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ABSTRACT: Thermal management of polymeric composites
is a crucial issue to determine the performance and reliability of
the devices. Here, we report a straightforward route to prepare
polymeric composites with Cu thin film networks. Taking
advantage of the fluidity of polymer melt and the ductile
properties of Cu films, the polymeric composites were created
by the Cu metallization of PS bead and the hot press molding
of Cu-plated PS beads. The unique three-dimensional Cu shell-
networks in the PS matrix demonstrated isotropic and ideal
conductive performance at even extremely low Cu contents. In
contrast to the conventional simple melt-mixed Cu beads/PS
composites at the same concentration of 23.0 vol %, the PS
composites with Cu shell networks indeed revealed 60 times larger thermal conductivity and 8 orders of magnitude larger
electrical conductivity. Our strategy offers a straightforward and high-throughput route for the isotropic thermal and electrical
conductive composites.
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■ INTRODUCTION
Thermal conduction properties of polymeric composites were
investigated in an effort to control the heat dissipation of
polymer matrix component. The results are directly related to
the performance, lifetime, and reliability of a variety of devices
including LED, aerospace systems, microelectronics, and
photovoltaics.1,2 Previous research efforts have indicated that
thermal conductivity of polymeric composites, made of
polymeric matrix and metal,3,4 inorganic materials,5−7 or
carbonaceous fillers,8−12 is mainly governed by the type and
shape of fillers, because most thermally conductive fillers have
the thermal conductivity several order larger than a thermally
insulating polymer matrix.13,14

Achievement of continuous percolation structure of fillers at
low concentrations in a polymer matrix is the most crucial
matter for efficient thermal energy transportation of polymer
composites.4,9,15 Below the percolation threshold concentration
of fillers in polymeric matrix, the thermal conductivity of
composite increases in a limited way with increasing the filler
content, because fillers are dispersed in isolated or passivated
phase with thermally insulating polymer matrix. Above the
critical concentration, however, the thermal conductivity of the
composite exponentially increases with an increase in the filler

content due to the formation of the continuous percolation
architecture of the fillers with large thermal conductivity. The
high filler content of above 60−70 vol % could provide a
continuous heat conduction path of fillers in the polymer
composite.16−19 Unfortunately, the high filler loading makes
processing difficult and increases the cost.
Many studies reported that addition of filler with large aspect

ratio in shape and controlling orientation of particles in the
polymer composite result in reduction in percolation
concentration and enhance the anisotropic thermal conductiv-
ity behavior.19−23 Several research groups reported that long
carbon fibers were stacked in the polymer composites to
construct one-directional continuous heat conduction path-
way.24−27 However, most composite systems could not be used
as a general way not only to reduce the percolation threshold
concentration but also to improve isotropic increase in thermal
conductivity.
In this work, we report a straightforward route to prepare

polymeric composites with highly percolated Cu thermal
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conduction pathway at extremely low Cu concentration via a
simple metallization of polymer beads followed by forming
through compression molding process. To date, the continuous
metal networks in polymeric matrix have been applied to
reduce electrical resistivity.28,29 Unlike those previous reports,
polymer beads with thin metal shell were readily formed with a
continuous Cu pathway for the dissipation of thermal energy in
the composite via a simple process in this work. Our robust
strategy for highly thermal conductive nanocomposites offers
not only the technologically advanced process for small content
of expensive fillers but also an extremely simple model system
for the isotropic thermal conductive composites with high
thermal conductivity.

■ EXPERIMENTAL SECTION
Materials. Polystryrene (PS) beads were purchased from Microbe-

ads AS (Dynoseeds R TS 40). The average size and molecular weight
of PS beads were approximately 40.5 μm and 164 kg mol−1,
respectively. Copper beads with the diameter of 10 μm were
purchased from Sigma Aldrich, U.S.A. Water was deionized using a
Milli-Q Plus System (Millipore Corp., U.S.A.). Sulfuric acid with 95%
purity was pruchased from Junsei Chemical, South Korea. Pretreat-
ment reagents, including conditioner, sensitizer, activator, and
accelerator and electroplating solution were purchased from KPM
Tech Co., Ltd., South Korea.
Preparation of Electroless Cu-Plated PS Beads and Cu-

Plated PS Composites. The commercially available thermoplastic PS
microbeads were uniformly coated with Cu thin film through
electroless plating method, as shown in Supporting Information
Figure S1. PS beads were treated with ozone for 40 min, and then the
plating process was conducted in the electroless plating bath for 120
min/cycle at 35 °C. Thin Cu shell on the PS beads was naturally
electroless-plated from Pd catalytic sites in the nucleation and growth
manner. The thickness of the Cu shell on the PS beads was controlled
through repetition of electroless plating cycles. For the fabrication of
Cu-plated PS composites, the Cu-plated PS beads were put into
stainless mold with diameter of 12.6 mm and hot-pressed with
pressure of 5.6 MPa at 260 °C for 60 min using a compression
molding machine (Auto series, Carver, Inc., U.S.A.). Hot-pressed
composite samples with a thickness of 2 mm were utilized to measure
the values of thermal and electrical conductivities. For comparison, Cu
beads/PS composites were prepared through compression molding of
a simple mixture of PS beads and Cu beads with a diameter of 10 μm
at 260 °C.
Characterization. The morphologies of PS beads, Cu-plated PS

beads, and Cu-plated PS composites were analyzed using a field
emission scanning electron microscope (FE-SEM, FEI Inspect F50,
FEI Inc.). The contents of Cu and PS in the Cu-plated PS beads were
calculated using thermogravimetric analysis technique (TGA, Q-50,
TA Instruments Inc., U.S.A.). Thermal conductivity of the composites
was measured using the laser flash method (LFA-447, Netzsch,
Germany) based on xenon flash lamp source at room temperature.
The thermal diffusivity and the specific heat capacity were determined
from this technique compared with pyroceramic reference sample.
Thermal conductivity was determined from the equation k = Td × ρ ×
Cp, where Td, ρ, and Cp are the thermal diffusivity (mm

2 s−1), density
(g cm−3), and specific heat capacity (J kg−1 K−1), respectively. For the
heating and cooling cycle test, the composite and pristine PS were
heated up to 130 °C with 5 °C min−1 and naturally cooled to room
temperature. Electrical conductivity values of the composites were
measured with the sheet resistance using a four-point-probe
measurement system (CRESBOX, Napson, Japan).

■ RESULTS AND DISCUSSION

Figure 1a shows schematic illustration of the fabrication process
of Cu-plated polystyrene (Cu-p-PS) composite. The PS
microbeads were uniformly coated with Cu thin film using

electroless plating method in which Cu metal shell on the PS
beads was spontaneously deposited from Pd catalytic sites in
the nucleation and growth manner (see the detailed procedure
of electroless Cu deposition on the PS beads in Supporting
Information Figure S1). The thickness of the Cu shell on the
PS beads was controlled through the repetition of electroless
plating cycle. The Cu-p-PS_3 code represents Cu-p-PS beads
prepared through the 3 times repetition of electroless plating.
The morphology, thickness, and content of Cu on the PS beads
are shown in the SEM micrographs (Supporting Information
Figure S2) and TGA thermograms (Supporting Information
Figure S3) and are listed in Supporting Information Table S1.
The electroless deposition provided uniform Cu thin layers on
the PS beads. The volume fraction of Cu shell on PS beads,
calculated from the TGA results, increased from 1.3, 2.2, 3.8,
7.2, and 13.4 to 23.0 vol % as the plating cycle was repeated 1,
2, 3, 7, and 10 to 17 times, respectively. Cu-p-PS composites
were fabricated through direct compression molding of Cu-p-
PS beads at 260 °C, which is quite above melting temperature
of PS. Under high pressure of 5.6 MPa at elevated temperature,
Cu-p-PS beads were squeezed that formed honeycomb-like
shape, as shown in Figure 1b,c. Finally, Cu-p-PS beads were
directly compressed to form Cu-p-PS composites by themselves
without addition of extra polymer matrix. SEM micrographs of
freeze fractured sides in Figure 2 indicate how the PS melt
flows out of the Cu-p-PS beads. Under high pressure at
elevated temperature, some parts of ductile Cu shell burst and
formed hole-like crack for the release of PS melt, as indicated
with white arrows in Figure 2c. The thermoplastic PS melt

Figure 1. (a) Schematic illustration of fabrication process of Cu-plated
PS composite and (b) low and (c) high magnification optical
microscope images of Cu-plated PS composite.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am4030406 | ACS Appl. Mater. Interfaces 2013, 5, 11618−1162211619



flowed out from the hole-like crack of Cu shell on the Cu-
plated PS beads and faced to neighboring PS or Cu shell. The
leakage of the PS melt caused the filling of the vacant space
between beads and the leaked PS melt played as a matrix in the
Cu-p-PS composites. In addition, the polymeric multidomain
structures in Figure 2c are due to Cu shells embedded in the
composites.
Figure 3a−d shows a cross-sectional view of SEM micro-

graphs of the Cu-p-PS composites. Molten PS perfectly filled

the empty spaces between Cu-p-PS beads without leaving any
voids and thin Cu shells were deformed and interconnected
without severe collapse or interruption in the composites.
However, at a low Cu content of 1.3 vol % (Figure 3a,b), Cu
shells were largely deformed and partially damaged to be
interdisconnected in the composites. At the Cu content larger
than 2.2 vol % (Figure 3c,d and Supporting Information Figure
S5), thick Cu shells were continuously interconnected without
any damage in the composite. Formation of the three-
dimensional well-interconnected percolation structure of Cu
shells without complete failure in the composite was attributed
to the unique ductility of Cu metal.
Figure 4a shows the thermal conductivity value variations of

Cu-p-PS and Cu beads/PS composites. Neat PS revealed

thermal conductivity of 0.18 W m−1 K−1. Thermal conductivity
of Cu-p-PS composites almost linearly increased with an
increase in Cu content. The Cu-p-PS composites with Cu
content of 23.0 vol % exhibited nearly 145 times larger thermal
conductivity (26.14 W m−1 K−1) than neat PS. For the
comparison, Cu beads/PS composites were prepared through a
simple melt-mixing of PS beads and Cu beads with the
diameter of 10 μm (see the representative cross-sectional SEM
micrograph of Cu beads/PS composite in Supporting
Information Figure S6). Unlike Cu-p-PS composites, Cu
bead/PS composites hardly showed increase in thermal
conductivity. Copper beads/PS composites with 23.0 vol %
Cu had thermal conductivity of 0.45 W m−1 K−1. It was
ascribed to the morphology difference of Cu fillers in the
composites. Cu-p-PS composites formed a three-dimensional

Figure 2. SEM micrographs of freeze fractured sides of Cu-p-PS
composites of Cu contents of 1.3 vol % (a, b) and 7.2 vol % (c, d).
White arrows in (c) and (d) indicate the hole-like cracks, formed
during hot-pressing, in Cu shells for leakage of PS melt.

Figure 3. SEM micrographs of cross-sectional view of Cu-p-PS
composites of Cu contents of 1.3 vol % (a, b) and 2.2 vol % (c, d).

Figure 4. (a) Thermal conductivity of Cu-p-PS and Cu beads/PS
composites at various Cu contents and (b) thermal conductivity of
Cu-p-PS composites of Cu contents of 13.4 vol % at temperature
dependent cycle test repeated with heating and cooling cycles. Each
point is connected with a straight line.
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Cu shell network even at low Cu content, while Cu beads/PS
composites just included the isolated Cu beads in the PS matrix
even at quite high Cu content. Interestingly, the thermal
conductivity of Cu-p-PS composite linearly increased with an
increase in Cu content from very low content of 2.2 vol %,
which is often found in the composites systems having
continuous heat conduction pathways for the thermal
conduction.9,30,31 The Cu-p-PS composite with the Cu content
of 1.3 vol % had the thermal conductivity of 0.46 W m−1 K−1,
which was slightly deviated from the linear relationship
between Cu content and thermal conductivity. This was
ascribed to the limit of the electroless plating method in which,
at low Cu loading, the imperfectness of the plated Cu layer
appeared, due to Cu deposition through the nucleation and
growth mechanism, as shown in Figure 3a. Also, the electrical
conductivity values variations of Cu-p-PS and Cu beads/PS
composites were compared to demonstrate the continuity of
Cu shell in the composite as shown in Supporting Information
Figure S7. Like the result of thermal conductivities, at the same
Cu content of 23.0 vol %, the Cu-p-PS composite revealed
electrical conductivity of 4.9 × 103 S cm−1, 8 orders of
magnitude larger than that of the Cu beads/PS composite (7.2
× 10−5 S cm−1).
Figure 4b shows the structural stability of the prepared

composites at various temperature conditions. During the
heating and cooling cycle between 130 and 25 °C, the
composites with Cu contents of 13.4 vol % maintained their
initial thermal conductivity, even after 20 cycles. We note that
the thermal conductivity of the composite at room temperature
is higher than at 130 °C due to the temperature dependency of
thermal conduction. As shown in Supporting Information
Figure S8, the thermal conductivity of Cu-p-PS composites was
decreased with increasing temperature to 130 °C as easily
found in neat Cu metal.13 These results reflect that the Cu film
networks are the major pathway for the thermal conduction.
The structural stability of composites was confirmed in
Supporting Information Figure S9. In the cross-sectional
view, the internal structure of the Cu-p-PS composite is well-
maintained without severe breaking or cracking of the Cu shell
network even after the thermal cycle test.
As a result, the Cu-p-PS composites fabricated via a simple

metallization of polymer beads followed by compression
molding provided a unique and versatile way to prepare
polymeric composites with highly percolated Cu thermal
conduction pathway at extremely low Cu concentration. Due
to the unique structural feature, Cu shells on the PS beads
inevitably contact with Cu shell on the adjacent beads to
construct the percolated Cu framework regardless of the Cu
content, which offers an efficient thermal and electrical
conductive pathway.

■ CONCLUSIONS
We demonstrated a straightforward and versatile route to
prepare polymer composites with highly percolated Cu thermal
conduction pathway at extremely low Cu content via a simple
metallization of polymer beads followed by compression
molding. Composites of Cu-p-PS readily formed continuous
Cu pathway at very low Cu content for the effective transport
of thermal and electrical energy. Because of this unique
structural feature, the Cu-p-PS composites indeed revealed 60
times larger thermal conductivity and 8 orders of magnitude
larger electrical conductivity than simple melt-mixed Cu beads/
PS composite at the same Cu content of 23.0 vol %. Our robust

strategy for highly thermal conductive nanocomposites offers
not only the technologically advanced process for low loading
ratio of expensive fillers but also an extremely simple model
system for the isotropic conductive composites with high
thermal and electrical conductivities.
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