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ABSTRACT

High thermal conductivity Cu/diamond composites were produced at ambient temperature and pressure using an electrodeposition tech-
nique, employing various diamond particle sizes in the range of 10 to 230 um. The microstructures of the resulting composites were analyzed
by scanning electron microscopy and their thermal conductivities were assessed using a Xenon flash instrument. The theoretical thermal con-
ductivities of these materials were calculated based on the Hasselman-Johnson equation and compared with the experimentally determined
values. The Cu/diamond composites produced in this work were found to exhibit compact textures without any gaps between the Cu matrix
and the diamond particles, and the experimental thermal conductivities were in good agreement with the theoretical values. The specimen
containing 611v01.1% of 230 um diameter diamond particles had the highest conductivity of 662 W K™ m™, which is 1.6 times that of pure Cu
(ca. 400 WK " m™).

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5111416

Diamond exhibits very high thermal conductivity, second only
to that of carbon nanotubes (CNTs)."® However, due to their
unique structure, the thermal conductivity of CNTs is also highly
anisotropic,” such that the conductivity is greatest along the axial
direction. In contrast, diamond particles typically have a granular
morphology and exhibit a more isotropic thermal conductivity. For
this reason, diamond particles are expected to be applicable as raw
materials for the preparation of high thermal conductivity compos-
ite materials. In particular, metal/diamond composites could poten-
tially be used as heat sink and heat dispersion materials, and there
has been much research regarding the fabrication of composites
comprising diamond together with Al,”* Ag’ or Cu.'”""” Sintering
and infiltration have traditionally been used to form such materials,
although both require the application of extremely high tempera-
tures and pressures. Moreover, metals such as Ag and Cu in the
molten state are not able to readily wet diamond. Consequently, gaps
or cracks tend to form between the metal matrix and the diamond
particles in the composite, such that the resulting thermal conduc-
tivity is actually lower than that of the original metal. Both wetta-
bility and thermal conductivity can be improved by pre-coating the

2,18-22

diamond particles with the metal,” although the thermal resis-
tance between the metal matrix and the diamond particles is
increased due to the metal coating on the diamond particles and
still requires the application of extremely high temperatures and
pressures.

Electrodeposition could potentially be used to form metal lay-
ers on solid materials at ambient temperature and pressure, and
so might be advantageous. However, there have been few reports
concerning the thermal conductivity of metal/diamond compos-
ite materials fabricated using this technique. In the present study,
we produced Cu/diamond composites by electrodeposition and
evaluated the thermal conductivities of the resulting films. Cu
was selected as the matrix because the electrodeposition of this
metal from an aqueous solution can be readily accomplished with-
out the use of toxic chemicals, and because Cu has the sec-
ond highest thermal conductivity among the metallic elements
(after Ag).

Commercially-available single crystal diamond particles with
various mean sizes (MMP series with 10, 25 and 45 pm sizes and
SXD series with 230 pum size, Changsha Xinye Co., Ltd.) were used.
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An aqueous solution containing 0.85 M CuSO4-5H,0 and 0.55 M
H,S04 was employed as the Cu plating bath. Electrodeposition was
carried out at room temperature and atmospheric pressure under
galvanostatic condition (5 mA cm™), using a pure Cu plate together
with a stainless steel plate, serving as the cathode. The diamond con-
tent and thermal properties of the test specimens were assessed after
exfoliation of these samples from the stainless steel cathode. A pure
Cu plate was used as the anode. The electrolytic cell was constructed
of an acrylic resin and its internal dimensions were 3.5 x 7 x 6 cm.
The electrodes were arranged horizontally, with the cathode at the
bottom, having an exposed surface area of 3 x 6 cm. The diamond
particles were added to the Cu plating bath and dispersed homoge-
neously using a stir bar, after which they were left undisturbed to
precipitate on the cathode. Since the diamond particles used in this
study have relatively large sizes (> 10 pm), they dispersed homoge-
neously without any aggregations and precipitated uniformly on the
cathode. After that, electrodeposition was performed such that the
gaps between the precipitated diamond particles were filled with Cu.
The masses of the 10, 25, 45 and 230 pm diamond particles added to
the bath were 0.11, 0.28, 0.50 and 2.53 g, respectively, which corre-
spond to approximately two layers of particles on the cathode. The
respective quantities of electrical charge sent through the cell were
54, 135, 243 and 1240 C cm™. In addition, a thicker specimen was
fabricated using a 5.1 g mass of the 230 pm diamond particles in
conjunction with a charge density of 2500 C cm™. For compari-
son purposes, pure electrodeposited Cu samples were also produced
at 5 mA cm™ (54 C cm™). The experimental setup for the fabrica-
tion of Cu/diamond composites using electrodeposition is shown in
Fig. 1.

The diamond content (in terms of volume percentage) in
each composite was determined by directly weighing the specimens
after the removal of the Cu matrix with HNO;. The surface and
cross-sectional morphologies of the composites were examined
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FIG. 1. Experimental setup for the fabrication of Cu/diamond composites using an
electrodeposition technique.
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using field-emission scanning electron microscopy (FE-SEM,
SU-8000, Hitachi High Technology Co.), employing a cross-section
polisher (SM-09010, JEOL Ltd.) to prepare the cross-sectional sam-
ples. The thermal diffusivity («) of each specimen was measured
with a xenon laser flash thermal properties analyzer (LFA 447-2
Nanoflash, Netzsch Co., Ltd.). The « values of the Cu/diamond com-
posite samples made with 10, 25 and 45 um diamond particles were
determined in the thin film, plain mode, while the specimen made
with 230 pum particles was assessed in the bulk, normal mode. The
density (peomp) and specific heat capacity (Ceomp) of each composite
were calculated using the equations'*"”

Pcomp = Pdia * Viia + PCu * Veu (1)

and

Cdia ) Vdiu *Pdia T Ceu-Veu- PcCu
Pcomp ’

Ccomp = (2)
respectively, where pg, and pc, are the densities of diamond
(3520 kg m™) and Cu (8940 kg m™>), Vaia and Ve are the exper-
imentally determined volume percentages of diamond and Cu,
and Cy, and Cc, are the specific heat capacities of diamond
(5127 kg’1 K!)and Cu (385] kg’1 K, respectively.

The thermal conductivity (Acomp) of each sample was calculated
as

/lcomp =& Pcomp * Ccomp~ (3)

Simulations of the thermal conductivities of the various Cu/diamond
composites were also carried out, using the Hasselman-Johnson
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FIG. 2. Theoretical curves of thermal conductivities of Cu/diamond composites with
various diamond particle diameters as a function of volume fraction of diamond.
Thermal conductivities of copper and diamond are assumed to be 400 W m™'K!
and 1300 W m™ K-, respectively. The boundary conductance between copper
matrix and diamond particles is assumed to be 8.86x108 W m? K",
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FIG. 4. Cross-sectional SEM image of a Cu/diamond composite made with 45 um
diamond particles.

. 23
equation
Ao Aai Ao 2MA4;
2( dia _ \dia I)Vdiu+ dia + dia +2
kCu ahc ACu llhc
Asim = ACu Ad' /ld' /\d' 2)Ld' > (4)
1 _ a + a )V + a + 1a + 2
( Aew  ahe) T dew | ahe

where A, is the simulated thermal conductivity of the Cu/diamond
composite, Ay, is the thermal conductivity of diamond, Ac, is the
thermal conductivity of Cu, a is the mean radius of the diamond
particles, V4, is the volume percentage of the diamond particles,
and h. is the boundary conductance between the Cu matrix and dia-
mond particles. In this simulation, A4, Acy and k. were assumed to
be 1300 W m™ K,'*'* 400 W m™ K and 8.86 x 10° Wm™ K',”
respectively.

Figure 2 plots the simulated thermal conductivity values for the
Cu/diamond composites with various diameters of diamond parti-
cles used in this study. When using 10 pm diamond particles, the
thermal conductivity of the composite decreases as the diamond

TABLE I. Thermal conductivity values of Cu/diamond composites.
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FIG. 3. Surface SEM images of (a) a pure
copper film, and of Cu/diamond compos-
ites made with (b) 10 um and (c) 230
um diamond particles, produced using
electrodeposition.

volume percentage increases. In contrast, the thermal conductivi-
ties of the specimens containing particles 25 um or larger in size
increase with increases in the volume percentage of diamond. The
thermal conductivities of the Cu/diamond composites also increase
with increasing diamond particle size.

Figure 3 presents surface SEM images of composites fabricated
by electrodeposition. For comparison purposes, the surface SEM
image of a pure Cu specimen is shown in Figure 3a. It is evident that
the diamond particles were uniformly dispersed throughout the Cu
matrices in the samples containing 45 um (Figure 3b) and 230 pm
(Figure 3c) diamond particles. Similar homogeneous distributions
were evident in samples made using other sizes of diamond.

Figure 4 shows the cross-sectional SEM image of the
Cu/diamond composite made with 45 pm diamond particles, in
which the dark areas are the diamond particles and the bright areas
represent the Cu matrix. The electrodeposited Cu is seen to com-
pletely fill the spaces between diamond particles such that there are
no gaps. Thus, electrodeposition evidently permitted the formation
of dense Cu/diamond composites.

Table I summarizes the experimentally determined and theo-
retical thermal conductivities of the pure Cu and Cu/diamond com-
posites. The theoretical values provided here were calculated using
the Hasselman-Johnson relationship given above as Eq. 4. The mea-
sured thermal conductivity of the pure Cu is almost equal to the
theoretical value, and the conductivities of the composites are also
similar to the simulated values. Although the conductivity of the
composite containing 230 um diamond particles (662 W m™ K™)
is somewhat lower than the theoretical value (769 W m™! K), it is
1.6 times higher than that of pure Cu (400 W m™ K™). As shown
in Figure 4, the Cu/diamond composites had dense textures with
no gaps between the diamond particles and Cu matrix, which is
ideal. Consequently, the materials fabricated in this study would
be expected to exhibit close to theoretical thermal conductivity
values.

Diamond particle Volume percentage Thermal conductivity: Thermal conductivity:
Sample size (um) of diamond (%) Measured (W m™ K1) Theoretical (W m™* K1)
Pure Cu - 0 397 400
Cu/diamond 10 24 381 382
Cu/diamond 25 26 444 446
Cu/diamond 45 31 520 498
Cu/diamond 230 61 662 769
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In conclusion, Cu/diamond composites with high thermal con-
ductivities were fabricated at ambient temperature and pressure
using an electrodeposition technique. Because these materials had
dense textures and a lack of gaps between the diamond particles
and the Cu matrices, they exhibited thermal conductivities that
approached theoretical values. The composite made with 230 pm
diamond particles had an especially high thermal conductivity of
662 W m™ K™, which is 1.6 times that of pure Cu. Thus, the pro-
cess used in this study is a useful means of synthesizing high thermal
conductivity metal/diamond materials with potential applications as
heat dissipation components.
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