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a b s t r a c t

The W–15 wt.% Cu composite powders were synthesized by a sol–gel method combining with hydrogen
reduction. X-ray diffraction patterns show that pure W and Cu phases were obtained at a reduction tem-
perature of 750 �C for 2 h. The particle size of such powder is in the range from 100 to 400 nm and in each
particle the W and Cu phases are seemingly mixed homogeneously in the nanometer scale. The powders
were microwave sintered for 25 min at different temperatures of 1050, 1150 and 1200 �C, respectively.
The results show that W–15 wt.% Cu samples microwave sintered at 1200 �C exhibit a relative density
higher than 97% and an average particle size of W as small as 600 nm. The thermal conductivity and
the Vickers microhardness of the sintered W–15 wt.% Cu samples are in the range from 140 to 187 W/
m K and from 235 to 347 HV, respectively.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

W–Cu alloys have been widely used in practice as thermal sink,
high voltage electric contacts, welding electrodes, etc. [1,2]. These
significant applications are owing to the high thermal and electri-
cal conductivity of copper combining with the low thermal expan-
sion coefficient (CTE), high melting points and high hardness of
tungsten [3]. However, the immiscibility between W and Cu in
thermodynamic equilibrium state makes the W–Cu compacts exhi-
bit very poor sinterability [4], especially for high W content [5].
Meanwhile, the huge gap of melting point between W and Cu
makes it difficult to sinter high density W–Cu composites. It has
been reported that W–Cu compacts can be fabricated by activated
sintering processes, for example by addition of Pd, Ni, Co, Fe and Zn
[6,7]. However, these additives could significantly deteriorate ther-
mal and electrical properties of the W–Cu composites. In addition,
the sinterability can be improved by enhancing the homogeneity
and decreasing particle size of the starting powders. Therefore,
quite a number of methods have been exploited to synthesize
homogeneous W–Cu composite powders with ultra-fine particle
size in recent years, such as mechanical alloying (MA) [8,9],
mechano-chemical process [10–12], and homogeneous precipita-
tion process [13]. Among these methods, MA is the most useful
for fabrication of compounds that are difficult to prepare by con-
ventional processes owing to the large differences in the melting
temperature of the components [8]. However, the milled powder
ll rights reserved.

: +86 551 5591434.
is liable to be contaminated by impurities from the milling and
grinding medium.

As a popular method for preparing powders of inorganic mate-
rials, sol–gel method has many advantages, such as the relatively
low reaction temperature, high purity, and composition homoge-
neity of products. With regard to consolidation method, metallic
powders can be well sintered by microwave sintering [14,15], since
metallic powders can absorb microwave efficiently and heat them-
selves by eddy-current loss [16,17]. Therefore, in this study the W–
Cu powders were synthesized by the sol–gel process using citric
acid (CA) as chelating agents, followed by reduction of the oxide
powders. The high quality W–Cu bulk compacts were obtained
by microwave sintering method from such powders, and the
microstructure, phase composition, density, hardness, and thermal
conductivity were investigated.
2. Experimental procedure

The sol was prepared with analytical reagents of ammonium para-tungstate
((NH4)6H2W12O40�5H2O, 99.95%), copper nitrate (Cu (NO3)2�3H2O, 99.5%) as raw
materials and with tartaric acid and citric acid (CA) as chelating agents. The amount
of the selected chemical precursors was weighted in mass ratio according to the for-
mula of W–15 wt.% Cu. Then the mixed solution was prepared by dissolving the
above four kinds of materials in distilled water, and was stirred vigorously at
60 �C until a transparent gel was formed. The brown gel was heated at 120 �C for
12 h firstly and then calcined at 550 �C for 5 h to obtain the multi-component oxi-
des. Reduction of the multi-component oxide powders was carried out at 750 �C for
2 h in a mixture of 50% hydrogen and 50% argon to produce pure W–15 wt.% Cu
powders. Such powders were pressed into a stainless steel die with a uniaxial pres-
sure of 600 MPa to form green samples with a dimension of 13 mm in diameter and
3 mm in height.
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Fig. 2. SEM graphs of dry gels calcined at 550 �C for 5 h: low magnification (a) and
high magnification (b).
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The green samples were put into a cylinder made of ceramic fibers that were
heat insulating and transparent to the microwave. In order to obtain a uniform
heating over the whole sample, the cylinder was kept rotating at a speed of
5 rpm during the sintering process. The sintering temperature was monitored by
a Ray Tek Infrared Pyrometer. The microwave sintering experiments were con-
ducted in a 3 kW, 2.45 GHz microwave furnace (HAMiLab-V3000, Changsha Syno-
therm Co. Ltd., China) in a reducing atmosphere (5% H2 and 95% Ar).

The density of the sintered samples was measured by the Archimedes princi-
ple. The microstructure characterization of powder and fracture surfaces of sin-
tered samples was conducted by using field emission scanning electron
microscopy (SEM, Sirion 200), and high resolution transmission electron micros-
copy (HRTEM, JEM-2010F, JEOL). The crystalline phases were identified by XRD
analysis (Philips Co. Ltd., X’Pert diffractometer with Cu Ka radiation at 40 kV and
50 mA). Thermal diffusivity (a) was measured by using NETZSCH LFA 457 Micro-
Flash at room temperature. Accordingly, the thermal conductivity (j) was calcu-
lated from the relationship: j ¼ cqa, where c and q are the specific heat
capacity and actual density of the sintered W–15 wt.% Cu mixture, respectively.
The specific heat capacity C was determined by theoretical rule of mixtures based
on the following formula:

C ¼ MCu � CCu þMW � CW ð1Þ

where MCu and MW are the mass fraction of Cu and W, and CCu and CW are the specific
heat capacity of W and Cu at room temperature, respectively. Polished samples were
subjected to Vickers microhardness testing under a maximum load of 100 g and a
dwell time of 10 s at room temperature.

3. Results and discussion

3.1. Synthesis and characterization of pure W–15% Cu powders

Fig. 1 shows the XRD patterns of precursor powders prepared by
annealing the dry gels at 550 �C for 5 h. It can be seen that the main
components after the annealing are CuWO4 and WO3, whose
diffraction peaks locate too closely to be separated. The corre-
sponding SEM micrographs of the above precursor oxide powders
are shown in Fig. 2. It indicates that the oxide particles aggregate
seriously (Fig. 2a) with particle size between 200 and 500 nm
(Fig. 2b).

In order to get high quality W–15% Cu powders, it is necessary
to investigate the effects of the reduction process. Fig. 3 presents
the XRD patterns of the powders prepared at different reduction
temperatures from 650 to 800 �C for 2 h in the mixture of hydrogen
and argon with a flowing rate of 0.3 L/min. It is found that when
the reduction temperature is 650 �C, the original CuWO4 and
WO3 phases were partially reduced into Cu2WO4, Cu3WO6 and
WO2 phases, and only very small amount of pure W phase can
be detected. When the reduction temperature increases to
700 �C, the Cu2WO4, Cu3WO6 and WO2 phases still exist but the
amount of pure W phase increases. However, when the reduction
temperature increases to 750 or 800 �C, all oxide phases disappear
and only pure W and Cu phases are detected. These results indicate
that to obtain pure W/Cu phases the multi-component oxide
Fig. 1. Powder XRD patterns of dry gels calcined at 550 �C for 5 h.

Fig. 3. Powder XRD patterns of W–15% Cu powders at different reduction temper-
atures from 650 to 800 �C for 2 h in a flowing mixture of hydrogen and argon.
powders have to be reduced at least at 750 �C if the reduction time
is 2 h.

Fig. 4 shows the XRD patterns of the powders reduced at 750 �C
for different times of 1, 2 and 3 h. It can be seen that in case of 1 h
there are oxide phases of Cu2WO4 and WO2 in the reduced pow-
ders. The pure W and Cu phases are obtained for reduction time
of 2 and 3 h. So it can be concluded that the reduction temperature
of 750 �C and reduction time of 2 h is the optimum condition for
preparing pure W–15% Cu powders in the flowing hydrogen and
argon.



Fig. 4. Powder XRD patterns of W–15% Cu powders reduced at 750 �C for different
times in a flowing mixture of hydrogen and argon.
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Fig. 5 shows the SEM morphology of W–15% Cu powders re-
duced at 750 �C for 2 h. It can be seen that after the reduction
the particles become as large as 100–400 nm and look like spheri-
cal or ellipsoid shape (Fig. 5a). High magnification SEM morphol-
ogy (Fig. 5b) shows that such particles are not composed of
smaller particles like in the un-reduced oxides.

In order to clarify the W/Cu distribution in the W–15% Cu pow-
ders, TEM analysis was conducted. In a typical particle as presented
in Fig. 6a, elements of W and Cu were detected by EDS (not shown
here) in region 1 and 2, where the mass ratio of W and Cu slightly
deviates from the designed value, illustrating the uniform disper-
sion of W/Cu in micrometer scale. To further clarify the phase
Fig. 5. SEM graphs of W–15% Cu powders reduced at 750 �C for 2 h: low
magnification (a) and high magnification (b).

Fig. 6. FETEM photographs of W–15% Cu powders reduced at 750 �C for 2 h: low
magnification (a) and high magnification (b).
dispersion of W–15% Cu powder in details, a HRTEM image of this
particle was analyzed, as shown in Fig. 6b. It can be seen that in
this particle with diameter of about 200 nm, there are many small
crystallites with size of several nanometers. Judged from the lattice
stripes, these small crystallites are either W or Cu phases. For
example, as marked in Fig. 6b, the distance between lattice stripes
in one crystallite is about 0.227 nm which is close to the spacing of
W (110) planes (0.2238 nm), while in another crystallite the dis-
tance between lattice stripes is about 0.181 nm which is close to
the spacing of Cu (200) planes (0.1808 nm). Therefore, it can be
concluded that the W phase and Cu phase is mixed with each other
in nanometer scale.

3.2. Microstructure and properties of the sintered samples

Table 1 lists the relative density, Vickers hardness and thermal
conductivity of W–15% Cu samples microwave sintered at different
temperatures. It can be seen that the properties depend greatly on
sintering conditions. As shown in Table 1, the relative density of
the sintered samples increases with the sintering temperature. At
1050 �C, a temperature lower than the melting temperature of Cu
(1083 �C), the samples only have a relative density of 88.1%. When
the samples were sintered at 1150 �C, a relative density of about
93.5% is achieved, and a maximum density of 97.2% is obtained
when the samples were sintered at 1200 �C. These results demon-
strate that W–15% Cu powders fabricated by reduction of sol–gel
process possess good sinterability as long as the sintering temper-
ature exceeds the melting temperature of Cu.

In general, the densification is mainly achieved through solid-
phase diffusion when W–15% Cu samples were sintered at temper-
ature below the melting temperature of Cu. Therefore, it is quite
difficult to obtain high density samples at 1050 �C because of the
immiscibility between W and Cu. This point can be confirmed by



Table 1
Relative density, thermal conductivity and Vickers microhardness of W–15% Cu
samples microwave sintered at different temperatures for 25 min.

Sintering
temperature (�C)

Relative
density (%)

Thermal
conductivity (W/
m K)

Vickers
microhardness
(HV)

1050 88.1 140 235 ± 5
1150 93.5 179 325 ± 5
1200 97.2 187 347 ± 5
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Fig. 7a, where a few aggregated Cu particles can be observed
around the W particles, as identified by the EDS. When W–15%
Cu samples were sintered at temperatures above the melting tem-
perature of Cu, the Cu particles became liquid-phase and the dom-
inant sintering mechanism changed into W particle rearrangement
[10]. Due to the capillary force and surface tension of Cu-liquid
phase, the W particles rearranged promptly and high density W–
15% Cu samples can be attained. Fig. 7b and c show the microstruc-
tures of W–15% Cu samples sintered at 1150 and 1200 �C. It can be
seen that the samples were densely compacted and the net-like Cu
phase is homogeneously distributed around the very fine W parti-
cles. These results indicate that the fine particle size and the well-
dispersed W/Cu in the composite powders are beneficial to the for-
mation of Cu network throughout the whole structure. The W grain
size distribution of the above three samples was conducted by
counting all grains in the image region from SEM of the fracture
surface in Fig. 7a–c and shown in Fig. 7d. At the sintering temper-
ature of 1050, 1150 and 1200 �C, the average grain sizes of W phase
are about 300, 400 and 600 nm, respectively. This indicates that in-
crease of sintering temperature will greatly increase the grain size
of W phase.

In Table 1 it was also listed the thermal conductivity of W–15%
Cu samples, which increases with the sintering temperature. When
the consolidated temperature is 1200 �C, the thermal conductivity
Fig. 7. SEM micrographs of fractured-surface of the samples sintered for 25 min. (a) 1050
reaches up to 187 W/m K, which is higher than that of 1150 �C
sintered sample (179 W/m K) and 1050 �C sintered sample
(140 W/m K). According to the results of relative density and
microstructure (Fig. 7) of W–15% Cu samples, the large thermal
conductivity in the samples sintered at 1150 and 1200 �C may be
owing to the higher density and the formation of Cu network, both
of which would result in the higher thermal conductivity. But the
thermal conductivity is a little lower than the theoretical value of
223 W/m K for W–15% Cu samples, because there are still about
3% pores in the sintered samples, which may hinder the heat trans-
fer to some extent.

As listed in Table 1, the Vickers microhardness of the sintered
samples also increases with the sintering temperature. When the
sintering temperatures increase from 1050 to 1200 �C, the Vickers
microhardness increase from 235 to 347 HV. The variation of the
Vickers microhardness with the sintering temperature can be
understood in terms of the relative density.
4. Conclusions

In the present study, W–15% Cu composite powders were syn-
thesized by a sol–gel process using citric acid (CA) as chelating
agents, combining with the reduction of the oxide powders. It
was found that the reduction temperature of 750 �C and reduction
time of 2 h is the optimum condition for preparing pure W and Cu
phases in the flowing hydrogen and argon. The particle size of such
powders is in the range from 100 to 400 nm and in each particle
the W and Cu phases were seemingly mixed homogeneously in
the nanometer scale. Such composite powders exhibit good sinter-
ability if the sintering temperature exceeds the melting tempera-
ture of Cu. After microwave sintering at 1200 �C for 25 min, the
W–15% Cu composite samples exhibit a relative density of about
97%, Vickers microhardness of 347 HV and thermal conductivity
as high as 187 W/m K.
�C, (b) 1150 �C, and (c) 1200 �C. (d) The distribution of W grain size in these samples.
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