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Abstract: Diamond-copper composites were prepared by powder metallurgy, in which the diamond particles were pre-coated by 
magnetic sputtering with copper alloy containing a small amount of carbide forming elements (including B, Cr, Ti, and Si). The 
influence of the carbide forming element additives on the microstructure and thermal conductivity of diamond composites was 
investigated. It is found that the composites fabricated with Cu-0.5B coated diamond particles has a relatively higher density and its 
thermal conductivity approaches 300 W/(m·K). Addition of 0.5%B improves the interfacial bonding and decreases thermal boundary 
resistance between diamond and Cu, while addition of 1%Cr makes the interfacial layer break away from diamond surface. The 
actual interfacial thermal conductivity of the composites with Cu-0.5B alloy coated on diamond is much higher than that of the 
Cu-1Cr layer, which suggests that the intrinsic thermal conductivity of the interfacial layer is an important factor for improving the 
thermal conductivity of the diamond composites. 
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1 Introduction 
 

Thermal considerations in electronic package design 
have become critically important because the growing 
power of devices generates more and more heat. 
Therefore, efficient thermal conductivity and good match 
of coefficient of thermal expansion(CTE) are required 
for heat sink materials[1]. Diamond composites are 
promising for such application. The thermal conductivity 
of synthetic diamonds of Ib type is estimated in the range 
of 1 500−2 000 W/(m·K)[2−3]. Cu is one of the most 
important materials for thermal and electronic 
applications. It possesses a good thermal conductivity of 
400 W/(m·K) and a relative higher CTE of 16.32×10−6 

K−1. The use of diamond as reinforcements in 
copper-based composites is considered attractive to meet 
the increasing demands for high performance heat 
sinks[4]. DINWIDDIE et al[5] have reported that 
thermal conductivity up to 600 W/(m·K) has been 
achieved by sintering diamond with Cu. 

However, composites made by powder metallurgy 

have been demonstrated to feature weak interfacial 
bonding because pure liquid copper doesn’t wet diamond 
[6]. Interfacial thermal resistance becomes a problem as 
the weak bonding and the mismatch of CTE occur at the 
interface[7−8]. Experimental data have suggested that 
the interfacial gaps lowered the effective thermal 
conductivity of composites in the nickel-sodium 
borosilicate system[8]. 

In this work, the copper-based composite is 
prepared by sparking plasma sintering(SPS) with 
diamond surface modified by magnetic sputtering 
previously. Carbide forming elements including Cr, B, Si, 
Ti are added to study the effect on improving the 
adhesion and thermo-physical property of diamond-Cu 
composite. Contribution of interfacial layer to the 
thermal conductivity of the composites is discussed. 
 
2 Experimental 
 

The diamond particles were pre-coated with Cu 
alloys by magnetic sputtering. In order to study bonding 
and thermal boundary resistance in detail, four types of  
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carbide formers were added in Cu. The compositions 
were Cu-4%Ti, Cu-3%Si, Cu-1%Cr and Cu-0.5%B 
(mass fraction), respectively. 

Commercially available diamonds of 38−44, 
124−150, 178−200 μm were used. Volume fractions of 
diamond in the composites varied from 60% to 80%. In 
the magnetic sputtering, diamond powders were put in a 
plate and agitated. By controlling frequency and 
amplitude of vibration, uniform films were sputtered on 
each face of the particles, with current of 1 A, voltage of 
200 V, vacuum of 1.0×10−2 Pa and sputtering time of 21 
min. Finally, the sputtered powders were reduced in H2 
atmosphere for 5 h and sealed in vacuum. 

The pre-treated powder was mixed with a 
designated amount of Cu powder, then was heated to   
1 000 ℃ and held for 5 min in SPS sintering to provide 
enough time for the carbide formation. 

Based on Archimedes’ law, the bulk density of the 
composite was measured. The thickness of sputtered 
layers was tested by X-ray diffraction analysis and 
gravimetric method as well. Thermal conductivities of 
the composites were obtained by laser flash method, and 
thermal diffusion coefficients were tested by LFA427 
laser equipment from Germany. Fracture surfaces of the 
composites were analyzed by scanning electron 
microscopy using Hitachi S−3500N equipment from 
Japan. Energy dispersive spectroscopy(EDS) was used to 
analyze the composition. 
 
3 Results and discussion 
 
3.1 Wetting characteristic 

As the surface area of diamond particles is limited, 
high purity graphite flake is used to get the wetting 
information of Cu-X alloys on carbon material. The 
chemical characteristics of diamond and graphite are 
quite similar, and wetting angles between Cu-X alloys 
and graphite are derived by micro projection method, as 
shown in Table 1. 
 
Table 1 Contact angles between Cu-X alloy and graphite at   
1 100 ℃ 

Alloy Pure Cu Cu-1Cr Cu-0.5B Cu-3Si

θ/(˚) 154 54 70 150 

 
According to Table 1, contact angles between 

graphite and Cu are reduced by adding Cr and B 
elements into Cu, and 1%Cr addition obviously reduces 
the value to about 54˚ at 1 100 ℃ in 2.0×10−2 Pa 
vacuum. By observing the interface, it is found that the 
bonding strength of Cu-1Cr alloy is stronger than that of 
Cu-0.5B alloys，which is caused by the strong tendency 
of the carbide reaction at interfaces[9]. 

3.2 Thickness of sputtering layer 
According to X-ray diffraction analysis of thin  

films, the thicknesses of Cu-1Cr, Cu-0.5B and Cu-3Si 
layer on diamond particles are about 1.85, 1.90 and 1.79 
μm, respectively. Small angle diffraction is beneficial to 
diminishing testing errors. In addition, gravimetric 
method is used to estimate the thickness by accurately 
compare the mass of diamond powders before and after 
sputtering. The thickness of layers is calculated on the 
assumption that each diamond particle is a sphere of the 
same size and values of 2.42, 2.12 and 2.31 μm are 
obtained, respectively. As the layer is too thin and some 
particles lose during sputtering, the calculated results are 
higher than the X-ray results. 
 
3.3 Microstructures of composites 

The relative densities of the CuCr-diamond, CuB- 
diamond, CuTi-diamond and CuSi-diamond composites 
are 98.9%, 99.3%, 96.7% and 97.1%, respectively. 

Morphologies of the diamond are shown in Fig.1. 
Surfaces of original (Fig.1(a)) and sputtered (Fig.1(b)) 
diamond are smooth. EDS area mapping on sputtered 
surface indicates that the layer mainly consists of Cu. 
Due to the minor quantity of the additives and sensitivity 
of the instrument, B and Cr elements are not detected. 
After sintering, pits with inverted pyramid shapes appear 
on the {100} surface of a few integrated and highly 
symmetrical diamond particles released from Cu-0.5B- 
coated diamond composites, as seen in Figs.1(c) and (d). 
It can be explained by the different bonding 
arrangements on {100} and {111} planes of diamond. In 
terms of the unit cell model of diamond, the {100} 
surface atoms are two-fold bonded to the bulk atoms 
while the {111} planes are three-fold bonded to the atom. 
It is obviously easier to rupture the two bonds than three 
bonds when the molten Cu alloys cover on diamond 
surface during sintering. The {100} surface atoms 
protect the {111} ones from being dissolved by 
consecutively destroying the two bonds and removing. 
Then, the atoms on {100} surfaces dissolve layer by 
layer and pits come out. This also indicates the different 
reactivity of diamond surfaces. The {100} surfaces are 
easier to dissolve and participate in the formation of 
interfacial carbides[10−12]. 

More interfacial information in Fig.2 is helpful to 
illustrating the interfacial adhesion of Cu-X-coated 
diamond composites. Figs.2(a) and (b) show the 
morphologies of the composite fabricated by pure 
diamond and copper. Obvious cracks are observed and 
only mechanical adhesions are formed in diamond-Cu 
composite. If adding minor B element, interfacial 
bonding is distinctly improved and diamond is tightly 
surrounded by matrix, seen in Figs.2(c) and (d). There is 
not any obvious macro-crack and defect appearing at the  
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Fig.1 Microstructures of diamond particles: (a) Original diamond particles; (b) Particles sputtered with Cu-1Cr alloy; (c) Particles 
released from CuB-diamond composite; (d) Converted pyramids appearing on {100} surface 
 
interfaces. In Fig.2(f), the cracks appearing in Cu-Si- 
coated diamond composite suggest that addition of Si 
cannot enhance interfacial bonding. In Fig.2(g), copper is 
observed to penetrate into the spaces between diamond 
particles and cohesions seem good. But a great deal of 
blisters turn out on diamond surface after SPS, as shown 
in Fig.2(h). This is possibly due to the reaction of the C 
atoms with the released gas that is absorbed on diamond 
surface before sputtering or in the fast sintering process. 
In addition, CTE mismatch between the Cu-1%Cr 
metallic coatings and diamond makes it possible to 
release stress in the regions of relatively weaker adhesion 
and thus bubbles form as well. 
 
3.4 Thermal conductivity of composites 

Thermal conductivity of diamond composites in this 
work consists of resistance of the diamond/carbide 
interface, the resistance of the carbide and the resistance 
of carbide/metal interface[13−14]. Heat conduction of 
the diamond/carbide interface is discussed in detail. 

By taking thermal resistance and particle size into 
consideration, effective thermal conductivity of the 
composite can be expressed by Eq.(1)[16]: 
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where Keff, Km, and Kp are the effective thermal 
conductivities of the composite, metal matrix, and 
particles respectively; φp is the volume fraction of 
reinforcements, a is the diameter of the reinforcement 
and hc is the boundary conductivity. 

Thermo-physical properties of carbides are listed in 
Table 2[15]. According to Eq.(1), theoretical predictions 
of composites with different carbide interfaces are 
calculated, as shown in Fig.3, in which particle size is 
200 μm and volume fraction of diamond is 80%. It is 
found that thermal conductivity of diamond composites 
increases with the intrinsic thermal conductivity of the 
transition layers if perfect interfacial bondings are 
achieved. Since thermal conductivity of the transition 
layers is quite low, it is impossible to advance the heat 
conduction of the composites only by increasing the 
thermal conductivity of the reinforcements. Only if the 
thermal conductivity of the transition layer excesses a 
certain value, can thermal conductivity of composites be 
enhanced. Thus, it is instructive to discuss the influence  
 
Table 2 Thermo-physical properties of carbides 

Carbide Density/
(g·cm−3)

Thermal 
conductivity/ 
(W·m−1·K−1) 

Coefficient of 
thermal 

expansion/10−6K−1

TiC 4.93 36.4 7.74 

Cr3C2 6.68 19.1 11.7 

B4C − 67 4.5 

SiC − 170 4.7  
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Fig.2 Morphologies of diamond composites: (a) and (b) Diamond-Cu; (c) and (d) Diamond-CuB; (e) and (f) Diamond-CuSi; (g) and 
(h) Diamond-CuCr 
 
of carbide layers on interfacial thermal conductivity. 

Fig.4 shows the measured thermal conductivity of 
diamond composites, which is much lower than 
theoretical value. It is assumed that the thermal 
conductivities of diamond and copper are 1 500 and 400 
W/(m·K), respectively, and the thermal conductivity of 
diamond is independent of the particle size. The 

interfacial conductivity calculated using Eq.(1) is also 
summarized in Fig.4. In the diamond-pure Cu 
composites, the interfacial conductivity is less than 
1.07×106 W/(m2·K). But Cr and B appear to be the good 
candidates for diamond-Cu composites[17], with which 
the interfacial conductivities increase to 3.92×106 and 
7.27×106 W/(m2·K), respectively. This is due to the low 
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substitutional or interstitial solubility of the two elements 
in Cu and the medium formation heat at sintering 
temperature[4]. Carbide forming reaction may not take 
place in Cu-3Si-diamond system at the sintering 
temperature[18−19]. Micro-cracks still exist and thus 
result in the great decline in thermal conductivity of 
diamond composites. In terms of effective medium 
theory(EMT), we can deduce that in the prepared 
diamond-Cu composites, Cu plays key role in effective 
heat conduction. The large interfacial effect makes the 
highly conductive particles act as voids or defects. 
Although addition of 0.5%B and 1%Cr can deduce 
interfacial defects to a certain extent, great interfacial 
boundary resistance still exists and destroys the expected 
thermal property. 
 

 
Fig.3 Theoretical thermal conductivity of composites 
consisting of different interfacial layer and reinforcement 
 

 
Fig.4 Measured thermal conductivity of composites 
 

Thickness of the intermediate reaction layer should 
be properly controlled, for CTE mismatch and 
inner-stress release in such thick carbide layers tend to 
impair both the bonding characteristics and heat 

conductive efficiency if the diamond is completely 
covered by carbide layers. The optimal parameters 
should offer the reaction layer a growing rate to maintain 
a minimum thermal boundary resistance in diamond/ 
matrix interface. GUI et al[19] have demonstrated that a 
100 nm-thick Cr3C2 helps to obtain thermal conductivity 
of 640 W/(m·K). Therefore, the critical issue is to 
optimize composition and reaction rate of carbide layer 
to achieve an ideal structure, in which diamond skeleton 
is the main conductive path and Cu alloy binders are 
closely adhered to the particles. 
 
4 Conclusions 
 

1) Diamond-Cu composites are prepared by SPS, 
with four Cu alloys sputtered on diamond particles 
previously. 

2) Cu-0.5B-coated diamond composite has a highest 
relative density of 99.3% and its thermal conductivity 
reaches 300 W/(m·K). 

3) Carbide forming elements including B and Cr 
have effect on the microstructure and thermal 
conductivity of diamond-Cu composites. The addition of 
0.5%B renders the atoms in {100} planes of the diamond 
easier to dissolve and participate in interfacial carbide 
reaction, and thus greatly improves the interfacial 
bonding and conductivity between diamond and matrix. 
While addition of 1%Cr produces a great deal of blisters 
on sintered diamond surface. Gaps at the interface limit 
the improvement of interfacial bonding and conductivity. 

4) Intrinsic thermal conductivity of interfacial layer 
accounts for the differences between thermal 
conductivity of the composites with nearly the same 
compositions. The greater the intrinsic thermal 
conductivity is, the higher the theoretically predicted 
values are. 
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