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ABSTRACT

This paper calculates lattice thermal expansion (LTE) and thermal conductivity (TC) of Th1-

xCexO2 (x=0.0, 0.0625 and 0.125) MOX using classical molecular dynamic simulations. The
potential parameters of Coulomb-Buckingham function for Th-O, Ce-O and O-O were determined
by fitting experimentally available LTE data for pure ThO2 and CeO2. The calculated linear
thermal expansion coefficients in the temperature range 300-1500K for ThO2, CeO2, Th93.75Ce6.25O2

and Th87.5Ce12.5O2 are 10.61, 13.08, 10.78 and 10.93x10-6 K-1, respectively. The MD calculated LTE
values of ThO2 and (Th,Ce)O2 MOX are slightly higher than the experimentally determined values.
The MD calculated TC values of ThO2 and (Th,Ce)O2 MOX in the high temperature range (600 to
1200 K) our results accords very well with the experimental measurements and at the low
temperature range (300-500 K) our results are slightly different from some experimental results as
the difference comes from our presumption that the dominant mechanism for phonon scattering is
the Umklapp process. 
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INTRODUCTION 

In the recent past, considerable attention is being devoted to develop U1-xThxO2 and Pu1-xThxO2

mixed oxide (MOX) fuel for conventional pressurized water reactors and advanced heavy water
reactors (AHWR) due to its superior performance in reducing the large plutonium stockpile while
maintaining acceptable safety and control characteristics of the reactor system [1,2]. Moreover,
Pu1-xUxO2 MOX have been used as fuels for fast reactors in many countries and MOX with higher
amounts of PuO2 are being considered as potential fuels for the plutonium burner reactors [1,2]. In
order to understand the behavior of the thoria based fuel during irradiation and to predict its
performance under accidental conditions, the thermophysical properties such as thermal expansion
and thermal conductivities need to be evaluated first at ambient conditions. Moreover,
determination of thermophysical properties of ThO2-PuO2 by experimental means is very difficult
because of radioactivity and toxicity of PuO2 based systems which require extensive and expensive
safety precautions. One way to overcome this problem is to use CeO2 as a surrogate material for
PuO2 as they both have very similar physio-chemical properties. Under this scenario, classical
molecular dynamics (MD) simulation technique is a powerful tool to evaluate thermal properties of
MOX in the desired composition range as well as in the high temperature regime not accessible to
experimental techniques. 

In the present study, we adopted classical MD simulation methodology to predict lattice thermal
expansion (LTE) and thermal conductivity (TC) of pure ThO2, CeO2 and (Th,Ce)O2 MOX using an
interatomic potential consisting of Coulomb-Buckingham form.  

POTENTIAL MODEL 
The pair interaction potential of two particles in the ThO2 system consists of Coulomb, short

range repulsive and covalent bonding contributions:
ϕ αβ (r )=ϕ αβ

(C ) (r )+ϕ αβ
(S) (r )

.
The electrostatic interaction of two ions of type α and β is given by Coulomb law:
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ϕ αβ
(C ) (r )=qα qβ / 4πϵ 0r

, where qα and qβ are partial charges of Th and O, respectively.
The short-range interaction is described by Buckingham-type potential (α, β = Th, O):

ϕ αβ
(S ) (r )=Aαβ exp (−r /bαβ)−Cαβ/r

6

.
In our parameterization, Aαβ and Cαβ were assumed to be zero for Th-Th interactions and its
contribution is incorporated through Th-O and O-O interactions. Similar potential model was
adopted for CeO2 and the potential parameters of O2− were obtained from the previous work [3].
Firstly, we determined the potential parameters of Th4+ ion to reduce the difference between
calculated and measured properties (i.e. thermal expansion and bulk modulus). The thermal
expansion of ThO2 with a fluorite structure was measured by several studies [4-7]. In addition, the
bulk modulus was also  experimentally estimated to be 198 GPa [8]. Fig. 1(a) shows that the
thermal expansion obtained from our  MD calculations is in good agreement with the  literature
data. The volume–pressure relationships of ThO2 are shown in Fig. 1(b). The bulk modulus
obtained from the MD calculation was estimated to be 216 GPa using the polynomial equation of
state. 

Secondly, the potential parameters of Ce4+ ion were determined based on the experimental
thermal expansion [7] and the bulk modulus [9] in the same way as those of Th4+ ion. The thermal
expansion and volume–pressure relationship calculated using the optimized potential parameters of
Ce4+ are shown in Fig. 2(a and b), respectively. The calculated thermal expansion is a little larger
than the literature data at high temperatures [7]. On the other hand, the calculated bulk modulus of,
208 GPa, is marginally  larger than the  experimental value, 204 GPa [9]. To further improve the
reproducibility of mechanical properties, the interatomic potential function with a high flexibility
(e.g. Morse term) should be provided. But in the present study, we show that our potential model is
sufficient  to  reproduce  thermal  properties  of  ThO2,  CeO2 and  (Th,Ce)O2 MOX  from  room
temperature to 1750 K.  The potential parameters thus obtained for Th4+ and Ce4+ ions as well as
oxygen ions are summarized in Table 1. 

Fig. 1: Calculated (a) Thermal expansion and (b) isothermal compressibility of ThO2 is compared with available
experimental data in the literature.

2



Thorium Energy Conference 2015 (ThEC15)
October 12-15, 2015, Mumbai, India

Table 1: Parameters of the pair-wise interactions described by equation (1).

Interaction type A (eV) b (Å) C (eV Å6)

Th-O 26300 0.224857 12.8

Ce-O 7390 0.250 12.8

O-O 919.17 0.332 17.36

Fig. 2: Calculated (a) Thermal expansion and (b) isothermal compressibility of CeO2 is compared with available
experimental data in the literature.

MD SIMULATION METHODOLOGY
The  MD  simulations  for  LTE  and  TC  were  carried  out  using  the  LAMMPS  [10]  code.

Coulombic interactions were calculated using the Ewald method [10] with the particle–particle
particle–mesh  (PPPM)  implementation  of  the  method  within  the  MD calculations  to  improve
computational efficiency [10]. In the present study, the MD supercell was constructed having 4000
cations  and 8000 anions by an  array of  10x10x10 unit  cells  for  ThO2.  These  structures  were
equilibrated with 2 fs  time  step in the temperature range between 300 K and 3000 K (100 K
interval)  with  the  NPT  ensemble  (constant  number  of  atoms,  constant  volume,  and  constant
pressure) at zero external pressure using the Berendsen barostat with a time constant of 5 ps and
Nose  ́-Hoover thermostat with a time constant of 1 ps. Each simulation of thermal expansion was
carried out initially for 200 ps for equilibration at the desired temperature and then for another 50
ps to get an average value of the thermodynamic quantity.

RESULTS & DISCUSSION

Lattice Thermal Expansion
The MD calculated average lattice  parameters  (a(T))  of  ThO2,  Th1-xCexO2 (x  = 0.0625 and

0.125) are plotted as a function of temperature (300-3000 K range) in Figure 3. The HT-XRD
studies  of  ThO2 and  Th1-xCexO2 MOX are  also  shown  in  the  figure.  The  calculated  a(T) for
Th0.9375Ce0.0625O2 matches well with experimentally measured polycrystalline a(T) for Th0.96Ce0.04O2
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and Th0.92Ce0.08O2 MOX in the temperature range of 300-1500 K. It can be seen that the calculated
a(T) for ThO2 is also matching well with experimental  measurements  in the same temperature
range as mentioned before (Figure 1). The calculated decrease in lattice parameter as a function of
Ce4+ concentration can be attributed to small ionic radii of Ce4+ compared to Th4+ in eight-fold
coordination. Therefore, the generated potential parameters are not only capable of predicting exact
behavior of  a(T) for ThO2, but also can efficiently estimate a(T) for small CeO2 doping in ThO2

matrix. We extended our study by estimating a(T) for ThO2, Th0.9375Ce0.0625O2 and Th0.875Ce0.125O2 in
the  temperature  range  of  300-3000  K.  This  allowed  useful  predictions  to  be  made,  both  at
operating temperatures and at extreme temperatures approaching the melting point in reference to
reactor fuel applications.

Fig. 3: Variation  of  unit  cell  dimension  of  pure  ThO2,  Th0.9375Ce0.0625O2 and  Th0.875Ce0.125O2 in  the  300-3000  K
temperature range along with HT-XRD data [15].

Table 1: MD calculated LTE  coefficients of  ThO2 and  (Th,Ce)O2 are compared with
experimentally measured (by dilatometer and high temperature XRD) values available in the
literature.

Thermal expansion
coefficients (α) (10-6 K-1)

Remarks

10.61(300-1800 K)
9.99 (300-1450 K)
9.54 (293-1173 K)

10.78 (300-1500 K)
10.93 (300-1500 K)
9.76 (293-1173 K)
9.96 (293-1173 K)

MD present study, ThO2

Dilatometry [2], ThO2

HT-XRD [11], ThO2

MD present study, Th0.9375Ce0.0625O2

MD present study, Th0.875Ce0.125O2 
Th0.96Ce0.04O2, HT XRD [11]
Th0.92Ce0.08O2, HT XRD [11]

In  order  to  further  analyze  our  MD  calculated  thermal  expansion  behavior  of  ThO 2 and
(Th,Ce)O2 MOX, Table 2 enlist our MD calculated thermal expansion coefficients (α) values with
the literature  data  [2,11].  The numerical  value of  MD calculated α  is  always  greater  than the
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experimentally measured α values. As MD calculations are performed on a model system with no
incorporation  of  porosity,  impurity  effects,  etc.  In  contrast,  the  experimental  samples  are  not
devoid of these effects where some part of the lattice thermal expansion may be accommodated in
the porosity of the samples. Moreover, this interatomic potential of ThO2 predicts α values which
are close to previous HT-XRD measurements. 

Thermal Conductivity
Green-Kubo (GK) formalism was employed to calculate thermal conductivity using the MD

simulations where an estimate of a transport coefficient relies on the integral of an accurate time-
correlation of the equilibrium fluctuations of the corresponding heat flux in the system. ThO2 and
(Th,Ce)O2 MOX  supercells were equilibrated first with an NPT run (with the Nose   ́-Hoover
thermostat and the Berendsen barostat) to allow the volume to expand for 500 ps, followed by an
NVE run to equilibrate the system at the desired temperature for 200 ps. After equilibration, the
time series data for the heat current was collected under NVE for 2000 ps. The integral of the heat
current correlation function was evaluated using the trapezoidal rule and thermal conductivity is
determined as the average value in the stable regime of the integral.

Fig. 4: Thermal conductivity calculated by MD simulations as a function of temperature for ThO 2, Th0.9275Ce0.0625O2

and Th0.875Ce0.125O2 compared with our experimental values of ThO2 and ThO2-5wt% CeO2 for POP as well as CAP
pellets sintered in Ar+H2 and Air atmosphere (95 % TD)[2]. These values are also compared with reported values of
ThO2, ThO2-3wt% and ThO2-8wt%PuO2 by Cozzo et al [12]. Solid lines are only for visual guide.  

In Figure 4, the MD calculated thermal conductivity of pure ThO2, Th1-xCexO2 (x = 0.0625 and
0.125) are plotted as a function of temperature (300-2000 K range) along with experimental results
for pure ThO2,  3wt% and 8wt% PuO2 doped ThO2 [12]. Our experimentally measured thermal
conductivity values for ThO2 -5wt% CeO2 (Th0.9253Ce0.0747O2) pellets in the 873-1613 K temperature
range for POP and CAP pellets sintered under different conditions (Ar+7%H2 and Air) are also
presented in Figure 9 for comparison. At low temperatures, the thermal conductivity of the Th-
MOX decreases with an increase of the CeO2 content in the range between 0-12.5 at.% CeO2. As
shown in Figure 4, the thermal conductivity decreases with the increase of CeO 2 concentration and
this decrease in thermal conductivity is larger at 500 K than that at 1500 K. At higher temperatures
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(above 900 K), the thermal conductivity of Th-MOX is almost independent of the concentration of
CeO2.

We can see that in the considered temperature range, our calculated values are in agreement
with the experimental results, which proves the validity of our methods and model. Especially, in
the high temperature range from 600 to 1200 K, our results accords very well with the experimen-
tal measurements by Cozzo et al. [12]. At the low temperature range around the Debye temperature
(ThO2) of 402 K, our results are slightly different from some experimental results. This difference
comes from our presumption that the dominant mechanism for phonon scattering is the Umklapp
process.

CONCLUSIONS

This study determines lattice thermal expansion (LTE) and thermal conductivity (TC) of ThO2

and (Th,Ce)O2 MOX  using classical molecular dynamic simulations considering an  interatomic
potential consisting of Coulomb-Buckingham potential form. The  potential  parameters  of
Coulomb-Buckingham  function  for  Th-O,  Ce-O  and  O-O  were  determined  by  fitting
experimentally  available  LTE  data  for  pure  ThO2 and  CeO2.  The  calculated  linear  thermal
expansion coefficients in the temperature range 300-1500K for ThO2,  CeO2,  Th93.75Ce6.25O2 and
Th87.5Ce12.5O2 are 10.61, 13.08, 10.78 and 10.93x10-6 K-1,  respectively.  The MD calculated LTE
values of ThO2 and (Th,Ce)O2 MOX are slightly higher than the experimentally determined values.
As MD calculations are performed on a model system with no incorporation of porosity, impurity
effects, etc. In contrast, the experimental samples are not devoid of these effects where some part
of the lattice thermal expansion may be accommodated in the porosity of the samples. Moreover,
this  interatomic  potential  of  ThO2 predicts  α  values  which  are  close  to  previous  HT-XRD
measurements. 

The MD calculated TC values, especially, in the high temperature range from 600 to 1200 K,
our results accords very well with the experimental measurements by Cozzo et al. [12]. At the low
temperature range around the Debye temperature of 402 K, our results are slightly different from
some experimental results as the difference comes from our presumption that the dominant
mechanism for phonon scattering is the Umklapp process.
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