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Abstract Near-net-shaped diamond/copper composites

with a relative density of over 99% and thermal conduc-

tivity of over 350 Wm-1 K-1 are successfully fabricated

by powder press-pressureless infiltration processing. The

effects of infiltration temperature, infiltration time, inter-

facial thickness, and type of protective atmosphere on the

thermal conductivity of the diamond/copper composites

were investigated. The results showed that the diamond-

copper composites with complicated shape exhibited better

thermal properties, which can be widely used in electronic

packaging field. It was found that the properties of dia-

mond-copper composites infiltrated in high vacuum atmo-

sphere were better than that of composites infiltrated in

other atmospheres. The thickness of interface showed great

effects on the properties of composites. The carbide

interfaces were attributed to the decrease of interfacial

thermal resistance and enhancement of wetting properties

between the diamonds and copper.

Introduction

Diamond/metal composites can be widely used as electrical

contact, wear resistant, heat management materials and

machining tools [1–3] due to their high hardness, wear

resistance, thermal conductivity (TC) and low coefficient

of thermal expansion (CTE). Meanwhile, increase in

properties and decrease in price of synthetic diamond in

recent years bring the diamond/metal composites a tre-

mendous and promising future both in researches and

applications. Many researchers have done a great deal of

researches on manufacturing techniques as powder metal-

lurgy (PM), hot pressing (HP), high-temperature high-

pressure (HTHP), squeeze casting, gas pressure infiltration

and chemical vapor co-deposition (CVD), etc. Great efforts

to mechanism and performances of diamond/metal com-

posites were also made [4–7]. However, acting as heat

managing materials, the diamond-copper composites must

be further studied in order to improve the TC property and

economically fabricate heat managing parts with compli-

cated shape.

It is well known that the wettability shows great effects

on the performances of composites. The wettability

between liquid copper and carbon (including graphite and

diamond) are very poor [8], therefore, researchers added

carbonization easily form elements as Cr, B, Ti into copper

to form copper alloys to enhance the wetting performance

efficiently [9, 10]. In addition, because of the hard-to-work,

the composites were usually prepared as simple-shape

materials as cylinder, cube or slice, which can hardly meet

the complicated shape requirements of electronic packag-

ing parts. As a near-net-shape forming processing and

pressureless infiltration technique, which has been widely

used to form SiC/metal, Mo/metal, W/metal and AlN/metal

composite parts with complicated shape, did not be applied
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to prepare diamond/metal composites. In this study, dia-

mond-copper composites with complicated shape were

made through powder press-pressureless infiltration suc-

cessfully, and the performances of composites were mea-

sured and the effects of infiltration parameters (such as

infiltration time, temperature, interfacial carbides, and

protect atmospheres) on TC were studied.

Experimental

The synthetic diamond (MDG400) with mean particle size

of 115 lm applied in this study was supplied by Henan

Famous Diamond Industrial Co., Ltd of China. The high

purity copper (99.999%) was offered by GRIPM Advanced

Materials Co., Ltd, Beijing, China. The Cu-11Ni-

3Cr (wt%) alloys was prepared in vacuum arc melting

furnace.

Firstly, diamond powders were coated by Ti or Cr using

melting salt bath. Metal-coated diamond and proper bind-

ers were fully mixed and compacted into special shape

preforms with sizes of 30 9 18 9 9 mm3 as shown in

Fig. 1a. Then, the binders in preforms were removed by

debinding of the preforms, and the porous diamond per-

forms with porosity of 36–44 vol.% were put into infil-

tration furnace and covered by pure copper or copper

alloys. The liquid copper was infiltrated into diamond

performs at temperature of 1250–1450 �C for 30–110 min

under different protect atmospheres. After being cooled,

removed the redundant copper on surfaces and polished,

the diamond-copper composites parts with near-net-shape

were obtained (shown in Fig. 1b).

The bulk density of composites was measured according

to Archimedes’ principle. The microstructure was analyzed

by scanning electron microscopy (SEM). Thermal diffu-

sivity, a, was examined by laser flash technique, and the

specific heat capacity, Cp, was derived from the rule of

mixture:

Cp ¼
Cd � Vd � qd þ CCu � VCu � qCu

qA

ð1Þ

Where Cd and CCu are the specific heat capacities of

diamond and copper, Vd and VCu are the volume fractions

of diamond and copper, and qA is the density of

composites. Thermal conductivity, K, was calculated

from the Eq. 2:

K ¼ a � Cp � q ð2Þ

where q is the density of composites.

Results and discussion

Microstructure and properties

The experimental results indicate that the wettability

between Ti- or Cr-coated diamond and liquid copper, at

high temperature, can be enhanced owing to the formation

of carbide interfacial layer on the diamond surface (Ti or

Cr can react with carbon atoms). The microstructure of the

composites is shown in Fig. 2. The results display the

uniform distribution of the Ti-coated diamond particles in

Cu matrix exhibiting high bond strength between diamond

and Cu (see Fig. 2a). On the contrary, the liquid copper can

not be infiltrated into the diamond preforms without any

coatings. The relative density of Ti-coated diamond/copper

composites is about 96%. In order to further improve the

relative density, the Cu alloys was selected in filtration

which has been fabricated by the addition of 11 wt% of Ni

and 3 wt% of Cr into copper by vacuum arc melting

technique. The relative density of diamond/Cu-11Ni-3Cr

composites reached 99.3%. Therefore, the TC of diamond/

Cu-11Ni-3Cr composites was as high or a trifle higher than

that of diamond/Cu composite due to its higher relative

density. Figure 2b indicates that diamond particles are

more uniformly distributed in the matrix and exhibits more

excellent bond strength than that of Fig. 2a. A Comparison

Fig. 1 Pressureless infiltration of near-net-shape diamond-copper composites: a porous diamond preform; b diamond-copper composite parts
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of the spreading ability of the pure Cu and Cu alloys fol-

lowing the pressureless infiltration reveals that the residual

pure Cu piles up at one place of the surface of composites,

while the residual Cu alloys spread smoothly and uni-

formly all over the surface of the composites. It is visible

that the diamond particles are wetted efficiently by Cu

alloys containing Ni and Cr as compared to the pure Cu.

Furthermore, thermal conductivity of diamond/Cu (or Cu

alloys) composites, manufactured by pressureless tech-

nique, is estimated to be over 350 Wm-1 K-1 which is

higher than that of AlN, W/Cu, and SiC/Al composites.

Therefore, the diamond/Cu (or Cu alloys) composites are

more appropriate for heat sink parts in high power elec-

tronic components or integrated circuits.

Effect of infiltration temperature on thermal

conductivity

The effect of infiltration temperature on TC is shown in

Fig. 3. The volume fraction of diamond is about 56% and

the composites (In order to investigate the influence factors

on diamond/copper composites directly and credibly, this

article just selected pure copper to infiltrate diamond per-

forms.) are infiltrated for 90 min under argon atmosphere.

Thermal conductivity of the Cr-coated diamond preforms

enhances with an increase in the infiltration temperature

and finally culminates at 1350 �C. Thermal conductivity of

Ti-coated diamond preforms exhibits the similar trend but

the infiltration of the preforms with copper cannot be

performed below 1200 �C. Hence, it is obvious that the Cr

coatings are more beneficial in ameliorating the wetting

characteristics than that of the Ti coatings below 1200 �C.

In addition, thermal conductivity of Ti-coated diamond–

copper composites have not exhibited any inflexion in the

experimental temperature range, which indicates that the

mean infiltration temperature of Ti-coated diamond is

higher than that of Cr-coated diamond.

Actually, a rise in the temperature reduces in the vis-

cosity of liquid copper. This lower viscosity facilitates the

rapid compaction of the diamond preforms filled with

liquid copper. In addition, the contact angle between the

liquid copper and the Ti- or Cr-coated diamond depreciates

with increasing temperature. This reduction in the contact

angle facilitates the spreading of the liquid copper on

diamond surface resulting in the reduction in the interfacial

thermal resistance and eventually the enhancement in

thermal conductivity of composites. However, with

excessively high temperature, the density as well as ther-

mal properties degrades owing to the various factors such

as flowing out of the liquid copper from preforms, graph-

itization of the diamond, and hot corrosion [11, 12]. An

increase in the temperature beyond 1450 �C results in the

flowing out of a large quantity of copper from the

Cr-coated diamond preforms leading to the reduction in its

relative density and thermal conductivity down to 94.3%

and 293 Wm-1 K-1, respectively.

Effect of infiltration time on thermal conductivity

Ti- and Cr-coated diamond preforms, covered with copper

blocks, are infiltrated at 1350 and 1400 �C for 30–110 min

Fig. 2 SEM micrographs of

diamond-copper composites:

a diamond ? pure copper;

b diamond ? Cu-11Ni-3Cr

alloys

Fig. 3 Effect of temperature on TC of diamond/Cu composites
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under argon atmosphere. The thermal conductivity as a

function of infiltration time is depicted in Fig. 4. An

increase in the infiltration time results in a rapid

enhancement in the thermal conductivity of the compos-

ites. However, as the infiltration time is higher than 90 min,

the increment in the thermal conductivity becomes slow.

An appropriate infiltration time leads to a uniform disper-

sion of liquid copper among diamond skeleton resulting in

the amelioration of the relative density and the thermal

conductivity of diamond-copper composites.

A direction correlation exists between the relative den-

sity and the porosity of materials. The effect of relative

density, i.e., porosity on TC is mainly decided by pores in

materials. In order to elucidate the effect of porosity on

thermal conductivity, two kinds of models are adopted.

Equation 3 is generally used to describe the conductivity of

two phase composites [13]:

k ¼ k1 1þ h2

1�h2

3
þ k1

k2�k1

 !
ð3Þ

Where k1 is the conductivity of continuous matrix, i.e., the

first phase, k2 is the conductivity of isolated inclusions, i.e.,

the second phase, and h2 is the volume fraction of isolated

inclusions. If pores are considered as the second phase, k2

becomes 0 and h2 is the porosity of composites. Therefore,

Eq. 3 can be transformed into Eq. 4:

k ¼ k0 1� 3h
2þ h

� �
ð4Þ

Where k0 is the conductivity of materials without pores, h
is the porosity of materials.

As for the multiphase system with randomly distributed

inclusions, it can be described by the following equation

[13]:

X
i

ki � k
ki þ 2k

hi ¼ 0 ð5Þ

ki the conductivity of the ith phase, and hi is the volume

fraction of the ith phase. If diamond and Cu in the

composites are taken as one phase and pores as another

phase, for the composite with porosity h, the Eq. 5 can be

written as:

k1 � k
k1 þ 2k

1� hð Þ þ k2 � k
k2 þ 2k

h ¼ 0 ð6Þ

Because the conductivity of pores, i.e., k2 is 0, the Eq. 6

becomes as:

k ¼ k0ð1� 1:5hÞ ð7Þ

It can be deduced from both the Eqs. 4 and 7 that the pores

exhibit a great influence on the thermal conductivity of

materials. A small increase in the porosity results in a

dramatic decrease of TC. Therefore, the better strategy

should be the elimination of the pores during the course of

manufacturing composites.

Effect of thickness of interfacial layer on thermal

conductivity

Three batches of diamond with various thicknesses of Cr

coatings are prepared by melting salt bath. The thickness

range of three batches is 2–5, 4–7, and 6–9 lm, respec-

tively. The Cr coated diamond/copper composites are also

prepared by pressureless infiltration. TCs of these com-

posites are 357.65, 309.12, and 246.27 Wm-1 K-1,

respectively. It is found that the thermal conductivity of the

composites decreases with an increase in the thickness of

the Cr coatings. The interfacial carbides of Cr reduce the

interfacial thermal resistance resulting in an improvement

in the thermal conductivity of composites. As the thermal

conductivity of carbides alone is much lower than that of

diamond or copper, therefore, the existence of a thick

carbide layer will degrade the thermal conductivity of the

composites. Therefore, the most appropriate thickness of

interfacial layer should just cover the surface of the

diamond.

Effect of protective atmosphere on thermal conductivity

The diamond/copper composites are prepared by pres-

sureless infiltration under various protective atmospheres

such as high vacuum, high pure (HP) argon, pure argon, HP

hydrogen, pure hydrogen, HP nitrogen, and pure nitrogen.

The composition of each atmosphere is listed in Table 1,

and the thermal conductivities of composites are displayed

in Fig. 5. The results reveal that the Ti- or Cr-coated dia-

mond preforms can not be infiltrated by liquid copperFig. 4 Effect of infiltration time on TC of diamond/Cu composites
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under N2 atmosphere owing to the reaction of Ti and Cr

with N2 as following:

2Ti + N2 �!
1200 �C

Ti2N2

2Crþ N2 ! 2CrN
ð8Þ

The reaction products of nitrides deteriorate the wettability

between diamond and liquid copper. Figure 5 indicates that

thermal conductivity of composites, prepared under vac-

uum, is superior to those under other protective atmo-

spheres. In addition, kinetics of infiltration reveals that the

driving force for the infiltration is the pressure gradient on

fluid. It has been observed that the infiltration of the porous

diamond preforms under the protective atmospheres such

as H2 or Ar results in the resistance pressure and the for-

mation of close bubbles at the end of pores. These factors

prevent the liquid copper from infiltrating into the diamond

preforms expeditiously and consequently deteriorate the

TC of composites. It is also visible in Fig. 5 that the

thermal conductivities of the composites with highly pure

atmospheres are better than those of with pure atmo-

spheres. The less pure atmospheres contain more oxo-

impurities such as O2 and H2O. The copper and diamond

may be oxidized or hot eroded at high temperatures.

Therefore, the enhanced purity of protective atmosphere is

quite beneficial for the improvement in the thermal con-

ductivity of diamond/copper composites.

Conclusions

1) The pressureless infiltration of the surface modified

diamond with liquid copper results in the diamond/Cu

composites exhibiting thermal conductivity of over

350 Wm-1 K-1 and relative density of 99.3%.

2) The enhanced infiltration temperature and the pro-

longed infiltration time are conducive to the amelio-

ration of the thermal properties of diamond/copper

composites. Various conditions for the pressureless

infiltration of diamond/copper composites are opti-

mized. The optimum infiltration temperature range is

1300–1400 �C, and the appropriate time range is

90–110 min. The existence of interfacial layers such

as Ti or Cr carbides can accelerate the pressureless

infiltration and enhance the thermal conductivity of

diamond/copper composites.

3) Ti- or Cr-coated diamond preforms can be infiltrated

without pressure under various protective atmospheres

such as vacuum, H2, and Ar. The suitability of

protective effect follows as vacuum[HP Ar[HP H2[
pure Ar[pure H2.
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