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The development of thermal conductive polymer composite is necessary for the application in thermal management. In this paper,
the experimental and theoretical investigations have been conducted to determine the effect of copper nanowires (CuNWs) and
copper nanoparticles (CuNPs) on the thermal conductivity of dimethicone nanocomposites.TheCuNWsandCuNPswere prepared
by using a liquid phase reduction method, and they were characterized through scanning electron microscopy (SEM) and X-
ray diffraction (XRD). The experimental data show that the thermal conductivity of composites increases with the increase of
filler. With the addition of 10 vol.% CuNWs, the thermal conductivity of the composite is 0.41W/m/K. The normalized thermal
conductivity enhancement factor is 2.73, much higher than that of the analogue containing CuNPs (1.67). These experimental data
are in agreement with Nan’s model prediction. Due to the high aspect ratio of 1D CuNWs, they can construct thermal networks
more effectively than CuNPs in the composite, resulting in higher thermal conductivity.

1. Introduction

Due to the unique physicochemical properties, lightweight,
and cost-effective process ability, polymer nanocomposites
have attracted considerable interest, such as increased elec-
trical/thermal conductivity and enhanced mechanical prop-
erties (stiffness and strength) [1]. In recent years, a burst of
researches has been witnessed in the incorporation of metal
nanoparticles into a polymer matrix. This interest arises in
polymer composites since they can preserve the mechanical
properties of the polymer matrix but can benefit in heat
conduction properties due to the inclusion ofmetal fillers [2].
Among the various nanosized metal particles, gold and silver
were frequently used as nanofillers for polymer matrices due
to their good conductivity and chemical stability. It is likely to
improve thermal and other properties of the host polymer [3–
7]. Generally speaking, the high cost of these nanomaterials
precludes the extensive use in industrial fields. Therefore,
there is an urgent need for alternativemetal nanofillers, which
have appropriate thermal conductive property with a much
lower cost than gold and silver.

The most important reason for using copper in thermal
applications is that it has the highest conductivity of metals
at room temperature apart from silver, and it happens to be
more abundant/cheaper than silver [8]. At the same time, it
has high electrical conductivity, high thermal conductivity,
and easy fabrication process; therefore, this leads to potential
application in electron conduction slurry, microelectronics,
and so on [9]. Metallic copper nanocrystals are mainly
two types of nanostructures: copper nanowires (CuNWs)
and copper nanoparticles (CuNPs). CuNWs are the one-
dimensional (1D) nanostructures, and CuNPs are zero-
dimensional (0D) nanomaterials. It is well known that the
original intrinsic properties of metal nanostructures are
largely determined by their size, structure, and mutual inter-
action between nanoparticles [10]. Compared with nanopar-
ticles, 1D nanowires have smaller dimension structure and
high aspect ratio, which could efficiently transport electrical
and thermal carriers along one controllable direction [11–
13]. Therefore, intensive researches have been ongoing for
synthesis of one-dimensional copper nanostructures with
controlled size and shape [14–21].
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Copper nanostructure materials have been used in differ-
ent matrices to improve the electrical and thermal properties.
Rathmell et al. [21] prepared CuNW/PVDF nanocomposites
with a precipitation technique followed by compression
molding. It was observed that CuNW/PVDF had higher
dielectric permittivity and lower dielectric loss than the
MWCNT/PVDFnanocomposites at room temperature. Cop-
per nanoparticles were usually utilized for improving the
thermal properties of nanofluid with different base fluid
[22–25]. Zeng et al. [26] investigated the effect of copper
nanowires with ultrahigh aspect ratio and sponge-like struc-
ture on the properties of organic phase change materials, and
the thermal conductivity of the composite enhanced greatly
compared with base materials. Wang et al. [27] reported
thermal interface materials with high-aspect-ratio CuNWs,
which showed low percolation threshold and high thermal
conductivity with ultralow volume loading.

Because copper nanostructures are easily oxidized in
ambient air, the widely used method for the preparation of
copper nanocrystals is the liquid phase chemical reduction
method with capping agents. It can protect copper nanopar-
ticles against oxidation and agglomeration. In this work, we
prepared copper nanowires (CuNWs) and copper nanopar-
ticles (CuNPs) through liquid phase reduction method and
investigated the influence of content and shape on the
thermal conductivity of the dimethicone nanocomposites. It
is very interesting that 1D CuNWs can construct thermal
networks more effectively than Cu nanoparticles due to the
high aspect ratio of CuNWs.

2. Experimental Details

2.1. Synthesis of CuNWs. The CuNWs were prepared by the
reduction of copper nitrate (Cu(NO3)2) through hydrazine in
an aqueous solution containing sodium hydroxide (NaOH)
and ethylenediamine (EDA). CuNWs were prepared by three
steps [16]. Firstly, Cu(NO3)2 (100mL, 0.2M) was added
slowly with stirring to NaOH aqueous solution (1200mL,
25M). Then, EDA (30mL) and hydrazine (2.5mL, 35wt%)
were slowly added to the above solution followed by vigorous
mixing for 1 h by magnetic stirrer at 80∘C until a reddish
brown solution was obtained. After the reaction, the resulting
reddish brown solution was pumped off with vacuum in
filtering and then washed with a 3wt% aqueous solution
of hydrazine and stored in the same hydrazine solution at
room temperature under an argon atmosphere to minimize
oxidation.

2.2. Synthesis of CuNPs. Copper nanoparticles were synthe-
sized in aqueous solution by reducing copper (II) sulfate pen-
tahydrate (CuSO4⋅5H2O) with hydrazine containing poly(N-
vinylpyrrolidone) (PVP) and diethylene-glycol (DEG) [28].
The detailed synthetic procedure of copper nanoparticles was
as follows: PVP, as a protecting agent, was firstly dissolved
in DEG. The aqueous solution of CuSO4⋅5H2O was added
to the DEG solution and the solution was heated to reaction
temperatures. Hydrazine, used as a reducing agent, was
added to the hot reaction medium drop by drop. After 1 h
of reaction, the solution was cooled to room temperature

and filtered and then washed with deionized water and
ethanol sequentially. The process was repeated several times
to remove the excess surfactant, and a reddish fluffy solid was
obtained. The product was dried at 80∘C in an inert nitrogen
atmosphere.

2.3. Preparation of Nanocomposites. The nanocomposites
were prepared as follows: The CuNWs with different vol-
ume fraction were mixed with dimethicone by mechanical
grinding in a mortar for 15min. The total process of CuNWs
based dimethicone nanocomposite was illustrated in Figure 1.
For comparison, the analogue containing CuNPs was also
prepared by the same method.

2.4. Characterization. Scanning electron microscopy (SEM,
Hitachi S4800) was used to examine the dimension and
shape of CuNWs and CuNPs. Phase composition and crys-
tallinity of CuNWs and CuNPs were recorded using X-ray
diffractometer (XRD, D8-Advance, Germany) with a back
monochromator operating at 40 kV and a copper cathode
as the X-ray source (𝜆 = 0.154 nm). XRD patterns were
recorded from 20 to 80∘ (2𝜃) with a scanning step of
0.01∘. A thermal conductivity analyzer from Tci�/C-Therm
was used to measure thermal conductivity of the dime-
thicone nanocomposites. This instrument is a state-of-the-
art thermal property characterization instrument based on
the modified transient plane source (TPS) technique. The
TCi system consists of a sensor, power control device, and
computer software. A spiral-type heating source is located at
the center of the sensor, and heat is generated at the center.
The heat that has been generated enters the material through
the sensor during which a voltage decrease occurs rapidly at
the heating source, and the thermal conductivity is calculated
through the voltage decrease data. The testing capabilities
of the system are 0 to 100W/m/K across a wide range of
temperature (−50 to 200∘C). PDMS (dimethyl polysiloxane
silicone fluid) is provided as a standard reference material
with the TCi thermal conductivity analyzer, and the accuracy
of these measurements was estimated to be within ±1%. For
this measurement, the samples were filled into the mould
with a thickness of 2mm. The thermal conductivity of each
sample is tested 5 times to compute an average value. The
temperature of test system was controlled at 25∘C by constant
temperature box (Shanghai Boxun Industry & Commerce
Co., Ltd.).

3. Results and Discussion

In theory, the composites containing 1D nanowires have
higher thermal conductivity than 0D nanoparticles, but there
are seldom these researches because the preparation method
for 1D CuNWs is very complex. But now, Chang et al. [16]
found themethod to synthesize high-quality ultralong copper
nanowires in large scale. It gives us the chance to verify the
characterizations.

Figure 2 shows the typical SEM images of CuNWs and
CuNPs. Seen from Figure 2(b), the as-synthesized CuNWs
display wire-like structure with a uniform diameter of
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Figure 1: The preparation process for dimethicone nanocomposites.
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Figure 2:The typical SEM images of (a) CuNWs and (c) CuNPs at low magnification and (b) CuNWs and (d) CuNPs at high magnification.

200 nm, and the length varies from 2 to 7 micrometers.
Besides, the nanowires are found to be highly flexible as some
of them showed bendingmore than 180∘ without any fracture.
These results imply that the CuNWs with high aspect ratio
are synthesized successfully. We can also observe spherical
nanoparticles attached at one end of nanowires, indicating
that the CuNWs grew from spherical seeds, which is revealed
by Rathmell et al. [21]. Based on their report, the CuNWs
grow via atomic addition to {110} planes, which have the

highest-surface energy among the low-index facets of copper
[21]. Meanwhile, the addition of EDA to the reaction solution
is also necessary to promote anisotropic growth of CuNWs.
Suitable addition of EDA binds preferentially to the side
facets of the CuNWs; this could cause preferential growth
along the axial {110} direction [21]. For the CuNPs, shown
in Figure 2(d), it can be seen that the product consists of
spherical particles.Thediameter of nanoparticles ranges from
50 to 100 nm.
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Figure 3: The XRD patterns of CuNWs and CuNPs.
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Figure 4: Comparison of theoretical predictive model with experi-
mental data.

Figure 3 is the XRD pattern of CuNWs and CuNPs. It
is clear that the relative intensity and the 2𝜃 of diffraction
peaks of CuNWs and CuNPs spectra are identical. The peaks
correspond to the {110}, {200}, and {220} crystal planes of
face-centered cubic copper (JCPDS # 03-1018), respectively
[29]. There is no diffraction peak of copper oxide or other
crystalline materials existed, indicating that the CuNWs and
the CuNPs are all in the form of pure copper metal.

The measured experimental values of the thermal
conductivity of dimethicone nanocomposites containing
CuNWs and CuNPs are shown in Figure 4. The maximum
loading level is 10 vol.%, because beyond this value the fillers
cannot add to the dimethicone thematrix to prepare uniform
and stable composites. Seen from Figure 4, the thermal
conductivity of dimethicone is very low, only 0.15W/m/K.
Because of the high thermal conductivity of the filler, the
thermal conductivity of the composites increases with the
increase of both CuNWs and CuNPs loading. It can also be
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Figure 5: Thermal conductivity enhancement factor of different
dimethicone nanocomposites as a function of loading.

seen that the thermal conductivity of the composites depends
on the size and shape of Cu particles.The thermal conductivi-
ties of dimethicone composites containing 10 vol.% of CuNPs
and CuNWs are 0.25W/m/K and 0.41W/m/K, respectively.
It indicates that the CuNWs’ ability to enhance thermal
conductivity is higher than CuNPs. There is a widespread
view among composite materials containing nanomaterials
as thermal conductive filler proved by Figure 4, in which
no percolation threshold can be observed. Seen from Fig-
ure 5, the normalized thermal conductivity enhancement
factors (𝑘𝑐/𝑘𝑚) of dimethicone nanocomposites withCuNWs
increase substantially with the increase of the volume frac-
tion. The maximum is up to 2.73 with 10 vol.% CuNWs addi-
tion, much higher than that of dimethicone nanocomposites
with the same CuNPs addition (1.67).

To further investigate the improvement of the thermal
conductivity of nanocomposites with CuNWs and CuNPs,
the experimental results are compared with the theoretical
values predicted by Nan’s model equation [30, 31]:

𝑘𝑐
𝑘𝑚
= 1 +
𝜑𝑝

3

𝑘𝑓/𝑘𝑚

𝑝 + 2𝑎𝐾𝑘𝑓/𝑑𝑘𝑚
, (1)

where 𝜑 is the volume fraction of the fillers, 𝑘𝑐 is the
thermal conductivity of the composite, 𝑘𝑚 is the thermal
conductivity of the dimethicone (0.15W/m/K), 𝑘𝑓 is the
thermal conductivity of filler (400W/m/K), 𝑎𝐾 is the Kapitza
radius (𝑅𝑘 × 𝑘𝑚, where 𝑅𝑘 is interface thermal resistance
between filler and matrix), 𝑝 is the aspect ratio of the filler,
and 𝑑 is the diameter of the filler.

The theoretical thermal conductivity value is presented in
Figure 4. Using a numerical best fit of the data to the model,
𝑅𝑘 is set to 3.3 × 10−7 Km2/W, for fitted line (CuNWs), 𝑝
is the aspect of CuNWs (∼25), and, for fitted line (CuNPs),
𝑝 is the aspect of CuNPs (∼1). The experimental data of
the thermal conductivity of composites with CuNWs and
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Figure 6: Schematics of the distribution of (a) CuNWs and (b)
CuNPs in dimethicone base.

CuNPs are in reasonable agreement with the predicted results
of Nan’s equation (CuNWs) and Nan’s equation (CuNPs),
respectively. It indicates that the shape and size of filler have
a great influence on thermal conductivity of the composites,
and CuNWs are superior as filler for dimethicone composite
compared with CuNPs.

To better demonstrate the superiority of CuNWs, the
thermal conductionmodel of metal-dimethicone composites
was proposed, as illustrated in Figure 6. Polymer usually
has low thermal conductivity due to the low density, low
sound speed, and molecular disorder of the polymer that
greatly suppresses phonon transport.The introduced thermal
conductive particles could help to improve the thermal
conductive property; however, the outcomes are not always
desirable owing to the interfacial thermal resistance. The
thermal conductivity of the nanocomposite with CuNWs,
described in experimental values and theoretical prediction,
is higher than that of CuNPs.Themain reason, shown in Fig-
ure 6(a), is that the CuNWs used in this research with a large
aspect ratio can easily form bridges between themselves and
thus construct some effective thermal conductive networks.
These networks provide a low-resistance pathway to heat
conduction and increase the overall thermal conductivity of
the composite [27, 32]. Nevertheless, the CuNPs are very
small and surrounded or encapsulated by polymer matrix,
shown in Figure 6(b). It makes them unable to touch each
other to form effective thermal conductive pathways in this
composite, resulting in the lower thermal conductivity. We
also compared the composites’ thermal transportation prop-
erties containing copper nanowire, graphite, and graphene
nanoplatelets (GNPs) [33]. It is found that GNPs are the
best, then CuNPs, while graphite is the poorest. From the
above analysis, we can get the composites with higher thermal
conductivity through the shape control of nanoparticles,
especially for the high-aspect-ratio 1D or 2D nanomaterials.

4. Conclusions

In this work, we report an improvement of the thermal
conductivity of dimethicone composites containing na-
nostructured copper. And the different size and shape of

nanostructured copper exhibit different influence on ther-
mophysical property of the nanocomposites. The thermal
conductivity of the dimethicone nanocomposites increases
with increase of nanostructured copper content and the
experimental data is in reasonable agreement with Nan’s
model prediction. The thermal conductivity of the dime-
thicone composite filled with CuNWs is higher than that
of CuNPs under the same filler content, which is due to
construction of effective thermal networks in the composite
with CuNWs.
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