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The effect of nanoparticle aggregation on the thermal conductivity of nanocomposites or nanofluids is typically non-
negligible. A universal model (Maxwell model) including nanoparticle aggregation is modified in order to predict the ther-
mal conductivity of nanocomposites more accurately. The predicted thermal conductivities of silica and titania nanoparticle
powders are compared first with that measured by a hot-wire method and then with those in previous experimental works.
The results show that there is good agreement between our model and experiments, and that nanoparticle aggregation in
a nanocomposite enhances the thermal conductivity greatly and should not be ignored. Because it considers the effect of
aggregation, our model is expected to yield precise predictions of the thermal conductivity of composites.
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1. Introduction

Nanocomposites have attracted considerable attention for
their potential applications as thermoelectricl!™! and ther-
mal insulation materials.>=") Thermal conductivity is one of
the most important properties of nanocomposites because of
its strong effect on the thermoelectric or thermal insulation
properties.!'*-13 Some models have been developed to pre-
dict the thermal conductivity of composites. The earliest ther-
mal conductivity model for composites was established by
Maxwell and Rayleigh,!'* and further models have been es-
tablished for nanocomposites, details of which can be found
in Refs. [15]-[25]. Because aggregation of nanoparticles is
difficult to avoid, and previous models are too complicated or
were established without considering aggregation, a Maxwell
model based on a two-level structure model and considering
nanoparticle aggregation is modified to accurately predict the
thermal conductivity of nanocomposites in this paper. A com-
parison with the experimental thermal conductivities of silica
and titania nanoparticle powders, which are special nanocom-
posites with nanoparticles embedded in an air matrix, reveals
that the thermal conductivity predicted by our model agrees
well with that obtained experimentally. Furthermore, agree-
ment between our model and earlier experimental works is
also observed. In the following, we first introduce the experi-
mental method. The modified Maxwell model is then deduced.
Finally, the model and the experimental results are compared
and discussed.
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2. Hot-wire method and material characteriza-
tion

The hot-wire method, which is a type of transient method

h,[26-2%1 is applied in this pa-

widely used in scientific researc
per to measure the thermal conductivity of nanoparticle pow-
ders. In this method, the hot wire, which acts as an electrical
heating source, is embedded in the sample material, and a ther-
mocouple is placed at a distance from the hot wire. When a
fixed heating flow is loaded on the wire, the thermal conductiv-
ity can be calculated from the temperate gradient over a given
time interval. When the thermocouple is located on the wire,

the thermal conductivity is calculated as!®

Int, —Inty

- % Th—T, M
where ¢ is the electric heating power per unit length, and 7
and T are the temperatures at times #, and f1, respectively.

A schematic diagram of the hot-wire system is shown in
Fig. 1. A data acquisition instrument (TC3000, Xi’an Xiatech
Electronic Technology Co. Ltd., China) is applied to record
the temperature with increasing time, and a 76.2-um-diameter
platinum wire acts as both a heater and resistance thermome-
ter, as shown in Fig. 1(b). The platinum wire is coated with
a thin layer of epoxy resin to prevent oxidation. In the mea-
surement, the hot wire is embedded in the nanoparticle pow-
der. The porosity of the nanoparticle powder depends on the
pressure loaded on it. After the temperature—time curve is ob-
tained, the thermal conductivity of the sample can be easily
calculated with an instrumental error of less than 3%. Every
sample is measured six times, and the mean thermal conduc-
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tivity is obtained. The porosity of a sample is calculated as
@ = 1—p1/pa, where p; is the density of the sample, and p;
is the density of the corresponding bulk material. The den-
sity of the sample is calculated as p; = m/V, where m is the
mass of the sample measured by an electronic balance with
an uncertainty of 0.0001g, and V is the volume of the sample
calculated as the cross-sectional area multiplied by the thick-
ness. Here the cross-sectional diameter and thickness are mea-
sured by a spiral micrometer with an uncertainty of 0.001 mm.
The p, values of bulk silica and titania are 2.2 x 10 and
3.9 x 103 kg/m?, respectively. The porosity uncertainty is cal-
culated to be less than 0.0001, which is small enough to ignore.

Titania nanoparticle powders (TNPs) with diameters of 5
and 50 nm and silica nanoparticles powders (SNPs) with di-
ameters of 200 and 500 nm are used in the measurement. The
temperature versus In(z) plots of different samples are shown
in Fig. 2. From Fig. 2, the thermal conductivity is calculated
by Eq. (1). The porosity of the TNPs and SNPs is about 95%
when no pressure is loaded. By applying a small pressure (less
than 1 MPa), the porosity of the SNPs and TNPs can be re-
duced from about 95% to 90%.
nanoparticle powders are observed with a scanning electron
microscope (SEM, FEI Quanta TM 250), as shown in Fig. 3.

The nanostructures of the
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To represent the microstructure of the powders in Fig. 3, a
two-level structure model is set up, as shown in Fig. 4. On the
first level, the nanoparticle clusters are thought of as a com-
posite consisting of nanoparticles and air. On the second level,
the structure of the nanocomposites is divided into two parts,
the nanoparticle clusters and air. On the basis of the structure
model shown in Fig. 4, the Maxwell model will be modified
to predict the thermal conductivity, as described in the next
section.
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Fig. 1. (color online) Hot wire method: (a) schematic of the hot-wire sys-
tem; (b) sensor.
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Fig. 2. (color online) Temperature versus In(z), where 7 is the heating time in seconds: (a) 500- and 200-nm SiO;, powders with different porosity; (b) 50 and

5 nm TiO, powders with different porosity.

Fig. 3. (color online) Nanostructure of powders observed by SEM: (a) 500 nm and (b) 200 nm silica nanoparticles; (c) 50 nm and (d) 5 nm titania

nanoparticles.
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Fig. 4. (color online) Two-level structure model of nanocomposites.

3. Modified Maxwell model

As shown in Fig. 4, we define the volume fraction of
nanoparticles in a cluster as ¢ and the volume fraction of
clusters in the powder as ¢.. Thus, the overall porosity of
nanocomposites is calculated as

©=1-0¢s0. (2)

Because the diameters of the 200 and 500 nm silica
nanoparticles and 50 nm titania nanoparticles are much larger
than their bulk phonon mean free paths (40 nm for silica,
13 nm for titania), the size effect can be ignored.**) Only the
size effect of titania nanoparticles with a diameter of 5 nm
should be considered. According to the phonon gas kinetic
theory, the thermal conductivity of a nanoparticle can be ap-
proximately expressed as

ks = —cvl, 3)

where c is the specific heat capacity, v is the velocity of sound,
and [ is the phonon mean free path, which is estimated as

follows: [31]

==+ “4)

Here R is the radius of the nanoparticles, and [ is the phonon
mean free path of the bulk, which can be calculated as 321
20 T
= —=—aq,
erT

where € is the Griineisen constant (¢ = 2 for titania), Ty, is the

®)

lo

melting temperature of the material (2123 K for titania), and
a is the lattice constant (0.06635 nm for titania). The [y value
calculated by Eq. (5) is 13 nm. When [ is substituted into
Eq. (4), the phonon mean free path of titania particles with a
5-nm diameter is calculated to be 3.61 nm.

On the first level, the volume fraction of aggregated

nanoparticles in a cluster is calculated as!?*]
D (R,\P3
= — —_ 6

where R is the diameter of the nanoparticles, D = 2.64 for
nanoparticle clusters, 3 and R, is the average diameter of the
clusters estimated from the microstructure shown in Fig. 3, as
listed in Table 1. When nanoparticles become aggregated, ac-
cording to the parallel model, the thermal conductivity of the
cluster can be expressed as

ky= (Psks + (1 - (Ps)kg7 @)

where k; is the thermal conductivity of the air or matrix.

Table 1. Sizes of nanoparticles and clusters, and thermal conductivities
of nanoparticles.

Material R/nm R,/nm k/W-m— 1K1
silica 500 3600 1.38034
silica 200 1400 1.38
titania 50 1100 3.60
titania 5 120 1.00

On the second level, where the clusters are treated as a
solid phase, we apply the Maxwell model to predict the effec-
tivethermal conductivity:

f— i [Hat 2 +20c (ka — k)
U L ka 2kg — 200 (ko — k)

®)

The total porosity ¢ is obtained by a mass volume fraction
method, and ¢ iscalculated by Eq. (6). When ¢ and ¢ are
substituted into Eq. (2), ¢, can be calculated. By substitut-
ing ¢, and k,, which is described by Eq. (7), into Eq. (8), the
thermal conductivity of the two-level nanostructure can be ex-

pressed as
D /RA\DP3 D /RA\DP3
k:kg{3(Ra) ks + 3—3(1;‘> ke
) . D D-3
(D/3)(Ra/R)P | 3

4. Results and discussion

Considering that some models for predicting the thermal
conductivity of composites already exist, we first compare
the experimental thermal conductivities with those predicted
by a universal model (Maxwell model) without considering
nanoparticle aggregation. The results are shown in Figs. 5(a)
and 5(b). The thermal conductivity of the nanocomposites is
much larger than that predicted by the Maxwell model for both
SNPs and TNPs. Aggregation of nanoparticles is responsible
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for the large experimental results, because it causes nanoparti-
cles to adhere to each other and form a heat flow path. The
large deviation of the Maxwell model from the experimen-
tal results suggests that models that do not consider aggrega-
tion are not suitable for predicting the thermal conductivity
of nanocomposites. Thus, we modify the Maxwell model to
provide a more accurate prediction of the thermal conductiv-
ity of nanocomposites. The thermal conductivities predicted
by the modified Maxwell model are also compared with those
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obtained experimentally. The results are shown in Figs. 5(c)
and 5(d). Considering that no fitting parameter is applied in
the model, the agreement between the model and experiments
for both SNPs and TNPs is adequate. The agreement also con-
firms that aggregation of nanoparticles could greatly enhance
the thermal conductivity of nanocomposites.

In addition to our measurements, previous experimental
results are also compared with those predicted by the modi-
fied Maxwell model. The results are presented in Fig. 6. The
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Fig. 5. (color online) Thermal conductivities of nanoparticle powders: (a) SNPs, Maxwell model and experiment. (b) TNPs, Maxwell model and experiment.
(c) SNPs, modified Maxwell model and experiment. (d) TNPs, modified Maxwell model and experiment.
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Fig. 6. (color online) Model validation.Lines represents the results pre-
dicted by the modified Maxwell model.

mean radii of clusters are estimated from the image of the mi-
crostructures shown in Refs. [35] and [36], as listed in Table 2.
The thermal conductivities of the epoxy and ethylene glycol
that are applied as the matrix in Refs. [34] and [35] are also
listed in Table 2. Good agreement is found between the mod-
ified Maxwell model and the works of Machrafi et al.*> and
Lee and Choi. %! The good agreement suggests wide applica-
bility of the modified Maxwell model.

Table 2. Sizes of nanoparticles and clusters, and thermal conductivities
of nanoparticles. 3330

Materials R/nm R,/nm k/W-m— T KT
AIN 54 230 2.70
MgO 53 150 3.32

Al, O3 19.2 70 30087
Cu0O 11.8 45 76.5134
Epoxy - — 1.91
Ethylene-glycol — — 0.25834
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5. Conclusion

In this paper, considering nanoparticle aggregation, a
Maxwell model based on a two-level structure model is
modified to accurately predict the thermal conductivity of
nanocomposites. In the model, the thermal conductivity of
nanoparticles is calculated using a kinetic method. The vol-
ume fraction of clusters in the nanocomposites is derived from
the relationship between the aggregation degree and the parti-
cle volume fraction. The thermal conductivities of SNPs and
TNPs are measured by a hot-wire method, and the results are
compared with that predicted by the modified Maxwell model.
The thermal conductivity predicted by the modified Maxwell
model agrees well with that obtained experimentally. More-
over, the agreement between our model and earlier experimen-
tal studies confirms the suitability of our model for predicting
the thermal conductivity of nanocomposites. This modified
Maxwell model can be used to predict the thermal conduc-
tivity of nanocomposites where aggregation should be not ig-
nored, and to approximately estimate the thermal conductivity
of nanoparticles if the thermal conductivity of the nanocom-
posites is known.
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