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The currently available heat-sink materials cannot meet the requirements for
the 5G and beyond technology. Copper (Cu)/diamond composites have been
proposed because Cu and diamond are excellent thermal conductors, while
diamond has a very low coefficient of thermal expansion. Mixing Cu and
diamond to form a composite seems a straightforward approach. However, this
simple approach has never succeeded because, chemically, Cu does not wet
diamond. Therefore the Cu-diamond interface cannot be tightly bonded,
leading to an inferior thermal conductivity. This study presents a modified
press and sinter process for depositing Cu submicronic particles onto diamond
reinforcements prior to densification by hot pressing. The initial results ob-
tained from microstructural observations and x-ray photoelectron spec-
troscopy have shown that our strategy can lead to successful Cu deposition
onto diamond particles. The Cu deposition leads to a well-bonded interface
between the copper matrix and diamond reinforcement, ultimately resulting
in excellent thermal conductivity.

INTRODUCTION

Diamond/metal composites with high thermal
conductivity have great potential to lead the next
generation of heat-sink materials.1–3 However, such
composites are not common in the class of metal
matrix composites (MMCs). In diamond/metal com-
posites, diamond is selected as a filler because it is
an isotropic material with a record thermal conduc-
tivity (up to 2200 WÆm�1ÆK�1) for pure monocrys-
tals.4 In most cases, copper (Cu) is used as the
matrix metal because of its high conductivity and
excellent processibility.5,6

Theoretically speaking, a straightforward
approach to achieve a highly thermally conductive
material having a low thermal expansion coefficient
is to mix Cu with diamond to form a Cu/diamond

composite. However, it is not as simple as it seems,
and this approach has not been successful because
Cu does not wet diamond.7,8 Nevertheless, many
reports have been published in the literature detail-
ing contemporary approaches for synthesizing
Cu/diamond composites. These methods include
metal matrix alloying and modifications to diamond
particles to improve the interfacial bonding between
Cu and diamond.9–14 Usually, carbide-forming
materials are employed to bond diamond reinforce-
ments to the copper matrix by either alloying the
matrix or directly coating it onto diamonds. The
carbide interphase acts as a heat transfer agent
between electronic conduction in copper and phonon
conduction in diamond. For instance, Zhang et al.9

fabricated titanium (Ti)-coated diamond particle-
reinforced Cu matrix composites by spark plasma
sintering (SPS). According to the authors, the
composites with Ti-coated diamond had much
higher thermal conductivities than uncoated dia-
mond; the highest thermal conductivity reached
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493 W m�1 K�1. The enhanced thermal conductiv-
ity was ascribed to the sound interfacial bonding in
the Cu/diamond composite reinforced with Ti-coated
diamond. Kang et al.7 fabricated Cu/diamond com-
posites with Cr7C3 coatings on diamond particles by
vacuum pressure infiltration method. The Cr7C3

coatings were synthesized on diamond particle
surfaces using the molten salt method. The Cr7C3

coatings on diamond particles had good wettability
with copper and formed a metallurgical interfacial
bonding to decrease the interfacial thermal resis-
tance of composites. The obtained composites exhib-
ited promising thermal performances with thermal
conductivity of 562 W m�1 K�1 and coefficient of
thermal expansion (CTE) of 7.8 9 10�6 K�1 at a
diamond volume fraction of 65%. However, a higher
volume fraction of diamond reinforcement is gener-
ally required to achieve optimal thermal conductiv-
ity when carbide-forming elements are introduced
into Cu/diamond composites. In addition, carbide
formation normally requires an additional step at
high temperature and pressure synthesis.6

At present, highly specialized manufacturing
techniques such as SPS15 and gas pressure infiltra-
tion techniques16 are used to fabricate Cu/diamond
composites. However, from economic and environ-
mental aspects, these processes are not very feasi-
ble. Countering this, herein, we report the potential
fabrication of Cu/diamond composites via a modified
press and sinter technique (P&S). Unlike conven-
tional P&S where raw powders containing low to no
binder are pressed, we essentially pressed Cu/D
powders containing a significant amount of binder.
This was followed by a thermal debinding and
sintering treatment to deposit submicron copper
particles onto diamond particles to create strong
chemical bonding between diamond particles and
the copper matrix.

The P&S technique features numerous advan-
tages such as low-cost processing, smooth surface
finish, high material utilization and large-scale
capability. In addition, the use of binders facilitates
a uniform dispersion of diamond particles into the
copper matrix, preventing segregation that may
arise due to the difference of density between copper
and diamond. These initial results will pave the way
for future Cu/diamond composites’ development
using low-cost, less energy-intensive fabrication
routes.

EXPERIMENTAL

Starting Materials

Spherical copper powder, 53–88 microns from
Alfa Aesar, USA, and regular-shaped (SCMD-
AA) 60-lm diamond powder from Yuxing Micron
Diamond, China, were used. The binder components
included: polyethylene glycol (PEG, Sigma Aldrich,
density = 1.2 g/cm3, Mw � 10,000 g/mol); poly
methylmethacrylate (PMMA, Chi Mei Co. Ltd.,

Taiwan, density = 1.19 g/cm3, Mw � 60,000 g/mol);
stearic acid (SA, Sigma Aldrich).

Sample Preparation

The modified P&S technique started with the
preparation of a feedstock (a mixture of powders
plus binder). The binder is essentially a cocktail of
different polymers essential for providing various
properties. For instance, in this case, PEG was used
as a lubricant agent while PMMA provided the
necessary strength. In preparing the feedstock, all
the binder components were first mixed in acetone
and stirred gently at a temperature below the
boiling point of acetone until all the components
were completely dissolved. The solution tempera-
ture was then gradually raised to 80�C to evaporate
the acetone. After the acetone had evaporated,
copper and diamond powders were gradually added
to the binder blend and pre-mixed by mechanical
mixing. The powder loading was 70 vol% while the
copper/diamond powder ratio was 60/40 wt.%.
Lastly, the pre-mixed feedstocks were hot mixed
using a sigma-blade kneader for 120 min each in the
clockwise and counter-clockwise modes. The mixing
temperature and speed were 120–140�C and 20–40
rpm, respectively. After mixing, the feedstock was
cooled and crushed into small pellets.

To test the physical properties and identify phase
constituents, we prepared circular samples of 10
mm diameter (Fig. 1a) using a uniaxial hydraulic
press at 100 MPa. The green compacts were then
subsequently thermally debound (removal of bin-
der) in a high vacuum (10-2 Pa) furnace (ACME,
China). The thermal debinding sequence was deter-
mined based on thermogravimetric analysis (TGA)
and is illustrated in Fig. 1b. After thermal debind-
ing, the compacts were subsequently sintered at
800�C for 2 h under reducing Ar/H2 atmosphere.
The attained density of the sintered samples was
measured using the Archimedes’ method as speci-
fied in the ASTM B962 standard17 and compared to
the theoretical densities calculated using the rule of
mixture:

qc ¼ qmVm þ qdVd

where qm and qd represent the densities (g/cm3) of
Cu and diamond; Vm and Vd are the volume
fractions of Cu and diamond particles, respectively.

Phase identification was performed using x-ray
diffraction (XRD, Bruker D2 Phaser). The radia-
tions used were Cu Ka (k = 0.1542 nm) with a scan
speed of 5�/min. The microstructure was character-
ized using an XL30 scanning electron micro-
scope equipped with an energy dispersive x-ray
spectrometer (EDS).
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RESULTS AND DISCUSSION

Deposition of Copper Nanoparticles

Although diamond is always considered an inert
material, its surface chemistry can be altered
during the synthesis process.18 The surface termi-
nation of the synthetic diamond depends on the
available molecules during the production process,
which is typically hydrogen. However, these hydro-
gen atoms can be replaced by other elements such as
nitrogen, oxygen and sulphur by performing ther-
mal, electrochemical or plasma treatments. The H-
terminated diamond surface can also be oxidized to
form hydroxyl (C�OH), ether (C�O�C), carbonyl
(C=O) and carboxylic acid (COOH) functional
groups. Since we employed thermal debinding to
remove the binder, thermally activated atomic
oxygen due to binder decomposition may result in
diamond surfaces that may contain C�OH and C=O
groups. Figure 2 presents the SEM micrographs
after the thermal debinding and sintering sequence.

As Fig. 2 shows, the diamond particle surface is
covered with nano/submicron spherical particles.
These particles were confirmed to be Cu during the
subsequent EDS analysis (Fig. 3).

Analysis of Fig. 2 and establishes that the sur-
faces of the diamond particles are well coated with
Cu and, in some cases, well encapsulated by Cu
particles, as shown by the marked areas in Fig. 2.
The coverage of the surfaces by the Cu particles is
remarkably uniform on each crystallographic facet
of diamond reinforcements. In addition, various
sizes of particles—ranging from 100 nm to 1
lm—are observed to coexist on the diamond
reinforcements.

Chemical Analysis

Figure 4a shows the overall XPS spectrum of the
Cu-D composite, while Fig. 4b provides the C 1s
spectrum.

As shown in Fig. 4a, Cu 2p, O 1s and C 1s peaks
are present. The presence of O peak along with the
Cu LMM peak shape suggests partial oxidation of
the Cu matrix. Since our binder contains a sizeable
amount of oxygen, it may produce thermally acti-
vated atomic oxygen during the decomposition
process. This atomic oxygen can react with the H-

terminated diamond surface, creating any of the
C�H�O�, C�O�, C=O bonds. This can be verified
by Fig. 4b. From analogy to XPS standard for
carbon-oxygen-containing molecules, the peak at
286 eV is typically ascribed to surface carbon atoms
in ether-type (C�O�C) bond or C�O surface bonds.
Similarly, the broader peak at 288 eV can be
ascribed to surface carbon atoms in ketone-type
(C=O) bond.19,20 However, it should be noted that
thermal debinding will also result in the oxidation
of the copper matrix into cupric CuO and cuprous
Cu2O oxides. The subsequent sintering treatment
under Ar/H2 atmosphere will lead to the sublima-
tion of the CuO/Cu2O formed on the surface of the
copper powder. Therefore, during the reduction
treatment, Cu sublimated from oxides settles again
onto the chemically active sites of the surface of the
diamond particle through C�H�O�Cu/ C�O�Cu
chemical bridges.

Carbon in the form of char was also identified
during the XPS analysis. This residue char comes
from the thermal decomposition of the binder. Since
we employed 30 vol.% of the binder during the
feedstock formulation, some residue char is inevi-
table. However, the amount of the residue char is
negligible based on the XPS results and hence does
not pose a significant threat to overall properties.

Given the spherical morphology of the Cu parti-
cles grown onto diamond particles, it can be antic-
ipated that they originated from a 3D growth
process. However, due to the lack of chemical
affinity between diamond and copper atoms, it is
conceivable that the growth follows Volmer-Weber
growth mode.21 The process starts with Cu atoms
settling onto the active sites of diamond via
C�H�O�Cu/C�O�Cu covalent bonds. However,
the interaction between incoming copper adatom-
adatom is stronger than that of the adatom with the
surface, forming 3D adatom clusters or islands.
Further growth of these clusters combined with
surface tension results in spherical Cu deposits.

The attained densities of the compacts after
sintering in reducing atmosphere were still 82%
only, well below the required 98–99%. The low
density is ascribed to poor densification of the Cu
matrix. As Fig. 2a and b shows, the Cu matrix was
only partially sintered, indicating the need for hot

Fig. 1. (a) Example of as-pressed green samples; (b) thermal debinding profile.
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pressing. In addition, the surfaces of diamond
particles were still not thoroughly covered by Cu
deposits. It is worth noting that the furnace atmo-
sphere composition, time and temperature during
the sintering (reducing) treatment can considerably
affect the formation of Cu deposits onto diamond
particle surfaces. The results of such studies will be
published elsewhere.

CONCLUSION

In this research work, copper/diamond composites
were fabricated via a modified press and sinter
technique. This technique resulted in submi-
cron/nano Cu particles adhering to the diamond
particles prior to hot pressing to create a covalent
chemical bond between the diamond reinforcements

Fig. 2. Cross-sectional SEM micrographs of the Cu/D composite sample: (a, b) after thermal debinding step; (c, d) close-up of the diamond
particle surface. Partial sintering of Cu powder is also visible.

Fig. 3. EDS analysis for Cu-40 wt.% diamond composites.
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and the copper matrix. The XPS results revealed the
presence of different chemical bonding configura-
tions at the matrix/reinforcement interface. The
deposition of Cu on the surface of diamond particles
was achieved via C�H�O�Cu/C�O�Cu chemical
bridges. This method can lead to successful Cu
coating on diamond particles, resulting in dense Cu-
D composites by Cu-Cu metallic bonds between the
Cu coating and the Cu matrix during the hot
pressing step.
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Fig. 4. XPS spectra of Cu-diamond composites: (a) survey photoemission spectrum; (b) C 1s photoemission spectrum.
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