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Abstract: In this work, a study of the influence of the starting materials and the processing time 
used to develop W/Cu alloys is carried out. Regarding powder metallurgy as a promising 
fabrication route, the difficulties in producing W/Cu alloys motivated us to investigate the 
influential factors on the final properties of the most industrially demanding alloys: 85-W/15-Cu, 
80-W/20-Cu, and 75-W/25-Cu alloys. Two different tungsten powders with large variation among 
their particle size—fine (Wf) and coarse (Wc) powders—were used for the preparation of W/Cu 
alloys. Three weight ratios of fine and coarse (Wf:Wc) tungsten particles were analyzed. These 
powders were labelled as “tungsten bimodal powders”. The powder blends were consolidated by 
rapid sinter pressing (RSP) at 900 °C and 150 MPa, and were thus sintered and compacted 
simultaneously. The elemental powders and W/Cu alloys were studied by optical microscopy (OM) 
and scanning electron microscopy (SEM). Thermal conductivity, hardness, and densification were 
measured. Results showed that the synthesis of W/Cu using bimodal tungsten powders significantly 
affects the final alloy properties. The higher the tungsten content, the more noticeable the effect of 
the bimodal powder. The best bimodal W powder was the blend with 10 wt % of fine tungsten 
particles (10-Wf:90-Wc). These specimens present good values of densification and hardness, and 
higher values of thermal conductivity than other bimodal mixtures. 

Keywords: tungsten-copper alloys; microstructure; Rapid Sinter Pressing (RSP); thermal conductivity 
 

1. Introduction 

Tungsten-copper (W/Cu) alloys offer a desirable combination of properties, such as a low 
coefficient of thermal expansion (CTE) and high melting point from W, and a high thermal 
conductivity from Cu. They have been developed and used over a wide range of applications, such 
as high-voltage electrical contacts, heat sinks, and electronic packaging [1–3]. 

From a manufacturing point of view, the preparation of W/Cu alloys presents several difficulties 
in obtaining a uniform microstructure with high density. Due to large differences in CTE, density, melting 
point, and the lack of mutual solubility, these alloys are appropriate candidates for manufacture 
using powder metallurgy (PM) technology. High sintering temperature and long holding time are 
required in conventional PM methods, causing grain coarsening. This can also result in Cu leaching 
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out from the W skeleton, contributing to Cu segregation [4–7]. Non-homogenous microstructure and 
poor behaviour of the final product are common when using traditional PM methods. 

The homogenous distribution of W and Cu was recognised as the key issue in obtaining specimens 
with desirable properties, such as high thermal conductivity, low CTE, and high density [8,9]. However, 
the main problem has been the development of a uniform skeleton of W after the consolidation 
process. In particular, the liquid sintering state of the Cu particles and the infiltration of the Cu in 
such skeletons is affected by the homogenous distribution of the holes in the W skeleton [10–14]. 

It has been widely established that the powder selection of the starting materials can contribute 
to enhancing the final properties of the W/Cu products [15–17]. 

Regarding that, in the present study, the 85-W/15-Cu, 80-W/20-Cu, and 75-W/25-Cu alloys have 
been synthesized from fine copper particles and several tungsten blends made from two types of W 
powders, which presented a relevant difference between their particle sizes. In this context, the use 
of such tungsten blends could contribute to improve the uniformity of the alloys’ microstructures 
and to enhance their properties, such as hardness and densification. 

With the goal of guaranteeing the reduction of the holding time, rapid sinter pressing (RSP) has 
been presented as a novel technique to fabricate W/Cu specimens. The benefit of this manufacturing 
method has been proven by the short time employed to produce dense and compact specimens [18]. 

This paper aims to simplify the manufacturing process of W/Cu alloys (85-W/15-Cu, 80-W/20-
Cu, and 75-W/25-Cu) from fine Cu and W bimodal powder combinations under several processing 
conditions to create W/Cu specimens with homogeneous microstructures and enhanced densification, 
hardness, and thermal conductivity. 

2. Materials and Methods 

2.1. Materials 

The selection of Cu powder was based on previous research, which recommended the use of 
fine Cu particles to synthesize W/Cu alloys with suitable properties [10,18]. This Cu powder was 
produced by a special classifying process of powder generation with median (d50) particle size  
(<20 µm). Two types of W powders were chosen according to their average particle size: a fine (Wf) 
and a coarse (Wc) powder, supplied by Wolfram Bergbau & Hütten AG. 

A characterization of the starting powders was performed, verifying the information about their 
morphology and particle size supplied by the manufacturers. Particle size distribution for the starting 
powders was measured by laser diffraction analysis (Mastersizer 2000, Malvern, Worcestershire, 
UK), resulting in a median (d50) of 5.45 µm and 15.39 µm of d90 for Cu powder. The d50 particle sizes 
of the fine W (Wf) powder and the coarse powder (Wc) were 8.45 µm and 30.73 µm, respectively. 
Additionally, the d90 particle sizes were 26.50 µm and 69.05 µm, respectively. A morphological study 
of the powders was carried out. All the scanning electron microscopy (SEM) images of these powders 
were taken by a JEOL 6460LV microscope (Tokyo, Japan), equipped with an energy dispersive X-ray 
spectroscopy (EDS) detector. Their morphologies are shown in Figure 1. The Cu powder presents the 
finest particles (see Figure 1a). Concerning the W powders, both show a faceted morphology (see 
Figure 1b,c). In the case of Wf, some particle agglomeration is observed. 

 
Figure 1. Secondary Electron-SEM images of the starting powders: (a) Cu powder; (b) Coarse W 
powder (Wc); (c) Fine W powder (Wf). 
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2.2. Methods 

Three weight ratios (%) of fine and coarse W particles (Wf:Wc) were evaluated in order to study 
the effect of W particle size on the specimens’ behavior [19]. These powder blends were named 
“bimodal powders”. Three W/Cu alloys 85-W/15-Cu, 80-W/20-Cu, and 75-W/25-Cu were produced 
from the Cu powder and bimodal powder blending (see in Table 1). 

Table 1. Different weight ratios (wt %) of the W bimodal powder combinations (Wf:Wc) for the 
produced W/Cu alloys. 

Alloy 85-W/15-Cu 80-W/20-Cu 75-W/25-Cu 
Wf:Wc (%) 10:90 20:80 30:70 10:90 20:80 30:70 10:90 20:80 30:70 

Blending was performed in a Sintris mixer for 1 h. Then, the powders were compacted by RSP 
(see Table 2). A self-made hot pressing machine was utilized (rapid sinter pressing equipment of 
RHP-Technology GmbH & Co. KG, Seibersdorf, Austria). The operation of the RSP device—which 
uses a permanently heated steel tool—is illustrated in Figure 2. 

The specimens—which were precompacted in an automated cold press at 170 MPa for 10 s (see 
Figure 2, step 2)—were placed into the hot die (see Figure 2, step 4). To avoid reaction between the 
die and the specimens, a protective coating of boron nitride (BN) was applied to the specimens’ 
surface. Before the hot compaction, there was a degasification of the full die. The time of this 
degasification stage was also considered as a processing parameter to be studied (5 or 10 s). The hot 
consolidation process was performed at 900 °C and 150 MPa sintered/compacted simultaneously at 
15 bar/s for 30 s, 60 s, and 90 s. 

 
Figure 2. Scheme of the cold consolidation and the rapid sinter pressing processing of the W-Cu alloys. 

After hot consolidation, sintered samples were ejected and characterized. Table 2 shows the 
different time parameters which were tested in the experiments. Regarding the process temperature, 
there was a technical limitation in the equipment; deformation was observed on the specimens at 
higher temperatures. 

Table 2. Rapid sinter pressing (RSP) time processing parameters tested. 

Degasification Time (s) Hot Consolidation Time (s) 
5, 10 30, 60, 90 

2.3. Characterization of the Specimens 

To study the microstructure of the specimens, metallographic preparation for all samples was 
performed. Optical microscopy (OM, Nikon Model Epiphot 200, Tokyo, Japan) and SEM (Jeol 4640) 
were used to study the morphology of the specimens’ microstructure. Furthermore, the elemental 
compositions of the specimens were examined by EDS. Densities of the specimens were determined 
by Archimedes´ method, and three tests were carried out for each sample. Hardness measurements 
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were conducted on polished surfaces using a Vickers hardness tester (HV2-Struers Duramin-A300, 2 
kg applied load); five values were obtained for each material. The thermal conductivity (λ) of several 
specimens was calculated using the estimated specific heat capacity (Cp), the measured thermal 
diffusivity (α), and the measured density (ρ) of the specimens, as follows [20]: 

λ = α·ρ·Cp (1) 

using known specific heat capacities for pure W and Cu, being Cp(W) = 0.134 kJ/kg·K and Cp(Cu) = 
0.386 kJ/kg·K [21]. The thermal diffusivities were obtained by the laser flash method at room 
temperature (LaserJet (LFA1250/1600)), employing cylindrical samples with a diameter of 20 mm; 
three measurements were made for each sample. 

3. Results and Discussion 

3.1. Microstructure Characteristics 

As described by previous authors in liquid phase sintering processes, copper powder began to 
melt during the manufacturing. Due to the capillary force and the action of surface tension, the liquid 
copper phase coated the surface of the tungsten particles. If copper cannot effectively fill the gaps 
among tungsten particles, blind holes are formed [22]. In the present work, the temperature was 
raised up to 900 °C for 30, 60, or 90 s in order to obtain solid-phase sintering. Therefore, the fluid 
copper could not fill the pores of the tungsten skeleton. 

If a good dispersion could be achieved between copper and tungsten particles, the consolidated 
specimens would exhibit excellent thermal conductivity properties due to the formed copper 
network. If not, undesirable empty zones may appear between tungsten particles where copper is not 
present. 

From this point of view, and in order to achieve a correct dispersion, a bimodal tungsten powder 
is used to avoid lack of copper between large W particles. Homogeneously-distributed small and 
large particles can contribute to obtaining uniform microstructures in the W/Cu alloys. 

Firstly, the microstructures have been considered according to the weight percentage (wt %) of 
copper. Concerning the microstructure of the 85-W/15-Cu alloys, the influence of the fine tungsten 
powder (Wf) is more significant than in the other alloys, due to the large amount of tungsten that this 
alloy presents. In Figure 3, the variations of the particle size of the tungsten powder can be seen for 
the microstructures obtained from 85-W/15-Cu alloys made from the three W bimodal powders 
under the same manufacturing conditions (900 °C, 150 MPa, 10 s for degasification and 90 s for hot 
consolidation time). 

 
Figure 3. Secondary Electron-SEM images of 85-W/15-Cu alloys prepared from three powder mixings: 
(a) 10-Wf:90-Wc; (b) 20-Wf:80-Wc; (c) 30-Wf:70-Wc. 

In the microstructures shown in Figure 3, slight agglomerations of the fine tungsten particles 
(Wf) could be generally observed. This phenomenon is more pronounced in the 85-W/15-Cu alloy 
with tungsten powder that has been prepared from 30-Wf:70-Wc (see Figure 3c). This appreciation is 
based on optical and electron microscopy images. In Figure 3a,b, small and isolated particles of 
tungsten could be identified separated from the coarse ones. These agglomerations occurred in spite 
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of the previously optimized mixing stage; a more in-depth study could be performed to study the 
mixing effect. 

Furthermore, the microstructure images reveal that agglomerations of fine W particles could 
affect the behavior of the specimens, reducing their densification. Squeezing and contact between 
tungsten particles could cause blind holes that copper cannot effectively fill. This is consistent with 
literature that reports that the formation of blind holes decreases as the copper content increases [22]. 
Therefore, the alloy with 85 wt % of W could have a higher number of blind holes than the other 
alloys with 80 wt % and 75 wt % of tungsten. Among 85-W/15-Cu alloys, the specimens from bimodal 
powders of 10-Wf:90-Wc and 20-Wf:80-Wc showed less closed voids (see Figure 3). 

Figure 4 reveals the microstructure of the 85-W/15-Cu alloy from the bimodal powder with the 
highest content of coarse tungsten particles (10-Wf:90-Wc). The light grey and dark grey colors 
indicate W and Cu phases, respectively. EDS analysis in Spot 1 and Spot 2 illustrate this in  
Figure 4b,c, respectively. Additional impurities from the metallographic preparation are detected as 
observed in Spot 3 (see Figure 4d). In Figure 4, a uniform distribution of Cu is not observed between 
the large areas of W. However, slight connectivity between the Cu regions can be seen. Moreover, no 
residual porosity can be easily identified in Figure 4a. This specimen was manufactured under 10 s 
of degasification time and hot pressed for 90 s. From the perspective of the processing route, these 
parameters may be the best consolidation times to achieve the lowest porosity, and therefore the 
maximum densification. 

 
Figure 4. (a) Back Scattered Electron-SEM image of 85-W/15-Cu alloy from W bimodal powder  
10-Wf:90-Wc powder produced under 10 s for degasification and 90 s for hot consolidation; (b) energy 
dispersive X-ray spectroscopy (EDS) spectrum in Spot 1 (W phase); (c) EDS spectrum in Spot 2  
(Cu phase) and (d) EDS spectrum in Spot 3 (impurities from metallographic preparation). 

The microstructures of the specimens from 80-W/20-Cu alloys showed good homogeneous 
distribution of the fine tungsten particles (Wf). Figure 5a shows the microstructure of this alloy from 
the bimodal powder 10-Wf:90-Wc processed with 10 s degasification and 90 s hot consolidation. 

Observing the effect of processing time on the microstructure of the specimens, short processing 
time could cause small pores in the copper region independently of the copper content, as shown in 
Figure 5b. 
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Comparing the SEM-images in Figure 4a and Figure 5a, there are slight differences apart from 
the Cu content. The higher the Cu content, the lower the agglomeration between the fine tungsten 
particles (Wf) and, therefore, the better the uniform microstructure of the specimens. At lower fine 
tungsten powder content, less agglomeration between particles occurs, as could be expected. 
However, the lowest amount of fine tungsten powder (10 wt %) enabled the enhancement of the 
densification. This is due to the fact that fine tungsten particles are able to enter into the pores of the 
W skeleton by the applied pressure during the pressing–sintering process [22]. 

 
Figure 5. (a) Back Scattered Electron-SEM image of 80-W/20-Cu alloys prepared from bimodal 
powder 10-Wf:90-Wc, degasification time 10 s and hot consolidation time 90 s; (b) Back Scattered 
Electron-SEM image of 85-W/15-Cu alloys prepared from bimodal powder 10-Wf:90-Wc, degasification 
time 10 s and hot consolidation time 30 s. 

A comparison between the microstructures of the three alloys produced at identical processing 
conditions (85-W/15-Cu, 80-W/20-Cu, and 75-W/25-Cu) can be done by studying the microstructures 
in Figures 4a, 5a, and 6b. Increasing the copper content up to 25 wt %. Leads to the formation of 
contacts between the copper areas, as can be seen in Figure 6b. This is desirable to enhance the thermal 
conductivities of the alloys. 

 
Figure 6. (a) Back Scattered Electron-SEM image of 75-W/25-Cu alloy prepared from bimodal powder 
30-Wf:70-Wc, degasification time 5 s, and hot consolidation time 90 s; (b) Back Scattered Electron-SEM 
image of 75-W/25-Cu alloy prepared from bimodal powder 10-Wf:90-Wc, degasification time 10 s and 
hot consolidation time 90 s. 

As previously mentioned, the higher the copper content, the smaller the agglomeration of the 
fine tungsten particles. In spite of the 30 wt % content of fine tungsten particles, the copper phase 
formed during the hot consolidation stage contributes to the dispersal of the fine tungsten particles 
(see Figure 6a). The blind holes were not observed, due to the homogenous distribution of the 
tungsten particles. These results agree with the literature reports [22]. 
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The degasification stage is necessary to exclude any moisture and discharge any adsorbed gases 
on the particles in solid stage. However, there is no influence of the degasification times (5 s and 10 s) 
on the microstructures of specimens (see Figure 6a,b). This can be attributed to the fact that both 
degasification times were too short to detect possible variations in the specimens’ microstructures. 

3.2. Densification and Hardness 

The values of the density and hardness measurements are divided considering the content of 
copper (wt %) of the specimens. These results are represented in Figures 7–9. In order to simplify the 
presentation of the data, the corresponding values for 60 s have not been included; they do not 
contribute to the discussion of the results. Theoretical densities are obtained from the rule of mixing 
for every alloy. 

Comparing the densification of the three alloys (85-W/15-Cu, 80-W/20-Cu, and 75-W/25-Cu), the 
higher the copper content, the higher the densification of the specimens. This is consistent with the 
literature [23,24]. Furthermore, the hardness of the specimens displays the opposite trend; the higher 
the tungsten content (wt %), the higher the hardness that the specimens present. 

The processing parameters strongly influence the behavior of the specimens, independently of 
the type of alloy. The effect of their variations can be seen in the values of densification and hardness. 
It is also verified that the increment of the hot consolidation time drives improvements in the 
densification, independently of the degasification time (5 s or 10 s); 90 s reaches the best values. 

Regarding the bimodal tungsten powder, the alloys made from 30-Wf:70-Wc generally offer 
lower properties than alloys made from 10-Wf:90-Wc powder. The effect of the agglomeration of fine 
particles may contribute to this decrement in specimens’ densification. However, these are better 
results than in alloys made from one type of W powder under similar conditions [18]. 

The range of densification values for each alloy is presented in the following. In samples from 
85-W/15-Cu, this range varies between 92.6% and 95.7%. These values are obtained with the use of 
30-Wf:70-Wc (degasification for 10 s and hot consolidation for 30 s) and 10-Wf:90-Wc (degasification 
for 10 s and hot consolidation for 90 s). 

The results of density and hardness in 80-W/20-Cu alloy are shown in Figure 8. The densification 
range oscillates from 94.67% to 97.34% in specimens with 30-Wf:70-Wc (degasification for 10 s and hot 
consolidation for 30 s) and 10-Wf:90-Wc (degasification for 5 s and hot consolidation for 90 s), 
respectively. 

Even the lowest bimodal value obtained at 900 °C is higher than the best relative density 
measured in specimens produced with one type of coarse W powder under the same processing 
method, except at 950 °C, hot consolidation for 80 s, and degasification for 5 s (92.7%). This means 
that the use of bimodal powder can contribute to reduce the processing temperature below 900 °C 
and to enhance the densification of the specimens. 

The densities and hardness of the 75-W/25-Cu alloy are shown in Figure 9. The relative density 
of the alloy made from 30-Wf:70-Wc (degasification for 10 s and hot consolidation for 30 s) and 10-
Wf:90-Wc (degasification for 10 s and hot consolidation for 90 s), increased from 94.9% to 98.4%. 

Moreover, a comparison between the graphs shows that under this procedure, the 80-W/20-Cu 
alloys manufactured present the more controlled densification values (narrower distribution, Figure 8). 

Comparing hardness values, specimens from monomodal W powders under the same 
processing method (at 950 °C, hot consolidation for 80 s, and degasification for 5 s) display dispersion 
between 155 up to 200 HV [18]; specimens from bimodal W powders from 177 to 212 HV (Figure 8). 
Therefore, the use of W bimodal powder at low processing temperature leads to the achievement of 
specimens with a suitable behavior. 



Materials 2017, 10, 142 8 of 11 

 

 
Figure 7. Hardness vs. density of 85-W/15-Cu alloy prepared from three different starting powder 
mixes and produced under different processing times: degasification times of 5 s and 10 s, in addition 
to consolidation times of 30 s and 90 s. 

 
Figure 8. Hardness vs. density of 80-W/20-Cu alloy prepared from three different starting powder 
mixes and produced under different processing times: degasification times of 5 s and 10 s, in addition 
to consolidation times of 30 s and 90 s. 

 
Figure 9. Hardness vs. density of 75-W/25-Cu alloy prepared from three different starting powder 
mixes and produced under different processing times: degasification times of 5 s and 10 s, in addition 
to consolidation times of 30 s and 90 s. 
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3.3. Thermal Conductivity 

The measurement of the thermal conductivity was performed only in specimens hot consolidated 
for 90 s, due to their good densification and hardness values. Furthermore, the alloys considered for the 
determination of their thermal conductivity were 85-W/15-Cu and 80-W/20-Cu, because of their industrial 
interest. Moreover, these two types of alloys may be more affected by poor contiguity of the copper 
particles. 

Thermal conductivity data are in agreement with the microstructure, densification, and 
hardness results described above, as seen in Figure 10. The alloys with the highest content of fine 
tungsten particles present the lowest values of thermal conductivity (30-Wf:70-Wc). This is related to 
the agglomeration of the particles in addition to the closed porosity observed in Figure 5. 

However, despite this issue, the advantage of using W bimodal powders is evident. In measured 
specimens of 80-W/20-Cu alloy with different bimodal powders, the thermal conductivity values rise 
up to 211 W/m·K. In a previous work with monomodal W powder, the maximum value measured 
for this type of alloy was 176 W/m·K [18] in specimens hot consolidated at 950 °C for 80 s and 
degasification time of 5 s. In the literature, the 80-W/20-Cu alloy made from Cu-coated W powder 
showed thermal conductivity values of 146 W/m·K [12]. 

 
Figure 10. Thermal conductivity of the specimens produced from the three bimodal powders hot 
consolidated for 90 s. 

4. Conclusions 

Several main conclusions can be drawn from this research. Regarding the raw materials 
processed at the same parameters by RSP, the microstructure of the specimens was directly 
influenced by the copper content. The 80-W/20-Cu alloys showed more homogeneous microstructure 
than 85-W/15-Cu and 75-W/25-Cu alloys. 

The higher the content of fine tungsten particles (Wf) in the bimodal powder, the larger the 
observed agglomeration. The best samples produced by bimodal W powders were made with 10 wt % 
of fine tungsten particles (10-Wf:90-Wc). These specimens present better values of densification and 
hardness, and higher values of thermal conductivity than other bimodal mixtures, considering the 
estimated average values. 

From a manufacturing point of view for the W/Cu alloys, 90 s is considered the best 
sinter/consolidation time, achieving better values of densification and hardness than 60 s and 30 s. 

The degasification time effect is not clearly identified in the final behaviour of the alloys. 
Compared to monomodal alloys, an appropriate selection of bimodal mixture can lead to an 

improvement in the final properties, even decreasing the processing temperature. 



Materials 2017, 10, 142 10 of 11 

 

Acknowledgments: This research did not receive any specific grant from funding agencies in the public, 
commercial, or not-for-profit sectors. The publication has been supported by Junta de Andalucía with project 
TIC-7528. Furthermore, the authors wish to thank Rayner Simpson for his assistance with the English translation. 

Author Contributions: All the authors have been collaborating with each other to obtain a high quality research 
work. Isabel Montealegre-Meléndez performed the materials selection, analyzed the data and designed the 
structure of the paper. Cristina Arévalo has been responsible of microstructure characterization for specimens 
and powders: optical and electron microscopy, and relation between processing parameters and materials 
properties. Eva M. Perez-Soriano has performed the metallographic preparation and the relation between 
processing parameters and materials properties. Erich Neubauer has optimized the equipment and applications. 
Michael Kitzmantel has controlled the fabrication process. Cristina Rubio-Escudero has done the references 
selection and analyzed the data.  

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Chen, P.; Shen, Q.; Luo, G.; Li, M.; Zhang, L. The mechanical properties of W–Cu composite by activated 
sintering. Int. J. Refract. Met. Hard Mater. 2013, 36, 220–224. 

2. Yang, X.; Liang, S.; Wang, X.; Xiao, P.; Fan, Z. Effect of WC and CeO2 on microstructure and properties of 
W–Cu electrical contact material. Int. J. Refract. Met. Hard Mater. 2010, 28, 305–311. 

3. Duan, L.; Lin, W.; Wang, J.; Yang, G. Thermal properties of W–Cu composites manufactured by copper 
infiltration into tungsten fiber matrix. Int. J. Refract. Met. Hard Mater. 2014, 46, 96–100. 

4. Johnson, J.L.; German, R.M. Chemically activated liquid phase sintering of tungsten-copper. Int. J. Powder 
Metall. 1994, 30, 91–102. 

5. Maneshian, M.H.; Simchi, A. Solid state and liquid phase sintering of mechanically activated W–20wt % 
Cu powder mixture. J. Alloys Compd. 2008, 463, 153–159. 

6. Hamidi, A.G.; Arabi, H.; Rastegari, S. Tungsten–copper composite production by activated sintering and 
infiltration. Int. J. Refract. Met. Hard Mater. 2011, 29, 538–541. 

7. Mondal, A.; Upadhyaya, A.; Agrawal, D. Comparative study of densification and microstructural 
development in W–18Cu composites using microwave and conventional heating. Mater. Res. Innov. 2010, 
14, 355–360. 

8. Lee, J.S.; Kim, T.H. Densification and microstructure of the nanocomposite WCu powders. Nanostruct. 
Mater. 1995, 6, 691–694. 

9. Ryu, S.S.; Park, H.R.; Kim, H.T.; Kim, Y.D. On sinterability of Cu-coated W nanocomposite powder 
prepared by a hydrogen reduction of a high-energy ball-milled WO3-CuO mixture. J. Mater. Sci. 2012, 47, 
7099–7109. 

10. Zhao, P.; Guo, S.; Liu, G.; Chen, Y.; Li, J. Fabrication of W–Cu functionally graded material with improved 
mechanical strength. J. Alloys Compd. 2014, 601, 289–292. 

11. Liang, S.; Chen, L.; Yuan, Z.; Li, Y.; Zou, J.; Xiao, P.; Zhuo, L. Infiltrated W–Cu composites with combined 
architecture of hierarchical particulate tungsten and tungsten fibers. Mater. Charact. 2015, 110, 33–38. 

12. Zhou, Q.; Chen, P. Fabrication of W–Cu composite by shock consolidation of Cu-coated W powders. J. 
Alloys Compd. 2016, 657, 215–223. 

13. Niu, Y.; Lu, D.; Huang, L.; Zhao, J.; Zheng, X.; Chen, G. Comparison of W–Cu composite coatings fabricated 
by atmospheric and vacuum plasma spray processes. Vacuum 2015, 117, 98–103. 

14. Ryu, S.S.; Kim, G.S.; Kim, J.C.; Oh, S.T.; Kim, Y.D. The influence of annealing temperature on the 
microstructural development of W–Cu composite powder prepared by high-energy ball milling. J. Alloys 
Compd. 2006, 424, 209–212. 

15. Wei, X.; Tang, J.; Ye, N.; Zhuo, H. A novel preparation method for W–Cu composite powders. J. Alloys 
Compd. 2016, 661, 471–475. 

16. Huang, L.M.; Luo, L.M.; Ding, X.Y.; Luo, G.N.; Zan, X.; Cheng, J.G.; Wu, Y.C. Effects of simplified 
pretreatment process on the morphology of W-Cu composite powder prepared by electroless plating and 
its sintering characterization. Powder Technol. 2014, 258, 216–221. 

17. Choi, J.P.; Lee, G.Y.; Song, J.I.; Lee, W.S.; Lee, J.S. Sintering behavior of 316L stainless steel micro-
nanopowder compact fabricated by powder injection molding. Powder Technol. 2015, 279, 196–202. 



Materials 2017, 10, 142 11 of 11 

 

18. Arévalo, C.; Montealegre-Meléndez, I.; Neubauer, E.; Pérez-Soriano, E.M.; Kitzmantel, M. Influence of the 
particle size and raw materials in W-Cu alloys manufactured via rapid sinter pressing. In Proceedings of 
the World PM2016 Proceedings 2016, Hamburg, Germany, 9–13, October 2016. 

19. Xu, L.; Yan, M.; Xia, Y.; Peng, J.; Li, W.; Zhang, L.; Liu, C.; Chen, G.; Li, Y. Influence of copper content on 
the property of Cu-W alloy prepared by microwave vacuum infiltration sintering. J. Alloys Compd. 2014, 
592, 202–206. 

20. Blumm, J. Das Laserflash Verfahren-aktuelle Entwicklungen und Tendenzen. In Proceedings of the 
Tagungsband zum Symposium Tendenzen in der Materialentwicklung und die Bedeutung von 
Wärmetransporteigenschaften, Stuttgart, Germany, 22–23 March 2007; pp. 1–2. 

21. Tipler, P.A. Physics for Scientists and Engineers, 4th ed.; W.H. Freeman and Co.: New York, NY, USA, 1999. 
22. Xu, L.; Srinivasakannan, C.; Zhang, L.; Yan, M.; Peng, J.; Xia, H.; Guo, S. Fabrication of tungsten-copper 

alloys by microwave hot pressing sintering. J. Alloys Compd. 2016, 658, 23–28. 
23. Luo, L.M.; Tan, X.Y.; Lu, Z.L.; Zhu, X.Y.; Zan, X.; Luo, G.N.; Wu, Y.C. Sintering behavior of W–30Cu 

composite powder prepared by electroless plating. Int. J. Refract. Met. Hard Mater. 2014, 42, 51–56. 
24. Li, Z.; Jia, C.; Sun, L.; He, Y.; Fan, S. Pressure sintering of W-15wt %Cu alloys prepared by mechanical 

alloying as a subsequent densification treatment method. Rare Met. 2006, 25, 124–128. 

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


