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a b s t r a c t
Unlike phonon-boundary resistance at the interface of two dissimilar lattices, the phonon grain-boundary
resistance ARp,gb is over an ultrathin atomic restructured region bounded by two identical lattices. Using
nonequilibrium, classical molecular dynamic simulations on bicrystal UO2 over 300–1200 K, we predict
that ARp,gb (i.e., phonon, grain mean free path) is independent of temperature and the grain boundary type
(e.g., tilt, twist). We compare these predictions with existing analytical models and identify those which
include the proper grain-boundary phonon scattering mechanisms. Also, using the same embedded-atom
interatomic potential models, we predict the phonon dispersion, density of states and bulk thermal conductivity of UO2, and verify the predictions (comparing with available ab initio molecular dynamics and
experimental results), under equilibrium and nonequilibrium simulations.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Prediction of fuel thermal transport in commercial nuclear fuel
materials, e.g., UO2, is related to safety and economic efficiency of
nuclear power plants. For several decades, modeling of thermal
transport performance and other phenomena have been investigated actively 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 [16–18], and
radiation defects [8].
Here we study grain-boundary (GB) effect in UO2, causing
decrease in thermal conductivity by scattering phonons which
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are its dominant heat carrier. We use classical molecular dynamics
(CMD) simulations with the newly proposed embedded-atom
method (EAM) interatomic potentials, called the CRG potential
[19]. We verify these potentials through predicted phonon dispersion, density of states, and bulk thermal conductivity by comparison with experimental and available non-equilibrium 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
2.1. Interatomic potential models
In this work, we used the CMD simulations as the main tool for
describing the UO2 systems at the atomic scale. The CMD approach
provides robust means for calculating the structure, energetics,
surface, defects and thermal properties [20,21] with very efficient
computational cost. Other fundamental approaches, such as the
traditional band-structure calculations, are impractical for low
symmetry systems, such as the GB [20]. In order to delineate the
force field of the UO2 system for the CMD simulations, we adopted
the embedded-atom method (EAM) potential model [22] proposed
by Cooper et al. [19]. This CRG (Cooper–Rushton–Grimes)
potential includes the many-body perturbations to the traditional
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Buckingham–Morse pairwise interactions commonly used in ionic
materials. It enables descriptions of the coordinate-dependent
bonding and violation of the Cauchy relation by the many-body
perturbations [23]. In the CRG potential, the total energy of atoms
i surrounded by atom j is
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The parameters for short-range pairwise terms and partial
charges of ions are given in Table 1. The third Morse term relates
to the degree of covalency of the bonds [19]. So, the parameters
of Morse potential are only considered for the U–O interactions,
except for the U–U and O–O pairs. For the Coulombic energy in
the CMD simulations, the Wolf summation method [26] was
employed with small enough damping parameter in the realspace summation and a long enough cutoff (11 Å).
The second term in Eq. (1) stands for a subtle many-body perturbation of the EAM. While the EAM term was originally
expressed as an approximate function of the electron density functional in the density functional theory (DFT) for metals [28,30],
with the mathematical analogy for the ionic system, it contemplates the many-body dependence from the surrounding ions. This
term is composed of the embedding function or energy (Ga) and a
set of pairwise functions (rb). The many-body term of the CRG
model [29] is
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obtained with equilibrium classical MD (ECMD) and nonequilibrium classical MD (NECMD) simulations.
For ECMD, the thermal conductivity is considered using the
Green–Kubo (GK) autocorrelation decay based on the fluctuation
dissipation theory [31,32], i.e.,
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a and b stand for the species of atoms i and j, i.e., U or O. The first
term is conventional pairwise interaction terms including shortrange Buckingham [24] and Morse [25] potentials and the longrange electrostatic Coulomb contribution, i.e.,
!

Table 2
Parameters of many-body interaction in CRG potentials [19].

ð3Þ

The subtle many-body perturbation is inversely proportional to
8th power of the interatomic distance. The error function is added
to prevent unrealistic interactions at very short range. The parameters for embedding energy and embedding function are listed in
Table 2. As mentioned, the global cutoff distance is set to 11 Å in
the CMD simulations.
2.2. Phonon thermal conductivity calculation
We use LAMMPS [27] MD package for thermal transport across
the single crystal (bulk) or GB. Phonon thermal conductivity is

Table 1
Parameters of the Buckingham and Morse potentials for the CRG model [19], and
charges of the ions in the CMD simulations.
U–U

U–O

O–O

Aab (eV)
qab (Å)
Cab (eV Å6)
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–
–
–
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where T, V and kB is system temperature and volume, and the
Boltzmann constant. The hq(t)  q(0)i 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. The heat flux vector q is

"
#
X
1 dX
1 X
Ei r i ¼
Ei ui 
S i ui
V dt i
V i
i
"
#
1 X
1X
¼
Ei ui þ
ðF ij  ui Þr ij ;
V i
2 i

q¼

ð5Þ

where Ei, ri, ui, Si are total energy, position vector, velocity vector
and virial stress tensor of atom i, and rij and Fij are position and
force vector between atoms i and j. In general the ECMD has smaller
size dependence compared to the NECMD [33,34]. System size of
5.4  5.4  5.4 nm3 under periodic boundary conditions (PBC) is
used and thermally equilibrated at 300, 500, 800, and 1200 K under
NPT ensemble for 200 ps until steady state (equilibrium) is reached.
The Nose–Hoover thermostat [35,36] and the Parrinello–Rahman
barostat [37] are used. After that, the thermal conductivity is calculated using GK formula in the NVE ensemble, by integrating the
HCACF every 50 ps.
In the NECMD method, the Fourier law of conduction, q = kprT,
is introduced to calculate the lattice thermal conductivity kp,
similar to the experimental procedures. For the simulation, thermal
equilibration with the ECMD at 300, 500, 800, and 1200 K were initially achieved in the system under PBC. Then a heat flow rate of
1200 eV/ps was applied and extracted on both sides, over groups
of atoms with thickness of about 2 Å. This process is carried out
every time step for 100 ps. These atoms play a role of heat reservoir
and sink to simulate the heat transfer in the system under
nonequilibrium. It is achieved by controlling non-translational
kinetic energy to atoms in the groups at thermostat region and
the momentum of the atoms are conserved during the simulation.
Through this process, temperature gradient is produced in the
direction of heat flux. Both heat flux and temperature variations
near thermostats were excluded to get accurate data, since the
atoms near these regions show non-Newtonian dynamics [38].
Heat flux calculated from Eq. (5) is averaged temporally and
spatially. Also, only linear portion of temperature distribution is
temporally averaged except peripheral region. From the mean heat
flux and the temperature gradient, the thermal conductivity is
directly obtained using

kp ¼ 

i
hq
ðdT=dzÞ

;

ð6Þ

i is mean heat flux and ðdT=dzÞ is average temperature grawhere hq
dient of the system. The NECMD results for ideal crystal (bulk) are
size dependent, since the average phonon mean free path in the
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bulk UO2 is rather long [13]. The size effect is removed by extrapolations to very large size, using four single crystal structures, from
10.9  10.9  10.9 to 10.9  10.9  26.8 nm3, where the reciprocal
of the thermal conductivity is extrapolated with respect to the
reciprocal the simulated system size.
2.3. Phonon grain boundary resistance calculation
In addition to the calculations of the bulk thermal conductivity
of single crystal based on the ECMD and NECMD treatments, the
direct evaluation of the phonon thermal resistance (ARp,gb) of the
GB [39] using bicrystal is made using the NECMD along with the
definition

ARp;gb ¼

DT gb
;
i
hq

ð7Þ

i is
where DT gb is time average temperature jump at GB region, hq
temporal and spatial mean heat flux perpendicular to the GB plane
near the GB region, and A is the GB cross-section area. The tilt and
twist h0 0 1i R5{0 1 3} coincidence site lattice (CSL) type GBs are
used. The simulated bicrystal structures including the GB region
are shown in Fig. 1. The CSL boundary types occupy 16% of the GB
in UO2 polycrystal, according to the electron microscopy backscatter diffraction experiments [40]. Misorientation angle of h0 0 1i R5
{0 1 3} GB, hgb, is 37° for both the tilt and twist cases, but degree

Grain Boundary (Tilt)

(a)

O atom U atom

of misorientation angle does not influence much on thermal
transport. The width of the bicrystal (d) is about 20 nm and width
of the GB region (dgb) after thermal equilibration is about 1.4 nm.
The bicrystal including GB is constructed using the GBstudio [41]
software. In NECMD simulations, after 200 ps of thermal equilibration in NPT ensemble of the bicrystal sample, heat is supplied and
subtracted in the thermostat regions in the same way with NECMD
method of perfect crystals. With the direct method evaluation of
ARp,gb, the size effects becomes negligible, since the average heat
i is controlled by heat supply/removal rate (under steady
flux hq
state) at the system boundaries, and the temperature discontinuity
(DTgb) at the GB is only directly associated with intrinsic GB
properties.
3. Predicted phonon dispersion and density of states
To verify the CRG potentials, we calculate the phonon dispersion and density of states (DOS) using the molecular statics (MS)
in the GULP (General Utility Lattice Program) [42]. These are determined after relaxation of the initial unit cell at 0 K and pressure.
Fig. 2(a) shows the phonon dispersion is comparison with experimental results [43]. The predicted acoustic phonon branches are
in good agreement with experiments. The optical branches are
overestimated, mainly due to the vibration of O atoms, these
always do not contribute much to the heat transfer due to their
unusual anharmonicity [44].
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Fig. 1. Atomic structures of UO2 bicrystal including (a) tilt and GB (b) twist GB. Both GBs are h0 0 1i R5{0 1 3} CSL type. Heat flows along the z-direction between the two
thermostat regions.
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Fig. 2. (a) Predicted phonon dispersion and (b) density of states, and comparison with experimental [43] results.
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The calculated phonon DOS is shown in Fig. 2(b) with experiment results for comparison, and in low-energy regime, the peaks
correspond with experiments [43] (equivalent to agreement with
in the acoustic branches of dispersion curve). High energy regime
shows broader and unpredicted peaks but, these deviations are
not large in comparison with the AIMD results [45]. Given the
dominance of the acoustic phonon transport [44], the CRG potentials are expected to provide relatively accurate phonon transport
properties of UO2.

(W/m-K)

246

10

4. Predicted bulk phonon thermal conductivity
The bulk phonon thermal conductivity is predicted using ECMD
and NECMD (including simulation size dependence) and compared
with NEAIMD results and the Slack relation. The size effect of the
NECMD results is shown in Fig. 3, i.e., the reciprocal thermal conductivity shows linear dependence on the reciprocal system size
d, for four temperatures. The y-axis intercept is taken as the inverse
of bulk lattice conductivity. The uncertainty in calculated heat flux
is expressed with error bars.
Fig. 4 shows the predicted ECMD and NECMD conductivities
decrease with temperature, which expected to be the phonon–
phonon scattering (anharmonic Umklapp processes) [46,47]. These
results are compared to the available NEAIMD results [38], the
Slack relation [48], and the experiments on polycrystals [49].
Thermal conductivity by the Slack relation is

hMiV 1=3
o T D;1
104
N 2=3 h 2G iT

5

0
300

1100
T (K)

where hMi is the average atomic mass in the unit of amu, Vo is the
average volume per atom in Å3, TD,1 is Debye temperature, N is the
number of atoms in primitive unit cell, and hcGi is the averaged
Grüneisen parameter.
With good agreement with the Slack relation and NEAIMD
results, we again conclude that the CRG potentials have enough
accuracy and reliability to predict the thermal transport properties
of UO2. With the basis of the confirmed accuracy of NECMD and
104 times smaller computational cost [50] compared to the
NEAIMD, NECMD is suitable for describing the low symmetry
nanostructures, such as the GB.

;
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Fig. 4. Predicted thermal conductivities of UO2 single crystal with respect to the
temperature. Using ECMD and NECMD. The results are compared with the reported
non-equilibrium ab initio MD (NEAIMD) [38], theoretical Slack model [48] and
experiment of polycrystal [49].
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Fig. 5. Temperature distribution in bicrystal UO2 including tilt GB when heat is
imposed at both ends of the system. Sharp temperature drop in the middle point is
due to the existence of the GB. DTgb and dgb are the temperature drop through the
GB region and the GB thickness. Differences of temperature distributions are not
large depending on the types of GB.
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Fig. 3. Size effect of the thermal conductivity. Each points are averaged point by
varying heat flux. Extrapolation to zero in x-axis indicates the bulk thermal
conductivity of infinite single crystal.

The practical UO2 materials used in reactors are polycrystalline
structure, i.e., have large amount of GBs. The typical grain size is
generally order of micrometer, which is not suitable for simulations using CMD approach. Thus, the GB thermal resistance should
be obtained in nanoscale cells. However, the GB thermal resistance
and the grain size effects are coupled in this scale. Thus, we introduce the UO2 bicrystals containing the GB in order to properly isolate and evaluate the GB resistance (i.e., without grain size) effect
using Eq. (7). Fig. 5 shows the predicted temperature distribution
perpendicular to the grain (Fig. 1) in bicrystal including tilted GB
with heat flow at both ends. Temperature distributions are not largely different for the types of GB.

247

W.K. Kim et al. / International Journal of Heat and Mass Transfer 100 (2016) 243–249

The temperature jump at the middle point indicates the phonon
GB resistance, i.e., the phonon transport is hindered by the noncrystallinity in the grain-boundary region. We consider two grain
boundary types, namely the tilt and twist h1 0 0i R5{3 1 0} and
obtain two GB resistances, ARp,gb,tilt and ARp,gb,twist. Though the morphologies of two GB structure are different, the results from the
two cases are similar to within a few percent difference. The averaged values evaluated by the simulation are shown in Fig. 6 and are
compared with the CMD predicted results of Tonks et al. [14] and
Chen et al. [51]. Results from [51] are thermal resistances for 300 K
only and for various tilt grain boundaries. Their results are in close
agreement with this study, since direct evaluations of thermal
resistance are used in this study and Chen et al. [51]. This formula
is not influenced by the heat transfer at grain region and enables to
remove the grain size effect from the bulk region. While they introduced several types of GB and evaluate thermal resistance of each
types, GB types did not have great influence on ARp,gb in this study.
But degree of atomic disorder is important on thermal transport at
P
GB. It can be noted that 5 type GB can be considered as a typical
representative. On the other hand, The difference from results of
[14] can be due to the different calculations method, i.e., the direct
method is used here (GB temperature drop divided by heat flux),
where the Kapitza resistance scheme [52] is used in Ref. [14], i.e.,



ARp;gb


1
:
¼d

kp;gb kp;o
1

ð9Þ

Since this is an ensemble averaged method, it might be more
appropriate for the polycrystalline structures with lm-size grains
randomly distributed. For polycrystalline state whose grain size
is much larger than wavelength of the acoustic phonon, this
ensemble averaged formula enables to get phonon resistance without grain size effect. However, when the grain size is similar to
wavelength of acoustic phonon equivalent to MD scale, the thermal resistance model of GB in polycrystal, ARp,gb, in Eq. (9) should
be affected by not only the GB resistance itself but the grain size
effect. Also, The GB thermal resistance predicted here is temperature independent, this is in part because all phonon modes are
excited above 377 K (Debye temperature [53]). So, at high temperatures the phonon GB resistance is independent of temperature
and GB type.

The predicted GB thermal resistances can used for mesoscale
heat conduction analysis. In the anaylsies, the polycrystalline system is discretized and the heat diffusion equation is solved using
thermal conductivity properties for the constructured mesh. The
thermal conductivity for the GB mesh is

kp;gb ¼

dgb
:
ARp;gb

ð10Þ

6. Comparison with grain-boundary resistance models
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) [47] and the phonon
hopping (PHM) model [54]. The LCM [47] 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.

kp;o ¼

1
2p 2

Z

xD

x2 cv ðxÞ

0

sp ðxÞ
up

dx;

ð11Þ

where xD is Debye frequency, cv is a specific heat per atom, up is an
averaged phonon speed, and s is a modal phonon relaxation time.
For grain boundary, sp is due to the Umklapp processes [sU (x)]
and the GB [(sgb (x)] scattering. Using the Matthiessen rule [31],
the thermal conductivity including GB is
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where kp,o is the phonon mean free path (MFP). Assuming uniform
grains size, it is given by
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where n is number of atoms in primitive unit cell. From this the
Kapitza thermal resistance (ARp,gb,LCM) is
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Fig. 6. Comparison of GB thermal resistance with available results [14,51] as a
function of temperature. Results from [51] is thermal resistances of various tilt type
GB at 300 K. From the tilt and twist GB, the averaged thermal resistance data are
produced. Error bars indicate the deviation in heat flux.
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Using kp,o and hdi from the NECMD, the thermal resistance
based on the LCM is shown in Fig. 7 and compared with our results.
The LCM GB resistance is inversely proportional to the bulk thermal conductivity, so it is temperature dependent. As discussed
above, we expect the GB resistance to be temperature independent
above the Debye temperature.
The PHM [54] evaluates the GB resistance from the phonon confinement of the short wavelength phonon in the GB region. The
change in the phonon spectrum due to the GB causes the polycrystalline thermal resistance as [55]

ARp;gb;PHM ¼

1
2

kB T D;1

3ha2o
;
BðxÞsr

ð15Þ

where ao is the average interatomic distance and sr is interface phonon transmission for phonon hopping. Here, B(x) is given by

BðxÞ ¼

 4

2
9 T
x4 e x
TD
x
;
2
2 T D ðe x  1Þ
T

ð16Þ

with x = TD,1/2T. At temperatures near or above the Debye temperature, we have

ARp;gb;PHM ¼

2:783ha2o
2

8kB T D;1 sr

:

ð17Þ

Using 2.34 Å for ao and 0.95 for sr, the phonon GB resistance is
are shown in Fig. 6. Both the NECMD and PHM prediction [55]
show temperature independence and comparable magnitudes.
Although the LCM prediction [47] shows a small temperature
dependence, it gives general agreement with the NECMD results.
7. Grain-boundary phonon mean free path

where q is density and kp is the phonon mean free path (MFP). The
q, cv and up of the GB region are treated same to those of the bulk
[56]. The phonon MFP of the bulk and the GB region of UO2, kp,o
and kp,gb, are shown in Fig. 8, as a function of temperature. As
expected, while kp,o decreases with temperature, kp,gb, is independent of temperature. The GB thickness of bicrystal, dgb, is also shown
for comparison. The acoustic phonons (long wavelength) are filtered
by the GB, so the temperature independent optical (short wavelength) phonons can mainly contribute the thermal resistance. So,
the GB thermal resistance becomes temperature independent above
Debye temperature.
8. Conclusions
We predict the UO2 GB phonon resistance employing the
NECMD with the many-body CRG potentials, which is verified by
predicting the bulk phonon dispersion, DOS, and thermal conductivity and comparing with existing results. The calculated GB phonon resistances for bicrystal is independent of the GB type and
temperature (when the temperature is above the Debye temperature). The predicted thermal resistance is compared to available
results from predictive models (namely, the LCM [47] and PHM
[54]), and the PHM shows good agreement with our conjectures.
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 UO2. Description of thermal transport from in UO2 microstructures, such as dislocation [9],
radiation-induced defect [8], fission-gas bubble formation [11],
and other effects [57], can also be examined using the NECMD.
These phenomena occurring in nuclear fuel materials require multiscale treatments and their investigations can predict fuel performance of existing or new nuclear-fuel materials.
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