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Abstract With the aim of obtaining materials with high-
thermal conductivities (TCs) for heat sink applications,
diamond/Cu composites were produced via two different
high-pressure-high-temperature (HPHT) techniques: pow-
der metallurgy method (HPHT-PM) and infiltration method
(HPHT-IM). The interfacial characteristics of composite
materials are compared with respect to the sintering process
and their effect on thermal properties is addressed. The
HPHT-IM process is clearly more favorable than that of
HPHT-PM and the obtained composites exhibited TCs as
high as 717 W/mK for the former, but also as low as 200 W/
mK for the latter. The advanced thermal property of HPHT—
IM composites is attributed to a well-bonded interface layer
with gradual and continuous element transition probably due
to amorphous carbon detected by Raman spectra. EDS
analysis indicate selective interfacial bonding between dia-
mond {100} faces and Cu. Diamond skeleton with con-
nected particles have been observed in this case, also
resulting in enhanced interfacial bonding and thermal
properties. The HPHT-PM composites with isolated dia-
mond particles feature visible macro interfacial debonding,
leading to rather low TC less than that of pure Cu.

Introduction

In the semiconductor industry today, both the increasing
extent of integration and the decreasing size of electronic
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chips have produced a significant increase in power density,
and the traditional heat sink materials are no longer suffi-
cient to fulfill the requirements of heat removal of the most
recent power electronic devices [1]. Accordingly, exploring
thermal management materials with high-thermal conduc-
tivity (TC) to effectively dissipate heat becomes a very
important issue for high-performance electronic packing
materials, especially those used in state-of-the-art technol-
ogy, such as laser diodes and microprocessors in laptops.

Owing to the excellent TC (1000-2000 W/mK), dia-
mond-based composites such as those based on Cu, Al, Ag,
and their alloys have attracted a worldwide attention of
research and development activity in electronic packing
materials with high TC [2-5]. Among them, diamond-
reinforced Cu matrix (diamond/Cu) composites have
received the most attention and have been considered to be
the next generation of thermal management materials
[6-11]. There are three points for developing composite
materials with high-thermal conductivity: (1) Good wetta-
bility and interfacial bonding between diamond and matrix,
which determines what extent the high-thermal conduc-
tivity of diamonds can be explored. (2) Volume fraction of
diamond reinforcements as large as possible. (3) Diamond
skeleton formation which can provide effective channels
for heat conduction.

The expected diamond-Cu composite TC value is
400-1000 W/mK according to composite rule. But Cu is
known to be naturally non-wetting with diamond. The
crucial challenge of diamond-Cu composite fabrication is
to establish a well-bonded interface until now, the carbide-
forming metals B, Si, Ti, Cr, W are usually used to
establish chemical interactions to force Cu to wet diamond
[12], which would lead to a transition of the diamond/
matrix from weak to strong bonding and in turn result in a
great enhancement of composite thermal properties. The

@ Springer



3368

J Mater Sci (2012) 47:3367-3375

most impressive progress in fabricating composites with a
high TC by infiltrating Cu into diamond was announced
in Refs. [13, 14]. The composite TC with some active
element addition by this infiltration method was reported to
reach 700 W/mK in Ref. [13]. But the thickness and
microstructure of the interface products must be strictly
controlled.

On the other hand, high-pressure-high-temperature
(HPHT) sintering technique [3, 8, 15-18] have been
recently applied favorably to make dense diamond/Cu
composites. As early as 2004, Yoshida and Morigami first
produced diamond/Cu composites via HPHT technique and
investigated the effect of diamond particle size and volume
fraction on TC and CTE of composites [3]. Then Kidalov
et al. [7, 8] have made more work on HPHT sintering
diamond/Cu composites, obtaining highest TC of even
exceeding 900 W/mK at 8 GPa, a largely further TC
enhancement than that obtained by infiltration method.
Because sintering at pressures over 5-6 GPa and temper-
atures above 1600 K can lead to formation of a robust
diamond skeleton composed of a cluster of connected
particles, the diamond skeleton can more easily form path
for heat flow through the composite, which is not provided
by the same amount of isolated particles. But this can only
be realized under very high-pressure and high-temperature
which propose high requirements on equipment and limit
the size and the complexity of accessible shape in thermal
management components.

In this study, we provide a practical way to combine
traditional HPHT and infiltration technique to prepare
diamond/Cu composites with advanced thermal proper-
ties, namely high-pressure-high-temperature—infiltration
method (HPHT-IM). For comparison, composites by a
traditional high-pressure-high-temperature-powder-metal-
lurgy method (HPHT-PM) have also been prepared. The
microstructure and interfacial bonding between Cu and
diamond in HPHT-IM and HPHT-PM composites were
investigated with respect to its microstructure and interfa-
cial element line scanning, fracture surface, and energy
dispersive spectrum (EDS), paired with an analysis of the
consolidation mechanism and the carbon state of diamond
particle. Finally, the TCs of the composites were analyzed
both theoretically and experimentally related to the dif-
ferences in their interfacial microstructure.

Experimental
Materials and composites preparation
Synthetic available diamond powders (MBD-4 type) of the

following grades were used as reinforcements in experi-
ments in microns (mesh): 50/60 (286/238), 180/212 (79/67),
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500/600 (28/23), provided by Shenzhen Haimingrun
Industrial Co. Ltd. Both the pure bulk Cu and Cu powders
(—500 mesh) have a 99.9% purity, supplied by research
center for nonferrous metal composites in China.

Composites were fabricated by HPHT-PM and HPHT-
IM technology, respectively. For the HPHT-PM method,
Cu powders were mechanically mixed with various size
diamond particles of 60% volume fraction for about 8 h
and then put into a special cup. The enclosed cup was first
subjected to vacuum heat treatment at 8§23 K about 2 h and
then assembled into a pyrophillite mold. The main purpose
for this is to prevent oxidation during HPHT sintering
process, which is benefit to diamond particle sintering.
Then the assembled system was consolidated at 5.3 GPa
and 1473 K for 10 min in a cubic-pressing machine. Sub-
sequently, the compact surfaces obtained were polished for
analysis.

In the HPHT-IM process, diamond single crystals were
tap-packed in the same special cup and an ingot of the
metal was placed on top. This system was also assembled
in a pyrophillite mold and received the same heat treatment
as in HPHT-PM processing. Infiltration was also per-
formed in the cubic-pressing machine at 5.3 GPa and
1473 K for 10 min. Then the samples were cut from
as-sintered composites to remove extra metal.

Noting that PM is a powder metallurgy process, in
which diamond and Cu powders were mixed together
uniformly before sintering; while IM is an infiltration
(penetration) process, in which solid-Cu was put onto
diamond powders. The diamond volume fraction can be
controlled in HPHT-PM process, but too high-diamond
fraction can induce sintering failure (above 60% in this
case) due to pressure loss discussed later in this article. For
HPHT-IM method, pure Cu metal was used as a binder of
diamonds and much higher diamond fraction can be
obtained in this case. The binder-to-diamond volume radio
was experimentally selected under the condition that the
binders were completely infiltrated into the diamond
powders. So the volume fraction of Cu binder can be
estimated to be 10-20% with various diamond sizes under
the assumption of complete densification. All the samples
were cut by laser cutting machine from as-sintered com-
posites to disk-shaped with a diameter of 10 mm and a
thickness of 3 mm.

Characterization

The original cylindrical samples were mechanically broken
into pieces to allow for the investigation of the fracture
surfaces. The surface microstructure and fractography of
composites were examined on a LEO1450 scanning elec-
tron microscopy (SEM). Interfacial atomic composition
was analyzed by energy dispersive X-rays spectrometry



J Mater Sci (2012) 47:3367-3375

3369

(EDS) attached to the SEM. Raman spectra were acquired
at 532 nm using a power of 1 mW to investigate carbon
state. The bulk density (p) of all the samples was measured
based on Archimedes’ principle. The theoretical densities
of pure Cu (8.96 g/cm3) and diamond (3.52 g/cm3) were
used to calculate the relative density of composites. Ther-
mal diffusivity (o) of all the composites at room tempera-
ture were evaluated using a laser flash technique on LFA
447 Nanoflash equipment from Netzsch.Lab. The heat
capacity (C,) of the specimens was measured using a dif-
ferential scanning calorimeter with single crystal alumina
as reference under argon gas. The uncertainty in the ther-
mal measurements is £2%. Thermal conductivity (K) was
then calculated by K = «-Cp-p. A detailed description of
the measurement technique was summarized elsewhere
[19]. Thermal physical properties at room temperature of
all the samples are given in Table 1.

Results
Microstructure and interfacial atomic composition

The surface microstructure of all the composites with
various particle sizes by the two HPHT techniques has
been investigated, as shown in Fig. 1. As seen, there are
no visible pores in any of the consolidated composites,
indicating that dense samples can be well prepared by
the HPHT technique. And diamond particles are dis-
persed homogeneously in the matrix even for large
particle size (500/600 pm), as illustrated in Fig. lc, f. As
such, the distance between particles decreases as the
volume fraction of diamond particles increases from 60
to 85%.

Figure 1b, ¢ shows the high-magnification SEM of
HPHT-PM samples. Here, debonding between the metal-
matrix and the diamond particles occurs and macro-cracks
at the diamond-Cu interface are visible. The same defects,
however, cannot be observed in HPHT-IM samples (cf. the
high-magnification image of Fig. le). Figure 1f shows that

the diamond particles are not only tightly bonded to the
matrix, but also connected with each other by creating
bridges. Also, diamond particles did brake and were
damaged to some extent under such high pressure
(5-6 GPa) in both HPHT-PM and HPHT-IM composites,
especially in large size as seen in Fig. lc, f.

The interface chemistry distribution of samples B and E
in high magnification of Fig. 1b, e has been analyzed by
EDX line scanning, presented in Fig. 2. It can be clearly
seen that the intensity of the carbon signal decreases
slightly from diamond to Cu with gradually increasing Cu
signal at the interface of HPHT-IM sample (Fig. 2b). For
HPHT-PM composite, however, the carbon signal sharply
decreases at the diamond-Cu interface and correspondingly
the Cu signal sharply increases (Fig. 2a). So the element
distribution at diamond-Cu interface is gradual and con-
tinuous in the IM case but sharp and not continuous in the
PM case. Although the absolute values of X-ray intensity
across interphase boundaries may suffer from bias due to
topography contrast, the observation of element distribu-
tion at diamond-Cu interface is meaningful. Furthermore,
the diamond skeleton has been identified (Fig. 2c), indi-
cating a strong diamond—diamond bonding contact in
HPHT-IM composites.

Fracture surfaces and EDS test

Figure 3 presents fracture surfaces of composites with
diamond particle of the same micro size (500/600 pm).
The comparison between Fig. 3a, b gives evidence that
different topographies and interfacial morphologies occur.
In the typical case of HPHT-PM composites, most of the
diamonds maintains their original morphology and are
bare on the fracture surfaces with large Cu pits remaining.
This indicates that the interface fracture strength between
diamonds and matrix is much lower than that of both
diamond and matrix. The interfacial debonding indicated
by arrows in Fig. 3a suggests weak interfacial bonding
between the diamond and Cu. A good interfacial

Table 1 Thermal diffusivity (o), thermal capacity (C,), Thermal conductivity (K), experimental density (p), and relative density (RD) with

various diamond particle sizes (D) for all composite specimens

Process Sample D (um) o (mm? s~ ") C,(Tg ' K™ KWm™ 'K p (Kgm™") RD (%)
HPHT-PM A 50-60 71.2 0.481 190.8 5.57 97.8

B 180-212 80.6 0.459 207.5 5.61 98.5

C 500-600 87.6 0.453 2242 5.65 99.1
HPHT-IM D 50-60 265.3 0.501 554.3 417 >99

E 180-212 347.6 0.496 682.7 3.96 >99

F 500-600 370.5 0.495 717.1 3.91 >99
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Fig. 1 SEM images of
diamond/Cu composites in
various diamond particle sizes
(um) in different processing

a HPHT-PM 50/60, b HPHT-
PM 180/212, ¢ HPHT-PM
500/600, d HPHT-IM 50/60,

e HPHT-IM 180/212, f HPHT-
IM 500/600

PR |
e bcnig_n{_

nterface

adhesion, by contrast, can be observed for HPHT-IM
samples (Fig. 3b), in which most diamonds are tightly
embedded into the Cu matrix and some diamonds are
even ruptured. A, B, and C in Fig. 3b represents cleavage
diamond face, Cu pits and drawn diamond from matrix,
respectively. It is worth noting that few diamonds were
pulled-out and selectively adhered to the matrix on dia-
mond {100} faces. Furthermore, the pulled-out diamond
surfaces of two HPHT samples were tested by EDS ele-
ment analysis, shown in Fig. 4. As illustrated, all the
faces of the pulled-out diamond particles sintered by
HPHT-PM are smooth and only detected carbon signal.
In contrast, the {100} faces of the pulled-out diamond
sintered by HPHT-IM were rough and detected both C
and Cu signal. But the {111} surfaces were smooth and
adhered no matrix.

@ Springer

Raman spectra

Micro-Raman spectroscopy, shown in Fig. 5, was used to
detect different areas of both HPHT-PM and HPHT-IM
composites to investigate the microstructure and carbon
state of diamond particles subjected to the HPHT sinter-
ing process. Figure 5a shows the micro-Raman spectra of
PM sample detected in the diamond particle and nearby
the interface between diamond and Cu, respectively. Both
the spectra exhibit only a sharp peak near 1332 cm™ ',
which is attributed to crystalline diamond. The micro-
Raman spectrum of IM sample, shown in Fig. 5b, is
obviously quite different. Both spectra of diamond
particle and interface display not only a sharp peak
near 1332 cm™' but also a broad peak around
1400-1500 cm™!, which are characteristic for diamond
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Fig. 2 EDS interfacial line
scanning images in diamond/Cu
composites a HPHT-PM from
matrix to diamond, b HPHT-IM
from matrix to diamond,

¢ HPHT-IM between diamond
grains

/“——' diamond
— grain boundary

scanning line

Fig. 3 Fracture surface
micrographs of diamond/Cu
composites in 500/600 pm
prepared by a HPHT-PM,
b HPHT-IM

and amorphous carbon, respectively. In addition, the
graphite peak, showing one single line at 1575 cm™',
does not appear at all, indicating no graphitization in all

the samples.

TCs of the composites

Table 1 shows the thermal physical properties of all the
samples with various diamond sizes prepared by HPHT—
PM and HPHT-IM, respectively. As seen, TCs of the
HPHT-IM samples were found to be significantly higher
than those of the HPHT-PM samples, which even have a
lower TC than that of pure Cu. Also composite TCs increase
with increasing diamond size. But TCs of HPHT-PM

samples are more insensitive to the diamond particle size
than those of HPHT-IM samples.

Discussion

The diamond/Cu composites produced by two HPHT
techniques exhibit significant differences in their interfacial
microstructures, carbon state of diamond particles and TCs,
depending on the production process and consolidation
mechanism.

In the following, first the differences of the interface
microstructures and carbon state of diamond observed in
two HPHT samples will be discussed. Then, the effects of
these differences on the composite TCs will be addressed.
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Fig. 4 EDS element analysis
on diamond {100} faces of
a HPHT-PM sample,

b HPHT-IM sample
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Relationship between interface microstructure
and carbon state of diamond

It can be found from the SEM results that the interfacial
bonding between diamond and Cu in HPHT-IM case is
much stronger than that in HPHT-PM case. The observa-
tion from X-ray line scanning analysis suggests that good
adherence of Cu to diamond in the HPHT-IM composites
is seemingly attributed to a interfacial layer with gradual
and continuous element distribution, which can be seen as
benign interface with no macro interfacial debonding. In
contrast, the absence of such interface layer for the HPHT-
PM composites is thought to be a main reason for the low
interfacial adhesion strength.

The improvement of interfacial bonding is likely due to
the presence of amorphous C. As of date, Raman spec-
troscopy is the best way to obtain the detailed bonding
structure of carbon [21]. First, we can confirm that no
graphite phase exists in both HPHT-PM and HPHT-IM
samples from Raman analysis, indicating that the graphi-
tization of diamond could be well suppressed to a great
extent in the diamond/Cu composite materials via the
present composite fabrication route. This result is quite in
accordance with the conclusion in Ref. [20]. As seen in
Fig. 5, amorphous carbon only existed in HPHT-IM
composites both in diamond particle and near the interface.
The atomic bonding structure of the observed amorphous
carbon is considered to be sp*/sp” co-configuration (mainly
sp2 configuration) according to other researches [22, 23].
Amorphous carbon yields disordered structure which is
consist of dissociative carbon segments and pieces with
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broken and dangling bonds and/or clusters of fused sixfold
rings [24]. Such disordered structure can make diamond
surface rough and increase the specific surface area, thus
widening the interface layer bonded to Cu. It is reasonable
to assume that the wide interface layer with gradual and
continuous element distribution is possible due to the
existence of this kind of amorphous carbon.

Furthermore, it is also worth noting that the enhance-
ment of the diamond-Cu interfacial bonding only occurred
on diamond {100} faces in HPHT-IM samples. This can be
rationalized by carbon atoms bonded to the bulk by three
C-C bonds on {111} diamond surfaces, while carbon
atoms on {100} diamond surfaces are only bonded twofold
to the bulk. Hence, the carbon transition from diamond to
amorphous on {100} faces is expected to be easier than
{111} ones. A similar selective interfacial bonding in
diamond-Al composites was reported in Ref. [28].

The large discrepancy of interfacial structure and carbon
state of diamond surface between HPHT-PM and HPHT-IM
composites is strongly related to the difference between
HPHT-PM and HPHT-IM techniques. As seen in Fig. 6b,
diamond particles were tap-packed together with Cu slice
above them. When pressure is applied, diamond particles
with sharp corners push each other and the large pressure
stress distributes only on the contact points of diamond
crystallite. As a result, the intact diamond surfaces in a
condition of high-temperature-low-pressure (HTLP) are
prone to amorphizing first [25, 29] and, in this case, the
carbon on the surface of diamond is respected to transform
into amorphous carbon. Noting that, in IM samples, some
diamond particles are ruptured and damaged under such high
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Fig. 5 Raman Spectra of diamond/Cu composites both in diamond
particle and near the diamond-Cu interface a for HPHT-PM, b for
HPHT-IM

pressure. So the grain size of diamond particles is indeed
smaller than the raw materials. This is unfavorable for the
thermal conductive performance of diamond but favorable
for compact densification and diamond skeleton formation.
On the other hand, in the HPHT-PM process, diamond
particles and Cu powders are well mixed, as illustrated in
Fig. 6a. So the pressure loaded on each diamond particle is
uniform. Actually, the pressure in the cavity of cubic
machine is greatly lost when Cu melted, resulting in macro
pores and cracks (poor interfacial bonding) in composites
and lower relative density than IM samples. So a small
amount of metal-matrix (less than 40% volume fraction) fails

(@) p| |

diamond

Z

7

Fig. 6 Schematic illustration drawings of pressure distribution on
diamond surface fabricating via a HPHT-PM, b HPHT-IM. The
polyhedral-reinforced diamond particles are equivalent to quadrilat-
eral ones and the shaded part represents high-temperature and low-
pressure region (HTLP region)

to bind diamond particles into compacts, thus reducing the
composite thermal conductivity. Hence, it can be assumed
that the loading method of materials and sintering mecha-
nism are contributed to enhancement of interfacial bonding
and thermal properties of composites.

Relationship between interface microstructure and TC

Interfaces in composites are known to be crucial to TC, as
they determine to which extent the properties of a highly
conductive reinforcement phase such as diamond can be
exploited. In order to understand the TC behavior of com-
posites, it is important to compare the experimental results
with theoretical predictions. The Maxwell approximation-
based Hasselman and Johnson (H-J) model [26] is frequently
applied to estimate the TC of MMCs with particle rein-
forcements in which the Kapitza interfacial thermal resis-
tance and size effect of the inclusions are considered:

K —K 2[(Kp/Km) — (Kp/ahe) — 1]V, + (Kp/Km) + (2K, /ahc) + 2
M) = (Kp/Km) + (Kp/ahe) |V + (Kp/Km) + (2K, /ahe) + 2
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where K is the TC, the subscripts ¢, m, and p refer to com-
posite, matrix and reinforced particles, respectively. a and V,
are the average radius and the volume fraction of reinforced
particles, respectively. k. is the value of the intrinsic inter-
facial thermal conductance and its reciprocal is the interfa-
cial thermal resistance (ITR). In this calculation, Ky, K, are
taken to be 400 and 1000 W/mK, as well as the h. is
4.87 x 10" W/m’K (corresponding ITR is 2.05 x 107®
m”K/W) obtained by a simple Debye model in terms of the
acoustic mismatch theory [19]. Substituting these parame-
ters into Eq. 1, the comparison between our experiments and
theoretical calculations are shown in Fig. 7, in which the
dashes represent the TC of pure Cu.

As seen, the TCs of HPHT-IM composites show much
better agreement with predictions than those of HPHT-PM
composites where a large discrepancy can be found. The
HPHT-PM composites were found to have TCs even less
than that of pure Cu. This implies that the high TC of the

700
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T 400 mmmmm e e
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= 300
p !
E 200+ 4 " 1
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= .
B snal. ~ H-J(85%diamond) |
= . |
3 .
< 600}
S} /
(&}
— [ ]
< 500 |
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Particle size of diamond (pum)
Fig. 7 Comparisons of the H-J predictions and the experiments for

the TC of diamond/Cu composites as a function of the particle size of
diamond prepared by a HPHT-PM, b HPHT-IM

@ Springer

diamond particles does not contribute to the composite TC
in this case due to rather poor interfacial bonding induced
by macro defects such as pores and cracks (Fig. 1b, c) at
the diamond/Cu interfaces. In contrast, the IM samples
exhibit well-bonded interfaces with gradual element dis-
tribution and no macro defects. In addition, diamond
skeleton formation largely enhance composite TC because
the particle grain boundary resistance is lower than that of
the particle-matrix thermal resistance by one order of
magnitude [27]. Although H-J model is no longer adapted
in this case, we can also conclude that theoretical expected
TC can be reached by IM samples.

As seen in Fig. 7, the TC of HPHT-IM composite has
been apparently enhanced with the diamond particle size
increasing, while the TCs of all the HPHT-PM composites
are approximately the same. We further confirm that the
influence of poor interfacial adhesion is prominent over
other effects that might be introduced, so the increased
particle size fails to contribute to composite TC improve-
ment in this case.

Conclusions

Diamond/Cu composites were fabricated via two differ-
ent HPHT techniques: HPHT-PM and HPHT-IM and
their interface microstructures and thermal conductivities
have been evaluated, respectively. It is found that the
pressure employed during HPHT-IM, notably distributes
only on the contact points of diamond crystallite and the
HTLP region among them results in the formation of
amorphous carbon at the diamond particle surface. The
strong interfacial bonding of HPHT-IM composites is
attributed to the gradual element transition interface layer
with no macro defection between amorphous carbon and
liquid Cu. And the enhancement of interfacial bonding is
preference on diamond {100} faces. Diamond skeleton
with connected particles has also been found in this case.
Both result in strong interfacial bonding and an
improved bulk TC for HPHT-IM composites as high as
717 W/mK.

In contrast, the HPHT-PM composites with isolated
diamond particles within Cu matrix feature visible macro
interfacial debonding between two phases, resulting in
weak interfacial bonding and rather lower TC than that of
pure Cu. The poor interfacial bonding due to pressure loss
during PM process limits the diamond volume fraction to
no more than 60%. The present experimental HPHT-IM
technique first provides a practical way to achieve super-
density and rather high TC even under the “mild HPHT
condition” [15] without any element addition [12], and
therefore addresses the problem of diamond-Cu poor
wettability.
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