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At present, there have been few direct molecular dynamics simulations on the thermal conductivity of polycrystalline nanofilms.
In this paper, we generate polycrystalline argon nanofilms with random grain shape using the three-dimensional Voronoi tessella-
tion method. We calculate the out-of-plane thermal conductivity of a polycrystalline argon nanofilm at different temperatures and
film thicknesses by the Muller-Plathe method. The results indicate that the polycrystalline thermal conductivity is lower than that
of the bulk single crystal and the single-crystal nanofilm of argon. This can be attributed to the phonon mean-free-path limit im-
posed by the average grain size as well as the grain boundary thermal resistance due to the existence many grain boundaries in
polycrystalline materials. Also, the out-of-plane thermal conductivity of the polycrystalline argon nanofilm is insensitive to tem-
perature and film thickness, and is mainly dominated by the grain size, which is quite different from the case of single-crystal

nanofilms.
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Molecular dynamics (MD) simulation has become a widely
used method to investigate the thermal conductivity of sin-
gle-crystal nanofilms during the last decade because of its
low cost and high efficiency [1-5]. As an example, Lukes et
al. [1] studied the feasibility of using the MD computational
technique to predict the normal thermal conductivity of sol-
id argon thin films, and their result shows that the thermal
conductivity increases with the atomic layer number. They
also found a modest over-prediction of thermal conductivity
due to the over-stiffness of the Lennard-Jones potential
when applied to solids. Feng et al. [2] investigated the
thermal conductivity of argon films with thicknesses of
2-10 nm using nonequilibrium MD (NEMD). They found
that the thin-film conductivity is observably lower than the
bulk thermal conductivity and monotonously depends on
the film thickness. Liu et al. [3] also observed an increase of
the thermal conductivity of argon thin films with film
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thickness using NEMD. The increase rates are different for
different film thickness ranges, and the size effect becomes
negligible when the film thickness is beyond 100 nm. They
further studied the effect of vacancies on the argon film
thermal conductivity and found that the vacancies can
greatly reduce the film’s conductivity by disrupting the reg-
ularity of the argon lattice.

Currently, polycrystalline materials attract many research-
ers’ attention, because polycrystalline materials with na-
noscale grain sizes are expected to have different properties
compared with single crystals, such as mechanical proper-
ties, thermal properties, etc. [6,7]. Although MD has been
widely used to predict the thermal conductivity of single-
crystal materials such as solid-argon nanofilm [1-3], few
simulations on three-dimensional polycrystalline nanofilm
have been reported. Zhong and Wang [8] constructed a
simple polycrystalline argon model by putting several rec-
tangular nano-grains together and calculated its thermal
conductivity. Ju and Liang [9] simulated the thermal conduc-
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tivity of bulk polycrystalline solid argon with three-dimen-
sional random grain shape at different temperatures using
the Voronoi tessellation method. Their results demonstrate
that the thermal property of polycrystalline materials can be
investigated directly by MD simulation. In this paper, we
report the simulation of the thermal conductivity of a poly-
crystalline argon nanofilm at different temperatures and
film thicknesses by direct MD simulation using the three-
dimensional Voronoi tessellation method.

1 Simulation method

Solid argon is selected as the simulation material for its
simple potential function, and because its thermal conduc-
tivity is also widely simulated or measured by researchers
[1-5,10]. As argon is an inert element and a dielectric mate-
rial, we only consider the phonon transport that dominates
the thermal conductivity, without considering the electrons
or their interactions with phonons. The argon atoms interact
with each other through the classical Lennard-Jones (12-6)

potential [11],
r r

where r is the distance between a pair of atoms to be con-
sidered, £=1.67x107' J is the well depth, and =34x10"m
is the equilibrium separation. At the beginning of each sim-
ulation, a random kinetic energy drawn from the Boltzmann
distribution for the desired system temperature is assigned
to each atom in the computational region. The Verlet algo-
rithm [11-13] is used to integrate the motion equations nu-
merically. The integral time step Az is 1 fs. In the simulation,
the system is first equilibrated in an NPT (fixed atom num-
ber N, pressure P and temperature 7) ensemble to achieve
the controlled temperature and pressure. After equilibration,
an NVE (fixed atom number N, volume V and energy E)
ensemble is used. One simulation usually takes 2500000
steps, which is 2.5 ns in total. The first 500000 steps are
used to make the system achieve a steady state, while the
rest are used for statistical analysis. The Muller-Plathe (M-P)
method [14-16], which is a NEMD method, is used to cal-
culate the thermal conductivity.

We first use three-dimensional Voronoi tessellation to
generate a polycrystalline argon configuration with random
grain shape [17]. This method is extensively used in materi-
als science, especially for modeling random microstructures
like aggregates of grains in polycrystals [18-20]. For a set
of points in the simulation domain, the tessellation is de-
fined by assigning a cell space to each point. The atoms in
the cell are closer to the point than to any other [18-20]. A
Voronoi tessellation is a cell structure constructed from a
Poisson point process by introducing planar cell walls per-
pendicular to the lines connecting the neighboring points.
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For instance, to generate a polycrystalline argon structure, a
set of points is first selected in the simulation box, and then
equivalent grain cells are generated according to the defini-
tion of the Voronoi tessellation, as shown in Figure 1(a).
After that, each cell is filled with argon atoms in a
face-centered cubic lattice with a randomly selected crystal
orientation, as shown in Figure 1(b). The atoms too close to
each other at the grain boundaries are removed from the
system before the simulation to reduce stress. More details
of the polycrystalline structure generation process are de-
scribed in [9]. The polycrystalline argon film structures are
generated with periodic boundary conditions in three spatial
directions according to the need of the M-P method to sim-
ulate the thermal conductivity.

In this paper, we use the M-P method [14-16] to obtain
the thermal conductivity of polycrystalline argon nanofilms.
This algorithm is also called the reverse NEMD approach.
The conventional NEMD approach imposes a temperature
gradient on the system and measures the response as a re-
sulting heat flux. In M-P, the heat flux is imposed, and the
temperature gradient is the system’s response. The idea of
M-P is to divide the simulation system into N layers along
the heat flux direction first, as shown in Figure 2. Then the
hottest atoms in the first layer and the coldest atoms in the
middle layer are chosen to exchange their velocities for
every several steps, which induces a temperature gradient in
the system. The thermal conductivity is calculated by [14]

J.
A=d—*, 2
AT ()
where d is the thickness of the nanofilm, AT is the tempera-
ture difference, and the heat flux j, is given by the sum of
exchanged energy per unit time and area [14],

jZ B ﬁexchange %<V:Ol - VCZOld ) ’ (3)
where ¢ is the simulation time, A is the cross-sectional area
of the simulation system perpendicular to the heat flux di-
rection z, m is the atom mass, vy and v, q denote the veloc-
ities of the hottest and coldest atoms to be exchanged at
each step, and the factor 2 arises from the periodicity. The
simulation time is very important to the result. Usually, the

Figure 1 Sketch of (a) the Voronoi cells (grain cells) and (b) the poly-
crystalline argon nanofilm structure.
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Figure 2 Sketch of the thermal conductivity calculated by the Mul-
ler-Plathe method.

temperature distribution obtained in the simulation time
should be linear between the hot and cold film layers; oth-
erwise, the simulation time should be increased. When the
velocity exchange frequency is certain, the heat flux gener-
ated by the exchange increases almost linearly with the simu-
lation time. So, the longer the time, the smaller the uncer-
tainties of the heat flux. In this study, two nanoseconds is
long enough to obtain a linear temperature distribution and
a relatively steady heat flux. Figure 3 shows a typical tem-
perature distribution by M-P in the argon nanofilm simula-
tion. From the figure we find that the temperature distribu-
tion in the hot and cold layers is a bit nonlinear, because the
velocities of the atoms in this region are exchanged manu-
ally to generate the temperature gradient. The linear tem-
perature distribution between the hot and cold layers is used
to calculate the film thermal conductivity.

2 Results and discussion

Ju and Liang [9] studied the system size effect in polycrys-
talline MD simulation and found that the periodic boundary
effect can be ignored when the system size is two or three
times as large as the grain size. Therefore, we set the
cross-sectional area of the polycrystalline nanofilm as 2D x
2D with periodic boundary conditions, where D denotes the

441 ]

M
42t _,-r .Hﬂ. i

3

e

3 L}

T 40 o~ " 1

g e

£ _H_.J'

15 o L.
J ™

36f "
0 é 10 15 20 2I5
z (nm)

Figure 3 Typical temperature distribution obtained by the Muller-Plathe
method.
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average grain size. The steadiness of the polycrystalline
structure is very important during the simulation. Figure 4
illustrates the atom position in each grain of one polycrystal
nanofilm configuration at different times during the whole
simulation at 40 K. From the figure we can see that the sharp
edges of all the grains remain steady as designed, except
that some atoms at the grain boundaries move a little bit
from their initial positions. We also find that the atoms at
grain boundaries move much more at higher temperature
but less at low temperature. Comparing the atoms’ positions
at 0.5 and 2.5 ns, few atoms change their positions further.
The constructed polycrystal structure is seen to remain
steady, which ensures that the thermal conductivity obtained
is really the polycrystalline nanofilm thermal conductivity
with controlled average grain size.

We first simulate the out-of-plane thermal conductivity
of the polycrystalline nanofilm with thickness of 12.5 nm at
temperatures from 20 to 70 K. The average grain size is
controlled at 5 nm. A single-crystal film with the same
thickness is also simulated at the same time for comparison.
The results are shown in Figure 5. From the figure we see
that the thermal conductivities of both the single-crystal and
polycrystalline films are lower than that of single-crystal
bulk argon, but the polycrystalline nanofilm thermal con-
ductivity is much lower than that of the single-crystal film
with the same thickness. The phonon mean-free-path (MFP)
limit imposed by the average grain size as well as the grain
boundary thermal resistance arising from the large amount

(b)

© (@)

Figure 4 Atom positions of the polycrystalline argon nanofilm during
one simulation, (a) at the initial moment, r=0; (b) at t=0.5 ns; (c) at z=1.5 ns;
(d) at the end of the simulation #=2.5 ns. Direction z is the film thickness
direction.
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Figure 5 Thermal conductivity of the polycrystalline nanofilm at differ-
ent temperatures.

of grain boundaries make the thermal conductivity of the
polycrystalline nanofilm much smaller and insensitive to the
temperature, as shown in Figure 5. However, the tempera-
ture dependence of the single-crystal thermal conductivity is
clear because of the temperature dependence of the MFP.

We also use the M-P method to study the polycrystalline
nanofilm thermal conductivity at film thickness from 12.5
to 32.5 nm. The average temperature is controlled at 40 K,
and the average grain size is 5 nm. The thermal conductivity
of the single-crystal film is also simulated at the same time,
and results are shown in Figure 6. The results are similar to
the case of varying temperature. The thermal conductivities
of both the single-crystal and polycrystalline nanofilms are
lower than that of the bulk single crystal. The thermal con-
ductivity of the polycrystalline film increases slightly as the
thickness increases from 12.5 to 32.5 nm, while that of the
corresponding single-crystal film increases obviously.

Solid argon is a dielectric material, and phonons are the
dominant energy carriers in heat transfer. So the MFP of
phonons is a very important parameter. To understand the
simulation results better, we estimate the phonon MFP of
crystal argon. According to the thermal conductivity rela-
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Figure 6 Thermal conductivity of the polycrystalline nanofilm at differ-
ent film thicknesses.
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tion derived from kinetic theory [21,22], the phonon MFP [
of bulk argon can be calculated as
=22 o)
cv
where A is the thermal conductivity of bulk single-crystal
argon, cis the constant-volume specific heat capacity, and v
is the average sound velocity usually given by

vzé(vL+2vT), (@)

where v, is the longitudinal sound velocity and vy is the
transverse sound velocity. The values of A, ¢, v;, vy used in
the estimation are all from experiments [10,23,24]. The
calculated phonon MFP of bulk argon is shown in Figure 7.
As the temperature increases from 20 to 70 K, the MFP of
argon phonons drops from 9 to 1 nm, which is comparable
with the average grain size of 5 nm.

Temperature and film thickness are two important pa-
rameters dominating the thermal conductivity of single-
crystal nanofilms. When temperature increases, the MFP in
nanofilms decreases, and, as a result, the thermal conductiv-
ity decreases. When the single-crystal film thickness is
comparable with the phonon MFP of the bulk crystal, the
actual phonon MFP is dominated by the film thickness. The
thinner the nanofilm is, the lower the thermal conductivity
of single-crystal film is. When the grain size is comparable
with the phonon MFP of the bulk material, the actual pho-
non MFP is dominated by the grain size, and the tempera-
ture and film thickness become much less important.

3 Conclusions

We used the three-dimensional Voronoi tessellation method
to construct a polycrystalline argon nanofilm structure with
random grain shape. We simulated the out-of-plane thermal
conductivity of a polycrystalline nanofilm at different temper-
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Figure 7 Phonon mean free path of bulk argon at different temperatures.
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atures and film thicknesses using the Muller-Plathe method.
The out-of-plane thermal conductivity of polycrystalline
argon nanofilm with more than one grain in the thickness
direction is much lower than that of the corresponding sin-
gle-crystal film with the same thickness. This can be at-
tributed to the phonon MFP limit imposed by the average
grain size as well as the grain boundary thermal resistance
due to the large amount of grain boundaries in polycrystal-
line materials. The results also indicate that the thermal
conductivity of a polycrystalline argon nanofilm changes
little and can be considered constant for a wide range of
temperature and film thickness. When the grain size in a
polycrystalline nanofilm is comparable to or lower than the
phonon MFP of bulk argon, the MFP is restricted by the
average grain size, and the temperature and film thickness
have little effect.

This work was supported by the National Natural Science Foundation of
China (50776053 and 50730006).
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