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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Discontinuous graphite fiber/Cu
composites for heat sink applications
are developed.

� The Cr element is pre-coated on
graphite fiber to improve interfacial
bonding.

� The formed Cr3C2 layer helps to
enhance thermal conductivity and
reduce CTE.

� The composites have high thermal
conductivity, low CTE and good
machinability.
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a b s t r a c t

Discontinuous mesophase pitch-based graphite fibers were coated with chromium via chemical vapor
deposition technique and Cr-coated graphite fiber/Cu composites were fabricated by hot-pressing sin-
tering. Their microstructure and thermal properties, including thermal conductivity and coefficient of
thermal expansion (CTE), were investigated. Results show that the fabrication process led to the fibers
with a 2-D random arrangement in Cu matrix, resulting in anisotropic thermal properties of the com-
posites. The Cr coating reacted with graphite fiber and formed a thin and continuous Cr3C2 layer. This
Cr3C2 layer established a good metallurgical interfacial bonding between the fiber and Cu matrix, which
helps to enhance the thermal properties and to reduce the CTEs of the composites. The composites with
35e50 vol% content of fibers achieved the relative densities of >98%, the in-plane thermal conductivities
of 380e412 W/mK and the in-plane CTEs of 6.1e9.4 � 10�6/K. Due to the high thermal conductivity, low
CTE and good machinability, the composites are promising materials for heat sink applications.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Heat removal from ever smaller and more strongly heat dissi-
pating electronic devices has become a serious concern in today's

electronics. Materials serving as heat sinks of such electronic de-
vices should have a high thermal conductivity to rapidly dissipate
heat and a low coefficient of thermal expansion (CTE) to effectively
minimize thermal stresses [1]. This is of vital importance to
enhance the performance, life cycle and the reliability of electronic
devices. Traditional heat sink materials like Kovar, W(Mo)eCu or
SiC/Al(Cu), which suffer of certain limitations of their relatively low
thermal conductivities (no more than 250 W/mK), are no longer
sufficient to fulfill the requirements of heat removal of the most
recent power electronic components, such asmicroprocessors, LED,
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laser diodes or high power [2e5]. Recent developed diamond/
metal (Cu, Al or Ag) composites family, despite featuring very high
thermal conductivity [6e8], has so far been limited to niche mar-
kets, due to its poor machinability and high cost [9,10].

With the advancement of graphite fiber technology, the discon-
tinuous, milled form of mesophase pitch-based graphite fibers can
offer a high thermal conductivity in excess of 900 W/mK, a negative
CTE to �1.45 � 10�6/K as well as a low price. Combining such
graphite fibers with high thermal conductive copper in an appro-
priate way, it is expected to obtain the graphite fiber/Cu composites
with high thermal conductivity, low CTE, good machinability and
reasonable cost. It has been suggested that the major problem in the
development of Cu matrix composites containing carbon-based
fillers is the absence of chemical reaction between carbon and
copper, which will lead to a weak interface and a bad transfer of
properties between reinforcement and matrix [11e14]. In the pre-
sent work, such milled graphite fibers are compounded with Cu
powders by hot-pressing sintering. In order to improve the interfa-
cial bonding, chromium, a carbide-forming element, is coated on the
surface of these fibers through chemical vapor deposition (CVD)
technique. The microstructure of the resultant Cr-coated graphite
fiber/Cu composites are examined by X-ray diffraction, scanning/
transmission electron microscopes, and the effects of arrangement,
chromium metallization and content of the fiber on the thermal
properties in terms of thermal conductivity and CTE are discussed.

2. Experimental

2.1. Raw materials

The milled form of mesophase pitch-based graphite fibers
(XN100 type) used in this work was purchased from Nippon
Graphite Fiber Corporation. Their basic parameters and thermal
properties taken from the data sheet of the manufacturer were
listed in Table 1. The Cu powders used are the gas-atomized
spherical Cu powders, having a mean particle size of 14 mm and a
purity >99.9%, supplied by General Research Institute for Nonfer-
rous Metals, Beijing, China.

2.2. Chromium metallization of graphite fibers

The surface of graphite fibers were coated with chromium via
CVD technique. Generally, the CVD technique is based on a chem-
ical reaction leading to the deposition of metallic elements on the
surface of target substance [15]. In this case, CrCl3 powders were
selected to provide chromium resource, and CrH3 powders were
chosen as reducing agent. After mixing graphite fibers with CrCl3
and CrH3 powders at a weight ratio of 100:15:4, the mixture was
placed into a deposition chamber of CVD apparatus. Then, the
vacuum in the chamber was pumped to a level of 1 � 10�2 Pa. The
deposition temperature and time were set to 690 �C and 100 min,
respectively. After deposition, the vacuum was pumped to
1 �10�2 Pa again. Finally, the Cr-coated graphite fibers were sieved
from the resulting mixture using a shaking-sieve machine. The
main reaction in current CVD process can be expressed as
CrCl3(g) þ CrH3(s) / Cr(s) þ 3HCl(g). With the increase of tem-
perature, CrCl3 gasified and reduced to Cr atoms by reacting with

CrH3. These generated reactive gaseous Cr atoms deposited on the
surface of the graphite fibers, forming Cr coating. The average
thickness of the Cr coating on the fibers is about 150 nm, which is
examined by scanning electron microscopy (SEM) method. The
SEM images of the as-received and Cr-coated graphite fibers are
given in Fig. 1. It is seen that the Cr coating is successfully deposited
on the surface of the graphite fibers forming a continuous coverage.

2.3. Consolidation of composites

The Cu powders with varying contents of Cr-coated graphite fi-
bers (35, 40, 45, 50 and 55 vol%) were dry mixed at room temper-
ature by using a 3-D vibratory mill for 8 h with rotary speed of
2500 rpm. Vacuum hot-pressing sintering system (Model High-
Multi 5000, Fujidempa Kogyo Co. Ltd., Japan) was used to synthe-
size the Cr-coated graphite fiber/Cu composites. The powder
mixture was compacted into a cylindrical graphite die with an inner
diameter of 30 mm. A sheet of graphite felt was placed between the
punch and the powders as well as between the die and the powders
for easy removal. The compact powders were sintered at 940 �C
under a uniaxial pressure of 35 MPa for 40 min in high vacuum
(1 �10�3 Pa). The heating/cooling rates were about 10 �C/min. After
sintering, the samples with diameter about 28 mm and thickness
about 12e14 mmwere obtained after getting rid of the graphite felt
left on the surface of the composites. For comparison purposes, a
sintered copper sample and an uncoated graphite fiber (50 vol%)/Cu
composite sample were also fabricated under the same conditions.

2.4. Characterization

The bulk density of the composites was measured by the water
immersionmethodbasedonArchimedes' lawandcomparedwith the
theoretical density. The morphology and fracture surface of the
composites were observed on LEO-1450 SEM. The phases in com-
posite were determined by X-ray diffraction (XRD) conducted on
SiemensD5000diffractometerusingCuKa radiation. Theobservation
for interface area was carried out on LEO JSM-7001F field emission
(FE)-SEM and JEM-2100 transmission electron microscopy (TEM).

The thermal conductivity, l, of the composites was determined
from measurements of composite density, r, thermal diffusivity, a,
and specific heat capacity, C, using the relationship l ¼ arC [16].
Specific heat capacity was measured using differential scanning
calorimetry (TA-Instruments Q100) on cylindrical discs 4 mm in
diameter and 0.5 mm thick. Thermal diffusivity was measured at
room temperature by a laser flash apparatus (LFA447, Netzsch,
Germany) on disc-shaped specimens with a diameter of 10mm and
a thickness of 2.5 mm. In order to obtain reliable results, seven tests
were performed on each specimen and the mean value was chosen
for calculations throughout this paper.

The CTE of the composites was measured by a PerkineElmer
TMA7 dilatometer in temperature range 20e250 �C at a nominal
heating and cooling rate of 5 �C/min. The dimension of the speci-
mens was 5 � 5 � 2.5 mm. To diminish systematic errors, the
dilatometer was calibrated by measuring an alumina specimen
under identical conditions. The reported CTE was an average value
in the temperature range between 25 and 100 �C.

3. Results and discussion

3.1. Microstructure of the composites

Density measurements show a post-sintering densification of
>96.5% for all prepared Cr-coated graphite fiber/Cu composites
samples. Typical SEM morphologies of the composites in perpen-
dicular and parallel to hot-pressing direction are shown in Fig. 2.

Table 1
Parameters and thermal properties of the as-received milled mesophase pitch-
based graphite fibers.

Density
(g/cm3)

Diameter
(mm)

Length
(mm)

Thermal conductivity
(W/mK)

CTE (10�6/K)

2.225 10 100e200 Axial Radial Axial Radial
900e960 5e10 �1.45 4e6
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