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1. Introduction

Prediction of thermal transport in commercial nuclear
fuel materials, e.g.,, UO2, is related to safety and
economic efficiency of nuclear power plant. For several
decades, modeling of thermal transport and other
phenomena have been conducted in continuum or
engineering scale based and mostly along with
empiricism. A major drawback of this approach is that
such phenomena in nuclear material are decoupled from
existing empirical models [1]. For further advances,
higher resolution modeling [2-5] has been proposed,
including use of recent advances in computational
capability and development. The multiscale modeling
has ability to elucidate the underlying mechanisms [6]
by decoupling internal state variables [7] from the
atomic-scale modeling. In particular, the thermal
transport modeling has received attention at atomic and
mesoscale [8-14], due to strong microstructure
dependence, these include the effects of gas bubbles
[10,11,15], dislocation [9], hyper-stoichiometry [16,17],
and radiation defects [8].

Here we study grain-boundary (GB) effect in UO2,
causing decrease in thermal conductivity by scattering
phonons which are its dominant heat carrier. We use
classical molecular dynamics (CMD) simulations with
the newly proposed embedded-atom method (EAM)
interatomic potentials [18]. We verify these potentials
through predicted phonon dispersion, density of states,
and bulk thermal conductivity by comparison with
experimental and available ab initio MD (AIMD) results.
The thermal transport through GB, a bicrystal structure,
is presented as the associated GB thermal resistance
found using non-equilibrium MD. We compare this
resistance with available results and predictive models.
Calculated thermal resistance are good agreement with
predictive models..

2. Methods and Results

2.1 Interatomic potential models

The embedded-atom method (EAM) potential model
[18] for UO; includes many-body perturbations of
electrons to existing pairwise interactions in CMD. Only
pairwise potentials are unable to treat the coordinate-
dependent bonding. Also, there are another fundamental
approaches which approximate the Schrédinger equation
of the overall system, with reduced complexity,

traditional band-structure calculations are impractical
for systems with very low symmetry, such as the GB
[17]. However, the EAM [19] provides robust means for
calculating the structure, energetics, surface, defects and
thermal properties [17,20] with very low computational
cost and has been used mostly for metals. The EAM for
the actinide oxides, involves perturbation of the 5f
correlated electrons which play important role in
bonding (volume underestimation is a general problem
in CMD). The EAM potential for interaction between
atomiand j is
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o.and g stand for the species of atom i and j, i.e., U or O.
The first term is the conventional pairwise interaction
terms including the short-range Buckingham [21] and
Morse [22] potentials and the long-range electrostatic
Coulomb contribution, i.e.,
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Parameters for pairwise interaction terms are given in
table 1. Since the Morse term relates to the covalent
bond, parameters are not given for the U-U and O-O
interactions.

The second term in Eq. (1) stand for approximate
function of electron density functional in density
functional theory (DFT) [23]. It introduces the
embedding energy (G,) and the electron charge density
(0p). Embedding function indicates the required energy
to embed atom i (element a) in electron gas, with local
electron density function (o).
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u-u u-0 0-0
A (eV) 18600 448.779 830.283
pop(R) 0.2747 0.387758 0.352856
C.(eVA®) 0.0 0.0 3.884372
Das (eV) - 0.66080 -
yap (R) - 2.05815 -
ro(A) - 2.38051 -
qu (e) +2.2208
do (e) -1.1104

Table 1. Parameters of two-body EAM potentials.

2.2. Phonon thermal conductivity calculation

We use LAMMPS [26] MD package for thermal
transport across GB or single crystal (bulk). Phonon
thermal conductivity is obtained with equilibrium
classical MD (ECMD) and non-equilibrium classical
MD (NECMD) simulations. For equilibrium, the
thermal conductivity is obtained using the Green-Kubo
(GK) autocorrelation decay based on the fluctuation
dissipation theory [27,28], i.e.,

Voo ={q(t)g(0
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where T, V and kg is system temperature and volume,
and the Boltzmann constant. The < q(t)- q(0) > is the
ensemble averaged product of heat flux at time t and the
initial state (after equilibrium is reached) or the heat
current  auto-correlation  function (HCACF) in
equilibrium state.

2.3. Phonon grain boundary resistance calculation

In addition to bulk thermal conductivity calculations
on single crystal, the phonon thermal resistance (ARp gb)
of GB [35] is calculated from
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where ATg is temperature jump at GB region, < g > is
averaged heat flux perpendicular to the GB plane near
the GB region, and A is the GB cross-section area. The
tilt and twist <001>%5{0 1 3} coincidence site lattice
(CSL) type GBs are used. The simulated bicrystal
structures including the GB region is shown in Fig. 1.
The CSL boundary types occupy 16% of the GB in UO;
polycrystal, from the electron microscopy/backscatter
diffraction experiments [36]

Grain Boundary (Tilt)
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\

Fig.1. Atomic structure of UO2 bicrystal including
grain boundary. The grain boundary type is CSL <001>
¥5{0 1 3} tilt boundary. Heat flows along the z-
direction between the two thermostat regions.

2.4. Predicted bicrystal phonon grain boundary
resistance

The practical UO; materials used in reactors are
polycrystalline structure, i.e., have grain boundaries.
The grains are generally micrometer size, which is not
practical to simulate by CMD. In addition, the GB
resistance and the grain size effects are coupled in
nanograin simulations. So we study the GB resistance
using bicrystals of UO,. Figure 5 shows the predicted
temperature distribution perpendicular to the grain (Fig.
1) in bicrystal with heat flow at both ends, ranging from
800 to 1200 eV/ps.
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Fig. 5. Temperature distribution in bicrystal UO, when
heat is imposed and at both ends of the system. Sharp
temperature drop in the middle point is due to existence
of the GB. ATy, and dgp are the temperature drop through
the GB region and the GB thickness. The results are for
flow rates.

The temperature jump in the middle point indicates
the phonon GB resistance, i.e., the phonon transport is
hindered by the non-crystallinity in the grain-boundary
region. We consider two grain boundary types, namely
the tilt and twist <100>X5{3 1 0} and obtain two GB
resistances, ARpgit and  ARpgomis.  Though
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morphologies of two GB structure are different, the
results from the two cases are similar to within a few
percent. The averaged values are shown in Fig. 6 and
are compared with the predicted results of Tonks et al.
[13]. Our predicted GB thermal resistances show
temperature independence, This is in part because all
phonon modes are excited above 377 K (Debye
temperature [46]). So, at high temperatures the phonon
GB resistance is independent of temperature and grain
type. The difference with [14], can be due to the
calculation models, i.e., the direct method used here
(GB temperature drop divided by heat flux), versus the
Kapitza resistance scheme [47] used in [13], i.e.,
k,.» k
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Since this is an ensemble averaged method, it might
be more appropriate for the polycrystalline structures
with grains randomly distributed. For polycrystalline
state whose grain size is much larger than wavelength of
acoustic phonon, this ensemble averaged formula
enables to get phonon thermal resistance without grain
size effect. However, when the grain size is similar to
wavelength of acoustic phonon equivalent to MD scale,
thermal resistance model of GB in polycrystal, AR gb, in
Eq. (9) should be affected by not only GB resistance
itself but also grain size effect at grain region. On the
other hand, direct evaluation of thermal resistance used
in this study is not influenced by heat transfer at grain
region and it enables to remove grain size effect from
bulk region.
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Fig. 6. Comparison of GB thermal resistance with
available results [14], as a function of temperature.
From tilt and twist GB, thermal resistance data are
obtained and averaged. Error bars indicate deviation in
heat supply.

2.4. Comparison with grain boundary resistance
model

The predicted GB thermal resistance is also
compared with theoretical models to offer further insight
to the GB phonon resistance. There are several models
and after we choose two models, namely the localized

continuum model (LCM) and the phonon hopping
(PHM) model. The LCM [43] assumes only localized
phonon modes (and also does not consider the optical
phonon modes) and directly solves the Boltzmann
transport equation (BTE) to arrive at the bulk phonon
conductivity
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where wp is Debye frequency, ¢, is specific heat per
atom, u, is averaged phonon speed, and 7 is modal
phonon relaxation time. For grain boundary, 7, is due to
the Umklapp processes [t (w)] and the GB [(zgp (w)]
scattering. Using the Matthiessen rule [27], the thermal
conductivity including GB is
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where Z,0 is the phonon mean free path (MFP).
Assuming uniform grains size, this gives
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where n is number of atoms in primitive unit cell. From
this the Kapitza thermal resistance (ARp,go,Lcm) iS
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Using kpo and < d > from NECMD, the thermal
resistance based on the LCM is shown in Fig. 7 and
comparison with our results. The LCM GB resistance is
inversely proportional to the bulk thermal conductivity,
and that gives it the temperature dependence. As
discussed above, we expect the GB resistance to be
temperature independent above the Debye temperature.

The PHM [48] evaluates the GB resistance from the
phonon confinement of the short wavelength phonon in
the GB region. Assuming polycrystalline model. thermal
resistance is [49]
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where a, is average interatomic distance and 7 is
interface phonon transmission for phonon hopping.
Here B(xX) is
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with ¥ = Tp./2T. For temperatures near or above the
Debye temperature, we have
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For UO, we used 2.34 A for a, and 0.95 for 7, and the
results are shown in Fig. 6. Both the NECMD and PHM
prediction [49] show temperature independence and
comparable magnitudes. However, the LCM prediction
[43] shows a small temperature dependence but in
general agreement with the NECMD results.
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Fig. 7. Temperature dependence of thermal resistance
from NECMD and predictions result from localized
continuum model (blue) [43] and phonon hopping
model (red) [49].

For mesoscale heat conduction calculations the
polycrystalline systems is discretized and solved as heat
diffusion with the GB region assigned a conductivity.
This GB thermal conductivity is

O
by gp=—— . (17)
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3. Conclusions

We predict the UO, GB phonon resistance using
NECMD using many-body EAM potentials which we
verify by also predicting the bulk phonon dispersion,
DOS, and thermal conductivity and comparing with
existing results.

The predicted GB phonon resistances for bicrystal is
independent on the GB type and temperature (for
temperatures around and the Debye temperature). The
predicted thermal resistance is compared available
predictions and with predictive models (namely, the

localized continuum model [43] and phonon hopping
model [48]), and the phonon hopping model shows good
agreement with our predictions.

The GB phonon mean free path is also calculated

based on kinetic theory, and is smaller than the bulk
value and independent of temperature, implying the GB
filters the long wavelength acoustic phonons.
The calculated GB thermal resistance can be used in
mesoscale calculations of polycrystalline UO,. Other
UO. microstructures, such as dislocation [9] radiation
induced defect [8], fission gas bubble formation [11],
and radiation effects [51] can also be examined using
NECMD. These complex phenomena require such
multiscale treatments.
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