journal of
nuclear
materials

www.elsevier.nl/locate/jnucmat

@&%
U

ELSEVIER

Journal of Nuclear Materials 294 (2001) 160-167

Molecular dynamics study of mixed oxide fuel

Ken Kurosaki **, Kazuhiro Yamada , Masayoshi Uno ?, Shinsuke Yamanaka ?,
Kazuya Yamamoto °, Takashi Namekawa °

& Department of Nuclear Engineering, Graduate School of Engineering, Osaka University, Yamadaoka 2-1, Suita, Osaka 565-0871, Japan
® Alpha-Gamma Section, Fuels and Materials Division, Irradiation Center, Oarai Engineering Center,
Japan Nuclear Cycle Development Institute, Narita-cho 4002, Oarai-machi, Ibaraki 311-1393, Japan

Abstract

In order to develop new techniques to calculate the physicochemical properties of MOX fuel, molecular dynamics
methods were applied to UO,, PUO,, and (U,Pu)O,. These methods enabled us to obtain the heat capacity and thermal
conductivity from basic properties, viz., the lattice parameter, linear thermal expansion coefficient, and compressibility.
Results for UO, showed both the existence of a Bredig transition and a peak in the heat capacity at high temperature.
The lattice parameter, heat capacity, and thermal conductivity of MOX fuel were calculated from basic properties of
UO, and PuO,. These results showed that molecular dynamics techniques can be usefully applied to determine

physicochemical properties of MOX fuel. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Physicochemical properties of nuclear fuel are im-
portant to evaluate pellet-cladding interaction (PCI).
However, there is limited information on these proper-
ties for uranium-plutonium mixed oxide (MOX) fuel,
due to the difficulties associated with the high radiation
fields. Because recycled fuel will be widely used in fast
breeder reactors and/or transmutation reactors in the
future, it is necessary to develop a new technique to
evaluate the physicochemical properties of MOX fuel.
Molecular dynamics (MD) calculations can be one
useful technique, and provide information to understand
the physicochemical properties of the fuel.

In recent years with the advance of computer sim-
ulation techniques, extensive MD studies [1-3] have
been performed on UO, to understand its thermal
properties. There are only a few studies of MD simu-
lation for PuO, and (U,Pu)O, solid solutions. How-
ever, these studies were limited to a few properties, or a
small temperature range. In the present study, MD
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calculations for UO,, PuQO,, and (U,Pu)O, solid solu-
tion were performed to evaluate the physicochemical
properties of MOX fuel.

2. Molecular dynamics calculation

The MD calculations for UQO,, PuO,, and
(UpsPug,)O, were performed for a system of 324 ions
(108 cations and 216 anions) initially arranged in a CaF,
type crystal structure. The MD cell for UO, is shown in
Fig. 1. In the present study, calculations were performed
by a molecular dynamics program based on MXDRTO
[4]. Standard constant pressure-temperature (NPT) and
constant volume-temperature (NVT) MD calculations
at thermodynamic equilibrium were performed. Quan-
tum effects [5] were taken into account in the present
calculation. In the (UpgPuy,)O, system, the desired
number of plutonium ions were substituted randomly
onto the uranium ion sites. The lattice, containing a
fixed number of atoms, was assumed to repeat periodi-
cally throughout the material, and there was no edge or
surface effect. Long-range coulomb interactions were
treated with Ewald’s summation [6]. The equations of
motion were integrated using Verlet’s algorithm [7] with
an integration time step of 2.0 x 107!° s. At the start of
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Fig. 1. MD cells for UQ,.

the calculation, the initial velocity of each atom was
assumed to take random velocities, which was about
001 A fs'.

The calculations were made in the temperature range
from 300 to 2500 K, and in the pressure range from 0.1
MPa to 1.5 GPa. The temperature and pressure of the
system were controlled independently through a simple
velocity scaling. However, in calculating the thermal
conductivities, a combination of the methods introduced
by Andersen [8] and Nose [9] were used to control the
pressure and temperature. A 10 000-step equilibrium run
was made at the desired temperature and pressure. Al-
though the number of steps was small, equilibrium was
achieved as judged from the changes in the temperature
(£3%), pressure (£9%), density (+0.02%) and internal
energy (£0.04%). At 300 K, the mean square displace-

ment of oxygen ions in the MD cell was within 0.02 A%,
which is close to the magnitude of thermal vibrations at
that temperature.

We employed the semi-empirical 2-body potential
function proposed by Ida [10] for cation—anion inter-
actions. In this potential, the f-electrons and relativistic
effects are accounted for implicitly, but the 3-body effect
is not accounted for. It would be desirable to use the 3-
body (or beyond) potential. For the present study,
however, the 2-body potential is sufficient though, be-
cause the system (fluorite structure) is relatively simple.
The potential is a partially ionic model including a co-
valent contribution:

2
Uy (ry) = 225 4 fi(bi + b)) exp (

ij
+ Dy {exp [_ 2B (ry — r;)]
— 2 exp[—f; (r,-j - ri*j),

a+a; —”ij> cic;

bl+bj }”16/

where fy equals 4.186, Z; and Z; are the effective partial
electronic charges on the ith and jth ions, r is the atom
distance, ry is the bond length of the cation-anion pair
in vacuum, and a, b, and c¢ are characteristic parameters
depending on the ion species. In this potential function,
D;; and f,; describe the depth and shape of this potential,
respectively. The first term is the coulomb interaction,
the second term denotes the core repulsion, and the third
term, which is called Morse-type [11] potential, corre-
sponds to the covalent contribution.

The parameters (a, b, ¢) for oxygen ions given by
Kawamura [12] were used in the present study. These
parameters have been used in the studies of other oxides
such as SiO,, MgSiO,, Al,O3, and NaAlSiOy [12]. The
other parameters were determined by trial and error
using the experimental values of the changes in the lat-
tice parameters with temperature and pressure for UO,,
PuO,, and (UygPug,)0,. This semi-empirical approach
to determine the potential parameters has given effective
and realistic results for crystalline solids [4], and MD
studies using the same method are published [13-15].
Using the parameters so obtained, the linear thermal
expansion coefficient (o), compressibility (), heat ca-
pacity, and thermal conductivity of UQO,, PuO,, and
(UgsPuy,)O, were evaluated.

The thermal conductivity of the system was calcu-
lated by the Green—Kubo relations. Because the Green—
Kubo theory is a statistical method, the NPT calculation
was performed using the methods introduced by An-
dersen [8] and Nose [9]. Details of the Green—Kubo re-
lations have been described in several other papers [16],
so only the main points will be briefly described here.

The form of the thermal conductivity of the system is
based on the integrated heat flux [S(¢)] autocorrelation
function:
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where 4 is the thermal conductivity, V" is the volume of
the system, 7 is the absolute temperature, and kg is the
Boltzmann constant. The heat flux S is described as

1 1
=y [Zeﬂj 3 Z Zrij(ﬁjv,-)},

S(0)d,

and the instantaneous excess energy of atom j, e;, is
described as

e, = { m;v; +2Z 71/}_eav7

where m; and v; are the mass and velocity of atom j, and
ry, fij,» and u are the interatomic distance, force, and
potential between atom i and j. The autocorrelation
function was calculated for 5 x 10° steps with time ori-
gins taken at every 10 steps.

3. Results and discussion
3.1. Interatomic potential

The values of the parameters used in the interatomic
potential in the present study are summarized in Table 1.
The change in the lattice parameters of UO,, PuO,, and
(UpsPug,)O, with temperature obtained by the MD
calculations, for 0.1 MPa are shown in Fig. 2, together
with the experimental data [17,18]. The variation with
temperature in the calculated lattice parameter agrees
well with the reported values. For (UpgPug,)0,, it was
found that the calculated lattice parameter followed
Vegard’s law up to high temperatures. Since various
effects at high temperatures, such as formation of
Frenkel defects, are not taken into account in the pre-
sent calculations, the deviation of the calculated values
from the experimental values appears to increase with
increasing temperature. The change in the lattice pa-
rameter of UO, with pressure in the range from 0.1 MPa
to 1.5 GPa at 300 K was also studied, and these results
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are in agreement with the experimental values [19,20].
These results indicate that the potential function used in
the present calculations describes well the changes in the
lattice parameter with both temperature and pressure.

3.2. Thermal expansion and compressibility

Linear thermal expansion coefficients (x) of UO,,
PuO,, and (UysPuy,)O, can be obtained from the
change of the lattice parameters with temperature. Al-
though the calculated values of o were slightly lower
(about 5%) than the experimental data [17,18], the ten-
dency of the temperature dependence was consistent
with the experimental data.

The compressibility () at pressures from 0.1 MPa to
1.5 GPa was evaluated up to about 2500 K from the
change in lattice parameter with pressure. The temper-
ature dependence of the calculated f for UO,, PuO,,
and (UggPu,)0,, together with the experimental data
[19,20] are shown in Fig. 3. For UQ,, the calculated f is
in good agreement with the experimental data, increas-
ing with increasing temperature in a similar manner to
the experimental data. This means that the MD cell of
UO, becomes mechanically soft with increasing tem-
perature. At high temperatures, the calculated f in-
creased markedly. It is known that UO, becomes soft
and the creep rate of UO, increases at high tempera-
tures. This phenomenon was well reproduced by the MD
simulation. The f§ of stoichiometric PuO, has not been
reported until now. It increases with increasing tem-
perature. The marked increase of the calculated f at
high temperatures was not observed for PuO,. For
(UpsPug,)0,, the calculated B (5.5 x 1073 GPa) is
slightly lower than the literature data [20] (6.3 x 1073
GPa) at room temperature, which is caused by the dif-
ference in the structures between the MD cell (a perfect
single crystal) and the experimental specimen (poly-
crystalline). The calculated f of (UygPug,)O, increased
markedly at high temperatures as did UOs.

Jackson [21] has showed that cation migration is
assisted by anion diffuse transition (Bredig transition).
The Bredig transition may occur at high temperatures in
the MD cells of UO, and (U sPuy,)O,, and this would
generate the marked increases of the calculated fs. This
will be confirmed in Section 3.4.

Table 1
Values of the interatomic potential function parameters
Tons z a b ¢ Dy, By Yy
o -1.2 1.926 0.160 20
(for U-O pairs)
U 2.4 1.659 0.160 0 18.0 1.25 2.369
(for Pu-O pairs)
Pu 2.4 1.229 0.080 0 13.0 1.56 2.339
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Fig. 2. Calculated lattice parameters for UO,, PuO,, and
(UpsPug2)O; as a function of temperature.
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Fig. 3. Calculated compressibility (f) for UO,, PuO,, and
(UpsPuy2)O; as a function of temperature.

3.3. Heat capacity

By using the same parameters for the interatomic
potential that were determined from the lattice param-
eter variations, the heat capacities of UO,, PuO,, and
(UpsPup,2)O, were evaluated. The heat capacity at
constant pressure Cp can be evaluated approximately
from the following relationship:

CP:CV+Cd+Ccl+Csch+Csp+"'7

where Cy is the heat capacity at constant volume, Cy4
is the lattice dilational term, C, is the conduction
electronic term, Cyp is the Schottky term, and C, is
the contribution from the formation of the small po-
larons. We evaluated Cp for the three materials as
follows:

Cp(UO,) = Cy(MD) + C4(MD) + Coe, (UO,) + Cpp (UO,),
Cp(PuO,) = Cy(MD) 4 C4(MD) + Cye, (PuO, ) 4 Cyp (UO,),
Cp((UgsPuy2)0,) = Cy(MD) + C4(MD)

40.8(Ceen(UO) + Cyp (UO,)) 40.2 Coen (PUO3 ).

Only Cy and Cy can be evaluated using the results ob-
tained from the MD calculations. Cyy, (Schottky term)
and Cy, (small polarons term) are taken from the liter-
ature [22,23]. The conduction electron contribution is
ignored, since UO,, PuO,, and (UygPuy,)O, are con-
sidered to behave like insulators.

In the present study, Cy was evaluated from the
variation of the internal energy of the system with
temperature calculated by the NVT MD simulations. Cy
was evaluated from the following relationship:

where V is the molar volume, o is the linear thermal
expansion coefficient,  is the compressibility, and 7T is
the absolute temperature. C4 was evaluated by using the
calculated values of o, V, and f obtained from the NPT
MD simulations. Since the contributions of the con-
duction electrons, the Schottky defects, and the forma-
tion of the small polarons were not simulated in the
present calculation, literature data [22] were used. For
UQO,, the Schottky contribution to the internal energy
(U) is given by

Ugn = 1.46 - £ (kJ mol™),

where t = 10~ T (K), and the contribution from the
formation of the small polarons 2QU*" — U** + U>*) to
the internal energy (U) is given by

—10.79

Uy, = 256 exp ( ) kJ mol "

In the present study, each contribution to the heat
capacity was obtained from a differentiation of the
internal energy by temperature.

The change in the calculated Cp with temperature for
UO, is shown in Fig. 4, together with the literature data
[24-26]. In the temperature range from 300 to 2500 K,
the calculated Cp agrees well with both MALT-2 [25]
and SGTE [26] data, which indicates that the potential
function used in the present study describes well the
change in the internal energy of UO, with temperature.

For PuO,, Cp was calculated by adding Cy, Cy,, and
Cp (for UO») to Cy. Cy was calculated from the varia-
tion of the internal energy of the system with tempera-
ture by the NVT simulations, similar to the case of UO,.
The Schottky contribution to the heat capacity for PuO,
has been reported by Manes [23]. It is known that Cp for
PuQO, is higher than that for UO,. The main reason
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Fig. 4. Temperature dependence of Cp for UQO,.

is that the Schottky contribution of PuO, to the heat
capacity is larger than that for UO,. Fig. 5 shows the
variation in the calculated Cp for PuO, with tempera-
ture, together with the literature data [24-26]. Fig. 5
shows the poor agreement between the calculated Cp
and that measured by Ralph [24]. The reason for the
poor agreement is not understood yet. However, the
calculated result is considered to be reasonable, because
the agreement with other data (SGTE and MALT-2)
can be observed in the figure.

For (UygPup;)0,,Cp was obtained by adding
Cq4, Csen, and Cy, to Cy. Eighty percent of the values of
Csn and Cg, for UO; and 20% of the values of Cyy for
PuO, were used. Fig. 6 shows the results, together with
the literature data [24-26]. It is observed that the results
agree with the Neumann—-Kopp’s law. At about 2350 K,
the calculated Cp shows a peak as already seen for UO,,
which indicates the occurrence of a Bredig transition in
the simulated MD cells.
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Fig. 5. Temperature dependence of Cp for PuO,.
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Fig. 6. Temperature dependence of Cp for (UgsPug,)O;.

3.4. Bredig transition

It has been reported [27] that a diffuse transition
(Bredig transition) occurs at about 0.8 of the melting
temperatures in many fluorite structure compounds
(SrCl,, PbF,, ThO,,UO,). The Bredig transition is
characterized by a smooth peak in the heat capacity [28],
a dramatic rise in the electrical conductivity [29], and a
rapid increase in disorder of the anion sublattice [30]. In
the present study, the Bredig transition can be observed
in the calculated Cy for UO, and 20%-MOX but not for
PuQ,. For example, the calculated Cy for UO, is shown
in Fig. 7 as a function of temperature. The Bredig
transition is observed in Cy, independently of the
Schottky and other effects, which means that the Bredig
transition can be reproduced by the potential effects.

The motion tracks of some ions for UO, and PuO,
unit cells at 2500 K are shown in Fig. 8. The large
motion of oxygen ions is observed in the figure, and it is
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Fig. 7. Calculated Cy for UO, as a function of temperature.
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Fig. 8. Motion tracks of ions for UO, and PuO, unit cells at 2500 K.

suggested that the MD cell of UO, becomes an oxygen
superionic conductor at the temperature as confirmed by
neutron scattering experiments [31]. Ralph [24] has re-
ported that a Bredig transition of UO, occurs at 2610 K
(0.84 of the melting temperature), which is almost in
agreement with the present calculation. This result
provides further confirmation that our model can give a
reasonable description of the atomic motion in UO, at
high temperatures.

Clear existence of a Bredig transition in PuO, has not
been reported. Ralph [24] concluded that it might occur
in PuO,, although his enthalpy data analysis did not
detect a heat capacity peak for PuO,. He pointed out
that insufficient data in the vicinity of 0.8 of the absolute
melting temperature may have been the reason. In the
present calculation, the Bredig transition did not occur
in the simulated PuO, MD cell even at 2500 K (0.94 of
the melting temperature). Therefore, it is concluded that
the transition temperature might be very near to the
melting temperature for PuO,.

3.5. Thermal conductivity

The thermal conductivity of UQO,, PuO,, and
(UpsPug,)O, were evaluated by the MD calculation.
Only lattice contributions to the thermal conductivity,
At could be included in the calculations. The Aj,; was
obtained as the plateau value of the time integral of the
auto-correlation function (ACF) of energy current,
(S(#)S(0)). The ACF approaches zero and its time in-
tegral reaches a plateau value. Integrating ACF with
respect to time gives the thermal conductivity. Details of
these calculations are given in our previous papers [32—
35].

For UQO,, the variation in calculated thermal con-
ductivity with temperature is shown in Fig. 9, together
with the literature data [36]. The high temperature
electronic contribution to thermal conductivity, pre-
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Fig. 9. Temperature dependence of thermal conductivity for
UO0..

dicted by Harding [37], was added to the calculated
value at 2000 and 2500 K. The result is in good agree-
ment with the experimental values in the temperature
range from 650 to 2500 K, even though the simulated
system is a perfect crystal. This indicates that our model
can describe the phonon contribution to the thermal
conductivity.

The calculated thermal conductivity of PuO, is
shown in Fig. 10 as a function of temperature, together
with the experimental data reported by Gibby [38]. The
calculated values are in good agreement with the ex-
perimental data in the temperature range from 360 to
2000 K, showing that the simulated system of PuO,
models the phonon vibration well. This provides further
confirmation that the potential model of PuO, in the
present study is reasonable for computing the thermal
conductivity.

The calculated thermal conductivity of (UgsPug,)O,
is shown in Fig. 11 as a function of temperature,
together with the literature data [38-44]. 80% of the
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electronic contribution in UO, predicted by Harding
[37] was added to the calculated values at 2000 and 2500
K. The result is in good agreement with the experimental
values up to 2500 K, and is lower than that of both UO,
and PuQ,. This indicates that plutonium ions act as the
phonon scattering centers in the MD cell, similar to the
real materials.

4. Summary

MD calculations were performed for UO,, PuO,, and
(UpsPug2)O, to evaluate the physicochemical proper-
ties. The simulated UO, system showed both the exis-
tence of the Bredig transition and a peak in the heat
capacity at high temperatures, and provided thermal
conductivities in the temperature range from 360 to 2500
K. The variation in the calculated heat capacity of PuO,

with temperature agreed well with the experimental data.
The change in the calculated thermal conductivity of
PuO, with temperature was also in good agreement with
the experimental data. This indicated that the simulation
model of PuO, gave a reasonable description of the
phonon contribution to the thermal conductivity. The
Bredig transition did not occur in the simulated PuO,
system. The lattice parameter, compressibility, heat ca-
pacity, and thermal conductivity of (UysPug,)O, were
also evaluated from some basic properties of UO, and
PuO, by using the molecular dynamics techniques. The
calculated lattice parameter of (UggPug,)O, closely
followed Vegard’s law. The calculated heat capacity and
thermal conductivity of (UggPup,)O, were in good
agreement with the experimental data. The simulated
(UgsPuyg,)O; cell also showed both the existence of the
Bredig transition and a peak in the heat capacity at
about 2350 K.

These results showed the usefulness of the molecular
dynamics techniques for evaluation of the physico-
chemical properties of the nuclear fuel. Molecular dy-
namics will become a powerful method to evaluate the
thermal and mechanical properties of fuel with a multi-
component system.
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