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Summary:

W-Cu composites are promising materials for the heat-sink application used
in microelectronic devices due to the characteristics of low thermal expansion
coefficient of W and high thermal conductivity of Cu. The content of Cu
should be less than 20wt% to sustain the thermal expansion coefficient
similar to that of semiconductor. For the heat-sink applications, the fabrication
process of W-15wt%Cu composite was investigated. The fine and
homogeneous oxide composite powders were fabricated by high-energy ball
milling method and nano-sized W-Cu composite powders were produced with
reduction process at various temperatures. The reduction characteristics and
microstructure were analysed through XRD, SEM, EDS and TEM. The W-Cu
nanocomposite powders fabricated by reduction process exhibited high
sinterability resulted from the refinement of W grain size, homogenization and
full densification of W-Cu composite.
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1. Introduction:

W-Cu composites can be used for electrical contact materials, shape charged
liner and heat-sink materials because of high arc resistance, specific gravity
and low thermal expansion coefficient of W and high thermal, electrical
conductivity and ductility of Cu (1-4). However, the W-Cu composites are
difficult to fabricate homogeneously and densely because they have no
mutual solubility and their contact angle is very large (5-6). To fabricate fully
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dense W-Cu composites, many researches have been advanced in two
directions. One is so-called activated sintering process (7). Activators
promote solution-reprecipitation of W (8), lead formation of intermetallic
compounds with W (9), and diminish contact angle of Cu on W (10). The
other is mechanical alloying (11) or high-energy ball milling (12). All of them
improve sinterability of W-Cu with enhanced rearrangement of W was finer
and more homogeneous after milling.
Recently, reduction method of ball-milled W and Cu oxide powders has been
investigated (6, 13). WO3 and CuO powders are easy to mix and crush
because of the same specific gravity (WO3: 7.2 and CuO: 6.3g/cm3). The ball-
milled W03-Cu0 powders are entirely reduced over 700°C and the
characteristics of reduced W-Cu powders change with reducing conditions.
The reduced W-Cu powders have a cored structure, which is the middle of Cu
enclosed by fine W particles. This cored structure form because W oxides are
reduced step by step like the following on the surface of metal Cu reduced
under 300°C as nuclei. Using the reduced W-Cu powders, fully dense
sintered parts and more homogeneous sintered microstructures are
developed (13).

WO3+CuO -»WOs+Cu (300°C)
WO3+Cu -> WO29+Cu (380°C)
WO2.9+Cu -> WO2.9+ WO2.72+CU (500°C)
WO2.9+ WO2.72+Cu -> WO2+Cu (600°C)
WO2+Cu -> WO2+ W+Cu (650°C)
WO2+ W+Cu -> W+Cu (over 700°C)

In Lee's result (13), however, the reduced W-Cu powder at 980°C was high
reduction temperature was finest and the rearrangement of that powder was
finished at the lowest temperature, 1200°C, in liquid phase sintering. But the
optimum reduction temperature would be changed by reduction conditions,
such as dew point and flow rate of H2 gas, bed height, grain and
agglomerated particle size of ball-milled powder and so on.
In our experiment, aspects of ball-milled and reduced powders were observed
after high-energy ball milling and the sinterabilities of these powders were
evaluated with the grain size of reduced powders in low Cu composition,
15wt%Cu. Also, the reduction process was estimated through evaluation of
sintered microstructures and densities.
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2. Experimental procedure:

WO3 and CuO powders were ball-milled in 400rpm for 1h by Simoloyer (Zoz
GmbH, CM01), which is a horizontal typed mill. The ball was made of
stainless steel and the size of that was 5mm. Ball to powder ratio was 16:1.
The characteristics of raw powders were indicated in Table 1 and the
morphologies of them were shown in Fig. 1. Milling atmosphere was argon
and milling chamber size was 21.

Table 1. Characteristics of raw powders.

Mean particle size
gram size

Purity
Vendor

WO3

21jim

<100p.m
99.94%

Korea Tungsten
TaeguTec Ltd.

CuO
10um
1~2!im
99.9%

Japan High Purity
Chemicals

remarks
by vendor

Fig. 1. SEM morphologies of (a) WO3 and (b) CuO.

The ball-milled W03-Cu0 powder was sieved with 325 meshes grid. The
sieved WO3-CuO powder was reduced at 780 and 820°C for 30min in dry
hydrogen with the steps of 250 and 650°C for 30min respectively.
The reduced powders were compacted under 20MPa in cylindrically shaped
die. The compacted parts were liquid-phase-sintered at 1150 and 1250°C for
1 h in wet hydrogen. The heating and cooling rate below 1000°C were
10°C/min and those were 5°C/min above 1000°C.
The ball-milled and reduced powders were analyzed through XRD, SEM and
TEM and the sintered density was measured through Archimedes' principle.
The sintered microstructures were observed through SEM.
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3. Results and discussion:

The WO3 powder was not agglomerated and the grain size distribution was
broad comparatively. But the CuO powder was very hard agglomerated and
the grain size distribution was narrow. In fig. 1, the shape of WO3 powder is
faceted polygon and that of CuO powder is irregular form.

Fig. 2. TEM morphologies of ball-milled powder.

The mean grain size of ball-milled WO3-CuO powder was around 60nm
calculated through Hall-Williamson equation with full width at half maximum of
XRD peaks. However, that of ball-milled WO3-CuO powder was below 100nm
and the grains below 10nm were distributed and agglomerated as the result
by TEM. Fig. 2 is shown the grain size and agglomeration of ball-milled WO3-
CuO powder. In our pre-experiment, increasing the ball-milling time, the grain
size of ball-milled W03-Cu0 powder decreased to 13nm after 30h in WO3-
CuO system (W-25wt%Cu).
Fig. 3 is the XRD pattern of ball-milled W03-Cu0 powder and reduced W-Cu
powder at 780°C. The oxides peak was smoothed after ball-mill due to the
grain size refinement. After reduction, the XRD peaks of only W and Cu
appeared.
The ball-milled WO3-CuO powder was reduced on three steps with 10°C/min
of heating rate in dry hydrogen. The first and second step temperature was
250 and 650°C respectively and the final step temperature was 780 or 820°C.
Each temperature was maintained for 30min respectively. Fig. 4 is shown the
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cross-sectioned morphologies of the reduced powders. The reduced powder
at 820°C was finer than that at 780°C. The sizes of reduced powders at 780
and 820°C were about 2 and IJJJTI respectively.
If the reduction temperature was lower, the reduced powder should be finer.
In Lee's work, however, the reduced powder was finest at 980°C between 780
and 1060°C due to variation of H2/H2O partial pressure, which affects the
chemical vapor transport and diffusion controlled mechanism (12).
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Fig. 3. XRD patterns of ball-milled and reduced powders

The first step of the reduction of W03-Cu0 powder was CuO^Cu+O under
300°C and WO3 was reduced around metal Cu like a core in the following
step between 300 and 700°C. Fig. 4 is shown the cored structure of the
reduced powder. Fig. 5 is shown the distribution of W and Cu with EDS
mapping. The center is Cu and the surroundings is W of nanoparticles.

Fig. 4. SEM morphologies of cross-sectioned powder reduced at
at (a) 780 and (b) 820°C
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Fig. 5. EDS mapping of cross-sectioned powder reduced
at (a) 780 and (b) 820°C

Fig. 6 is shown the sintered relative density with the reduction and the
sintering temperature. The relative density was increased with the sintering
temperature and the rearrangement of W is considered to be insufficient for
full densification on 1150°C. In the higher temperature, 1250°C, the reduced
powder at 820°C was fully densified because the size of reduced powder and
the W grain at 820°C was smaller than those at 780°C in the densification. It
is considered that the rearrangement of W particles was more active due to
finer particle size of W particle. The sintered density of reduced powder at
820°C was over 99%.
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Fig. 6. Relative Density with reduction and sintering temperature.
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The fine pore could be able to observe in the sintered microstructure. Fig. 7 is
shown the back scatted electron image of the sintered part. In Fig. 7 (a), (b)
and (c), micro-pore was observed. However, in Fig. 7 (d), the pore could not
be able to observe. The W grains of sintered part after reduction at 820°C
were larger than that at 780°C and the size of W grains were increased with
increment of sintering temperature.
The fine reduced W and composite particle were good to density during the
rearrangement. It is considered that the end temperature of rearrangement
was over 1150°C as shown in Fig. 7 (a) and (b).

Fig. 7. Back scattered electron images of sintered microstructure
at (a) and (b) 1150°C after reduction at 780 and 820°C, (c) and (d) 1250°C

after reduction at 780 and 820°C respectively.
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4. Conclusions:

The grain size of ball-milled oxide powder mixed homogeneously was about
60nm and the reduced powder size was 1~2|j,m. The W particle size of the
reduced powder was very fine with nano size. The reduced powder was
spherical and the middle was Cu and the surroundings was W. The reduced
powder at 820°C was finer than that at 780°C and the sintered density of
reduced powder at 820°C was higher than that at 780°C. The reduction
temperature affected the sintered density and microstructure because the
size of reduced powder was varied with the reduction temperature.
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