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Abstract

Molecular dynamics (MD) simulations were performed using Born–Mayer–Huggins interatomic potentials with par-
tially ionic model in order to evaluate the thermal conductivity of zirconia-based inert matrix fuel (IMF). The thermal con-
ductivity was calculated at the equilibrium condition based on Green–Kubo theory and phenomenological equations. For
ErxYyMzZr1�x�y�zO2�(x+y)/2 (where M = Ce or Pu), the thermal conductivity decreased with increase of y because of the
presence of oxygen vacancies as the thermal resistance. It also slightly decreased with increase of z and temperature. How-
ever, significant difference could not be found in the thermal conductivity between Ce- and Pu-doped zirconia. The MD
thermal conductivity of IMF was in good agreement with the literature data. Concerning the phenomenological coeffi-
cients, the cross-coupling effect between energy and charge fluxes was clearly observed at low z value and high tempera-
tures for such zirconia systems.
� 2006 Elsevier B.V. All rights reserved.

PACS: 71.15.Pd; 28.41.Bm; 44.10.+i
1. Introduction

Zirconia-based inert matrix fuel (IMF) has been
extensively developed as an attractive nuclear fuel
in order to burn excess plutonium from nuclear
weapons and spent fuels due to its advantages for
utilization of Pu as nuclear fuel, e.g., high melting
point, phase stability, stability against irradiation,
etc. [1]. Although it is known to have a low thermal
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.jnucmat.2006.02.066

* Corresponding author. Tel.: +81 92 642 3779; fax: +81 92 642
3800.

E-mail address: arimatne@mbox.nc.kyushu-u.ac.jp (T. Arima).
conductivity [2], CERCER (ceramic–ceramic) or
CERMET (ceramic–metal) designs can overcome
this disadvantage [3].

So far, for zirconia-based IMF, ErxYyPuz-
Zr1�x�y�zO2�(x+y)/2 (x + y = �0.15), various phys-
ico-chemical properties have been investigated by
both experimental and simulation methods [2,4–9].
Since thermal conductivity is one of the most impor-
tant parameters for a nuclear fuel, it must be care-
fully evaluated by different approaches. In our
previous study [9], molecular dynamics (MD) simu-
lations of zirconia-based IMF were performed to
evaluate the lattice structure and specific heat but
not the thermal conductivity. Therefore, in the
.

mailto:arimatne@mbox.nc.kyushu-u.ac.jp


310 T. Arima et al. / Journal of Nuclear Materials 352 (2006) 309–317
present MD study, the thermal conductivity of zir-
conia-based IMF is discussed in terms of composi-
tion and temperature.

Thermal conductivity of nuclear fuels, e.g., UO2,
PuO2, UO2–PuO2 solid solution, has already been
studied by MD simulations [10–14]. In many cases,
MD simulations were performed under an equilib-
rium condition, so-called ‘EMD’ simulation, and
the thermal conductivity was calculated using
Green–Kubo formulation [10–13]. Lindan and
Gillan obtained the thermal conductivity of UO2

by Green–Kubo relation and phenomenological
equations expressed by transport coefficients and
fluxes [13]. Non-equilibrium MD (NEMD) simula-
tions were performed for UO2 by Motoyama [14].
On the other hand, for stabilized zirconia such as
ZrO2–Y2O3, the crystal structure, ionic diffusion,
and specific heat have been studied by MD tech-
niques [15–24]. However, there was little literature
in which the thermal conductivity of stabilized
zirconia was discussed. Schelling performed NEMD
for the ZrO2–Y2O3 system [23], and the thermal
conductivity was a little overestimated.

In the present study, the thermal conductivity of
ErxYyMzZr1�x�y�zO2�(x+y)/2 (where x = 0.05,
y = 0.1, z = 0.0–0.2, M = Ce or Pu) has been calcu-
lated between 300 and 2000 K. EMD simulations
were performed with Born–Mayer–Huggins inter-
atomic potentials, and the thermal conductivity
was deduced based on Green–Kubo theory. Fur-
thermore, phenomenological equations were consid-
ered for calculation of thermal conductivity because
it was expected that heat and charge fluxes were
strongly coupled at high temperatures.

2. Equilibrium molecular dynamics simulation

2.1. Interatomic potential with fully or partially ionic

model

The EMD program MXDORTO developed by
Kawamura [25] was used to obtain thermal proper-
ties of stabilized zirconia. So far, it has been
assumed that such zirconia is the fully ionic crystal
in which ionic charges of Zr and O ions are +4
and �2, respectively. So that the thermal expansion
for the fully ionic model (FIM) was a little smaller
than experimental data in our previous study [24].
Such a trend was observed especially for high tem-
peratures (T > �1000 K). The partially ionic model
(PIM) was introduced as the alternative to FIM in
order to reduce the ionic bonding effect.
With the FIM, the Born–Mayer–Huggins
(BMH) interatomic potential, which is widely used
for the simulation of ionic materials, is written by

U FIMðrijÞ ¼
zizje2

rij
þ Aij exp � rij

qij

 !
� Cij

r6
ij

; ð1Þ

where rij is the distance between ions of types i and j,
zi is the charge of type i, and Aij, qij and Cij are
called potential parameters which depend on the
combination of two types of ions. On the other
hand, the BMH potential with PIM is given by

U PIMðrijÞ ¼
zizje2

rij
þ f0ðbi þ bjÞ

� exp
ðai þ aj � rijÞ
ðbi þ bjÞ

� �
� cicj

r6
ij

; ð2Þ

where f0 is the adjustable parameter. Potential
parameters, ai, bi and ci, are given to the ion of types
i. The first term of the right side of Eqs. (1) and (2)
stands for the Coulomb interaction, the second one
is the repulsive potential between ionic cores, and
the third one originates from the van der Waals
interaction. Concerning the long-range Coulomb
interaction, Ewald summation was considered in
the MXDORTO program. For the PIM, the ionic
bonding of 67.5% is assumed [26–28], e.g., zZr =
+2.70.

Potential parameters for the FIM were presented
in our previous study [9] and the literature [15,29].
For the PIM, potential parameters of Zr and Er
ions were determined in the present study, and those
of O, Y, Ce and Pu ions were obtained from
Refs. [26–28]. Concerning the Zr ion, we refer to
the thermal expansion of yttria-stabilized zirconia,
Y0.148Zr0.852O1.926 (i.e., 8 mol%Y2O3). Because pure
ZrO2 has three different crystal structures, mono-
clinic, tetragonal and cubic, under atmospheric
pressure, we could not obtain the potential parame-
ters to satisfy these different phases. Potential
parameters of Er ion were determined based on
the thermal expansion of Er2O3. The BMH poten-
tial parameters used for FIM and PIM are summa-
rized in Tables 1 and 2, respectively.

2.2. Formalization of thermal conductivity based

on Green–Kubo theory and phenomenological

equations

In the present study, EMD simulations were per-
formed for the stabilized zirconia system, which was
considered as a superionic conductor. Early studies



Table 1
Potential parameters of BMH interatomic potential with FIM

Interaction Aij (kJ mol�1) qij (nm) Cij (kJ nm6

mol�1)
Source

Er–O 12.780 · 104 0.03492 0.0 [9]
Y–O 12.978 · 104 0.03491 0.0 [29]
Ce–O 11.350 · 104 0.03810 0.0 [9]
Pu–O 10.900 · 104 0.03830 0.0 [9]
Zr–O 9.512 · 104 0.03760 0.0 [15]
O–O 21.960 · 105 0.01490 2.691 · 10�3 [15]

Table 2
Potential parameters of BMH interatomic potential with PIM

Ion zi ai (nm) bi (nm) ci (J�0.5 nm3

mol�0.5)
Source

Er 2.025 0.11031 0.00129 0.0 Present
study

Y 2.025 0.11200 0.00130 0.0 [27]
Ce 2.70 0.13300 0.00454 0.0 [26]
Pu 2.70 0.12720 0.00325 0.0 [28]
Zr 2.70 0.10950 0.00254 0.0 Present

study
O �1.35 0.18470 0.01660 1.294 [26]
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of binary ionic systems (e.g., NaCl, KCl, CaF2,
UO2, etc.) discussed the thermal conductivity based
on the phenomenological equations and cross-
effects expressed by macroscopic fluxes and forces
[13,30–33]. According to the literature [13,32,33],
fluxes of charge and energy, ~J Z and ~J E, are consid-
ered into linear phenomenological relations as
alternative fluxes of charge and heat. These
phenomenological transport equations describe the
vectorial phenomena of charge current, energy
conduction, and their cross-effects:

~J Z ¼ �LZZTr lZ

T

� �
� LZETrðT Þ; ð3Þ

~J E ¼ �LEZT 2r lZ

T

� �
� LEErðT Þ. ð4Þ

In the right sides of the above equations, each term
consists of the phenomenological coefficient L and
corresponding thermodynamic force. Here, lZ is
the electrochemical potential, which is relating to
chemical potential, electric potential, and partial
enthalpy. Applying the Onsager reciprocal relation,
LZE = LEZ, the thermal conductivity j can be
expressed by

j ¼ LEE �
L2

EZ

LZZ

� T . ð5Þ

The Green–Kubo theory gives transport coefficients
in Eq. (5) for EMD calculations as time-integrals of
auto-correlation functions of microscopic fluxes:
Lab ¼
1

V

Z 1

0

dtCabðtÞ; ð6Þ

where V is the cell volume simulated. Each correla-
tion function Cab (a, b = Z, E) for the combination
of a and b can be defined under thermal equilibrium
condition as follows:

CZZðtÞ ¼
1

3kBT
~jZðtÞ �~jZð0Þ
� �

; ð7Þ

CEZðtÞ ¼
1

3kBT 2
~jEðtÞ �~jZð0Þ
� �

; ð8Þ

CEEðtÞ ¼
1

3kBT 2
~jEðtÞ �~jEð0Þ
� �

; ð9Þ

where kB is the Boltzmann constant,~jZðtÞ and~jEðtÞ
are the charge and energy fluxes, respectively. These
microscopic fluxes can be expressed by following
equations:

~jZðtÞ ¼
XN

i¼1

zie~vi; ð10Þ

~jEðtÞ ¼
XN

i¼1

miv2
i

2
þ 1

2

X
j 6¼i

UðrijÞ
" #

~vi þ
1

2

XN

i¼1

~vi �~rij
~F ij;

ð11Þ
where mi is the mass of ith particle, vi the velocity.
According to the above interpretation of the phe-
nomenological equations, the thermal conductivity
finally can be evaluated in Eq. (5) by the EMD sim-
ulations. The term of~rij

~F ij in Eq. (11) corresponds
to the tensor S

$
i given by Motoyama [14]. It is intro-

duced to avoid divergences arising from the long
range of Coulomb interactions based on the model
given for the one-component plasma [34], and of
course allows for the short-range potentials. When
the Coulomb interaction includes the interatomic
potential, the definition of energy fluxes is not as
simple as in the case of the Lennard–Jones poten-
tial. In the present study, the calculation algorithm
of thermal conductivity was added to the MXDOR-
TO code according to the formulation described by
Motoyama [14].

2.3. EMD simulation procedure

For ErxYyMzZr1�x�y�zO2�(x+y)/2 (M = Ce or
Pu), MD simulations were performed according to
the following procedure. The Zr4+ and O2� ions were
arranged at each regular site of the fluorite structure.
The trivalent ions (Y3+ and Er3+) and oxygen vacan-
cies were substituted at random on Zr and O regular



312 T. Arima et al. / Journal of Nuclear Materials 352 (2006) 309–317
sites, respectively. The number of oxygen vacancies
was equivalent to half the total number of trivalent
ions because of the requirement of electrical neutral-
ity. Simultaneously, Ce4+ (or Pu4+) ions were
arranged at random on Zr sites. In order to equili-
brate the simulated system for desired temperature
and pressure, the so-called ‘initial relaxation’ calcula-
tion was done for 2 · 104 steps (=40 ps). Then, the
EMD simulation with 2 · 104 steps was performed
to obtain the relevant results under the desired condi-
tion. Lattice constants were obtained in the NPT

ensemble. In order to obtain reliable results of ther-
mal conductivity, three or five runs of 5 · 105 steps
were needed and the calculations were performed in
the microcanonical ensemble (N,V,E). Simulated sys-
tems composed 3 · 3 · 3 fluorite unit cells (max. 324
ions) were considered. Considering the CPU time
consumption and the statistics, NEMD simulation
may be suitable for calculation of the thermal con-
ductivity rather than EMD. However, this study is
the first step for us to evaluate the thermal conducti-
vity by the MD simulation.
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Fig. 1. Thermal expansion of (a) Er0.05Y0.10CezZr0.85�zO1.925 and (b)
partially ionic models, respectively. Experimental data of Ce-doped zir
X-ray diffraction measurement.
3. Results and discussion

3.1. Thermal expansion of inert matrix fuel

According to previous crystallographic studies of
ErxYyMzZr1�x�y�zO2�(x+y)/2 (M = Ce or Pu)
[5,6,35], it is known that zirconia-based IMF has
the fluorite-type cubic phase for z = 0.0–0.2 and
x + y = �0.15. This was also shown in our previous
MD study [9]. Here, the lattice constants were
obtained as a function of temperature by both
FIM and PIM models for MD simulations. In addi-
tion, the lattice constant of Ce-doped zirconia made
through sol–gel route was experimentally deter-
mined by high temperature X-ray diffraction
(HTXRD) measurements. The results of thermal
expansion of Ce- and Pu-doped IMFs are given to
Fig. 1(a) and (b), respectively. As shown in
Fig. 1(a), the difference between MD and HTXRD
is smaller for PIM than for FIM due to the reduced
ionic character of the valence in the PIM. The same
tendency for a larger thermal expansion with the
0 500 1000 1500 2000
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conia made through sol–gel route was taken by high temperature
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PIM than with the FIM is also shown for Pu-doped
zirconia (Fig. 1(b)).

3.2. Transport coefficients evaluated by
Green–Kubo relation

It is shown in Section 2.2 that each transport coef-
ficient is given by an integral of the auto-correlation
function (ACF) of the corresponding fluxes. For
Er0.05Y0.1PuzZr0.85�zO1.925 (z = 0.0 and 0.2) at tem-
peratures of 1000 and 2000 K, ACFs and their inte-
grals of energy, charge, and coupling fluxes are
plotted as a function of time in Fig. 2. Here, the
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ACFs are plotted normalized NAFC to the value
of ACF at 0.0 ps. At 1000 K, the NACFs approach
to almost zero within �0.5 ps. Simultaneously, each
transport coefficient approaches its final value. LEE

with z = 0.2 seems to be a little smaller than that with
z = 0.0. The LEZs show almost equivalent behaviour
approaching zero, which indicates weak coupling
between energy and charge currents at this tempera-
ture. LZZ decreases with Pu doping. For Er0.05Y0.1-
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the cross-coupling effect becomes stronger at such
higher temperatures. This result is supported by
the observation that LZZ significantly increases at
2000 K. The temperature dependence of the trans-
port coefficients are summarized in Fig. 3. According
to the results in Fig. 3(a), LEE seems to be almost
constant as a function of temperature. In Fig. 3(b),
LEZ remains at almost zero at temperatures less than
1000 K, whereas it takes on a large negative value at
temperatures P1000 K. LZZ exponentially increases
with temperature (Fig. 3(c)). On the other hand, the
effect of Pu content on the significance of the trans-
port coefficients is lower at higher z values.

3.3. MD thermal conductivity of yttria-stabilized

zirconia and IMF

The thermal conductivity obtained by EMD sim-
ulation for yttria-stabilized zirconia, YyZr1�yO2�y/2
(y = 0.148, 0.185) is shown in Fig. 4. In this figure,
the results from NEMD simulation for a heteroge-
neous system [23] and experimental data for single
crystal Y0.179Zr0.821O1.9105 [36] are also plotted.
For our EMD simulations, the thermal conductivity
is calculated by Eq. (5), including the cross-coupling
effect between energy and charge currents. The pres-
ent EMD result shows that the thermal conductivity
slightly decreases with increase in temperature. A
similar trend was shown for NEMD [23] and exper-
imental results [36]. Thermal conductivity of poly-
crystalline stabilized zirconia (cubic, 15 wt% Y2O3)
was measured by Raghavan [37] and was deter-
mined to be �2.4 W m�1 K�1 at T 6 1073 K. MD
calculation gives a little higher thermal conductivity
for ZrO2–Y2O3 system. In addition, Fig. 4 clearly
shows that the thermal conductivity decreases with
increasing y (i.e., Y content). This is the reason
why the amount of oxygen vacancies increases with
Y doping so that such defects may play the role as
the thermal resistance.

Thermal conductivities of Er0.05Y0.1CezZr0.85�z-
O1.925 are plotted in Fig. 5. This figure also includes
experimental data of Er0.07Y0.1Ce0.15Zr0.68O1.915

[2,8], which are corrected for porosity. The present
EMD result shows that the thermal conductivity of
Er0.05Y0.1CezZr0.85�zO1.925 decreases a little with
increase in temperature and Ce content, z. On the
other hand, some experimental results show a contra-
dictory trend in the temperature dependence. This
may be attributed to the difference in the fabrication
process. However, the MD thermal conductivity
of Ce-doped zirconia is relatively in good agree-
ment with experimental data between 2.0 and
3.0 W m�1 K�1.

Fig. 6 shows the thermal conductivity of Er0.05-
Y0.1PuzZr0.85�zO1.925. The present EMD result of
Pu-doped zirconia shows a similar trend with Ce-
doped zirconia for temperature and z value. In addi-
tion, it is in good agreement with experimental data
[2]. In Fig. 6, the thermal conductivity obtained by
EMD simulation for PuO2, which has the fluorite
crystal structure and no oxygen vacancies, is also
plotted [28]. While the thermal conductivity of
PuO2 is inversely proportional to temperature, that
of Pu-doped IMF is little dependent on temperature.
However, the thermal conductivity of IMF seems to
be comparable with that of PuO2 at higher tempera-
tures. This results from that phonon scattering due to
Umklapp process (i.e., intrinsic thermal resistance)
dominates at such temperatures. On the other hand,
the contribution of oxygen vacancies introduced
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dominates a lowering of thermal conductivity at low
temperatures. The thermal conductivity of Pu-doped
zirconia seems to be smaller than that of Ce-doped,
although there is little difference between them.
Rather than the difference in the kind of tetravalent
ion, the MD study shows here that the increase in
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content of Pu (or Ce) diminishes slightly the thermal
conductivity of zirconia-based IMF. It is caused by
that such a heavy tetravalent metal as an impurity
for the host material may be thermal resistant.

4. Conclusion

Thermal conductivities of ErxYyMzZr1�x�y�z-
O2�(x+y)/2 (M = Ce or Pu) were calculated by MD
simulations under equilibrium conditions from 300
to 2000 K. Born–Mayer–Huggins interatomic
potentials with partially ionic model were used in
the MD calculations. The thermal conductivities
were formalized based on Green–Kubo theory and
phenomenological equations in the present study.
For YyZr1�yO2�y/2, it was shown that oxygen
vacancies might be thermal resistant and that the
thermal conductivity slightly decreased with
increase of temperature. For ErxYyMzZr1�x�y�z-
O2�(x+y)/2, the thermal conductivity decreased with
increase of Ce or Pu content and was almost con-
stant for temperature rather than inversely propor-
tional to temperature. The thermal conductivity
obtained by the EMD simulation for Pu-doped
IMF is comparable with the experimental data.
Change in the significance of the transport coeffi-
cients (i.e., thermal and ionic conductivities) was
lowered by increasing the additive content. The
cross-coupling effect of energy (or heat) and charge
fluxes seemed to be strong at low z values and
higher temperatures. In the future, the arrangement
of rare-earth metals (i.e., Y and Er) will be taken
into consideration because these may be related to
the formation of defect cluster. In addition, the
homogeneous NEMD calculation will be under-
taken because its smooth implementation can be
achieved for the EMD system.
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