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HIGHLIGHTS

* Cu0.65Cr/50 vol.% diamond composites
were fabricated via pulse plasma
sintering.

e Varying sintering parameters were
applied to optimize the fabrication
process.

* Cr3C, carbide formed at the matrix/dia-
mond interface.

* The sample fabricated at 850 °C in
10 min possessed the maximum ther-
mal conductivity of 687 W m~' K~

* The optimum thickness range of the in-
terfacial carbide layer was estimated.
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GRAPHICAL ABSTRACT
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ABSTRACT

To produce metal-diamond composite materials with high thermal conductivity, it is important for a high-quality
carbide interface to exist between the metal matrix and diamond. The addition of carbide-forming elements to
the matrix positively influences the interfacial thermal conductance (ITC), and is an effective method for
improving the bulk thermal conductivity of composite materials. Diamond powder was mixed with Cu0.65Cr
alloy powder, using a 1:1 volume ratio. The pulse plasma sintering (PPS) parameters were optimized to control
the carbide interface between the diamond and matrix. The microstructures and phase compositions of the fab-
ricated materials were examined using scanning electron microscopy (SEM) and X-ray diffraction (XRD). The in-
terfacial layer was characterized using SEM and focused ion beam (FIB) techniques. The residual Cr content of the
matrix was estimated, to determine its influence on the thermal properties of the matrix. To calculate the ITC, dif-
ferential effective medium (DEM) and Hasselman-Johnson (H-J) models were used. The highest thermal conduc-
tivity of 687 W m~! K~ ! was achieved by a composite material that was fabricated at 850 °C over a period of
10 min, which had an 81-nm-thick interfacial carbide layer. An ITCpgy value of 5-10” W m™2 K~ ! was obtained.
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Table 1

The solubility of selected carbide-forming elements, and their ability to form compounds with Cu [13].
Element Al Ti Si Fe Hf Cr Zr Nb \ B Ta w
Solubility in Cu [wt.%] 9.4 6 5.4 4.1 1.1 0.73 0.172 0.15 0.1 0.05 Insoluble Insoluble
Chemical compounds with Cu Yes Yes Yes No Yes No Yes No No No No No

1. Introduction

Metal matrix composites (MMCs) are a broad group of materials that
may combine unique properties that the matrix and filler cannot
achieve separately. For example, these properties may include high me-
chanical strength with low density or high plasticity [1-4]. Considering
the thermal management of high power electronics, such as insulated
gate bipolar transistors (IGBT) or laser diodes, it is important to combine
high thermal conductivity with an adjustable and relatively low coeffi-
cient of thermal expansion (CTE) [5]. Certain MMC-group materials
can possess such properties; these include composites in which the ma-
trix is composed of a highly thermally conductive metal (e.g., Al, Cu, Ag)
with a filler that possesses high thermal conductivity and a low CTE
(e.g., SiC, diamond, AIN). By careful selection of the constituent volume
fractions, a composite with optimal thermal properties may be de-
signed. Diamond is considered one of the best fillers because it pos-
sesses the highest thermal conductivity of all known bulk materials,
reaching 2500 W m~—' K=, as well as a CTE of 1.8-10° K~ [6].

When fabricating a MMC with a diamond filler, it must be noted that
metals such as Cu or Ag do not form carbon compounds, and therefore,
in general, will not be able to provide high quality, low interfacial ther-
mal conductance (ITC) at the matrix/diamond interface; the exception
to this rule includes composite materials fabricated with high-
pressure high-temperature techniques [7,8]. Among the aforemen-
tioned examples of matrix metals (Al, Cu, Ag), only Al can bind to dia-
mond because of its carbide-forming ability [9-11]. In the two other
cases, it is necessary to introduce alloy additives (carbide-formers),
whose presence within the matrix may impair the thermal conductivity
of the material [12]. Table 1 shows the solubility of selected carbide-
forming elements and their ability to form compounds with Cu.

To date, several methods have been developed to control the mor-
phology and thickness of the matrix/diamond interface, which have
been reported in literature. The first method (indirect) involves modifi-
cation of the chemical composition of the matrix alloy via the selection
of carbide-forming elements at varying contents; the other parameters
are kept constant (e.g., the fabrication parameters, and the size and vol-
ume ratio of the diamond filler). An example of this type of work has
been conducted in a previous study [ 14], in which Cu/diamond compos-
ites were fabricated via gas pressure infiltration (GPI). The infiltration

parameters and volume fraction of the diamond filler were kept con-
stant, and therefore, optimization of the CuB and matrix alloy was pos-
sible. The CuB and CuCr matrices exhibited maximum thermal
conductivities of 600 and 700 W m~' K~ !, respectively. Another
study was conducted [15], in which a Cu matrix with various Zr contents
was used for the fabrication of composites with an unvarying diamond
content. When a Cul.2Zr (wt.%) matrix alloy was used, the maximum
thermal conductivity of the hot-pressed composites reached a value of
615W m~ ! K~ ; the thickness of the ZrC interfacial layer was approx-
imately 320 nm. The same carbide-forming additive was used in anoth-
er study [16] for a Cu/diamond MMC produced via GPI. The Cu0.5Zr
(wt.%) matrix alloy had a thermal conductivity of 930 Wm™ ' K™}, a re-
cord high result; the thickness of the carbide layer was approximately
400 nm. The effect of B on the thermal properties of Cu/diamond com-
posites was examined by Fan et al. [17]; they showed that a composite
with an initial matrix composition of Cu0.3B (wt.%), fabricated by GP],
had a maximum thermal conductivity of 711 Wm™ ! K™

The second method (also indirect) of designing a matrix/diamond
interface involves careful selection of the fabrication parameters of the
composites. An example of this approach was presented in another
study [18], in which Al/diamond composites were produced by GPI.
The parameters that affected the matrix/diamond interface included
the infiltration temperature, and the period of contact between the lig-
uid Al and diamond filler. The optimal contact periods for two infiltra-
tion temperatures, 760 and 850 °C, were determined. At temperatures
of 760 and 850 °C, the maximum thermal conductivities achieved
were 688 and 746 W m~! K~ !, respectively. The authors noted that
each reactive system must be subjected to thorough research with re-
gard to the fabrication parameters because these parameters control
the interface between the matrix and diamond. Another study particu-
larly focused on the fabrication parameters of MMCs [19]. Here, the au-
thors used a hot pressing (HP) technique to fabricate Al/diamond
composites. This technique, as well as other powder metallurgy tech-
niques, introduces a number of fabrication process variables such as
time, temperature, and the consolidation pressure of the composite. In
this study, the optimum temperature, pressure, and heating time were
determined to be 650 °C, 67 MPa, and 90 min, respectively; the maxi-
mum thermal conductivity achieved was 567 W m~! K™ . In the case
of AlSi/diamond composites, much shorter heating times are required

Notes to Table 2
2wt
b Bimodal distribution.
€ at%.
4 Reaction product of matrix and diamond due to fabrication process.
€ 1-5at%.
f x = 36-330 um.
& Surface roughened.
" Mixture of Al + 10 vol.% 5056 alloy.
I Following heat treatment: 12 h at 540 °C and 40 h at 400 °C.
I Following infiltration process: TiC, TizAl and other phases form Ti-Al-Si system.
k" Additionally coated with 2.82 um of Cu.
! Wo6Cug4 pseudo alloy.
™ Different boron architectures: nanometric wires, sheets, or rods.
" Size of copper particles on diamond surface.
© 0.1-1 wt.% of B.
P 0.05-1.85 wt.% of B.
9 0.08-0.82 wt.% of Cr.
" Direct resistance heating.
* 0.2-2.5 at.% of Ti.
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