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ABSTRACT: In this paper, we demonstrate a facile route to
produce epoxy/carbon fiber composites providing continuous
heat conduction pathway of Cu with a high degree of crystal
perfection via electroplating, followed by rapid thermal annealing
(RTA) treatment and compression molding. Copper shells on
carbon fibers were coated through electroplating method and
post-treated via RTA technique to reduce the degree of
imperfection in the Cu crystal. The epoxy/Cu-plated carbon
fiber composites with Cu shell of 12.0 vol % prepared via simple
compression molding, revealed 18 times larger thermal
conductivity (47.2 W m−1 K−1) in parallel direction and 6
times larger thermal conductivity (3.9 W m−1 K−1) in
perpendicular direction than epoxy/carbon fiber composite.
Our novel composites with RTA-treated carbon fiber/Cu core/shell hybrid showed heat conduction behavior of an excellent
polymeric composite thermal conductor with continuous heat conduction pathway, comparable to theoretical values obtained
from Hatta and Taya model.
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■ INTRODUCTION

Thermal management of polymeric composites has gained
increasing interest as an efficient heat dissipation material,
because it is directly related to the performance, lifetime, and
reliability of a variety of devices, including LED, automobiles,
aerospace systems, microelectronics, and photovoltaics.1−3 The
phonon energy, playing the main role in heat conduction, is
transferred through vibration of elastic crystal structures.4,5

However, common polymers have intrinsically low thermal
conductivity (in the order of 0.1 W m−1 K−1) due to some
structural defects, such as low crystallinity and relatively low
elastic modulus, causing strong phonon scattering.6−8 There-
fore, enhancement of thermal conductivities in polymeric
composites has been achieved via the addition of thermally
conductive fillers, including metallic,9−12 inorganic,13−17 and
carbonaceous materials.18−23

To achieve effective heat conduction, the thermally
conductive fillers need to be percolated in the composite
materials. Unfortunately, the most particulate fillers established
the continuous heat conduction pathway at very high filler
contents of above 60−70 vol % in the composite.24−26 The
high filler content makes processing difficult and increases the
cost.27,28

In this paper, we display a facile route to develop a
continuous heat conduction pathway of Cu with a high degree
of crystal perfection in the epoxy/carbon fiber (CF) composites
via electroplating, rapid thermal annealing (RTA), and
compression molding techniques. Continuous Cu conduction
pathway was realized via Cu shell plating on the carbon fibers.
The degree of perfection of Cu crystals on carbon fibers was
improved through RTA treatment method. The electroplating
has many advantages, such as simple processing under ordinary
pressureno need to make vacuumand the ability to
produce uniform coating on the non-flat surface materials.29

However, the electroplating process accompanies hydrogen
absorption, formation of bubbles, and incorporation of
impurities from the plating solution on the plated layer.30,31

These issues cause significant imperfection in the plated metal
layer.32,33 RTA treatment, using direct and strong radiation
exposure from a halogen lamp in a short time, was introduced
to enhance the crystal perfection of the coated Cu shell. The
epoxy/carbon fiber composites with 12.0 vol % of RTA-treated
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Cu shell, were prepared via simple compression molding
process. The examined samples revealed the thermal
conductivities of 47.2 W m−1 K−1 and 3.9 W m−1 K−1 in
parallel and perpendicular directions, respectively. The thermal
conductivity of the prepared composites linearly increased with
the Cu content, even at very small contents. This observation
was consistent with the theoretical values obtained from Hatta
and Taya model. The heat conduction behavior of composites
verifies that the novel architecture of Cu shells with the high
crystallinity on the CF core is an excellent model system for
heat conductive polymeric composites.

■ EXPERIMENTAL SECTION
Materials. Polyacrylonitrile (PAN)-based CFs with a diameter of

7.5 μm (CARBONEX, Hankuk Carbon Co., Ltd., Korea) were used as
reinforcement. The thermal conductivities of carbon fiber were 8.04
and 0.84 W m−1 K−1 in parallel direction and perpendicular direction,
respectively.34 The epoxy resin was bisphenol A diglycidyl ether (YD-
128, Kukdo Chemical Co., Ltd., Korea) with a molecular weight of
340.4 g mol−1 and an equivalent weight of 184 to 194 g eq−1. As a
curing agent, 4,4′-diaminodiphenylmethane (M0220, Tokyo Chemical
Industry Co., Ltd., Japan) with a molecular weight of 198.3 g mol−1

and a reactive hydrogen equivalent weight of about 49.5 g eq−1 was
used. This thermoset epoxy resin and the hardener were used as
polymer matrix. Copper(II) sulfate pentahydrate and sulfuric acid
(Daejung Chemicals, Korea) were used as received.
Preparation of Cu-Electroplated Carbon Fiber (Cu-p-CF). Cu

was coated on the CF surfaces using an electroplating method that was
conducted using a two-electrode system with CF cathode and Cu
anode bar in the electrolyte. The electroplating solution consisted of
200 g L−1 copper(II) sulfate pentahydrate and 50 g L−1 sulfuric acid.
Electroplating was performed at a current density of 0.70 A cm−2 and
voltage of 0.50 V in a solution magnetically stirred at 300 rpm for 1, 2,
3, 4, or 5 h to achieve the desired Cu thickness as electroplating time
was increasing. The fabricated Cu-p-CFs samples were rinsed with
distilled water and then dried in vacuum for 2 h at 80 °C to prevent
oxidation of the Cu layer of CF. For a typical sample, the number in
the sample designation of the Cu-plated CF denotes the Cu-
electroplating time, for instance Cu-p-CF_1 was electroplated for 1 h.
Preparation of Electroplated Cu Plate. The Cu was coated on

the Al plate using an electroplating method with the conditions as CF
electroplating. The electroplating was performed at a current density
of 6.5 A cm−2 and voltage of 5.0 V in a solution magnetically stirred at
300 rpm for 24 h. The as-deposited Cu on the Al plate was rinsed and
dried and then exfoliated from Al plate.
RTA Process of Cu-p-CF and Electroplated Cu. The

recrystallization in both types of samples, including Cu-p-CF and
electroplated Cu (as-deposited Cu), was performed through RTA
process (RTP1003, SnTek Co., Korea). The samples were annealed at
300, 400, and 500 °C for 30 s in N2 atmosphere. During the annealing
process, the heating rate was kept at 40 °C s−1.
Preparation of Epoxy/Cu-p-CF Composites. The fabrication

procedure of Epoxy/Cu-p-CF composites is schematically shown in
Figure 1. A moderate amount of bisphenol A diglycidyl ether was
added to 4,4′-diaminodiphenylmethane at a weight ratio of 79:21 and
blended using sonication at 300 W and 70 MHz for 1 h at 80 °C to
obtain a homogeneous solution. Then, the mixture of epoxy resin and
curing agent was poured on the Cu-p-CFs and the impregnated fibers
were hot pressed and cured under pressure of 100 kPa for 30 min at 80
°C and then for 2 h at 150 °C.
Characterization Methods. The morphologies of Cu-p-CF and

Epoxy/Cu-p-CF were examined using a scanning electron microscope
with a field emission gun (SEM, FEI Inspect F50). The contents of
Cu, CF, and epoxy were determined using thermogravimetric analysis
(TGA, Q-50, TA Instruments) technique. The crystallographic
properties of Cu-p-CF and Cu plate were investigated using X-ray
diffraction (XRD, X’pert Pro. PANalytical) technique with Cu Kα
radiation. Thermal diffusivity of the composites was measured with the

laser flash method (LFA-447, Netzsch) at room temperature. Specific
heats of samples were examined with differential scanning calorimetry
(DSC, Q-20, TA Instruments). Thermal conductivity was calculated
according to ASTM E 1461-92 using the equation k = TdρCp, where k,
Td, ρ, and Cp are the thermal conductivity (W m−1 K−1), thermal
diffusivity (mm2 s−1), density (g cm−3), and specific heat capacity (J
g−1 K−1), respectively.

■ RESULTS AND DISCUSSION
Figure 1a shows a schematic of the fabrication process of
Epoxy/Cu-p-CF composite. The Cu layer was uniformly coated
on the surface of CFs using an electroplating method in which
the Cu shell on the CF was deposited (Figure 1b,c). As shown
in Supporting Information Figure S1, the thickness of the Cu
shell on CF was easily controlled with electroplating time. We
denoted the prepared Cu-plated CF samples as Cu-p-CF_1 (1
h), Cu-p-CF_2 (2 h), and so on, according to the electroplating
time. The Cu-p-CF hybrids were impregnated with epoxy resin
and molded to prepare composites under high pressures with a
well-packed state (Figure 1d,e). The contents of epoxy, CF, and
Cu in the epoxy/CF and epoxy/Cu-p-CF composites,
determined using TGA technique (Supporting Information
Figure S2), are listed in Table 1 and were directly converted
into the thickness of Cu shells.
Figure 2 shows the X-ray diffraction patterns of Cu-p-CFs

prepared at various electroplating time. As-electroplated Cu
XRD patterns reveal the three major characteristic reflection
peaks of (111), (200), and (220), indicating a typical face-
centered cubic (FCC) crystal structure for Cu layer.35 In Cu-p-
CF_1 sample, the peak intensity of (220) reflection is larger

Figure 1. (a) Schematic of fabrication process of epoxy/Cu-p-CF
composite and cross-view SEM micrographs of (b) pristine CF, (c)
Cu-p-CF, (d) epoxy/Cu-p-CF composite and side-view SEM
micrograph (e) epoxy/Cu-p-CF composite. Arrows in part d indicate
the epoxy matrix, Cu shell, and carbon fiber core.
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than those of (111) and (200) reflections. As the electroplating
time increased, the peak intensity of (111) gradually increased
and surpassed the intensities of the other two peaks. This
observation is due to the directional growth nature of Cu layer
during electroplating process.36 Firstly, as-deposited Cu mainly
grows along (220) direction on CF substrate in the initial step
of electroplating process. After that, Cu grows along (111)
direction on Cu layer because the Cu prefers orientation of
(111) with the least energy. Copper grown via electroplating
method has high degree of polycrystallinity, small grain size,
and high porosity due to its imperfection.30

The RTA process was introduced to reduce the degree of
imperfection of as-deposited Cu layer. The epoxy/Cu-p-CF
composites with as-deposited Cu shell layer showed irregular
morphology and the surface of composites were getting
rougher with increasing the electroplating time as shown in
Supporting Information Figure S3. The as-deposited Cu layer
in the Cu-p-CF_5 sample revealed intensely rough surface with
granular shaped morphology as shown in Figure 3a,b. After
RTA process, the Cu domains were fused each other, and the
surface texture of the Cu layer became smooth without pores,
and the domain size was increased as shown in Figure 3c,d and
Supporting Information Figure S4. The RTA treatment
induced the preferential directional grain growth to the (111)
direction during the recrystallization of Cu crystals (Supporting
Information Figure S5). From the XRD results, the average
crystallite size (Dp) of electroplated Cu layer was calculated
using the Scherrer equation as follows37

λ
β θ

=D
0.94

cosp
(1)

where Dp is average crystallite size, λ is wavelength of X-ray, β is
line full width at half maximum (FWHM) intensity in

diffraction profile, and θ is Bragg angle. The crystallite size of
Cu layer increased with annealing temperature (Figure 3e). The
crystallite size of as-deposited Cu layer was 27 nm in the (111)
preferred orientation, while that of RTA-treated sample (500
°C) increased up to 40 nm.
Figure 4a shows the thermal conductivities of epoxy/Cu-p-

CF composites in the parallel direction. The epoxy/CF
composite revealed a thermal conductivity value of 2.6 W
m−1 K−1. The thermal conductivities of epoxy/Cu-p-CF
composites increased with Cu content regardless of RTA
treatment. Before the RTA process, the epoxy/Cu-p-CF_5
sample with the Cu content of 12.0 vol % (thickness 1.1 μm)
exhibited nearly 14 times larger thermal conductivity (35.4 W
m−1 K−1) than the epoxy/CF composite. After the RTA
process, the thermal conductivity of the epoxy/Cu-p-CF_5

Table 1. Characterization of Epoxy/Cu-p-CF Composites before and after the RTA Process

thermal diffusivity (mm2 s−1)
thermal conductivity

(W m−1 K−1)

volume (%)a before RTA after RTA before RTA after RTA

sample name Cu CF epoxy density (g cm−3) specific heat (J g−1 K−1) Td∥ Td⊥ Td∥ Td⊥ k∥ k⊥ k∥ k⊥

epoxy/CF 0 48.5 51.5 1.4 1.03 1.8 0.4 2.6 0.7
epoxy/Cu-p-CF_1 5.2 33.8 61.0 1.7 1.05 4.1 0.3 9.2 0.8 7.5 0.6 16.8 0.8
epoxy/Cu-p-CF_2 7.6 26.3 66.1 1.8 0.98 5.6 0.9 16.0 1.9 10.2 1.7 28.9 1.9
epoxy/Cu-p-CF_3 10.4 18.0 71.6 2.6 1.00 9.5 0.8 14.5 2.7 24.4 2.1 36.2 2.7
epoxy/Cu-p-CF_4 11.4 16.0 72.6 2.8 0.95 12.7 1.3 17.0 3.6 34.2 3.4 45.7 3.6
epoxy/Cu-p-CF_5 12.0 14.2 73.8 3.0 0.97 12.1 1.2 16.1 3.9 35.4 3.5 47.2 3.9

aEstimated with thermogravimetric analysis.

Figure 2. XRD patterns of Cu-p-CF with electroplating time.

Figure 3. SEM images of surfaces of (a,b) as-deposited Cu layer for 5
h, (c,d) RTA treated Cu layer at 500 °C in different magnifications. (e)
Plots of crystallite size from the (111) reflection peak of Cu-p-CF.
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sample revealed nearly 18 times larger thermal conductivity
(47.2 W m−1 K−1) by enlarged grain and domain size.38

Figure 4b shows the thermal conductivities of epoxy/Cu-p-
CF composites in the perpendicular direction. The epoxy/CF
composite revealed a thermal conductivity value of 0.7 W m−1

K−1 in this direction. The thermal conductivities of epoxy/Cu-
p-CF composites also increased with Cu content regardless of
RTA treatment. Before the RTA process, the epoxy/Cu-p-
CF_5 sample with a Cu content of 12.0 vol % exhibited nearly
5 times larger thermal conductivity (3.5 W m−1 K−1) than the
epoxy/CF composite. After the RTA process, the thermal
conductivity of the epoxy/Cu-p-CF_5 composite revealed
nearly 6 times larger thermal conductivity (3.9 W m−1 K−1).
The experimental results of epoxy/Cu-p-CF composites were

compared with the theoretical calculations using Hatta and
Taya model.39 The model assumes that fibers are unidirection-
ally aligned and uniformly packed in the composite, as
illustrated in Figure 1a. When the fibers are oriented parallel
to the direction of thermal conduction, the thermal
conductivity of the composites in parallel direction (k∥) is
simply expressed by following equation

= +k V k V k( ) ( )f f m m (2)

where k∥ is the thermal conductivity of the composite in the
parallel direction of fibers, Vf is the volume fraction of the fiber,
kf is the thermal conductivity of the fiber, Vm is the volume
fraction of the matrix, and km is the thermal conductivity of

matrix. The kf values of the Cu-p-CF were calculated in the
same manner

= +k V k V k( ) ( )f Cu Cu CF CF (3)

where VCu and VCF are the volume fractions of Cu and CF,
respectively and kCu and kCF are the thermal conductivities of
Cu and CF, respectively.
When the fibers are oriented perpendicular to the direction

of thermal conduction, the thermal conductivity of composites
in perpendicular direction (k⊥) is expressed by this equation

= +
−

+ −
⊥ { }

k k
k k k V

k V k k

{ ( ) }

( )
m

m f m f

m m f m
1
2 (4)

The calculated k∥ and k⊥ values were plotted as green-dashed
and blue-dotted lines in Figure 4a,b. The green dashed and blue
dotted lines were obtained from Hatta and Taya model with
consideration of kCu = 359.8 and 261.4 W m−1 K−1, respectively
for RTA-treated Cu layers at 500 °C and for as-electroplated
Cu layers, as shown in Supporting Information Figure S6.
The calculated k∥ of epoxy/Cu-p-CF composites agreed well

with the measured k∥. Especially, thermal conductivity of the
epoxy/RTA-treated Cu-p-CF composites satisfied the clear
linear relationship with the Cu content, indicating that Cu shell
worked as a continuous heat conduction pathway in the
composites even at very low contents. In contrast, the
calculated k⊥ of epoxy/Cu-p-CF composites was quite different
from the measured k⊥ values. Theory could not predict the
thermal conductivity of composites containing Cu in the
perpendicular direction. The discrepancy is from the difference
between theory and reality. The model assumes each fiber in
the composite as a separate body in the perpendicular direction.
However, in reality long fibers are likely to bump into each
other. Contacts between adjacent Cu-p-CFs increase the
thermal conductivity of the composites because heat con-
duction through the contacted fibers is much more favorable
than that between the separate fibers insulated by epoxy matrix.

■ CONCLUSIONS

We demonstrated a versatile route to develop a continuous heat
conduction pathway of Cu with a high degree of crystal
perfection in the epoxy/CF composites via electroplating, RTA,
and compression molding techniques. Carbon fibers played as
an effective template for the formation of continuous Cu heat
conduction pathway. The RTA treatment helped the electro-
plated Cu crystals to recrystallize, as a result, reducing the
degree of crystal imperfection and increasing crystal size. The
epoxy/carbon fiber composites made of 12.0 vol % RTA-
treated Cu shell revealed the thermal conductivity of 18 times
larger in parallel direction (47.2 W m−1 K−1) and 6 times larger
in perpendicular direction (3.9 W m−1 K−1) than that of epoxy/
carbon fiber composite. The thermal conductivity of epoxy/
RTA-treated Cu-p-CF composite linearly increases with the Cu
content even at very small amounts, which agrees well with the
theoretical values obtained from Hatta and Taya model. The
heat conduction behavior verifies that the novel architecture of
core-shell hybrid of conductive Cu shells with the high
crystallinity is an excellent system for heat conductive
polymeric composites with continuous heat conduction
pathway.

Figure 4. (a) k∥ and (b) k⊥ of epoxy/Cu-p-CF composites in parallel
and perpendicular directions, respectively. The green dashed and blue
dotted lines represent the theoretical thermal conductivities of epoxy/
Cu-p-CF composites calculated using Hatta and Taya equations with
considerations of kCu = 359.8 and kCu = 261.4 W m−1 K−1, as thermal
conductivities of RTA-treated Cu layers at 500 °C and of as-
electroplated Cu layers, respectively.
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