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Abstract. This work reports an investigation about the influence of the environment of milling on the 
characteristics of the powders and on the structure and density of sintered samples made of these 
powders. Mixtures of composition W-30wt%Cu were milled for 51 hours in a high energy planetary 
mill in dry and wet (cyclohexane) conditions. The milled powders have composite particles. The 
powders were pressed and sintered at 1050º, 1150º and 1200ºC under flowing hydrogen. The 
isothermal times were 0 minutes for the first two temperatures and 60 minutes for the latter. The 
samples reached around 95% of relative density. The powders were characterized by means of XRD 
and SEM. The sintered samples were characterized by means of SEM, optical microscopy and density 
measurement. 
 
Introduction 
The W-Cu pseudo-alloy is used in electric contacts and welding electrodes[1-3]. This material is a 
metal-metal composite in which tungsten contributes with high resistance to arc welding, arc erosion 
and high melting point, while copper contributes with high electric conductivity, good thermal 
conductivity. The properties of this material can be adjusted by a proper chose of its composition. For 
example, the thermal expansion coefficient can be adjusted to meet those of materials used as 
substrates of semiconductor devices. So, W-Cu can also be used as heat sinks and microwave absorbers 
in microelectronic devices[4]. 

Powder injection molding and sintering are techniques that can be applied to produce W-Cu 
finished parts of complex formats. However, the W-Cu system is difficult to sinter due to the high 
contact angle of liquid copper on tungsten and the mutual insolubility of both phases. Therefore, dense 
structures are not achieved by the conventional method of powder preparation. 

Different methods have been tried to increase the sinterability of W-Cu: conventional ball 
milling[5,6], mechanical-thermal-chemical methods[7,8], particle coating[9], oxide co-reduction[10] 
and mechanical alloying or high energy milling[11-15] (HEM). HEM has attracted interest due to its 
ability to produce dense and homogeneous sintered structures with very fine tungsten grains. The 
powders produced by HEM have composite particles with submicron to nanometric tungsten grains. 
Below the copper melting point, the composite particles significantly sinter in solid state[16]. There are 
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different descriptions to this sintering process: sintering of W particles and Cu diffusion out of the 
composite particles[17]; sintering of the composite particles to increase the Cu-Cu contact[18,19].  

The mechanism of solution-reprecipitation[20] does not occur in the sintering of W-Cu due to the 
lack of solubility of the phases. Kim et al.[21] describe the sintering of W-Cu composite powders as 
two rearrangement steps. For composite powders dry milled, the second rearrangement step does not 
happen (fragmentation of the composite particles and homogenization of the structure)[22]. 

In this work, W-Cu powders were high energy milled in dry and wet to investigate the influence 
of this milling condition on the powder characteristic and on the density and structure of sintered 
samples. 

 
Experimental Procedure 
The tungsten and copper powders were supplied by WOLFRAM GnbH (Austria) and Metalpó Ind. 
Com. (Brazil) respectively. Figs 1(a-b) show the W and Cu powders. The mean particle sizes of the as 
supplied powders are 0.78µm (informed by producer) and 28µm (determined by LASER scattering) for 
W and Cu, respectively. 

 

(a) (b)

Figure 1. SEM micrographs of the tungsten (a) and copper (b) powders. 
 

Powders with composition W-30wt%Cu were milled under high energy. A FRITSCH Pulverisetti 
7 planetary mill model was used to mill the powders. This is a high energy mill that works with a 
combination of two inverse rotation movements. The bowls rotate around their axis while the plate on 
top of which they are installed rotates in contrary direction. This coupled movement generates strong 
alternate forces that throw the milling media against the wall of the bowl. Due to this particular 
movement, it is not possible to point a characteristic milling velocity to the process. The equipment 
uses a proprietary scale for milling intensity from 0 to 10. The intensity 5 was used in all experiments. 
The milling media and the bowl lining are made of hard metal. 

Two powders were prepared. One was dry milled (air) with a powder weight to milling media 
weight ration (PWTMMWR) of 1:3 and another was milled under cyclohexane with PWTMMWR of 
1:2.5. Both powders were milled for 51 hours, but the process was interrupted after 2 and 25 hours to 
collect samples. Dry milling agglomerates the powder. After milling the powder was fragmented and 
passed through a screen of 80 mesh. The wet milled powder was dried in a rotative evaporator. These 
powders were characterized by means of SEM, EDX, DRX and particle mean size by LASER 
scattering. 

All powders were pressed in a cylindrical steel die under single action pressure of 210MPa. The 
green relative densities of the dry and wet milled powders were measured. The green samples were 
sintered in a resistive tubular furnace under hydrogen flow at 1050º, 1150º and 1200°C. The isothermal 
times were 0 minutes for the first two temperatures and 60 minutes for the latter. After this time, the 
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furnace is turned off and the samples cool down inside the furnace under the same hydrogen 
atmosphere. The heating rate is 10°C/min. After sintering, the density was measured (length and 
diameter measured by a caliper). Three samples were sintered in each temperature. The density is 
presented as the mean ± the standard deviation. The samples were mounted and polished for 
observation under SEM. 

 
Results and Discussion 
The most apparent difference between the dry and wet powders is their state of agglomeration, as 
shown in Figs. 2(a-b). During milling, a layer of powder is formed at the wall and becomes thicker as 
milling proceeds. Therefore, the mobility of the particles in this kind of milling is not high, since an 
increasing amount of powder is static. After 2 hours of milling, the layer has not been formed, but after 
25 hours all the powder volume is firmly adhered at the wall. Then, during long part of milling, the 
media collides only against the fraction of particles that are in the upper layer of powder. Actually, the 
intensity of milling seems not to be high, since the particles below the top of the layer are not directly 
hit by the milling media. After milling, the powder layer had to be broken. The fragments of the 
powder layer are shown in Fig. 2(a).  

In the case of the wet milled powder, the particles remain during all the time in suspension in the 
liquid. Occasionally, the particles are hit by the milling media. The frequency of such collisions and the 
milling time determine the characteristics of the powder. Fig. 2(b) shows small agglomerates formed 
during evaporation of the cyclohexane. It must be noticed that the particles of the wet milled powder do 
not resemble any of the original powders. HEM is able to join W and Cu particles with the energy of 
the collisions, resulting in particles containing both phases in a hard strained state, the composite 
particles.  

 

  

(b)(a)

Figure 2: SEM micrographs of particle agglomerates of the dry milled (a) and of the wet milled 
powders (b). Both milled for 51 hours. 
 

The mean particle size of the dry milled powder is 9.81µm and the mean size of the wet milled 
one is 3.40µm. These values reflect basically the agglomeration produced by dry milling and hat 
produced during drying of the wet milled powder. The true size of the composite particles formed 
under each milling condition can be obtained only if a complete de-agglomeration of the powders is 
done prior to measurement.  

Contamination of the powders occurs commonly during HEM. It is caused by the wear of the 
milling part (media and bowl lining). In this case, milling media and bowl lining are made of hard 
metal. Contamination is not expected, but this must be checked because the presence of Co in the 
powder even in small amounts can significantly influence the sintering kinetics and structure. EDX 
analysis did not detect contamination in both powders, as shown in Figure 3.  
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Figure 3: EDX analysis of the dry milled powder for 51 hours. Co contamination did not occur. 

 
The actual intensity of milling can be measured by the damage it caused to the crystal lattice. 

During HEM, the lattices are severely strained. Thus the measurement of the lattice strain and of the 
coherent crystallite size (CCS) can be used with this objective. Figures 4(a-b) show the curves of lattice 
strain and coherent crystallite size for Cu and W in the powders milled under wet and dry conditions. 
The lattice strain parameter is more sensitive to the different milling conditions. During milling, the 
CCS drops rapidly to achieve a constant level. The CCS for Cu and W in both milling conditions are in 
the range of 100Å to 200Å after 51 hours, but the reduction of the CCS occurs after few hours of 
milling. 
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Figure 4: Lattice strain (a) and coherent crystallite size (b) of Cu and W in the dry and wet milled 
powders as function of the milling time. 

 
The lattice strain has a different behavior. It continues to increase even after 51 hours of milling 

for both phases and milling conditions. Furthermore, there is a distinct strain between Cu and W 
strains. The Cu lattice strains more than that of W. This result agrees with the behavior of Cu and W 
during HEM reported elsewhere[17,18,21]. The effect of wet and dry milling on the lattice strain is not 
as clearly seen. The strain of Cu is higher for dry milling, while the inverse is shown for W, except for 
51 hours, as the strains are comparable.  

Table I shows the density of the structures prepared with both powders sintered at different 
temperatures. Both powders sintered at 1200°C achieved the same density, which is a quite high value 
for this kind of material. The green density of the dry milled is higher because this powder is coarser. 
At 1050°C, below the copper melting point, a significant densification in both powders is seen. This is 
outstanding for solid state sintering in W-Cu. After the melting of copper, density increases rapidly, but 
densities above 90% are reached if temperatures much higher than the Cu melting point are used. 
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Table I: Green and sintering relative density of the samples prepared with the dry and wet milled 
powders. 

Sintering relative density (%) Samples Green relative 
density (%) 1050°C 1150°C 1200°C 

Dry milled 60.0 ± 1.0  71.0 ± 0.5 - 95.0 ± 1.0 
Wet milled 53.0 ± 1.0 63.0 ± 1.0 82.0 ± 0.5 95.0 ± 1.0 

 
Although comparable densities were reached for both powders sintered at 1200°C, their structures 

look very dissimilar, as shown in Figs. 5(a) and 6(a). The structure of the sample prepared with the wet 
milled powder for 51 hours is rather homogeneous, with small dark fields (Cu pools). The structure of 
the samples prepared with the dry milled powder for the same time, on the other hand, has large Cu 
rich regions that surround large gray regions. The shape of the region looks like the composite particles 
resulting of the de-agglomeration of the powder layer formed during milling, as shown in Fig. 2(a). The 
strength of the layer is high enough to resist the pressing and the capillary forces of sintering.  

 

  

(a) (b)

Figure 5: SEM micrograph of the sample prepared with the wet milled powder after sintering at 
1200ºC. (a) low magnification image showing small Co spots in the structure and (b) high 
magnification image showing the small tungsten particles. 
 

  

(a) (b)

Figure 6: SEM micrograph of the sample prepared with the dry milled powder after sintering at 
1200ºC. (a) low magnification image showing small Co spots in the structure and (b) high 
magnification image showing the small tungsten particles. 
 

When copper melts, the liquid leaves the composite particles and infiltrates the interstices. The 
composite particles neither fragment nor change the shape. The tungsten particles build a skeleton that 
remain stable during the whole process. Figs. 5(b) and 6(b) are high magnification images of the 

Seventh International Latin American Conference on Powder Technology, November 08-10, Atibaia, SP, Brazil

392

392



structures. The small tungsten particles immerse in a copper matrix is seen. The W particles have the 
same size in both structures. Nevertheless, small chain of particles can be seen in the structures. These 
chains can for a skeleton that keep the shape of the agglomerates of W particles unchanged. Structures 
prepared with the dry milled powder need long sintering time to achieve homogeneity. 

 
Conclusions 

The milling environment used in high energy milling (wet and dry milling) influences the 
characteristics of the milled powder and the structure of the sintered samples. 

The milling intensity does not differ significantly, but dry milling produces a well compacted and 
resistant layer of particles, while wet milling results in loose powder. Both milling conditions form 
composite particles, but those particles produced by dry milling do not fragment during sintering and 
the structure presents agglomerates of tungsten particles with the shape of the composite particles, 
surrounded by copper. This suggests that copper that was in the composite particles infiltrated the 
porosity. 

In spite of the differences between the structures, the sintering density comes to the same value 
after sintering at 1200ºC. 
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