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Thermal conductivity of uranium dioxide (UO2) is an important nuclear fuel performance property. Radiationand ﬁssion-induced defects and microstructures, such as xenon (Xe) gas bubbles, can degrade the thermal
conductivity of UO2 signiﬁcantly. Here, molecular dynamics simulations are conducted to study the effect of Xe
bubble size and pressure on the thermal conductivity of UO2. At a given porosity, thermal conductivity
increases with Xe cluster size, then reaches a nearly saturated value at a cluster radius of 0.6 nm, demonstrating
that dispersed Xe atoms result in a lower thermal conductivity than clustering them into bubbles. In
comparison with empty voids of the same size, Xe-ﬁlled bubbles lead to a lower thermal conductivity when the
number ratio of Xe atoms to uranium vacancies (Xe:VU ratio) in bubbles is high. Detailed atomic-level analysis
shows that the pressure-induced distortion of atoms at bubble surface causes additional phonon scattering and
thus further reduces the thermal conductivity.

Introduction
Uranium dioxide (UO2) is the primary nuclear fuel form in
light water reactors [1]. The thermal transport properties of
UO2 play vital roles in the thermal energy conversion efﬁciency
and nuclear energy safety. In reactors, radiation and ﬁssion
create many point defects and ﬁssion products in the fuels.
Their aggregation leads to the formation of complex microstructures, including high burnup structure [2], intragranular
and intergranular gas bubbles [3, 4], metallic precipitates [5],
and dislocation loops [6]. These microstructures can reduce the
fuel thermal conductivity signiﬁcantly [7]. However, sometimes
microstructural evolution can recover the thermal conductivity
if it removes the point defects. For example, the formation of
high burnup structures can improve the thermal conductivity
in irradiated UO2 [2]. Therefore, understanding how the
radiation-induced defects and microstructures inﬂuence the
thermal conductivity of UO2 is critical for predicting fuel
performance.
To date, the most widely used semiempirical thermal
conductivity model for unirradiated UO2 was developed by
Fink [8], which was ﬁtted to many experimental data and
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normalized to 95% of theoretical density. The model correctly
captures the phonon-dominant thermal transport behavior at
intermediate temperatures and includes the additional polaron
contribution at high temperatures. In terms of radiation effects,
researchers have used computer modeling to study the effects
of point defects and microstructures on the thermal transport
properties of UO2 from atomistic to mesoscale [9, 10, 11, 12,
13]. At the atomic scale, molecular dynamics (MD) simulation
method has been widely used to study the phonon scattering
effects induced by point defects, small defect clusters, and
extended defects. Liu et al. [10, 11] have used MD simulations
to quantify the phonon scattering effects on the thermal
conductivity of UO2 induced by different types of point defects,
including dispersed xenon (Xe). The results have been integrated into Fink’s analytical model [8] to predict the
degradation of thermal conductivity at different defect concentrations [10]. Deng et al. [14] have studied the effect of
dislocations on the thermal conductivity of UO2 and found that
the effect is small unless the dislocation density is very high.
Chen et al. [15] have calculated interface thermal resistance
(Kapitza resistance) of various grain boundaries in UO2 and
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found that the Kapitza resistance correlates with the grain
boundary energy. Lee et al. [13] have studied the effect of helium
bubbles on the thermal conductivity of UO2. The results showed
that helium resolution from bubbles to fuel matrix can cause
additional reduction in thermal conductivity. At the mesoscale, the
effects of different microstructures and their topology on the
thermal conductivity of UO2 have been studied. Millett et al. [16]
have found that the alignment of gas bubbles at grain boundaries
causes more thermal conductivity reduction than randomly
distributed bubbles in UO2. Recently, Bai et al. [12] have shown
that the consideration of the topology of microstructures alone in
mesoscale modeling may not be sufﬁcient to capture some
important thermal transport behavior in UO2. By including the
atomistic-level phonon scattering effects induced by dispersed Xe
in the UO2 matrix [10], the work correctly explains why smallgrain high burnup structures can have a higher thermal conductivity than the large-grain counterparts [12]. Mesoscale modeling
can also quantitatively predict the effective thermal conductivities
of heterogeneous microstructures that contain dispersed Xe, gas
bubbles, grain boundaries, etc. [10, 12]. It has been shown that the
microstructure-based thermal conductivity model developed from
mesoscale modeling can improve the engineering level fuel
performance modeling signiﬁcantly [10]. Therefore, it is important
to understand the effects of small defects/clusters and large
microstructures on the thermal conductivity of UO2 at both
atomic scale and mesoscale.
Fission gases (e.g., Xe, Kr) are expected to have signiﬁcant
effects on the degradation of the thermal conductivity of UO2
[17]. These inert ﬁssion gases are insoluble in UO2 and tend to
precipitate as intergranular and intragranular bubbles [18]. In
addition, ﬁssion gas atoms can be trapped by defects or defect
clusters and become dispersed ﬁssion gas atoms in the UO2
matrix. MD calculations have shown that Xe atoms are likely to
occupy the Schottky defect sites [one uranium vacancy (VU)
and two nearest oxygen vacancies (VO)] [19]. Xe may also stay
at O vacancy, U vacancy, UO divacancy, and octahedral
interstitial sites, depending on the stoichiometry of UO2 [20].
Some nonstoichiometric clusters such as octahedron cluster
(6VU:8VO) are found to be stable [20], so that they may
become nucleation sites for Xe bubbles. Cluster size larger than
the octahedron cluster may be considered as small bubbles (r .
0.5 nm), which involves surface diffusion around the bubble
surface [20]. In analytical modeling, gas bubbles are typically
treated as empty voids [21, 22]. Many theoretical models, such
as Loeb equation [22] and Maxwell–Eucken equation [21],
have been proposed to describe the correlation between
thermal conductivity and porosity. However, the thermal
conductivity reduction in these models only depends on
porosity regardless of void size and distribution. These models
may be valid for large voids whose size and spacing are much
larger than the phonon mean free path (approximately a few
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nanometers in UO2). When void size and their spacing are
comparable with the phonon mean free path, the phonon
scattering effect induced by the void surface cannot be
neglected. To include the void size effect, Alvarez’s model
[23] has been developed as a function of bubble size, phonon
mean free path, and total porosity. The model predicts that at
a given porosity, the thermal conductivity increases with void
size initially and then reaches a saturated value beyond the
critical void size. By comparing with the Maxwell–Eucken
equation [21], Tonks et al. [10] have theoretically estimated
that the critical void radius is about 5 nm. When voids are ﬁlled
with gas to form bubbles, intuitively the effective thermal
conductivity may increase slightly because the gas in bubbles
can contribute to the thermal conduction [12], even though the
thermal conductivity of gas is very low. In other words,
Alvarez’s model may be applied to gas bubbles. However, Lee
et al. [13] have used MD simulations to show that helium
bubbles can cause more thermal conductivity reduction than
empty voids and the reduction increases with the increasing
helium density in bubbles. The reason is that some helium
atoms can diffuse from the bubbles into the surrounding UO2
matrix. Therefore, they concluded that the helium resolution
from bubbles can cause additional phonon scattering effect.
Since the atomic size of helium is small, the gas resolution
process may take place easily. However, such a gas resolution
process may not happen in Xe bubbles because Xe has a very
high solution energy in UO2 [24, 25, 26]. Moreover, the atomic
size of Xe is large and comparable with that of uranium. Since
Xe is the primary gaseous ﬁssion product in UO2 fuels and the
size of intragranular bubbles is typically about a few nanometers [4, 27], it is of great interest to investigate whether small
Xe bubbles can cause additional thermal conductivity reduction
compared with voids. To our best of knowledge, such effect has
not been demonstrated to date.
In this work, we examine the effect of Xe bubbles on the
thermal conductivity of UO2 at different Xe bubble sizes. To
compare the results, empty voids of the same sizes are also
studied. In these studies, the total porosity is ﬁxed, so that the
effect of bubble/void size and separation on the thermal
conductivity can be elucidated. For a given Xe bubble size,
the Xe:VU ratio in the bubble is also varied to change the
bubble pressure. The goal is to understand how the bubble size,
Xe:VU ratio, and the bubble pressure affect the thermal
conductivity of UO2. The results may help the development
of science-based models to better predict the thermal conductivity degradation due to the presence of Xe bubbles.

Simulation method
Non-equilibrium molecular dynamics (NEMD) method was
used to calculate the thermal conductivities of a UO2 system
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Figure 1: Illustration of the NEMD method (“direct method”) for calculating the thermal conductivity in a UO2 system containing multiple Xe bubbles. The ﬁlled
red circles represent the temperatures calculated by MD along the z direction of the simulation box. The black solid lines show the two linear ﬁtting ranges along
the temperature proﬁle.

that contains voids or Xe bubbles. The NEMD simulation
method is also called “direct method,” which has been widely
used to calculate the thermal conductivities and interface
thermal resistances in materials [28, 29, 30]. All simulations
were conducted using LAMMPS software [31]. The primary
simulation system contains 6  6  75 UO2 unit cells with the
longest length along the z direction, as shown in Fig. 1.
Therefore, the system contains 10,800 uranium atoms and
21,600 oxygen atoms before any voids or Xe bubbles are
introduced. Periodic boundary conditions were employed in
all directions. Different from Lee et al.’s helium bubble work
[13], in which only a single bubble was modeled in each
simulation, in our work the primary simulation system contained multiple voids or Xe bubbles while the total porosity was
ﬁxed at p 5 2% (Fig. 1). Using this approach, the size effect of
bubbles or voids on the thermal conductivity reduction can be
compared fairly at the same porosity. To maintain the charge
neutrality of the simulation system, the removed uranium and
oxygen atoms in each void/bubble had the ratio of U:O 5 1:2.
The largest void/bubble radius was about 1 nm, in which 108
uranium and 216 oxygen atoms were removed. The smallest
vacancy cluster created in this work contains one uranium
vacancy and two oxygen vacancies (1VU 1 2VO) or one
Schottky vacancy cluster. Strictly, small clusters cannot be
called as voids or bubbles. Here we call all these defect clusters
as voids or bubbles simply for convenience. To describe the Xe
content in a bubble, the ratio of the number of Xe atoms in
a bubble to the number of vacant uranium sites (i.e., Xe:VU
ratio) is used. For example, if all the uranium sites in a bubble
are occupied by Xe, Xe:VU 5 1.
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The commonly used Basak potential [32] was mainly used
to describe the interatomic interactions in pure UO2. In the
Basak potential, the interaction energy between ions i and j at
a distance of rij has the form,
" r 
#
ij
 
1 qi qj
Cij
qij
 6
þ Aij e
V rij ¼
4pe0 rij
rij
h
i
2bij ðrij rij0 Þ
bij ðrij rij0 Þ
 2e
;
ð1Þ
þ Dij e
where the ﬁrst term is the Coulombic term, qi and qj are
the ionic charges of ions i and j, respectively (here, qU 5 2.4,
qO 5 1.2), and e0 is vacuum permittivity; the second term is
the Buckingham term with Aij, qij, and Cij being the Buckingham potential parameters; and the last term is the Morse term
with Dij, bij, and rij0 being the Morse potential parameters. The
potential parameters are listed in Table I (note the parameters
in the original paper [32] are not fully correct). For describing
Xe interaction with UO2, the interatomic potential developed
by Geng et al. [33] was used for describing the U–Xe, O–Xe,
and Xe–Xe interactions. In Geng’s potential, the U–Xe in 
teraction is described by VUXe rij ¼ Aij eðrij =qij Þ , which is
similar to the Buckingham potential but without the Cij term.
The O–Xe and Xe–Xe interactions are described by the
Lennard-Jones (LJ) potential:
" 
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r
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ð2Þ

where e and r are LJ potential parameters. All the Xe-related
potential parameters are also listed in Table I. The majority of
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TABLE I: Potential parameters of Basak potential [32] for pure UO2 and Geng’s
potential [33] for Xe–UO2 interactions. The charges for U and O are qU 5 2.4
and qO 5 1.2, respectively.
Parameters
(units)
Aij (eV)
qij (Å)
Cij (eVÅ6)
Dij (eV)
bij (Å1)
rij0 (Å)
e (eV)
r (Å)

U–U

U–O

O–O

U–Xe

O–Xe

Xe–
Xe

294.63999 693.64877 1633.00515 4887.7
...
...
0.327022 0.327022
0.327022
0.415
...
...
0.0
0.0
3.948788
0.0
...
...
...
0.577188
...
...
...
...
...
1.65
...
...
...
...
...
2.369
...
...
...
...
...
...
...
. . . 0.0099 0.017
...
...
...
...
2.50
4.29

the results in this work were obtained from the Basak 1 Geng
potentials. For some special clusters (octahedron clusters), the
embedded atom function potential developed by Cooper et al.
[34, 35] was used. To avoid confusion, this potential is brieﬂy
introduced in the context of that result.
In most of the simulations, the thermal conductivities were
calculated at 300 K. To study the temperature effects, temperatures
up to 1500 K were also used. Since the main goal of this paper is to
study the effect of Xe and its clusters on thermal conductivity
reduction, the results at 300 K were used as examples to
demonstrate the effect. In addition, the thermal conductivity of
pure UO2 predicted by the Basak potential at 300 K is available
[36] to verify our simulation method. The time step was 2
femtoseconds (fs) in all simulations. Initially, the system was
equilibrated in an NPT ensemble (constant number of atoms,
pressure, and temperature) at 300 K and zero external pressure for

kAlvarez
¼
kS

(

dT
dz

First, the thermal conductivity reduction due to empty voids at
300 K was calculated. The results were used as references for
later studies of the effect of Xe-ﬁlled bubbles on the thermal
conductivity reduction. For single crystal UO2, the thermal
conductivity predicted by the Basak potential is 18.02 W/(m-K)
at 300 K in this work, which is in good agreement with the
value of 17.34 W/(m-K) obtained by Chernatynskiy et al. [36]
using the same potential. The small discrepancy may be caused
by different simulation dimensions used in the two studies.
Since different potentials predict different thermal conductivities for UO2 [36], in this work all thermal conductivities of
void/bubble-containing systems are normalized with respect to
the single crystal value to highlight the effect of void/bubble on
the thermal conductivity reduction. Two cases were studied for
empty voids: single void of different radii (thus different
porosities) and multiple voids with a ﬁxed porosity of p 5
2%, and the results are shown in Figs. 2(a) and 2(b) respectively. The simulation results are compared with Alvarez’s
model [23]:

)
  


 i 1
9 l 2
3 pﬃﬃﬃ h
1:25r
l
l=r
þ p
1 þ pﬃﬃﬃ p = 1 þ 0:864 þ 0:29e
kLoeb 2 r
2

;

ð3Þ

where J is the heat ﬂux imposed in the system and dT/dz is the
resulting temperature gradient. Here, the heat ﬂux for
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Results and discussion

kS

40 picoseconds (ps). Next, the NEMD simulation was conducted
in a constant volume system without a thermostat. The simulation
box was divided into 60 slices along the z direction. Heat input
was imposed on the ﬁrst slice and heat removal was applied at the
middle slice along the z direction using a ﬁxed heat ﬂux. The local
temperature of each slice was calculated, so that a temperature
proﬁle along the z direction can be obtained. Because of the
employment of periodic boundary conditions, two nearly identical
thermal gradients were established in the system, as shown in
Fig. 1. After the system reached the steady state, the temperature
proﬁles were averaged over about 1.6 nanoseconds (ns). The
thermal conductivity k was calculated based on the Fourier’s law:
J ¼ k

establishing one thermal gradient was 37.2 GW/m2. To
calculate the temperature gradient, a linear ﬁt of the temperature proﬁle within an appropriate ﬁtting range was conducted
for each gradient, as shown in Fig. 1. The dT/dz in Eq. (3) was
the average of the slopes of the two thermal gradients.

;

ð4Þ

where kS is the thermal conductivity of a perfect single crystal,
p is porosity (void volume fraction), l is phonon mean free
path, and r is the void radius. The kLoeb term is a simple model
to describe the thermal conductivity in a porous media and has
the form [22],
kLoeb
¼1p
kS

:

ð5Þ

The advantage of Alvarez’s model over Loeb’s model is that
the former includes the phonon scattering effects when the
phonon mean free path l is comparable or larger than the
bubble radius r. When l  r, the phonon scattering effect is
negligible and Alvarez’s model is the same as Loeb’s model
[Eq. (5)]. The comparison between Alvarez’s model and the
MD results for single voids is shown in Fig. 2(a). The best ﬁt
gives the phonon mean free path of l 5 9.8 nm at 300 K.
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Figure 2: Comparison between the thermal conductivities calculated from MD simulations (ﬁlled circles) and Alvarez’s theoretical model [23] (lines). All MDcalculated thermal conductivities are normalized with respect to the single crystal value at 300 K. (a) Single void. Different porosity corresponds to different void
radii. The phonon mean free path of l 5 9.8 nm is used in Alvarez’s model. (b) Multiple voids with a ﬁxed porosity of p 5 2%. The solid line is Alvarez’s model with l
5 9.8 nm. The dashed line is the perfect ﬁt of Alvarez’s model to the simulation data, which yields l 5 11.7 nm.

Previously, Lee et al. [13] obtained the phonon mean free path
of l 5 3.6 nm at 800 K in a UO2 system with 10  10  40 unit
cells. This discrepancy may be mainly due to the temperature
effect because a higher temperature yields a shorter phonon
mean free path. In addition, the phonon mean free path may
depend on the simulation system size [37, 38]. Nevertheless,
both studies show that Alvarez’s model can well describe the
nonlinear decrease in thermal conductivity with increasing
porosity for single voids. The comparison between Alvarez’s
model and the MD results of multiple voids with a ﬁxed
porosity of 2% is shown in Fig. 2(b). In this case, the number of
vacancy clusters in a void varies with the void radius, ranging
from 2 to 108 Schottky vacancy clusters. The MD results show
that initially the thermal conductivity increases nearly linearly
with void radius, then reaches a saturated value of about 0.5 at
about r 5 0.6 nm (27 Schottky vacancy clusters). This critical
radius indicates that the phonon scattering mechanism may
change from point defect–dominant scattering to interfacedominant scattering. It also indicates that at a given porosity,
many dispersed small vacancy clusters can cause more thermal
conductivity reduction than if they aggregate to a few large
voids. Therefore, defect clustering can improve the thermal
conductivity. Using the same phonon mean free path as for the
single void case (l 5 9.8 nm), Alvarez’s model slightly underpredicts the thermal conductivity in the linear regime. The best
ﬁt gives a slightly larger value, l 5 11.7 nm. The thermal
conductivity predicted by Alvarez’s model keeps increasing
with the void radius and eventually will saturate at the value of
0.98 as predicted by Leob’s model. Tonks et al. [10] compared
the Maxwell–Eucken equation with Alvarez’s model and determined that the threshold void radius for the transition is
about 5 nm for a tolerance of 5% between two models.
Therefore, the discrepancy in the critical radius between MD
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and the theoretical analysis is about one order of magnitude. In
addition, the thermal conductivity reduction in the saturated
regime obtained from MD simulations is signiﬁcantly larger
than that predicted by the theoretical models. Similar large
discrepancy was also obtained in Lee et al.’s MD work [13]. The
discrepancy may be caused by the ﬁnite system size and nonrandom distribution of voids in MD simulations. For example,
the cross-section area in our MD simulations is relatively small
(6  6 unit cells). Due to the periodic boundary conditions,
voids may align with their periodic images, so that the
assumption of random void distribution in Alvarez’s model
breaks down. On the other hand, the theoretical models that
are purely based on the porosity (e.g., Leob’s model) were
found to disagree with experimental data [39], so that many
different models have been proposed [13]. Therefore, more
research is needed to clarify the underlying reasons for the
discrepancies between MD simulations and theoretical models
regarding the critical radius and the thermal conductivity
reduction ratio.
To study the effect of Xe bubbles on the thermal conductivity, the empty voids studied above were ﬁlled with Xe. Two
Xe:VU ratios were used: 0.5 (half ﬁlled) and 1.0 (full ﬁlled). The
total porosity in each Xe-containing system is still 2%. Since the
system dimensions and pore conﬁgurations are the same for
voids and bubbles, the differences in thermal conductivity
reduction between them are simply due to the Xe content in
bubbles. The comparison of the thermal conductivity between
three cases (empty voids, half-ﬁlled bubbles, and full-ﬁlled
bubbles) is shown in Fig. 3(a). Similar to the voids, there are
two distinct regimes for Xe bubbles: point defect–dominant
scattering regime and surface-dominant scattering regime. The
critical bubble sizes for the transition are also similar as in the
void-containing system, about 0.6 nm. When the defect cluster
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Figure 3: Effect of pore size and Xe bubble pressure on the thermal
conductivity in a system contains multiple pores. The porosity is 2% in all
thermal conductivity simulations. The pore size is represented by the number
of removed UO2 pairs in the pore. (a) Normalized thermal conductivity as
a function of pore size. Three types of pores are studied: empty voids, halfﬁlled bubbles (Xe:VU 5 0.5), and full-ﬁlled bubbles (Xe:VU 5 1.0). (b) Xe bubble
pressure as a function of bubble size.

size is small, the thermal conductivities in the three cases are
similar, although a full-ﬁlled Xe cluster has a slightly lower
thermal conductivity than those in the other two cases at the
same cluster size. When the defect cluster size is greater than
the critical size, the half-ﬁlled bubbles result in nearly identical
thermal conductivities as the empty voids. However, the fullﬁlled bubbles lead to lower thermal conductivities than the
empty voids. In addition, the thermal conductivity reduction
induced by the full-ﬁlled Xe bubbles becomes more pronounced as the bubble size increases. Similar to helium bubbles
studied by Lee et al. [13], our results are surprising because Xe
gas can be a heat conducting medium and the Xe addition in
a void should lead to a higher thermal conductivity. However,
our MD results show an opposite trend.
It is well known that bubble pressure increases with the Xe
density or Xe:VU ratio in a bubble. To investigate how the
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bubble pressure changes when the Xe:VU ratio varies from 0.5
to 1.0, bubble pressures were calculated based on the virial
stresses of Xe atoms for the two Xe:VU ratios at different bubble
sizes, as shown in Fig. 3(b). Generally speaking, the bubble
pressure in a full-ﬁlled bubble is about 4 times higher than that
in a half-ﬁlled bubble at a given bubble size. Since small bubbles
are over-pressurized [40], bubble pressure decreases with
increasing bubble size. For the full-ﬁlled bubbles, bubble
pressure is in the range of 16–23 GPa, which agrees well with
Liu et al.’s MD results of 15–25 GPa [40] using a different
interatomic potential. From Figs. 3(a) and 3(b), it seems that
there exists a critical pressure or Xe:VU ratio, below which a Xe
bubble behaves like a void and above which a Xe bubble causes
extra thermal conductivity reduction.
To determine the critical bubble pressure or Xe:VU ratio for
the extra thermal conductivity reduction, a single bubble with
a radius of 1 nm is created. Different Xe:VU ratios ranging from
0 to 1.0 are used to ﬁll the bubble with Xe. The normalized
thermal conductivity as a function of bubble pressure at 300 K
is shown in Fig. 4(a). When bubble pressure is low, the thermal
conductivity is close to that of the empty void (i.e., the value at
0 GPa). When bubble pressure is about 7 GPa, which
corresponds to Xe:VU 5 0.75, the thermal conductivity has
a clear drop. As pressure increases further, thermal conductivity decreases almost linearly with pressure. Although the Xe
density in bubbles has a signiﬁcant effect on thermal conductivity at 300 K, we found that this effect becomes weaker at
high temperatures. Figure 4(b) shows the thermal conductivity
as a function of Xe:VU ratio at 300, 500, 1300, and 1500 K. The
results show that the critical Xe:VU ratio increases with
temperature. For example, the critical ratio is 0.75 at 300 K,
while it shifts to 0.83 at 500 K. At elevated temperatures (1300
and 1500 K), the effect of Xe density on thermal conductivity
seems to disappear, suggesting that temperature effects may
dominate the thermal transport at high temperatures. It may
also be that the large thermal noises at high temperatures, some
are artiﬁcial due to the ﬁnite system size, make the effect less
discernible.
The thermal conductivity reduction at high Xe:VU ratios is
similar as in the previous helium bubble work by Lee et al. [13].
In that work, they found that helium atoms can diffuse away
from a helium bubble into the UO2 matrix. The formation of
such a diffuse interface was also conﬁrmed by Liu et al.’s MD
simulations [40]. As a result, thermal conductivity is further
reduced with respect to an empty void due to the formation of
this diffuse interface. However, such a helium gas resolution
mechanism may not be applicable for Xe because Xe has
a much larger atomic size. To understand the underlying
mechanism for the additional thermal conductivity reduction
caused by Xe bubbles, the ﬁnal positions of atoms near a void/
bubble are visualized in Fig. 5. The vectors indicate the
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Figure 4: Effect of bubble pressure (or Xe:VU ratio) and temperature on the thermal conductivity in a system containing a single pore with r 5 1 nm. All thermal
conductivities are normalized to the single crystal value at the respective temperature. (a) Normalized thermal conductivity as a function of bubble pressure at 300
K. (b) Normalized thermal conductivity as a function of Xe:VU ratio at four different temperatures (300, 500, 1300, and 1500 K).

displacements of atoms with respect to their initial positions,
with arrow tails showing the initial atom positions. Figures 5
(a)–5(c) show the atom positions around a 1 nm void/bubble
with three Xe:VU ratios: 0, 0.5, and 1.0, respectively. For the
empty void [Fig. 5(a)], only a few oxygen atoms have discerned
displacements. For the half-ﬁlled bubble [Fig. 5(b)], again only
a few oxygen atoms have large displacements but uranium
atoms remain at their original positions. The Xe atoms have
signiﬁcant displacements, but they never leave the bubble.
When the bubble is fully ﬁlled [Fig. 5(c)], many oxygen and
uranium atoms have distinguishable displacements. The vector
directions indicate that most atoms displace away from the
bubble. This is because the full-ﬁlled bubble has a very high
pressure, as shown in Fig. 3(b). Therefore, the bubble tends to
release its pressure through displacing the surrounding atoms.
Interestingly, atoms above the bubble have more displacements
than those below the bubble. This is because the temperature
above the bubble is higher than that below the bubble due to
the thermal gradient. Since a crystal lattice at a higher
temperature is softer than that at a lower temperature, these
atoms in the hotter region can be displaced more. It should be
noted that Xe atoms do not have noticeable displacements in
Fig. 5(c), and they do not diffuse into the matrix either.
Therefore, Xe behaves like a solid when the bubble is fully
ﬁlled. This observation is consistent with the work by Liu and
Andersson [40], in which they found that uranium atoms
around a Xe bubble were displaced to release the bubble
pressure for Xe:VU 5 1.0. The interface distortion around an
over-pressurized bubble can cause additional phonon scattering. A similar bubble surface distortion effect on thermal
conductivity reduction was also observed in tungsten with
over-pressurized helium bubbles [41]. As a result, the thermal
conductivity is reduced further with respect to an empty void
or half-ﬁlled bubble. Therefore, although the phenomenon of
additional thermal conductivity reduction in UO2 is observed
for both over-pressurized He bubbles [13] and Xe bubbles, the
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underlying mechanisms are different. In the former, helium
resolution creates a diffuse interface that causes additional
phonon scattering. In the latter, the distorted bubble surface in
an over-pressurized bubble induces the additional phonon
scattering. It seems that temperature does not affect the
different behaviors of gas atoms in UO2. For example, in the
work by Liu and Andersson [40], both helium and Xe bubbles
were annealed at 1000 K. Helium diffused to the UO2 matrix,
while Xe remained inside the bubble, which is consistent with
our Xe results at 300 K.
The above results show that bubble pressure or Xe:VU ratio is
an important factor for causing the interface distortion. Currently,
there is no consensus on the pressure or Xe:VU ratio in Xe bubbles
in UO2. Garcia et al. [42] estimated that the typical Xe gas bubble
pressure in UO2 is in the range of 2–5 GPa based on their
experimental measurements using X-ray absorption spectroscopy.
If this is always true, bubbles may be only half ﬁlled and they may
behave similarly as voids. Based on the experimental measurements and Ronchi’s model [43], Nogita et al. [44] estimated that
Xe bubble pressure was in the range 1.5–15 GPa for a bubble
radius between 4 and 10 nm. Based on MD simulations, Liu et al.
[40] concluded that the Xe:VU ratio is likely to be 1.0 in preexisting voids if Xe diffusion kinetics allows. The calculated bubble
pressure is about 15 GPa for a 1–2 nm bubble. If this happens in
reality, bubbles may be fully ﬁlled and they may cause more
thermal conductivity reduction than voids.
It should be noted that bubble surface distortion depends
on not only bubble pressure but also bubble size because
smaller bubbles can accommodate higher pressures [40]. To
demonstrate the effect of bubble size, Fig. 5(d) shows the
distortion of surface atoms around a full-ﬁlled bubble with
a radius of 0.6 nm (27 Schottky vacancy clusters). Compared
with the larger bubble [Fig. 5(c)], the surface atoms around the
smaller bubble have much smaller displacements [Fig. 5(d)]. As
a result, the thermal conductivity of this full-ﬁlled bubble is
only slightly lower than the empty void, as shown in Fig. 3(a).
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Figure 5: Visualization of the ﬁnal atom positions near a bubble or void, with red spheres being U atoms, blue spheres being oxygen atoms, and green spheres
being Xe atoms. The atomic displacements are indicated by black vectors with the tails representing the initial atom positions. The vector length is proportional to
the actual atom displacement. (a) An empty void with r 5 1 nm. (b) A half-ﬁlled bubble (Xe:VU 5 0.5) with r 5 1 nm. (c) A full-ﬁlled bubble (Xe:VU 5 1.0) with r 5
1 nm. (d) A full-ﬁlled bubble (Xe:VU 5 1.0) with r 5 0.6 nm.

As mentioned earlier, there exists a critical void/bubble size
below which point defect scattering dominates [Fig. 3(a)]. In
this regime, our MD results show that incorporation of Xe into
the small vacancy clusters still leads to the extra reduction of
thermal conductivity, even though the atoms near the clusters
do not have much distortion [e.g., Fig. 5(d)]. To verify this, we
have studied the effect of Xe incorporation into a special
vacancy cluster—octahedron cluster—on the thermal
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conductivity of UO2. An octahedron cluster consists of six
uranium vacancies and eight oxygen vacancies (6VU:8VO).
Previous density functional theory (DFT) calculations [20]
showed that this cluster is surprisingly stable, so that it may be
important for Xe bubble nucleation. In addition, to further
validate that our results are not speciﬁc to the interatomic
potential, here we use the recently developed embedded atom
method (EAM) potential [34, 35] to study the effect of Xe

cambridge.org/JMR

j Journal of Materials Research j Volume 34 j Issue 13 j Jul 15, 2019 j www.mrs.org/jmr

Downloaded from https://www.cambridge.org/core. IP address: 18.207.136.184, on 22 Sep 2019 at 08:49:55, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1557/jmr.2019.93

Invited Paper

2302

Invited Paper

UO2 single crystal parameters
3.11  102 mKW1 [11]
2.08  104 mW1 [11]

A
B

Octahedron cluster scattering parameters
Cf6VU :8VO g
CfXe:6VU :8VO g
Cf2Xe:6VU :8VO g
Cf3Xe:6VU :8VO g
Cf4Xe:6VU :8VO g
Cf5Xe:6VU :8VO g
Cf6Xe:6VU :8VO g
Cf7Xe:6VU :8VO g
Cf8Xe:6VU :8VO g

21.83
21.87
23.99
23.99
26.08
30.31
29.08
31.32
39.85

mKW1
mKW1
mKW1
mKW1
mKW1
mKW1
mKW1
mKW1
mKW1

incorporation into octahedron clusters. In this potential, an
additional EAM component is added to Eq. (1) to include the
many-body effects in the UO2. The Xe–U and Xe–O are
described by the Buckingham potential, and the Xe–Xe interaction was originally developed by Tang et al. [45]. Note
these potential parameters can be downloaded online [46].
Here, the simulation system contained 5  5  50 UO2
unit cells initially. Then 5 octahedron clusters per 1280
uranium atoms were created, so that the total porosity in this
system is 2.34% with respect to the uranium sites. In each
octahedron cluster, up to 8 Xe atoms were incorporated. The
calculated thermal conductivities were used to ﬁt to a semiempirical model [11]:
k¼

1
AþBT þCx

;

signiﬁcantly, suggesting that a critical Xe:VU ratio may exist.
Figure 6 shows the thermal conductivity as a function of the
Xe:VU ratio in the octahedron cluster at 300 K, which is
calculated based on Eq. (6), and the parameters are listed in
Table II. Clearly, the thermal conductivity decreases with the
increasing number of Xe atoms in octahedron clusters. Overall,
both Basak potential and EAM potential predict that incorporation of Xe into vacancy clusters or small voids causes
additional decrease in thermal conductivity, which is counterintuitive, and such effect should be included in mesoscale or
analytical modeling.

ð6Þ

where A and B are parameters for the nondefective lattice, C is
a scattering parameter for one type of defects or clusters, T is
temperature, and x is the lattice concentration of defects or
clusters. The parameters A and B are listed in Table II, which
were previously determined by ﬁtting to the spin scattering
adjusted MD data [11]. Therefore, in this work we only used
MD results to determine the scattering parameters (C) for
different number of Xe atoms occupying the octahedron cluster
(nXe:6VU:8VO). These determined parameters are listed in
Table II. Note a smaller scattering parameter means a higher
thermal conductivity at a given temperature. It can be seen that
the scattering parameter has a non-linear relationship with the
Xe:VU ratio. The general trend is that the scattering parameter
increases with the increasing Xe:VU ratio. In other words, the
more Xe atoms incorporated into octahedron clusters, the
lower the thermal conductivity. This trend is consistent with
the above results obtained from the Basak potential [Fig. 3(a)],
indicating that the conclusions in this work are not speciﬁc to
the interatomic potentials used. Table II also shows that when
the Xe:VU 5 4:6 5 0.667, the scattering parameter increases
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Figure 6: Thermal conductivity of the system containing Xe-ﬁlled octahedron
clusters as a function of Xe:VU ratio at 300 K. The results were calculated based
on the EAM potential.

Conclusions
In this work, MD simulations are conducted to study the size
and pressure effects of small Xe bubbles on the thermal
transport properties in UO2. The results are compared with
empty voids of the same sizes to elucidate the role of Xe
addition in the thermal conductivity. The results show that for
both voids and Xe bubbles, at a ﬁxed porosity, the thermal
conductivity initially increases with pore size, then reaches
a saturated value, suggesting that there is a transition from
point defect–dominant phonon scattering to surface-dominant
phonon scattering. This transition also demonstrates that
dispersed Xe atoms or vacancies typically result in a lower
thermal conductivity than clustering them into bubbles or
voids. The critical radius for the transition is about 0.6 nm,
which is much smaller than the theoretical prediction of 5 nm
[10]. In terms of the effect of Xe addition, it is found that halfﬁlled Xe bubbles (Xe:VU 5 0.5) give nearly the same thermal
conductivity as empty voids, while full-ﬁlled bubbles (Xe:VU 5
1.0) lead to additional reduction in thermal conductivity with
respect to empty voids. Further analysis shows that this effect
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becomes important when the Xe:VU ratio is greater than 0.75.
In addition, this effect is found to exist even when the Xe
cluster size is small, although it is not as signiﬁcant as in the
relatively large bubbles. The results are surprising because it is
usually assumed that Xe can serve as a heat conducting
medium [12], so that Xe bubbles can improve the thermal
conductivity in comparison with empty voids. Through visualization of the displacements of bubble surface atoms, it is
found that bubble surface atoms are displaced to release the
bubble pressure. In addition, Xe atoms are found to stay within
bubbles because their atomic size is large. The bubble pressure–
induced surface distortion causes additional phonon scattering
and therefore further reduces the thermal conductivity. This
mechanism is different from the helium resolution mechanism
in helium bubbles [13], because helium has a small atomic size
and can diffuse into the UO2 matrix to form a diffuse interface.
This work suggests that the surface distortion of overpressurized Xe bubbles is an important surface scattering
mechanism, in particular when bubble size is small such as
intragranular bubbles. Therefore, this mechanism should be
incorporated in mesoscale modeling of thermal conductivity
degradation due to small Xe bubbles in the future.
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