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a b s t r a c t
In this study, non-equilibrium molecular dynamics (NEMD) simulations are performed to determine the
effective thermal conductivity of nanocomposites embedded with a variety of nanoparticles. The effects
of orientation and arrangement of asymmetric nanoparticles, thermal property mismatch at the interface,
interface density per unit volume of nanocomposite, and polydispersity of nanoparticles on the effective
thermal conductivity of nanocomposites are investigated. Simulation results are compared with existing
model predictions based on the effective medium approach. Results indicate that, with the same particle
volume fraction, the nanocomposites that have a larger interfacial area perpendicular to heat ﬂow or a
larger interface density yield a smaller effective thermal conductivity. In addition, a larger mismatch at
the interface between the host material and nanoparticle inclusions leads to a smaller effective thermal
conductivity. Finally, it is found that the effective thermal conductivity of nanocomposites decreases with
increasing polydispersity of embedded nanoparticles.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Thermal properties of nanocomposites have become an area of
great research interest in recent years owing to diverse applications of nanocomposites in thermal interface materials [1],
thermoelectrics [2], thermal barrier materials [3], and solar cells
[4]. The advances in synthesis and processing of nanocomposites
necessitate a better understanding of the interfacial thermal
transport between nanoparticles and host materials due to the
importance of interfaces at the nanoscale.
It is well known that, the thermal conductivity of a semiconducting or insulating single crystal alloy is usually lower than the
average of the thermal conductivities of the constituent materials
[5]. The lowest thermal conductivity in crystalline solids is generally that of an alloy, called ‘‘alloy limit’’. However, the thermal
conductivity of nanocomposites can even below the alloy limit
[6]. The presence of nanoparticles provides an effective scattering
mechanism for mid/long wavelength phonons that dominate heat
conduction and contribute most to the thermal conductivity. Interface scattering and intrinsic scattering in phonon transport are the
two mechanisms to create thermal resistance for heat ﬂow in
nanocomposites [4]. Intrinsic scattering, including isotropic scattering, defect scattering and electron–phonon scattering can be
neglected for insulating materials in perfect lattice structures at
low temperatures [6]. However, interface scattering plays an
important role in nanocomposites, where the increased phonon
⇑ Corresponding author. Tel.: +1 215 895 1373; fax: +1 215 895 1478.
E-mail address: ysun@coe.drexel.edu (Y. Sun).
0017-9310/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved.
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collisions prevent the phonons with high energy in the hot region
from moving to the cold region and vice versa. This results in a low
heat transport, and consequently a low thermal conductivity [7].
Several models exist to estimate thermal properties of composite materials. For example, Nan et al. [8] developed a general effective medium approach (EMA) to obtain the effective thermal
conductivity of arbitrary spheroidal particulate composites. It
was found that the effective thermal conductivities are a function
of particle size, shape, orientation distribution, volume fraction
and thermal boundary resistance (i.e., the Kapitza resistance).
However, the model of Nan et al. [8] did not take into account
the increased interface scattering at the nanoscale. Minnich and
Chen [9] derived a modiﬁed EMA model for spherical particulate
nanocomposites, involving the interface density deﬁned as the
total surface area of nanoparticles per unit volume of the composite. This modiﬁcation produced model predictions in good
agreement with Monte Carlo (MC) simulations in terms of the
effective thermal conductivity. Their results showed that the
interface density dominated the effective thermal conductivity in
nanocomposites, where the thermal boundary resistance played a
critical role. Ordonez-Miranda et al. [10] extended the modiﬁed
EMA model proposed by Minnich and Chen [9] for spheroidal
inclusions. They showed that the shape and size dependence of
thermal conductivity of nanocomposites are due to the collision
cross section per unit volume of the particles and the mean
distance that the energy carriers can travel inside the particles.
Kim and Majumdar [11] calculated the scattering cross section of
polydispersed spherical nanoparticles for different particle
radii and incoming wave vectors. It was found that large size
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distributions of spherical nanoparticles block a large range of phonon spectrum. The larger the mass difference between the host
material and the spherical nanoparticle, the larger the scattering
cross section.
Several numerical techniques have been implemented to determine thermal transport in nanocomposites. For example, Yang and
Chen [12] calculated the effective thermal conductivity of periodic
two-dimensional (2D) nanocomposites with square silicon nanowires in germanium utilizing MC simulations by solving the Boltzmann transport equation (BTE) for phonon transport. It was
demonstrated that for a ﬁxed silicon wire dimension, the lower
the atomic percentage of germanium, the lower the effective
thermal conductivity of the nanocomposites, different from the
observation of macroscale composites. Jeng et al. [13] conducted
MC simulations to study 3D phonon transport in nanocomposites
using a gray-medium approach and showed that the effective thermal conductivity of nanocomposites can reach below the alloy limit [14]. Using non-equilibrium molecular dynamics (NEMD)
simulations, Hegedus and Abramson [15] demonstrated that the
presence of a nanoparticle was less inﬂuential in reducing thermal
conductivity than the addition of a thin ﬁlm.
Most studies on thermal conductivity of nanocomposites are
only concerned with one or two aspects of nanoparticle properties.
To the best of our knowledge, a thorough analysis on the diverse
nanoparticle properties affecting the effective thermal conductivity of nanocomposites is lacking. In this paper, the NEMD simulations are performed to determine to what extent heat transfer is
affected by the presence of nanoparticles in nanocomposites. The
advantages of NEMD lie in its ability to account for arbitrary shapes
and structures of the nanoparticle composites without making any
assumptions or simpliﬁcations on frequency dependent thermal
properties. The effects of the orientation and arrangement of asymmetric nanoparticles, the thermal property mismatch at the interface, the interface density per unit volume of the composites and
the polydispersity of nanoparticles on the effective thermal conductivity of nanocomposites are investigated. The simulations are
compared with predictions based on the EMA model of Nan et al.
[8] and the modiﬁed EMA models of Minnich and Chen [9] and
Ordonez-Miranda et al. [10].
2. Simulation procedure
The NEMD simulation is used in this study by imposing a constant heat ﬂux over the nanocomposite material. A desired heat
ﬂux inside a face centered cubic (FCC) argon crystal of 80a (a is
the lattice constant of argon at 20 K) in x and 5a in y and z directions respectively with its [1 0 0] direction oriented along the x axis.
Here, x is the direction of heat ﬂow, while y and z are directions
perpendicular to heat ﬂow. Periodic boundary conditions are employed in x, y and z directions. Four lattice layers at both ends of
the domain are assigned as the hot region (heat source), while
eight lattices in the middle are assigned to the cold region (heat
sink). In between, there are regular regions of host material, with
32 lattices on either side of the heat sink. Rectangular prism
shaped nanoparticles of different sizes are embedded in the regular
region of the host material.
The atomic interactions of solid argon are described by the Lennard–Jones (L–J) potential given by
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used for force calculations. The time unit of the system is

s = r(m/e)0.5 = 2.155  1012 s. An open-source molecular dynamics
simulator, LAMMPS [16], is used for all simulations. To relax the
system, a constant NPT (N is atom number, P is pressure, T is temperature) ensemble is performed using the Nose/Hoover thermostat
and barostat until the system reaches zero pressure after 200,000
time steps of 0.001s each. This is followed by a constant NVE (V is
volume, E is total energy) ensemble to update position and velocity
of each atom using the Verlet algorithm. Meanwhile, for every time
unit s, a ﬁxed amount of heat De is added to the hot region while
the same amount of heat is subtracted from the cold region to impose a constant heat ﬂux along the x direction. After 5,000,000
time steps of 0.001s each, the system approaches steady state
where the temperature proﬁle is obtained by time averaging over
500,000 time steps.
The simulation cell along the heat ﬂow direction is divided into
slices with every four lattice layers per slice, and the temperature
for each slice is calculated using

DPN
ðT MD Þj ¼

where rij is the distance between atoms i and j, e = 1.657  1021 J is
the depth of the potential well and rLJ = 3.4  1010 m is the
equilibrium separation parameter. A cutoff distance of 2.5rLJ is

v 2i

E
ð2Þ

3Nj kB

where hi denotes statistical averaging over the simulation time, kB is
the Boltzmann constant, Nj is the atomic number in jth slice, mi and
vi are the mass and velocity of the ith atom respectively, and (TMD)j
is the temperature in the jth slice. The temperature gradient along x
direction, dT/dx, for a pure material can be obtained from the temperature proﬁle. This is the classical calculation, generally applied
to high temperature limit compared to the Debye temperature.
However, in this paper, solid argon with L–J potential is selected
as the model material where the quantum effects are not expected
to be signiﬁcant [17,18]. Therefore, no quantum corrections are employed at low temperatures.
The heat ﬂux J along the direction of heat ﬂow (x-direction) can
be calculated by

Jx ¼

De
L y L z Dt

ð3Þ

where Ly and Lz are the sizes along y- and z-directions. For nanocomposites at steady-state where the temperature proﬁles are nonlinear, the effective thermal conductivity can be calculated using
[15]

K ¼

Jx
DT=Dx

ð4Þ

where DT is the temperature difference across a distance Dx. The
effective thermal conductivity, K⁄, of nanocomposites is calculated
based on ﬁve independent runs for each case to determine to what
extent it is affected by the shape, orientation, arrangement, thermal
property, and polydispersity of embedded nanoparticles.
3. Models for effective thermal conductivity of nanocomposites
For composites containing equisized spheroidal inclusions, the
effective thermal conductivities, K ii , along the material axis Xi
(i = 1, 2, 3) based on the EMA model of Nan et al. [8] is given by

K 11 ¼ K 22 ¼ K m
K 33 ¼ K m

ð1Þ

j

i¼1 mi

2þf ½b11 ð1L11 Þð1þhcos2 hiÞþb33 ð1L33 Þð1hcos2 hiÞ
2f ½b11 L11 ð1þhcos2 hiÞþb33 L33 ð1hcos2 hi

ð5Þ

1þf ½b11 ð1L11 Þð1hcos2 hiÞþb33 ð1L33 Þhcos2 hiÞ
1f ½b11 L11 ð1hcos2 hiÞþb33 L33 hcos2 hi

where Km is the bulk thermal conductivity of the matrix phase, f is
K c K

the volume fraction of particles, the parameter bii ¼ K m þLii ðK cmK m Þ, K cii
ii

ii

is the equivalent thermal conductivity along the X 0i symmetric axis
of the spheroidal composite unit cell, Lii is the particle shape
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R

qðhÞ cos2 h sin hdh

, h is the angle be-

25

tween the materials axis X3 and the local particle symmetric axis
X 03 , and q(h) is a distribution function describing spheroidal particle
orientation. Here, K cii can be calculated using K cii ¼ kp =ð1 þ cLii kp =km Þ,
where Kp is the bulk thermal conductivity of the spheroidal particle,
p = a3/a1 is the particle aspect ratio, a1 and a3 are, respectively, radii
of the spheroid along the X 01 and X 03 axes. For the case of p P 1 and
a1 = a2 < a3, L11 = L22 = p2/[2(p2  1)]pcosh1p/[2(p2  1)3/2], L33 =
1  2L11, c = (2 + 1/p)a, a = RBdKm/a1, where RBd is the thermal
boundary resistance. For composites with equisized spherical particles, the effective thermal conductivity of spheroids, Eq. (5), reduces
to
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K p ð1 þ 2aÞ þ 2K m þ 2f ½K p ð1  aÞ  K m 
K ¼ Km
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Taking into account the increased interface scattering in nanocomposites, the modiﬁed EMA model of Minnich and Chen [9] for the
effective thermal conductivity of nanocomposite gives
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Fig. 1. Temperature proﬁles for nanocomposites of 80a  5a  5a embedded with a
2a  2a  4a nanoparticle and a 4a  2a  2a nanoparticle at 20 K and
J ¼ 0:31  109 W=m2 .

ð7Þ
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where C is the volumetric speciﬁc heat, v the phonon group velocity,
K is the phonon mean free path, U is the interface density,
K 0p ¼ K p =ð1 þ Kp U=4Þ and K 0m ¼ K m =ð1 þ Km =dÞ are modiﬁed thermal conductivities of the particle and the host, respectively, and d
is the particle diameter. For nanocomposites with spheroidal inclusions, Ordonez-Miranda et al. [10] introduced size- and shapedependent thermal conductivities to replace the bulk thermal conductivities in the model of Nan et al. [8]. The resulting modiﬁed
thermal conductivities of the particle and the host are given by
K 00p ¼ K p =ð1 þ Kp =cÞ and K 00m ¼ K m =ð1 þ Km r? f Þ, respectively. Here, c
is the average distance traveled by the energy carrier due to the
scattering at the particle boundaries and r\ is the collision cross
section per unit volume of the particles.
In the following, the effective thermal conductivities of nanocomposites calculated from molecular dynamics simulations are
compared with model predictions of Nan et al. [8], Minnich and
Chen [9], and Ordonez-Miranda et al. [10].
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4. Results and discussion
4.1. Interfacial area perpendicular to heat ﬂow
A nanoparticle of 2a in x, 2a in y, and 4a in z (2a  2a  4a,
named NP224) is embedded at the center between the hot and cold
zones (i.e., x = 19a–21a and 59a–61a) of a 80a  5a  5a host
material and the calculated effective thermal conductivity is compared with that of the nanocomposite consisting of a nanoparticle
of 4a  2a  2a (named NP422) embedded at x = 18a - 22a and 58a
- 62a. The two nanoparticles have exactly the same volume, total
surface area, and mass (four times that of the argon host), but
different interfacial areas perpendicular to heat ﬂow. The temperature proﬁles for these two cases are shown in Fig. 1. For both
cases, larger temperature drops occur around the nanoparticles
compared to that of the host material, indicating smaller thermal
conductivity in the nanoparticle phase. The effective thermal
conductivity of nanocomposite consisting of NP224 obtained by
averaging ﬁve simulation runs is K NP224 ¼ 0:7318 W=ðm  KÞ and
that for the NP422 case is K NP422 ¼ 0:7725 W=ðm  KÞ, which yields
a ratio of K NP422 =K NP224 ¼ 1:056. Since all other parameters for the

0.7
Fig. 2. Comparison of the effective thermal conductivities for nanocomposites
embedded with a 4a  2a  2a nanoparticle, a 2a  2a  4a nanoparticle, two
2a  2a  2a nanoparticles of the same height, and two 2a  2a  2a nanoparticles
of different height locations at 20 K and J ¼ 0:31  109 W=m2 . Effective thermal
conductivities are calculated from averaging ﬁve simulation runs and the error bar
are the standard deviations.

two cases are kept the same, a larger effective thermal conductivity
for the NP422 case is the result of a smaller interfacial area perpendicular to the heat ﬂow compared to that of NP224.
The arrangement of nanoparticles in the composite is examined
by comparing two nanoparticles of 2a  2a  2a (NP222) of the
same height location vs. different height locations perpendicular
to heat ﬂow. Other properties and the separation distance between
the two nanoparticles in the heat ﬂow direction are kept the same.
As shown in Fig. 2, the difference in the calculated effective thermal conductivities for these two cases is within the range of error.
This implies that as far as the interfacial area perpendicular to heat
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ﬂow remains the same, the height location and the horizontal distance of the nanoparticles are not important provided that the volume fractions of the nanoparticles are keep the same. It is also
interesting to note that the effective thermal conductivities for
both the two NP222 cases are the same as the NP224 case, which
implies that the interfacial area parallel to heat ﬂow is less important in affecting the thermal properties of nanocomposites.
This observation is consistent with the mechanism of phonon
propagation. Consider heat conduction along x, where the x-component of phonon group velocity, vx, contributes to the heat ﬂux.
Phonons traveling parallel or quasi-parallel to the x-direction are
the major contributors to heat conduction. While the interface perpendicular to heat ﬂow effectively reduces the mean free paths of
these phonons, the interface parallel to heat ﬂow does not have a
signiﬁcant impact on these phonons. As a result, a larger area perpendicular to heat ﬂow leads to a smaller thermal conductivity. An
analogy to this is a higher in-plane thermal conductivity of an inplane superlattice than that of a cross-plane superlattice [19,20],
where the cross-plane interface is more efﬁcient in phonon scattering [12]. We have also shown, using the phonon wave-packet
method, the orientation of anisotropic nanocomposites is important in affecting the effective thermal conductivity [21].
To further investigate the effect of particle orientation on the
effective thermal conductivity of the nanocomposite, the phonon
spectra of the NP224 and NP422 nanocomposites are shown in
Fig. 3. Here, the phonon density of states is calculated using the
Fourier transform of the velocity auto-correlation functions of
the atoms in the matrix and the particle. Since only 2% of the atoms
are inside the particle and the interface mismatch between the matrix and particle are the same for both NP224 and NP422 cases, the
effective thermal conductivities of the nanocomposites are predominantly determined by the phonon transport in the matrix.
As shown in Fig. 3, the phonon spectra in the matrix for both
NP422 and NP224 cases are very similar but the NP422 case has
slightly larger phonon density of states at low frequencies around
0.6 THz. These lower frequency phonons have larger phonon
mean free paths and contribute more to thermal transport, resulting in a higher effective thermal conductivity of the NP422 case.
By using a spheroid and a cylinder of the same aspect ratio and
volume fraction to approximate rectangular prism shaped nanoparticles, the NEMD calculations can be compared with the EMA
model for composites with spheroidal nanoparticles of Nan et al.
[8] and the modiﬁed EMA model of Ordonez-Miranda et al. [10],

respectively. The ratios of effective thermal conductivities based
on NEMD simulations and the corresponding model predictions
are summarized in Table 1. It is shown that the simulation result
of K NP422 =K NP224 ¼ 1:056 is very close to that of 1.066 predicted
by the model of Ordonez-Miranda et al. [10] compared to
K NP422 =K NP224 ¼ 1:023 using the model of Nan et al. [8].
4.2. Interface density
Consider nanocomposites consisting of eight 2a  2a  2a
nanoparticles and one 4a  4a  4a nanoparticle, respectively.
For both cases, the total volume of the particulate phase is the
same and the mass of nanoparticles is 0.25 times that of argon.
The calculated effective thermal conductivity for the case of eight
2a  2a  2a nanoparticles is K 8222 ¼ 0:8090 W=ðm  KÞ and that
of the one 4a  4a  4a case is K 444 ¼ 0:8380 W=ðm  KÞ with the
ratio K 444 =K 8222 ¼ 1:036, i.e., a larger interfacial area leads to a
smaller effective thermal conductivity. It has been shown by Minnich and Chen [9] that the interface density is a primary factor in
determining the effective thermal conductivity. The effective thermal conductivity decreases with decreasing particle size for a given
particle volume fraction [6]. Since all nanoparticles are of cubic
shape, comparing two nanocomposites with the same volume fraction, the smaller the particle size, the larger the interface density.
The increased interface scattering due to smaller particle inclusions results in a smaller effective thermal conductivity.
To compare the NEMD calculations with the EMA model for
spherical particles of Nan et al. [8] and the modiﬁed EMA models
of Minnich and Chen [9] and Ordonez-Miranda et al. [10], the equivalent particle diameter for the same volume fraction as a cubic particle of size a is d = (6/p)1/3a  1.24a. Using the EMA model of Nan
et al. [8], i.e., Eq. (5), the ratio of thermal conductivities between
the nanocomposite with one 4a  4a  4a (NP444) nanoparticle
and eight 2a  2a  2a nanoparticles is ðK 444 =K 8222 ÞNan ¼ 1:002.
This implies that the model of Nan et al. [8] fails to predict the difference in the effective thermal conductivity caused by different
interface densities. Based on the modiﬁed EMA model of Minnich
and Chen [9], i.e., Eq. (6), it follows ðK 444 =K 8222 ÞMC ¼ 1:120, compared to the ratio of 1.036 in the present NEMD simulation. Here,
at the temperature of 20 K, the phonon mean free path in argon solid
is Kh = 75.285 Å, calculated based on Choi et al. [7] The approximation of the average phonon mean free path and the fact that phonon
mean free paths are strongly mode-dependent are believed to be the
reasons for overestimating the effective conductivity ratio when
using the model of Minnich and Chen [9]. Nevertheless, both the
NEMD simulation and model prediction indicate that, for the same
volume fraction, a larger interface density causes a smaller effective
thermal conductivity of nanocomposites. The effective thermal conductivities based on NEMD simulation and the corresponding model
predictions are summarized in Table 1.
4.3. Interface mismatch

Fig. 3. Comparison of the phonon spectra of the nanocomposites embedded with a
4a  2a  2a nanoparticle, and a 2a  2a  4a nanoparticle, at 20 K.

Interface mismatch is examined using nanoparticles of
4a  4a  4a in size embedded into the central region (18a–22a
and 58a–62a in x) of a 80a  5a  5a host material. The mass of
the nanoparticles varies from 0.0625, 0.125, 0.25, to 0.5. The results
in Fig. 4 show that, the larger the mass mismatch, the smaller the
effective thermal conductivity, which ranges from 0.6767 to
0.8749 W/(m  K). It is well known that the interface mismatch
leads to a Kapitza resistance. From a wave transport perspective,
the reﬂection of phonons at the interface reduces the number of
forward-going phonons and thus creates thermal resistance. The
phonon transmission coefﬁcient at the interface can be estimated
using the acoustic mismatch model (AMM) [23] or the diffuse
mismatch model (DMM) [24]. For a perfectly smooth interface at
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Table 1
Comparison of NEMD calculated effective thermal conductivities of nanocomposites with theoretical models.
Ratio of effective thermal conductivity, K 1 =K 2

Cases

NP422 vs. NP224
NP444 vs. 8 NP222s
*

Based on Nan et al. [8]

Based on Minnich and Chen [9]

Based on Ordonez-Miranda et al. [10]

MD simulation (this study)

1.023
1.002

N/A*
1.120

1.066
1.120

1.056
1.036

The model of Minnich and Chen [9] is only for spherical nanocomposites.

materials, it is observed that the effective thermal conductivity decreases considerably with an increase of the Kapitza resistance [22]
especially when the size of nanoparticles is small and the Kapitza
resistance is considerably high.
Compared with the thermal conductivity of pure argon under
the same conditions, k = 1.0378 W/(m  K), the effective thermal
conductivities for all nanocomposites of different interface mismatch shown in Fig. 4 are smaller. It shows that, although the
nanoparticle inclusions have a larger conductivity than the host
material, the effective thermal conductivity of the nanocomposite
do not exceed that of pure argon. Tian and Yang [4] observed that
the effective thermal conductivity in compact silicon nanowire
mixtures is considerably smaller than the single crystal bulk silicon
because the interface scattering creates additional thermal resistance to heat ﬂow. Moreover, if the nanoparticle has an energy
parameter different from the host material, the effective thermal
conductivity is also smaller than that of the pure material. The
effectiveness of lattice mismatch highlights the signiﬁcance of
the Kaptiza resistance in determining the effective thermal conductivity of nanocomposites.

0.75

Effective conductivity, K* [W/(m⋅K)]

X
0.7

0.65

0.6

X

0.55

X
0.5

X

0.45
0

0.2

0.4

0.6

4.4. Polydispersity

Mass ratio of nanoparticle over argon
Fig. 4. Effective thermal conductivities for nanocomposites of different mass ratios.
The host material keeps the same while the mass of the nanoparticle varies from
0.0625, 0.125, to 0.25 and 0.5. The simulations are conducted at 20 K and
J ¼ 0:31  109 W=m2 .

a low temperature of 20 K as investigated in this study, AMM that
assumes purely specular reﬂection and transmission provides a
good description of the phonon transport across the interface. As
the phonon acoustic impedance increases with the interface mismatch, the transmission coefﬁcient decreases and the Kapitza
resistance increases. In the present study, since the mass of the
host material is kept at one, a smaller mass of nanoparticles leads
to a larger interface mismatch, and hence a larger Kapitza resistance. At a higher temperature and for a rough interface, DMM that
assumes purely diffuse scattering leads to a better prediction of
interfacial phonon transport. As the interface mismatch increases,
the mismatch in phonon density of states of the two materials
across the interface becomes more profound, resulting in a lower
transmission coefﬁcient and thus a larger Kapitza resistance. It is
therefore expected that the interface mismatch determines the
Kapitza resistance over a variety of interfaces across a wide temperature range and is a critical factor for the effective thermal conductivity of nanocomposites with a large interfacial area between
embedded nanoparticles and the host material.
Two competing factors exist as the mass of the nanoparticles
decreases: higher bulk thermal conductivities of the nanoparticles
which leads to lower resistance in the particle phase and the increase of Kaptiza resistance at the interface between nanoparticles
and the host. The results indicate that the Kaptiza resistance is
dominant in determining the effective thermal conductivity. Even
though the nanoparticles have a much higher thermal conductivity
than that of the host, the nanoparticle inclusions may not increase
the effective thermal conductivity. In many nanocomposite

The effect of polydispersity of nanoparticles on the effective
thermal conductivity of nanocomposite is examined for the cases
with the same average particle size but different size distributions.
Two cases are considered, one with two embedded nanoparticles of
2a  2a  2a in a 80a  5a  5a host and the other with one
a  a  a (NP111) and one 3a  3a  3a (NP333) embedded
nanoparticles, all with mass of 0.25 time that of argon. For both
cases, the average particle size is 2a, while the standard deviations
are 0 and 1.41a respectively. The calculated effective thermal
conductivities are K 2222 ¼ 0:8293 W=ðm  KÞ and K 111þ333 ¼
0:7371 W=ðm  KÞ, respectively, with a ratio of K 2222 =K 111þ333
¼ 1:125. It indicates that the larger particle size distribution (or
polydispersity), the lower the effective thermal conductivity. The
particles are most visible to the phonons with wavelength comparable to the particle size. If the particle size is smaller than the phonon
wavelength, phonons will travel through it as if the particle does not
exist. For particles with different sizes, phonons with a large range
of wavelengths will be inﬂuenced. The resulting phonon scattering
with particles leads to a resistance to heat ﬂow. The conclusion obtained here is consistent with that of Kim and Majumdar [11], i.e., a
large size distribution of spherical nanoparticle prevents effective
transport of a larger range of phonon spectrum, which results in a
larger scattering efﬁciency and a smaller effective thermal conductivity. This conclusion should also hold for cubic nanoparticles as it
has been recently showed that approximating a square nanowire as
a circular one of equal cross-sectional area is a very good approximation from the thermal property viewpoint [25].
In the present simulation, the two 2a  2a  2a nanoparticles
strongly scatter phonons of one wavelength, while the case with
one a  a  a and one 3a  3a  3a nanoparticles blocks phonons
of two different wavelengths. Despite a simple representation of
polydispersity, the result shows that the polydispersity decreases
the effective thermal conductivity. It will be more evident if there
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is no computational limit and the simulation domain can be large
enough to have more nanoparticles of different sizes.
5. Conclusion
In this study, NEMD simulations are performed to determine
the effective thermal conductivity of nanocomposites. The effects
of asymmetric nanoparticle orientation and arrangement, thermal
property mismatch at the interface, the interface density per unit
volume of nanocomposites and polydispersity of nanoparticles on
the effective thermal conductivity are investigated. The simulated
results are compared with the EMA model of Nan et al. [8] and the
modiﬁed EMA models of Minnich and Chen [9] and Ordonez-Miranda et al. [10] Results indicate that, with the same volume
fraction, the nanocomposites that have a larger interfacial area
perpendicular to heat ﬂow or a larger interface density yield a
smaller effective thermal conductivity. In addition, interface mismatch plays an important role in determining the effective thermal
conductivity. Finally, a larger polydispersity leads to a smaller
effective thermal conductivity. These guidelines will help design
nanocomposites with desired thermal properties.
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