a relatively small number of clusters aggregated to-
gether, e.g., a size of 10.
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