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Multi-scale simulation of Thoria-SiC composites
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ABSTRACT: Multi-scale simulations are used to investigate the thermal conductivity of ThO,-SiC
composites. The predicted, enhanced thermal conductivity of the composities leads to the reduction of
centerline temperature and temperature gradients in a fuel pellet. These composite fuels would make nuclear
reactor safer as a probability of fuel melting would be reduced. The lower temperature gradients reduce
thermal stresses and therefore prevent fuel cracking and longevity of the fuel is increased.

1 INTRODUCTION conductivity is very sensitive to porosity. It is

therefore  encouraging that the experimental
Recent nuclear accident in Fukushima clearly  techniques have been proposed to produce fully
illustrates the risks associated with the present  dense composities using Spark Plasma Sintering
design of reactors based on pure uranium oxide fuel ~ (SPS) [3]. However these experiments are very
and justify the research towards accident tolerant  costly and time consuming, therefore we developed
fuel. Failure analysis shows that this accident could  a method, which combines the predictive power of
have been avoided using nuclear fuels with  the first principles calculation with multiscale
enhanced thermal conductivity. These fuels with  simulation. This approach can be used as an
enhanced thermal conductivity can withstand the  introductory step in evaluating the properties of
loss of coolant for a long time by allowing faster  various possible additives in composite fuels to
dissipation of heat, thus lowering the centerline fuel  increase theirs conductivity since enhancing the
temperature and preventing the melting of the fuel. thermal conductivity is crucial in developing

Pioro et al. [1] demonstrate that the traditional  accident tolerant nuclear fuel.
urania fuel is not suitable for some designs of new
generation reactors due to its low thermal
conductivity (e.g. the estimated fuel centerline 2 MULTI-SCALE SIMULATION
temperature for SuperCritical Water reactor (SCWR)
surpasses the industry accepted limit of 1850°C). The aim of our multi-scale simulation is first to

Thoria based fuel is regarded as a safer calculate the thermal conductivities of various
alternative since it does not oxidize, has higher  composities and next to use it to evaluate the
melting temperature and thermal conductivity than  temperature and temperature gradient profiles in
urania. However its thermal conductivity is still too  operating cylindrical fuel rod. We investigate here
low for some designs and therefore it is worth to  5vol%, 10vol% and 15vol% SiC/ThO, composities.
explore its composites using materials with high
thermal conductivity.

Silicon carbide and Beryllium oxide are It has been demonstrated previously [4-6] that the
considered as candidate materials for making  phonon contribution to the thermal conductivity of
composites because of its excellent properties. It  thoria can be well reproduced using a simplified
has been already demonstrated that the thermal  Slack model [7] with the input parameters evaluated
conductivity of uranium oxides can be improved by  from the first principles calculation. The first
the addition of BeO [2]; for example 10 vol.% of  principles molecular dynamics calculation allows us
continuous phase BeO in UO; increases its thermal  to predict thermal expansion and to model thermo-
conductivity by ~ 50%. However thermal  mechanical properties of thoria up to a very high
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2.1 Thermal conductivity calculations



temperatures (up to 3300 K) [6], but they are
computationally very demanding.

Here we use the results obtained by quasi-
harmonic approximation as in Refs [4,5]. They have
been described in details recently [8]. In the
calculation of the thermal conductivity of SiC and
ThO, [8] we used the Quantum ESPRESSO (QE)
code [9].

The calculation for hexagonal SiC structures (2H,
4H) were carried out implementing density
functional theory within a Perdew-Zunger (Local
Density Approximation) [10] and norm conserved
pseudopotential from QE PP library (pz-vbc.UPF).
The structural and mechanical properties have been
calculated using a Kinetic energy cutoff of 70 Ry
over a Brillouin zone integration of 8x8x5 mesh.
The dynamical matrices were calculated on a mesh
of 4x4x2 g-points in the irreducible Brillouin zone.
In case of ThO,, the recently proposed GGA
functional for solids, PBEsol [11] was used with the
pseudo-potentials generated using opium code [12]
for PBE [13] functional. The kinetic energy cut-off
of 70 Ryd and Brillouin zone integration was
performed on a Monkhorst-Pack k-point mesh
8x8x8. For the Lattice dynamic calculation the
dynamical matrices were calculated on a 4x4x4
mesh.

The methodology used to calculate the thermal
conductivity using the thermo-mechanical properties
derived from first principle calculations are very
well explained in our recent paper [8] on interface to
Quantum ESPRESSO. We have also developed a
Fortran code for Slack model [7], that accepts the
inputs in comma format and generates the lattice
contribution to thermal conductivity as a function of
temperature in the same format. The Slack equation
for lattice thermal conductivity is as shown in Eq. 1:

_ COT’ My V(1) 1)
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where it is assumed that “C” is constant and equal to
3.04x10* Wm?K™ g™ mol for both SiC and ThO..
“My“ is molar mass per primitive cell (e.g. 264 g
mol’ 8 for ThO,) and “V(T)” is the volume of the
primitive cell in cubic m. “0” is the Debye
temperature (in K) evaluated within the isotropic
approximation [14]. In the denominator “n” is the
number of atoms per primitive cell (e.g. 3 for ThO,),
“y(T)” is the Griineisen parameter evaluated as
described previously [6,8] for the temperature “T”.

2.2 Temperature profile calculations

In order to determine the temperature distribution,
the thermal conductivity of the fuel must be known.
In our previous simulations [15] we investigated fuel
behavior up to the very high temperatures, therefore
electronic and radiative contribution to the thermal
conductivity had to be taken into account. Here we
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perform simulation at lower temperatures (up to
1600 K) where thermal conductivity is dominated by
lattice contribution and can be expressed in an
analytical form as a function of temperature as:

1
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where “a” and “b” parameters are independent on
the temperature T. Using the predicted thermal
conductivity as a function of temperature from Eq.
1, as described in 2.1, we can find the respective “a”
and “b” parameters by fitting the analytical formula
to the data calculated by Eqg. 1. Next the thermal
conductivities of the composites can be
approximated as an average over volume
concentrations of the thermal conductivities of the
constituents of composites (e.g. for ThO,-SiC):
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The temperature of cylindrical fuel rod is
calculated for various composites using the thermal
conductivity evaluated by Eq. 3 and by solving the
steady state heat conduction equation for cylindrical
symmetry:

1d rSiCITho; LI TR (4)
r dr dr
where “r” is radial coordinate of cylinder and “H” is

volumetrlc heat generation rate from fission as
described previously [15]. Eq. 4 is subject to the
boundary conditions:

5
LI )
dr
T=Ts, r=a

Where it is assumed that the temperature on the
fuel surface is constant and equals to “Ts" and “a” is
the radius of the fuel pellet. Eq. 4 is solved using the
code developed in MAPLE [15] and both the
temperature and the temperature gradients (dT/dr)
are printed as a function of radial (r) coordinate of
the cylindrical shape fuel pellet.

3 RESULTS

3.1 Ground State Properties

Thoria has a cubic structure as shown in figure 1a,
while SiC forms many polytypes.

We evaluated properties of cubic SiC in our
previous work [8] while here we investigate lower



thermal conductivity phase: hexagonal 8H SiC, as
shown in figure 1b. The predicted ground state
properties of both 8H hexagonal SiC and Thoria in
cubic structure by Quantum Espresso code shows
good agreement with experiment and is shown in
Table 1.
a b
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Figure 1. The crystal structure: a) ThO, (larger spheres indicate
Th atoms), b) 8H SiC, where larger spheres indicate Si atoms.

Table 1 The calculated versus measured lattice
constants (a, ¢; in A) and bulk moduli (B; in GPa) of
8H hexagonal SiC and ThO,.

Property Calculated Experiment
AThoria 5.528 5.598 [16]

dsic 3.067 3.079 [17]

Csic 20.065 20.147 [17]
Bhoria 202.8 223[18], 193[19]
Bsic 224.7

We noted that, the “a” values of lattice constants
for SiC hexagonal polymorphs do not change much
when performing geometry optimization for 4H and
8H hexagonal SiC (3.063 A versus 3.067 A).
Interestingly it was also found experimentally [20]
that the principal axial thermal expansion
coefficients of SiC polytypes (3C, 4H, 6H) are
identical, including that of <111> direction of cubic
SiC. This experimental observation together with
our studies of the structure of 4H and 8H SiC lead us
to the conclusion that we can restrict our calculation
of lattice dynamics to only 4H SiC. The bulk
modulus of hexagonal 4H and 8H SiC polytypes has
been found to be the same and equal 224.7 GPa,
which is close to the experimental value of 230.2 (4)
for 6H SiC and 223 GPa for 2H SiC [21]. We could
not find experimental data on the mechanical
properties of 8H SiC.

3.2 Thermal conductivity

In the temperature range (up to 1600 K) considered
here the thermal conductivity is satisfactory
described by phonon contribution only. In figure 2a
we compared the phonon contribution to the thermal
conductivity (Eq. 1) of thoria with experiment [22],
corrected by factor (1-0.05)° for 5% porosity and
agreement with experiment is good. The figure 2a
also shows that the theoretical «_ results for 6H &
8H SiC are very close to the experimental [23] (6H
SiC, corrected for 2% porosity by factor (1-0.02)").
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As discussed in Section 3.1 we used here for 8H SiC
the thermal expansion calculated for 4H SiC.
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Figure 2. Thermal Conductivity of ThO, (a) and SiC (b). The
fitted parameters of Eq. 2 are for ThO, :a= 0.00042, b =
0.0001486, for SiC: a= 8.66x10™, b = 2.34x10°, in W'm and
WmK™ units, respectively.

The fitted analytical functions (Eq. 2) to the
lattice contribution to the thermal conductivity are
also in good agreement with the respective
experimental results. Note that the parameters “a”
and “b” are assumed here to be constant, which is in
contrast when urania fuel is used, which forms also
higher oxidation states and therefore these
parameters are dependent on the oxidation state.
Thoria has advantage over urania fuel that it does
not oxidizes, therefore the observed in urania
deterioration of the thermal conductivity due to
oxidation does not take place.

Temperature profiles and temperature gradients

Once the thermal conductivity is known one can cal-
culate the temperature distribution in a cylindrical
urania (as in examples discussed in Refs.[24,15]) for
a specified volumetric heat generation rate from
fission (H):
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where “P” is linear power (P = 48 kWm™), “a” is the
radius of the fuel rod (a=0.006 m). The thermal
neutron diffusion length (L) equal to 1.1 cm as
estimated for natural urania with the burnup of 8000
MWad/t in our previous work [24] is also used here.
The neutron diffusion length for pure thoria is longer
but it will be shorter when doped with Pu or U,
therefore for simplicity we assume the same profile
for the neutron flux depression (Eq. 6) where “lp*
and “l;* are the modified Bessel functions of the
first kind. “Ts”, fuel surface temperature is assumed
the same as in our previous examples [15,24] and
equals to 870 K.

In figure 3 we present the calculated by Maple
code [15,24] temperature profile in fuel pellet
operating for one day with linear power 48 kWm™.
It is assumed that fuel is fully dense and
performance of pure thoria is compared with 5vol%,
10vol% and 15vol% SiC/ThO, composities.
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Figure 3. Predicted fuel temperature profile for thoria and
5vol%, 10vol% and 15vol% SiC/ThO, composities.

Our calculations demonstrate that by adding just
5vol% of SiC the centerline temperature can be
reduced by ~200 K.

The use of a composite has also additional benefit
since the thermal gradients are reduced as shown in
figure 4. The predicted temperature gradients create
local stress gradients, which for cylindrical
symmetry can be evaluated from the following
relation:

do_
dar

dT
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where “E” is Young’s modulus, “a . linear thermal
expansion coefficient.

Using calculated by us previously [6] Young’s
modulus at 1500 K (Y~200 GPa) and the thermal
expansion coefficient for thoria (e, ~6x10° K™) one
can evaluate the thermal stress gradient at the
distance of 4 mm from the center of the thoria fuel
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pellet using the presented in figure 4 temperature

gradient (dT/dr ~1.5x10° Km™) from Eq. 7 (do/dT ~ dT/drx

1.8x10° GPam™). This stress is reduced in thoria by
30% when 5vol% SiC is added.
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Figure 4. Predicted fuel temperature gradients profiles for
thoria and 5vol%, 10vol% and 15vol% SiC/ThO, composities.

3.3 Conclusions

We conclude, that that it is possible to calculate the
thermo-mechanical properties of SiC and ThO, and
its composities by using Quantum ESPRESSO code
and the complementary codes that use the properties
as predicted by first principles. The calculated
thermal conductivities of SiC and ThO, using Slack
model for up to 1600 K temperatures are also in
agreement with experiment. The presented example
demonstrates application of Quantum ESPRESSO in
predicting the thermo-physical properties of new
materials, like composite nuclear fuels. The
predictive calculations may complement expensive
experiments used in manufacturing development of
new accident tolerant fuel materials.
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