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Abstract: Tungsten nanoparticle-strengthened Cu composites were prepared from nanopowder synthesized by a sol–gel method and in-situ 
hydrogen reduction. The tungsten particles in the Cu matrix were well-dispersed with an average size of approximately 100–200 nm. The 
addition of nanosized W particles remarkably improves the mechanical properties, while the electrical conductivity did not substantially de-
crease. The Cu–W composite with 6wt% W has the most comprehensive properties with an ultimate strength of 310 MPa, yield strength of 
238 MPa, hardness of HV 108 and electrical conductivity of 90% IACS. The enhanced mechanical property and only a small loss of electric-
al conductivity demonstrate the potential of this new strategy to prepare W nanoparticle-strengthened Cu composites. 
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1. Introduction 

Copper composites have been widely utilized as elec-
trodes, heat sink materials, or electrical contact materials 
because of their excellent electrical conductivity. However, 
the applications of copper composites are limited owing to 
their inadequate mechanical properties and thermal stabil-
ity [1–3]. To overcome these shortcomings, strengthening 
mechanisms, such as solid solution strengthening, cold work 
strengthening, and second phase strengthening, have been 
used to reinforce the copper alloys [4–5]. Compared to cop-
per alloys prepared by other strengthening mechanisms, 
second phase strengthened copper alloys have advantages of 
high strength, excellent thermal stability, and enhanced 
electrical conductivity [6–8]. Researchers have recently 
investigated many candidates of dispersed particles in-
cluding metal oxides such as Al2O3, Y2O3, and ZrO2 [9−14], 
metal nitrates such as TiN [15] and metal carbides such as 
SiC [16]. 

The second phase should have high thermodynamic sta-
bility, insolubility in a copper matrix and positive effect for 
enhancing creep resistance [17]. Tungsten has advantages of 

an ultrahigh melting temperature (about 3700 K), optimal 
electrical conductivity (greater than 30% IACS), ideal creep 
resistance, and immiscibility with a copper matrix [18−19]. 
Therefore, tungsten can be a prime candidate as a second 
phase dispersion particle due to its excellent overall proper-
ties. Recently, W particle strengthened copper alloys pre-
pared by ball milling have been reported, but the homogene-
ity of the second phase is not optimized [20–21]. Among 
existing synthesis processes, the sol–gel method has re-
markable merits, such as high purity, homogeneous distribu-
tion, and an ultrafine powder size. Guo et al. [22] success-
fully synthesized a nano-scale W–Cu powder with average 
size smaller than 150 nm using the sol–gel method. Jiang 
et al. [23] also proved the feasibility of using the sol–gel 
method for the synthesis of nanosized metals. As a result, 
the sol–gel method is expected to become a promising 
process for the preparation of W nanoparticle-strengthened 
copper. 

In this study, W nanoparticle-strengthened Cu composites 
were prepared by a sol–gel method, hydrogen reduction of 
Cu–W oxide, and spark plasma sintering (SPS). The micro-
structure, tensile strength, microhardness, and electrical 
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conductivity were measured. The results show that the W 
nanoparticle-strengthened Cu composites were successfully 
synthesized and the well-dispersed W nanoparticles effec-
tively reinforced the Cu matrix without significant loss of 
the electrical conductivity. 

2. Experimental 

Raw materials comprised of copper nitrate Cu(NO3)2⋅3H2O, 
ammonium tungstate (NH4)10W12O41⋅xH2O (AMT), and ci-
tric acid as a chelating agent were used for the preparation 
of Cu composites with 3wt% W (Cu–3W), 6wt% W 
(Cu–6W), and 10wt%W (Cu–10W). Cu(NO3)2⋅3H2O, AMT, 
and citric acid were added to distilled water and heated at 
120°C to form a wet sol. The mixed sol was then heated and 
dried at 150°C for 24 h to acquire the dry gel. The dry gel 
was heated further at 300°C for 2 h in air to synthesize the 
mixed oxide powders. After ball milling for 2 h, the mixed 
oxide powders were reduced under an H2 atmosphere for 1 h 
at 800°C to generate the W nanoparticle-strengthened Cu 
powders. The powders were sintered by SPS at 800°C for 5 
min at 40 MPa. For comparison, a pure copper sample was 
also prepared using the same method. 

To elucidate the phase transformation procedure, ther-
mogravimetric and differential scanning calorimetry 
(TG-DSC) analysis were conducted in an air atmosphere 
from room temperature to 400°C at the heating speed of 
10°C/min (TA Discovery 25). The microstructure of the 
powders and bulk composites were characterized by field 
emission scanning electron microscopy (FE-SEM, Zeiss 
SupraTM55) with back-scattered electron imaging (BSE) 
mode and energy dispersive spectrometry (EDS), along with 
transmission electron microscopy (TEM, FEI Tecnai 
G2-F20) at 200 keV under a high-angle annular dark field 
(HAADF) mode. The average grain size of the bulk compo-
sites was also determined by SEM. X-ray diffraction (XRD, 
Rigaku TTR III) was used to investigate the powder phase 
of the dry gel, mixed oxide powder, and copper composite 
powder reduced at different temperatures using Cu Kα radi-
ation. The electrical conductivity of the specimens was 
measured by a four-probe method (TH2513A). The tensile 
strength and Vickers hardness (with a load of 4.9 N) were 
also measured from the average of at least three samples of 
each Cu–W composite. 

3. Results and discussion 

3.1. Thermodynamic analysis of the Cu–W system 

To illustrate the formation of the two separate phases of 

the Cu matrix and dispersed W particles, the formation en-
thalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) were 
calculated by a Miedema mode of the Cu–W composites 
with different compositions [24–25]. Fig. 1 shows the ΔH, 
ΔS, and ΔG with the change in W content at 273 K. The 
Gibbs free energy was calculated by: 

G H T SΔ = Δ − Δ  (1) 

 

Fig. 1.  Gibbs free energy change of the Cu–W binary system 
calculated by the Miedema mode. 

In the Cu–W binary system, the total formation enthalpy 
and Gibbs free energy was positive at all compositions. The 
Gibbs free energy of the Cu–W system reached up to 31.4 
kJ/mol at 273 K. Even at the melting temperature of copper 
(1356 K), the Gibbs free energy of Cu–W system was still 
up to 25.2 kJ/mol, which meant that it is not possible to 
form the equilibrium Cu–W solid solution. Therefore, the 
Miedema mode calculation proved that the W particles 
would be stable in the copper matrix. 

In this preparation method, the transformation of the dry 
gel to mixed oxide was characterized by TG-DSC. Fig. 2 
shows the TG-DSC curve of the Cu–10W dry gel from 
room temperature to 400°C. The weight loss of the dry gel 
started from 60°C due to the water evaporation. The main 
weight loss and exothermic peak occurred at 210°C, 
which indicates that the oxidation reaction of the dry gel 
was complete at 210°C. After the oxidation reaction, the 
oxide powder was generated with a mixture of CuO and 
CuWO4. 

Following previous studies, the reduction of copper 
tungstate occurred according to the following reaction [26–27]: 

4 2(g) 3 2

3 2 5 1

CuWO H Cu WO H O;

59015 340.1 83.9 ln

20.9 10 8.2 10

G T T T

T T− −

+ → + +
Δ = + − +

× − ×
 (2) 

3 2(g) 2 (g)

3 2 5 1

WO H W H O ;

117469 446.9 49.9 ln

10.7 10 8.5 10

G T T T
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+ → +
Δ = − + −

× + ×
 (3) 
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Fig. 2.  TG-DSC curve of Cu–10W dry gel from room tem-
perature to 400°C. 

Fig. 3 shows the Gibbs free energy of these two reactions. 
According to the calculation, the ΔG of reaction (2) will be 
always negative as long as the temperature above 0°C, but 
the ΔG of reaction (3) will be negative only when the tem-
perature greater than 800°C. In the reduction process, dif-
ferent tungsten oxide components were produced at differ-
ent temperatures. 

 

Fig. 3.  Gibbs free energy of reaction (2) and reaction (3). 

3.2. Powder and bulk composite microstructures  

The XRD patterns of the dry gel, mixture oxide powder, 

and composite powder reduced at 350°C, 700°C, and 800°C 
in an H2 atmosphere for 1 h are shown in Fig. 4 for the 
Cu–10W composite. As illustrated by the patterns, the mix-
ture of copper tungstate and copper oxide were generated in 
the dry gel. Fig. 4 shows that the mixture of CuWO4 and 
CuO were reduced to generate Cu and WO3 at 350°C; Cu 
and WO2 at 700°C. At 800°C, the mixed oxides were fully 
reduced into the Cu–W composite powder. 

The microstructures of the Cu–10W mixed oxide powd-
ers and reduced Cu–10W powder are shown in Fig. 5(a) and 
Fig. 5(b), respectively. As shown in Fig. 5(a), the mixed 
oxide powder was an agglomeration of nanosized oxide 
powder smaller than 200 nm. Fig. 5(b) shows the micro-
structure of hydrogen reduced Cu–10W powder. After hy-
drogen reduction, the W nanoparticles were dispersed on the 
surface of ultrafine Cu powders and the size of the W par-
ticle was approximately 100 nm. The size of the W particles 
significantly decreased from the oxide powder to reduced 
composite powder, which might be due to the gas phase 
transfer reaction of W oxides [28−29]. In this reaction, re-
duced W oxides will evaporate and then nucleate on the 
surface of Cu powders via a chemical vapor transports me-
chanism. Based on this mechanism, the size of the reduced 
W particle depends on the content and uniformity of WO3. 

 

Fig. 4.  XRD patterns of the Cu–10W dry gel, mixed oxide powd-
er, composite powder reduced at 350°C, 700°C, and 800°C. 

 

Fig. 5.  SEM images of mixed oxide powder (a) and composite powder reduced at 800°C (b). 



1480 Int. J. Miner. Metall. Mater., Vol. 26, No. 11, Nov. 2019 

 

 

Fig. 6 shows the microstructure of the Cu–3W, Cu–6W, 
and Cu–10W composites obtained using SEM under the 
BSE mode and Fig. 7 shows the average particle size of W 
in the Cu–W composites with different W content. Com-
pared to the Cu–3W composite (Fig. 6(a)), W particles in 
the composite with higher tungsten content (Fig. 6(b) and 
Fig. 6(c)) were more easily agglomerated. As noted in Fig. 
6(c), the W clusters were several small particles grouped, 
which is consistent with that of a reduced powder shown in 
Fig. 5(b). As shown in the Fig. 7, with increasing tungsten 
content, the average particle size changed from 119 nm for 
Cu–3W to 151 nm for Cu–6W and 199 nm for Cu–10W. Fig. 
6 and Fig. 7 indicate that for composites with higher W 
content, tungsten particles tend to be agglomerated and form 
larger particles. To measure the particle distribution of W 

particles with different sizes, a high magnification 
BSE-SEM image of a deeply etched Cu–10W sintered spe-
cimen is shown in Fig. 8. Areas 1 and 2 in Fig. 8 were re-
lated to the grain boundaries and the inner grains, respec-
tively. W nanoparticles inside the Cu grains were only about 
20–50 nm in diameter. The white W particles on the grain 
boundaries were obviously larger than those on the grains. 
This phenomenon can be attributed to the difference in the 
nucleation location of the W particles. The W particles nuc-
leated on the Cu powder surface tend to grow without limit 
during the reducing procedure. In the sintering process, the 
large W particles will impede the growth of Cu grains in the 
bulk composite [30]. Alternatively, the growth of the W par-
ticles inside the Cu grains is constrained, so the W particles 
were also smaller. 

 

 

 

Fig. 7.  Average W particle size statistic of composites with 
different W content. 

 

Fig. 8.  High-magnitude BSE-SEM image of the Cu–10W sin-
tered specimen. 

Fig. 9(a) is a typical bright-field TEM image of Cu–6W 
bulk composite. The W particles (indicated by arrows) had a 

Fig. 6.  BSE-SEM images of Cu–3W
(a), Cu–6W (b), and Cu–10W (c) sin-
tered composites. 
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similar size and characterization, which are presented in the 
SEM images (Fig. 6(b)). To illustrate the detailed microstruc-
tures of the Cu matrix and W particles, the HAADF-STEM 
images were displayed in Fig. 9(b). In the Cu matrix, W par-
ticles were mainly located at the copper grain boundaries. 
As shown in Fig. 9(c), the EDS results proved that there was 
no tungsten solid solution in the copper matrix. An 
HR-TEM micrograph of the Cu matrix and W particle in-

terface is provided in Fig. 9(d). In this micrograph, the in-
terplanar distance of the matrix and second phase particle 
were 0.209 nm and 0.225 nm, corresponding to the lattice 
plane (111) of Cu and (110) of W, respectively. The inter-
faces between the Cu and W particles were tightly bonded, 
promoting electron transport to minimize the loss of elec-
trical conductivity because electrons will transport through 
the interface between the Cu and W with less resistance. 

 
Fig. 9.  TEM analysis results of Cu–6W bulk composite: (a) bright-field TEM images; (b) HAADF-STEM image; (c) EDS results 
for spots 1 and 2 in (b); (d) HR-TEM micrograph of the Cu-W interface. 

3.3. Mechanical properties and electrical conductivity 

Fig. 10 and Fig. 11 show the ultimate tensile strength, 
yield strength, elongation, Vickers hardness of the sintered 
pure Cu and Cu–W samples. The addition of W nanopar-
ticles significantly improves the hardness and strength of the 
composite. According to the tensile test results, the tensile 
strength of bulk Cu–W composites were continuously en-
hanced with increasing content of tungsten up to 6wt%. The 
Cu–6W had the best mechanical properties with a tensile 
strength of 310 MPa, yield strength of 238 MPa, and Vick-
ers hardness of HV 108, which were 26%, 230%, and 74%  
greater than pure copper, respectively. However, the 
tungsten content greater than 6wt% does not improve the 

strength of the Cu–W composites. Compared to the Cu–6W 
sample, the tensile strength and elongation of Cu–10W de-
creased simultaneously. The main reason for this phenome-
non is the influence of large W particles. In the Cu–10W 
composite, several large particles and W clusters (larger than 
500 nm) remarkably reduced the ductility of the copper ma-
trix and formed the source of the cracks during the loading. 
Furthermore, the agglomeration of large particles will also 
hinder densification of the copper matrix. Fig. 12 shows the 
SEM images of the Cu–6W and Cu–10W fracture. As shown 
in the SEM images, the W particles in Cu–10W tend to ag-
gregate more than in Cu–6W. As a result, the mechanical 
properties of Cu–10W were restricted by large W particles.  
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Fig. 10.  Ultimate tensile strength, yield strength, and elongation 
of pure copper and Cu–W composites with different W contents. 

 

Fig. 11.  Vickers hardness of pure copper and Cu–W compo-
sites with different W content. 

 

Fig. 12.  Fracture SEM images of Cu–6W (a) and Cu–10W(b). 

The electrical conductivity of the composites is shown in 
Fig. 13. Based on the conductivity results, Cu–3W 
(Cu–1.5vol%W) and Cu–6W (Cu–3vol%W) provided only 
less than a 10% decrease in the electrical conductivity. Even 
for the Cu–10W composite, the electrical conductivity was 
maintained at 84% IACS. Compared with a commercial 
alumina dispersion strengthened (ODS) copper alloy [31], 
the electrical conductivity of the W nanoparticles was much 
greater at the same content fraction. Reinforced Cu compo-
sites with W nanoparticles show superior application poten-
tial due to adequate mechanical and electrical properties. 

 
Fig. 13.  Electrical conductivity of Cu–W composites and ODS 
copper alloy. 

4. Conclusions 

W nanoparticle-strengthened Cu composites were pre-
pared from nanopowders synthesized by a sol–gel method 
Ultrafine W particles were uniformly dispersed in the cop-
per matrix, significantly enhanced the strength and hardness 
of the copper composite. The Cu–W composite with 6wt% 
tungsten had the best comprehensive properties with a 
tensile strength of 310 MPa, hardness of HV 108, and 
only 10% loss of the electrical conductivity compared to 
pure Cu. With an increase in the tungsten content in the 
copper matrix, the average particle size of W particle in-
creased from 119 nm for Cu–3W to 199 nm for Cu–10W, 
whereas the elongation and electrical conductivity de-
creased. The agglomeration of large particles would af-
fect the elongation of composites when the tungsten con-
tent increases. 
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