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a b s t r a c t

In this research paper, the thermal transport in thorium dioxide is investigated by using nonequilibrium
molecular dynamics. The thermal conductivity of bulk thorium dioxide was measured to be 20.8 W/m-K,
confirming reported values, and the phonon mean free path was estimated to be between 7 and 8.5 nm
at 300 K. It was observed that the thermal conductivity of thorium dioxide shows a strong dependency
on temperature; the highest thermal conductivity was estimated to be 77.3 W/m-K at 100 K, and the
lowest thermal conductivity was estimated to be 4.3 W/m-K at 1200 K. In addition, by simulating
thorium dioxide structures with different lengths at different temperatures, it was identified that short
wavelength phonons dominate thermal transport in thorium dioxide at high temperatures, resulting in
decreased intrinsic phonon mean free paths and minimal effect of boundary scattering while long
wavelength phonons dominate the thermal transport in thorium dioxide at low temperatures.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The utilization of thorium as a new energy source has been of
interest to researchers for several years [1]. Thorium exists in nature
as Th-232 and is more abundant than uranium, which has been the
typical nuclear fuel. Thorium is fertile and must be converted into
fissile material (nuclear fuel) via a breeding process accomplished
by neutron absorption in a nuclear reactor and subsequent nuclei
conversions [1,2]. The resulting fissile U-233 can be used in any of
several kinds of national or international nuclear reactors [1,3,4].

Thorium oxide (ThO2), also known as thoria, has one of the
highest melting points among all oxides (3573.15 K) [5]. Conse-
quently, ThO2 is used in light bulbs, arc-light lamps, welding elec-
trodes, and heat-resistant materials [6e8]. As a nuclear fuel, ThO2
has several advantages when compared to conventional uranium-
based fuels. ThO2 is relatively inert and has lower thermal expan-
sion than UO2. Fission gas release from ThO2 nuclear fuel pellets is
much lower than that from UO2. In particular, its high thermal
conductivity makes ThO2 a better fuel for nuclear reactors since
thermal transport is a critical issue that is directly related to the
lifetime of nuclear fuels. There are several types of reactors where
ThO2 can be used as nuclear fuel: heavy water reactors, high-
temperature gas-cooled reactors, boiling water reactors, pressur-
ized water reactors, fast neutron reactors, and molten salt reactors.

The efficient thermal transport property of ThO2 has been a
subject of research for many years. In 1954, Kingery et al. [9] re-
ported the thermal conductivity of several oxide materials
including ThO2. In 1969, Murabayashi et al. [10] reported the
thermophysical properties of ThO2 such as thermal diffusivity and
thermal conductivity. More recently, Pillai and Raj [11] reported the
thermal conductivity of ThO2 using a steady-state axial heat flow
comparative apparatus. There are only a few theoretical calcula-
tions for the thermal transport property of ThO2. Ma et al. [12]
reported the specific heat and thermal conductivity of ThO2 using
equilibrium molecular dynamics (MD) simulations, but the sample
length is limited to 6 unit cells only.

The present study provides a meaningful addition to current
literature as it presents microscopic understanding on thermal
transport in ThO2. Using classical MD along with the potential field
for actinide oxides developed by Cooper et al [13e15], the thermal
conductivity and the phonon mean free path of ThO2 were obtained
in this study. By progressively increasing the sample lengthup to 200
unit cells, the thermal conductivity of the bulk ThO2 is estimated.
Additionally, to better understand the temperature effect on thermal
transport in ThO2, thermal conductivities are estimated for ThO2
structures at various temperatures, ranging from 100 K to 1200 K.

2. Simulation method

In this work, reverse nonequilibrium molecular dynamics
(RNEMD) is employed to obtain thermal conductivity of ThO2. The
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schematic of the RNEMD simulation is shown in Fig. 1. RNEMD is a
MD method for measuring transport property using cause and ef-
fect reversed algorithm first introduced by Müller-Plathe [16] and
has been constantly used to estimate thermal properties of mate-
rials [17e20]. In this study, the RNEMD algorithm implemented in
large-scale atomic/molecular massively parallel simulator
(LAMMPS) [21] is used to create a heat flux by swapping energy
between a hot bath and a cold bath in a simulation box. By the help
of the periodic boundary condition, two cold baths are generated at
the ends of the simulation box.

To perform RNEMD, the simulation system needs to be well-
equilibrated to forget its initial thermodynamic state. Once the
simulation structure is properly equilibrated, the simulation box is
divided into many imaginary bins along the direction in which the
thermal conductivity is to be calculated using the simulation al-
gorithm. During the simulation, energy is swapped at each speci-
fied time step by exchanging velocity vectors of the coldest atoms
in the hot region and the hottest atoms in the cold region to create a
temperature gradient in the simulation structure. Energy exchange
between the cold bath and hot bath occurs until the heat flow
reaches a steady state. Once the heat flow in the structure reaches a
steady state, the thermal conductivity, k, is calculated using the
Fourier's heat conduction law with averaged heat flux and tem-
perature gradient dT/dx as the following.

k ¼ � 〈q〉
〈dT=dx〉

; (1)

where 〈q〉 is the heat flux and 〈dT=dx〉 is the temperature gradient
in the sample averaged over time and space. The brackets < >,
indicate the average of the quantities over time as well as over the
particles in the simulation cell.

The simulation structures (Fig. 1) and LAMMPS input data are
constructed by using custom MATLAB programs. It must be noted
that thermal transport in these structures is size dependent since
phonons with wavelengths longer than the computational unit
cells cannot be excited, thus limiting the overall thermal conduc-
tivity. However, the effect of simulation box boundary on thermal
transport is expected to be diminished continuously as the simu-
lation structure size increases progressively in the direction of
thermal conductivity estimation (x direction in the present study)
until the size of the simulation structure becomes larger than its
intrinsic phonon mean free path.

In all structures simulated, the two side lengths, i.e. Ly and Lz, are
constructed to be the same. In the case of ThO2, three different side
lengths (Ly ¼ Lz ¼ 1.12 nm, 3.36 nm, and 5.6 nm) are chosen to
investigate the thermal conductivity in x direction; 1.12 nm,
3.36 nm, and 5.6 nm correspond to 2, 6, and 10 unit cells, respec-
tively. The other control parameter, i.e. the sample length, Lx, is
defined as the half length of the x-direction length of the simulation
structure since the characteristic length for thermal conductivity

estimation in RNEMD is the distance between the hot bath located
in the middle of the simulation structure and the cold bath located
in the ends of the simulation structure; two identical temperature
profiles are induced symmetrically after exchanging energy be-
tween the hot bath and two cold baths. Eight different sample
lengths (Lx ¼ 2.8 nm, 5.6 nm, 11.2 nm, 16.8 nm, 22.4 nm, 28 nm,
42 nm, and 56 nm) are selected for the present study; these eight
different lengths are equivalent to 5, 10, 20, 30, 40, 50, 75, and 100
unit cells, respectively.

UO2 structures are also constructed for comparison. For the case
of thermal conductivity estimation for UO2, the side length is fixed
to be Ly ¼ Lz ¼ 3.28 nm (6 unit cells). The sample lengths, Lx,
selected for the thermal conductivity estimation of UO2 are
5.47 nm, 10.9 nm, 16.4 nm, 21.8 nm, 27.3 nm, 41.0 nm, and 54.7 nm
that are equivalent to 10, 20, 30, 40, 50, 75, and 100 unit cells,
respectively.

All simulations are performed using the LAMMPS [21] code with
the potential model for actinide oxides developed by Cooper and
Rushton [13e15], which takes into account many body effects to
improve the description of thermophysical properties of actinide
oxides. The potential model uses the embedded atom method to
allow the inclusion of many body interaction during MD simula-
tions, and its functional consists of pairwise and many body com-
ponents as follows.

Ei ¼
1
2

X
j

fab

�
rij
�� Ga

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
j

sb
�
rij
�s
; (2)

where Ei is the energy of ith atomwith respect to all other atoms, rij
is the distance between ith atom and jth atom, and a and b denote
the species of ith atom and jth atom, respectively. The first term in
the Eq. (2) represents pairwise interaction between ith atom and
jth atom, separated by rij and it includes long range electrostatic
contributions and short range contributions. The short range con-
tributions to the potential energy are based on the potential model
developed by Morse [22] and Buckingham [23]. The second term in
the Eq. (2) introduces many body perturbation to the pairwise
interaction by summing a set of pairwise functions, sb (rij), between
ith atom and its surrounding atoms. As can be seen in the Eq. (2),
many body perturbation is proportional to the square root of the
summation of pairwise functions, where Gs is the proportionality
constant. The detailed information for the functional can be found
in Cooper et al. [13]. This potential model has successfully predicted
thermophysical properties of actinide solids such as thermal
expansion and specific heat capacity [13]. More recently, it has been
employed to calculate the diffusion properties of CeO2, ThO2, and
UO2 [14,24] as well as the thermal conductivity of UO2 [25].

The simulation structure is energy-minimized first by iteratively
adjusting atomic coordinates to get a near 0 K structure. Once
energy-minimization is finished, the temperature is elevated to
500 K using isenthalpic (NPH) ensemble with Langevin thermostat
for faster equilibration. Then, the system is cooled down to room
temperature with isothermaleisobaric (NPT) ensemble and equil-
ibrated. RNEMD is carried out on the equilibrated structures for 2 ns
with micro-canonical (NVE) ensemble with a time-step of 1 fs.

3. Results and discussion

The temperature profile obtained after imposing a heat flux for 2
ns is shown in Fig. 2. The temperature slips at the boundaries result
from the unphysical manner by which heat is added/removed at
the hot and cold baths [20,26e28]dthe continuous discharge of
low/high temperature atoms in the hot/cold bath is not compen-
sated timely by the diffusion of low/high temperature atoms from

Fig. 1. Schematic of sample preparation for RNEMD.
RNEMD, reverse nonequilibrium molecular dynamics.
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neighboring bins because of the fast energy swapping rate [29].
However, extracting thermal conductivity from this nonlinear
temperature profile can be easily achieved by discarding the re-
gions close to the hot and cold baths and taking only the linear
portion of the profile.

Table 1 lists the dimensions of all the simulation structures
employed in the present work along with the room temperature
thermal conductivities obtained by using the method described in
the simulation method section. The results presented in Table 1 are
plotted in Fig. 3 for clarity. The thermal conductivity measurements
for the structures with the sample lengths (Lx) of 42 nm and 56 nm
and the side lengths (Ly or Lz) of 5.6 nm are prohibited computa-
tionally because of the large number of atoms; the biggest structure
simulated in this study contains 120,000 atoms when Lx ¼ 28 nm
and Ly ¼ Lz ¼ 5.6 nm.

ThO2 exhibits higher thermal conductivities than UO2 especially
when structure size becomes large. This superior thermal con-
ductivity of ThO2 has been reported repeatedly, and researchers
suggested mixing UO2 together with ThO2 to improve its thermal
transport property [10,30e32]. A strong dependency of the thermal
conductivity on the sample length is observed in all cases. The
thermal conductivity increases with an increase in the sample
length. This dependency indicates the room temperature phonon
mean free path of ThO2 is larger than or comparable to the structure
sizes simulated in this study. Therefore, in addition to phonone
phonon scattering, scattering at the boundaries of the simulation
box influences the thermal conductivity of the sample simulated
here. An interesting behavior is seen when the trend of thermal
conductivity increase in UO2 is compared to that in ThO2 (Fig. 3);
the thermal conductivity of UO2 reaches the plateau phase faster

than that of ThO2 as sample length is increased. This indicates that
the intrinsic phonon mean free of UO2 is shorter than ThO2.

It should also be noted that the side length affects the thermal
conductivities of ThO2 evenwhen the sample lengths are the same.
The effect of the side length does not show a consistent tendency
until the sample length becomes 28 nm. From the sample length of
28 nm, it is observed that a structure with larger side length shows
a slightly bigger thermal conductivity than a structure with smaller
side length, provided that the sample lengths of the both structures
are the same. This side length effect is expected to exist until the
side length is increased above the intrinsic phonon mean free path
of ThO2. However, the effect of side length on the thermal con-
ductivity is minimal (comparable to the measurement errors dur-
ing RNEMD) when compared to the effect of the sample length as
shown in Fig. 3. This indicates that thermal transport in x direction
is not altered much by the boundary scatterings from x-y or x-z
planes, and the effect of cross-sectional area can be ignored during
the thermal conductivity estimation using RNEMD. This is consis-
tent with other thermal transport studies that utilized MD [33e35],
where researchers identified a minimal effect of cross-sectional
area on thermal conductivity calculation.

On the basis of the kinetic theory of phonon transport, the
thermal conductivity is proportional to the phonon mean free path.
In the case where phonons scatter at the heat reservoir, the effec-
tive mean free path, leff, can be expressed using Matthiessen rule
[36,37] as.

1
leff

¼ 1
lph�ph

þ 1
lb

(3)

Fig. 2. A representative temperature profile during RNEMD. The thermal gradient is
obtained from the linear portion of the temperature profile using the linear regression
function in MATLAB.
RNEMD, reverse nonequilibrium molecular dynamics.

Table 1
Thermal conductivities of ThO2 and UO2 at room temperature obtained from RNEMD.

Structure Thermal conductivity, k (W/m-K)

ThO2 Sample length, Lx 5.6 nm 11.2 nm 16.8 nm 22.4 nm 28.0 nm 42.0 nm 56.0 nm
Side length, Ly ¼ Lz 1.12 nm 7.9 ± 1.5 10.3 ± 0.3 11.9 ± 0.3 13.0 ± 0.2 14.0 ± 0.2 15.1 ± 0.3 15.5 ± 0.4

3.36 nm 7.7 ± 0.9 9.7 ± 0.7 12.0 ± 0.3 13.1 ± 0.5 14.5 ± 0.2 15.7 ± 0.1 15.9 ± 0.1
5.60 nm 7.6 ± 0.7 9.4 ± 0.5 11.8 ± 1.3 12.7 ± 1.1 14.8 ± 0.3 d d

UO2 Sample length, Lx 5.47 nm 10.9 nm 16.4 nm 21.8 nm 27.3 nm 41.0 nm 54.7 nm
Side length, Ly ¼ Lz 3.28 nm 7.4 ± 0.5 10.3 ± 0.4 11.8 ± 0.4 13.6 ± 0.2 13.7 ± 0.2 14.2 ± 0.2 14.9 ± 0.4

RNEMD, reverse nonequilibrium molecular dynamics.

Fig. 3. The thermal conductivity estimation of ThO2 structures using RNEMD. Ly and Lz
denote side lengths and Lx is the sample length which is the half size of the total
simulation box length.
RNEMD, reverse nonequilibrium molecular dynamics.
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where lph-ph is phononephonon scattering length, and lb is the
phononeboundary scattering length due to simulation box
boundary. As discussed earlier, the dominant scale factor that limits
thermal transport in ThO2 is sample length (Lx), and side lengths (Ly
and Lz) show negligible effect. Therefore, the phononeboundary
scattering length, lb, can be approximated to be sample length.
Then, using Eq. (3) along with the kinetic theory of phonon trans-
port, the thermal conductivity of the sample can be expressed as.

1
k
f

1
leff

¼ 1
lph�ph

þ 1
lb
: (4)

This relationship implies that the inverse of the thermal con-
ductivity, k, versus inverse of the system size, lb, is a linear
curve and that the thermal conductivity for an infinitely large
structure can be obtained by simple extrapolation of the plot, i.e., in
the limit when 1/lb / 0.

For the estimation of bulk thermal conductivity, the simulation
structures with the side length of 3.36 nm are selected and the
inverse of the thermal conductivity is plotted as a function of the
inverse of the size of the sample length in Fig. 4. The linear relation
between the two parameters, i.e. 1/thermal conductivity and 1/
length, shown in Fig. 4 confirms the effectiveness of Matthiessen's
rule once again. In accordance with Eq. (4), extrapolating the lin-
early fitted line to the y-axis with x ¼ 0 provides an estimate of
thermal conductivity for an infinitely large ThO2, i.e. 20.8 W/m-K.
The thermal conductivity of bulk UO2 is estimated to be 17.1W/m-K
by using the same method.

Although there are several thermal conductivity measurement
results available in the literature for ThO2, more data are still
needed to fully understand the thermal transport in ThO2. Several
researchers [38e40] reported a range of 10e15 W/m-K as the
thermal conductivity of ThO2 at 300 K by utilizing thermal diffu-
sivity measurements. More recently, Pillai and Raj [11] reported
11 W/m-K as the thermal conductivity of ThO2 at 300 K using a
steady-state axial heat flow comparative apparatus. Researchers
also calculated the thermal conductivity of ThO2 using MD, and
they reported thermal conductivity values that are slightly higher
than the experimental results in the past. For example, Ma et al.
[12] reported ca. 16.5 W/m-K as the thermal conductivity of a ThO2
structure with ~3.3 nm at 300 K. Behera and Deo [41] reported ca.
22 W/m-K for a ThO2 structure with ~3.3 nm length. Cooper et al.

[35] reported ca. 12 W/m-K as the thermal conductivity of a ThO2
structure with 16 nm. Rahman et al. [42] also used nonequilibrium
MD with the same force field that is used in the present work to
report 15.9 W/m-K as the thermal conductivity of ThO2 with the
simulation box size of 200 unit cells. Our estimate of 15.9 W/m-K
for ThO2 with 200 unit cells is consistent with the results
mentioned above. However, it must be noted that the above cal-
culations usingMD do not reflect the effect of porosity and needs to
be adjusted by considering the reduced density of ThO2 to match
with the experimental measurements; any defect or porosity in
ThO2 is expected to significantly alter the lattice vibration in ThO2,
resulting in reduced thermal conductivity. In this regards, Bakker
et al. [31] suggested that the thermal conductivity of ThO2 should
be corrected by using a relationship, f ¼ (1 e P)1.5, where P
(0 < P < 1) is the porosity and f (0 < f < 1) is the fraction of the
thermal conductivity. Recently, Szpunar et al. [43] adjusted their
theoretical thermal conductivity calculations of ThO2 to account for
5% porosity by using the same relationship. When the same cor-
relation is applied, the thermal conductivity of ThO2 with 200 unit
cells in this research (15.9 W/m-K) is adjusted to be 14.7 W/m-K
while the thermal conductivity estimate of bulk ThO2 (20.8W/m-K)
is adjusted to become 19.2 W/m-K if 5% porosity is considered. In
addition, it should be mentioned that the results of classical MD
highly depend on the quality of the force field used. Therefore, the
MD results need to be comparedwith other theoretical calculations
that utilize the first principles approach. Xiao et al. [44]
reported ~ 13 W/m-K as the thermal conductivity of ThO2 by us-
ing the Slack expression [45]. Lu et al. [46] estimated the thermal
conductivity of ThO2 to be ~12 W/m-K by using density functional
theory calculations. Malakkal et al. [47] used two different pseu-
dopotentials to calculate the lattice thermal conductivity of ThO2
and reported ~18 W/m-K at 400 K. Szpunar et al. [43,48] reported
~16W/m-K for the thermal conductivity of ThO2 at 300 K. The latest
theoretical calculations for the thermal conductivity of ThO2 were
performed by Szpunar et al. [49] who reported a thermal conduc-
tivity value of 18 W/m-K for ThO2 at 400 K.

The bulk thermal conductivity value obtained above can be used
to estimate the intrinsic phonon mean free path by using the ki-
netic theory of gas [50,51]. Thermal conductivity can be related to
phonon mean free path as

k ¼ 1
3
cvglp; (5)

where, c is specific heat per volume, vg is average group velocity,
and lp is phononmean free path. Eq. (5) can transformed to give the
expression for phonon mean free path as

lp ¼ 3k
cvg

: (6)

Several researchers [31,46,52e56] reported the specific heat
values for ThO2 ranging from 0.2234 to 0.2689 J/g-K at room tem-
perature. The value vg ¼ 3317.3 m/s reported by Lu et al. [57] is used
as the value for the average phonon group velocity for the phonon
mean free path calculation. If the bulk thermal conductivity value
obtained in this study (20.8 W/m-K) is used, the phonon mean free
path is expected to be between 7 nm and 8.5 nm. As observed in
Fig. 3, the thermal conductivity begins to reach the plateau when
the sample lengths become longer than 10 nm. This can be attrib-
uted to the phonon mean free path shorter than 10 nm; as the
sample length becomes longer than the phonon mean free path,
phonon scattering from the simulation box boundaries becomes
greatly reduced, resulting in the termination of the ballistic thermal
transport stage.

Fig. 4. The reciprocal of thermal conductivity is plotted as a function of the inverse of
sample length to estimate the thermal conductivity of an infinitely large ThO2

structure.
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To better understand phonon transport in ThO2, the thermal
conductivities of ThO2 structures with seven different lengths
(5.6 nm, 11.2 nm,16.8 nm, 22.4 nm, 28.0 nm, 42.0 nm, and 56.0 nm)
were estimated at various temperatures, ranging from 100 K to
1200 K using RNEMD. The total 84 (7 sample lengths � 12 tem-
perature points) thermal conductivity estimation results are
plotted in Fig. 5. From this figure, it is clearly identified that the
increase in the temperature degrades the thermal transport prop-
erty of ThO2; the simulation structure with higher temperature
always exhibits lower thermal conductivity. This phenomenon is

attributed to Umklapp phononephonon scattering at high tem-
peratures. At high temperatures the population of phonons with
large momenta is increased. These phonons with large momenta
often lose their energy when they are collided with other phonons
with high momenta since the total resulting momenta easily ex-
ceeds the allowed momentum in the lattice structure. Therefore,
the increased Umklapp scattering at high temperatures results in
the decrease of the thermal transport efficiency. Moreover, it is
observed that at high temperatures the thermal transport in ThO2 is
not limited by the sample length; the thermal conductivity does
not show significant increase with an increase in the sample length
at 1200 K while the thermal conductivity rapidly increases with an
increase in the sample length at 100 K. This can be well explained
by the dominant phonon wavelength in a system that depends on
temperature. Dominant wavelength, ld, for thermally excited
phonon can be estimated using Zud ¼ hv=ldzkBT [58], where h is
the Planck constant, Z ¼ h=2p, kB is the Boltzmann constant, v is the
phonon group velocity, ud is the dominant phonon frequency, and T
is the temperature. Average phonon group velocity is estimated

from vðTÞ ¼
P
k;s

vðk;sÞnðk;sÞP
k;s

nðk;sÞ [59], where k is wavenumber, s is phonon

branch,vðk; sÞ is phonon group velocity, and nðk; sÞ is Bose-Einstein
distribution. As can be seen in this relation, the wavelength of
dominant phonon modes decreases with an increase in the tem-
perature of the system. Therefore, at low temperatures, long
wavelength phonons are expected to dominate the thermal trans-
port in the system, and they are not likely to participate in Umklapp
scattering because of their short wavenumbers. Recently, Kim et al.
[60] decomposed the contribution of acoustic phonons and optical
phonons to the thermal conductivity of UO2 to show that the lattice

Fig. 5. Thermal conductivities of ThO2 structures with various sample lengths at
different temperatures.

Fig. 6. The bulk thermal conductivity evaluation of ThO2 using Matthiessen's rule. (A) At 100 K. (B) At 700 K. (C) At 1200 K. (D) The bulk thermal conductivity of ThO2 at different
temperatures.
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thermal conductivity of UO2 is dominated by the long-range
acoustic phonons. However, it is worth noting that the impor-
tance of optical phonons in the thermal transport of actinide oxides
has been raised by researchers including Pang et al. [61] who
showed that in the case of UO2, longitudinal optical phonon modes
carry the largest amount of heat, in contrast to past simulation
results. It is true that the longitudinal optical phonons have rela-
tively high group velocities and a possibility to carry a large amount
of heat, but further investigations are required since there are two
contradicting opinions among researchers. At high temperatures,
on the other hand, the majority phonons are the ones with short
wavelength that are usually engaged in Umklapp scattering, and
this shortens the intrinsic phonon mean free path in the sample;
phonons experience substantial Umklapp scattering before they are
scattered by the boundaries, resulting in minimal effect of bound-
ary scattering.

In addition, the bulk thermal conductivities of ThO2 were eval-
uated at different temperatures by employing Matthiessen's rule
(Fig. 6). From Fig. 6D, it is observed that the thermal conductivity of
ThO2 decreases with increasing temperature; the highest thermal
conductivity is estimated to be 77.3 W/m-K at 100 K while the
lowest thermal conductivity is estimated to be 4.3 W/m-K at
1200 K. This temperature effect can also be identified in the
Figs. 6Ae6C, where the reciprocal of thermal conductivity is plotted
as a function of the reciprocal of sample length. The clear linear
relationship between 1/k and 1/Lx in Fig. 6A indicates that themajor
phonon scattering mechanism in the simulated structure is
boundary scattering which is directly related to the sample length.
At high temperatures (Fig. 6C), however, the clear linear relation-
ship between 1/k and 1/Lx is less evident since the majority of
phonons are scattered by Umklapp scattering rather than boundary
scattering. With this regards, Pillai and Raj [11] also identified that
the intrinsic phonon thermal conductivity of ThO2 decreases with
an increase in temperature. Murabayashi et al. [10] used the flash
method that employs laser pulses to measure the thermal con-
ductivity of ThO2 and also identified that thermal conductivity of
ThO2 decreases with increasing measurement temperature. More
recently, Szpunar et al. [43,48] successfully related the inverse of
the thermal conductivities of ThO2 with the inverse of temperature
using the relationship 1/k ¼ 1/(A þ BT) where k is thermal con-
ductivity, A and B are constants, and T is temperature, to account for
increased phononephonon scattering due to the increased
temperature.

4. Conclusions

A RNEMD along with the potential field for actinide oxides
developed by Cooper and Rushton [13e15] is employed to study
thermal transport in ThO2. The results confirmed again that ThO2
has a higher thermal conductivity than UO2. The simulations also
reveal the existence of ballistic thermal transport in ThO2 when the
structure size is smaller than its phonon mean free path
(7e8.5 nm); the thermal conductivity of ThO2 almost linearly in-
creases with an increase in the sample length until the sample
length becomes bigger than 10 nm. However, the thermal con-
ductivity of ThO2 is not altered by the change in the sectional area
of sample, indicating the minimal effect of a sectional area on the
phonon transport in ThO2. By utilizing the thermal conductivities of
ThO2 structures with different sample lengths together with Mat-
thiessen's rule, the room temperature thermal conductivity of bulk
ThO2 was computed to be 20.8 W/m-K that is higher than previ-
ously reported values. In addition, by performing RNEMD simula-
tions at different temperatures, it was concluded that thermal
transport in ThO2 at high temperatures is governed by Umklapp
phononephonon scattering. Moreover, it was observed that at high

temperatures thermal transport in ThO2 is not impeded by the
sample length unlike the room temperature thermal transport
because of the short wavelength of the dominant phonon modes;
phonons with short wavelength are scattered by the Umklapp
phononephonon scattering mechanism well before they reach the
simulation box boundaries. The thermal conductivity of bulk ThO2
was inversely proportional to the measurement temperature. The
highest bulk thermal conductivity was measured to be 77.3 W/m-K
at 100 K while the lowest bulk thermal conductivity was computed
to be 4.3 W/m-K at 1200 K.
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