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Abstract: A new NiCu alloy was developed and utilized as binder phase for WC composites. The composites with 
spherical cast WC particle contents of 55−65 wt.% were prepared by rapid hot-pressing technique. The microstructures 
were characterized by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and 
transmission electron microscopy (TEM). The results reveal that the cast WC particles are uniformly dispersed within 
the NiCu matrix. The interface between WC and NiCu alloy is clear with no additional phase observed. Mechanical 
properties testing indicates that the hardness of the composite shows minimal variation as the cast WC particle content 
increases. Both the transverse rupture strength (TRS) and fracture toughness show a comparable decline, while the 
impact toughness first increases and then decreases. The NiCu alloy matrix plays a critical role in enhancing the fracture 
toughness of the composite. However, at high strain rates, the impact toughness deteriorates due to strain rate hardening 
of the NiCu matrix and a reduced density resulting from the higher WC content. 
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1 Introduction 
 

Nickel−copper (NiCu) alloys are known for 
their outstanding performance characteristics, 
including excellent corrosion resistance, high 
electrical conductivity, and superior thermal 
conductivity [1−3]. These properties make NiCu 
alloys suitable for a wide range of applications, 
such as in aerospace [4], offshore engineering [5], 
and oil and gas industries [6]. However, in exposure 
to high temperatures and harsh environments, the 
relatively low hardness and wear resistance of   
the NiCu-based alloy need to be addressed [7,8]. 
Recently, a new type of NiCu alloy was developed 
[9], which has high wear resistance and corrosion 
resistance at the same time. 

To further enhance the mechanical properties 

of NiCu alloys, particle reinforcement has been 
widely employed. LI et al [10] studied the effect of 
graphene nanoplatelets on the microstructure and 
wear resistance of NiCu/GNPs composite coating, 
and showed that the microhardness of the 
NiCu/GNPs composite coating increased by 130%, 
while the wear mass loss was reduced by 936% 
compared with the NiCu coating. ALIZADEH and 
SAFAEI [11] examined the influence of the 
additions of Cu and Al2O3 on the properties of 
NiCu/Al2O3 nano-composite coatings. It was found 
that the microhardness, wear resistance, and 
corrosion resistance of the deposited coatings were 
increased, and the microhardness and wear 
resistance of the Cu/Al2O3 (20 g/L) nano-composite 
coatings increased by about 2.4 and 3.75 times, 
respectively. 

Tungsten carbide (WC) is a type of reinforcing 
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particle known for its outstanding wear resistance, 
strength, hardness and good wettability with nickel- 
based alloys [12−15]. WC particle reinforcement 
has shown apparent improvements in the 
mechanical properties of nickel-based alloys, for 
example, enhanced hardness and wear resistance, 
thereby effectively extending the service life 
[16−19]. ZHOU and DAI [20] investigated the 
effect of WC particle reinforcement in nickel-based 
alloy coatings, demonstrating that a coating without 
pores and cracks can be prepared using laser 
induction hybrid rapid cladding. DOMITNER    
et al [21] explored the relationship between 
microstructures and the hardness in Ni alloy/WC 
composites fabricated by the laser directed energy 
deposition (L-DED) method. It was indicated that 
the hardness of the composites is determined by 
both the grain size and the crystal structure of the 
carbides. For composites with the same crystal 
structure, smaller grain size generally leads to 
higher hardness. LI et al [22] examined the impact 
of WC content on the microstructure and wear 
performance of WC/Ni60 composites. It was found 
that increasing the WC content promoted the 
formation of new types of W-containing carbides, 
resulting in significant improvements in hardness, 
corrosion resistance, and abrasion resistance. To 
date, WC-reinforced nickel matrix composites have 
primarily been used in fused cladding layers, with 
only a limited number of literature reports on the 
bulk form. Furthermore, there is a scarcity of 
research on cast WC particle-reinforced NiCu 
alloys. 

In this study, WC/NiCu composites were 
fabricated using rapid hot-pressing technology, and 
the comprehensive properties of bulk composites 
with varying WC contents were investigated, with 
NiCuSiMnB alloy serving as the metallic binder 
phase. The primary objective was to precisely 
determine the impact of WC mass fraction on the 
performance of the composite. To achieve high 
density and superior overall properties, detailed 
characterization and analysis of the microstructure, 
mechanical properties, and the interactions between 
the metallic binder and WC particles were 
conducted. Based on the experimental results and 
discussion, the findings provide a solid theoretical 
foundation for the potential application of 
WC/NiCu composites in bulk form for engineering 
components. 

 
2 Experimental 
 

The raw materials were NiCu alloy powder 
(NiCuSiMnB) with a particle size range of 
53−150 μm, and spherical cast WC powder with a 
particle size range of 45−150 μm. Spherical cast 
WC powder was provided by Luoyang Golden 
Egret Geotools Company (China). The preparation 
process of NiCu alloy powder involved the 
following steps: firstly, the NiCu alloy was 
overheated to obtain molten metal, and then the 
molten melt was fragmented into small droplets by 
high-speed argon gas (Ar), and finally the droplets 
solidified into spherical powder particles. The 
morphologies of the raw materials are shown in 
Fig. 1. The cast WC particles exhibited a smooth 
surface and high sphericity. The surface of NiCu 
alloy particles displayed a planetary structure, 
which was attributed to different solidification  
rates of the individual particles. The chemical 
compositions of the two materials are given in 
Table 1. The raw particles were thoroughly mixed 
using a V-type mixing machine at a rotating speed  
 

 
Fig. 1 SEM images of raw materials: (a) NiCu powder; 
(b) WC powder 
 
Table 1 Chemical compositions of NiCu and WC raw 
powder (wt.%) 
Powder C Si B W Ni Cu Fe Cr Mn 

NiCu − 4 1.7 − Bal. 28 − − 1 

WC 4.2 − − Bal. − − 0.5 0.2 − 
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of 50 r/min for 10 h. The WC contents were 55, 60, 
and 65 wt.% respectively. 

The WC/NiCu composites were prepared 
using a rapid hot-pressing furnace (FHP−828) with 
a rated power of 72 kW, input voltage of 380 V, and 
a pressure range of 10−100 kN. During the sintering 
process, the sample was first heated from room 
temperature to 400 °C at a rate of 100 °C/min, 
followed by holding at 400 °C under the applied 
sintering pressure. The temperature was then 
increased to near the sintering state at a rate of 
100 °C/min, and subsequently, the heating rate was 
reduced until the target sintering temperature was 
reached. The compositions and the sintering process 
parameters for the WC/NiCu composites are 
provided in Table 2. 

The samples were cut, ground and polished. 
The relative densities of the WC/NiCu composites 
were determined using the Archimedes method  
with an electronic balance (MSA324S−000−DU). 
Microstructural analysis was conducted using an 
optical microscope (OM) and a scanning electron 
microscope (MIRA3 LMN SEM). The phase 
composition was determined using Bruker D8 
ADVANCE X-ray diffraction (XRD) over an 
angular range from 10° to 90°. Furthermore, 
high-angle annular dark field scanning transmission 
electron microscopy (HAADF-STEM) and 
energy-dispersive X-ray spectroscopy (EDS) 
analyses were performed using a transmission 
electron microscope (TEM, Thermo Fisher Talos 
F200E) to investigate the nanoscale interfacial 
microstructures of WC/NiCu composites. TEM 
samples were prepared using a focused ion beam 
(FIB, Scios 2 DualBeam). Rockwell hardness 
testing was performed using a Hardness Tester 
(671HRS−150). Impact toughness was measured 
using an impact testing machine (XJ−40A). The 
transverse rupture strength (TRS) measurement was 
conducted using a three-point bending instrument 
based on Instron 3369, and the fracture toughness 

was measured using a three-point bending 
instrument based on Instron 5969. 

 
3 Results 
 
3.1 Microstructures and phase compositions 

Figure 2 illustrates the microstructures of the 
composites prepared under different conditions. The 
final microstructures of the samples exhibit similar 
features under all preparation conditions, and the 
spherical cast WC particles and the NiCu alloy 
matrix can be clearly distinguished. Moreover, no 
distinct phase formation is observed. As shown in 
Fig. 2(a), at a sintering temperature of 850 °C, some 
regions of the composite exhibit irregularly shaped 
pores, primarily located at the interface between the 
cast WC particles and the NiCu matrix, suggesting 
a weak interface structure. As the sintering 
temperature increases, the interface between the 
cast WC particles and the NiCu matrix improves 
significantly. In Fig. 2(c), at 900 °C, the 60WC/ 
NiCu composite exhibits improved uniformity,  
with no apparent pores or defects. Only a small 
number of spherical pores, smaller than 4 μm, are 
distributed in the NiCu alloy matrix. This implies 
that at 900 °C, the NiCu matrix offers enhanced 
coverage, filling the gaps between the cast WC 
particles and reducing pore formation. However, 
with increasing cast WC content, particle 
aggregation becomes more pronounced, leading to 
pore formation and aggregation at the interface, as 
shown in Fig. 2(d). 

Figure 3 presents the HAADF-STEM image of 
the interface in the 60WC/NiCu composite sintered 
at 900 °C, along with the corresponding element 
distribution maps and selected area electron 
diffraction (SAED) pattern. The image clearly 
reveals a well-defined interface between the cast 
WC particles and the NiCu matrix, with no 
additional phases formed. The EDS analysis further 
shows that the diffusions of Ni and Cu into the 

 
Table 2 Composition, sintering process parameters and density of WC/NiCu composites 

Composite 
Chemical composition/wt.% Sintering  

temperature/°C 
Sintering  
time/min 

Density/ 
(g·cm−3) 

Relative  
density/% WC NiCu 

60WC/NiCu 60 40 850 10 11.61 98.86 

55WC/NiCu 55 45 900 10 11.17 98.59 

60WC/NiCu 60 40 900 10 11.72 99.80 

65WC/NiCu 65 35 900 10 11.85 97.22 
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Fig. 2 Microstructures of WC/NiCu composites: (a) 60WC/NiCu (850 °C); (b) 55WC/NiCu (900 °C); (c) 60WC/NiCu 
(900 °C); (d) 65WC/NiCu (900 °C) 
 

 
Fig. 3 HAADF-STEM image (a), corresponding element distribution maps (b) and selected area electron diffraction 
pattern (c) at interface in 60WC/NiCu (900 °C) composite 
 
interface region are limited, thereby maintaining the 
integrity of the cast WC particles. 

The XRD patterns of various composites are 
presented in Fig. 4. The results indicate that the 
main phases present in the WC/NiCu composite are 
WC, W₂C, NiCu, Ni3Si, and Ni5Si2. As the cast WC 
content in the composite increases, the intensity of 
the WC peaks correspondingly rises, indicating  
that WC is well-preserved without significant 
decomposition or phase transformation. What’s 
more, the sintering temperature influences the phase 
composition. At 900 °C, the peak intensities of the 
W2C and silicide phases (Ni3Si and Ni5Si2) become 
more prominent, suggesting that high temperatures 

promote partial decomposition of WC, and enhance 
element diffusion within the matrix phase, 
facilitating the formation of secondary phases. 
 
3.2 Mechanical properties 

Figure 5 illustrates the Rockwell hardness and 
transverse rupture strength (TRS) of the WC/NiCu 
composites. The results show that both hardness 
and transverse rupture strength increase with rising 
sintering temperatures. The hardness of the 
composites sintered at 900 °C dose not show much 
difference, and the composites has a hardness    
of HRA 78.4 at the WC content of 65 wt.%. In 
addition, the TRS of the composites tends to decrease 
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Fig. 4 XRD patterns of WC/NiCu composites 
 

 
Fig. 5 Hardness and transverse rupture strength of 
WC/NiCu composites 
 
as the WC content increases. This can be attributed 
to the distinct properties of the two phases present 
in WC/NiCu composites. Cast WC is the hard phase 
in the composite, exhibiting a higher elastic 
modulus than NiCu alloy. Consequently, the 
interface between the two phases represents a 
potential weak point in the composite. The 
deformation of cast WC particles and NiCu alloy is 
not coordinated, resulting in stress concentration  
at the interface. Although the spherical cast WC 
particles can effectively reduce stress concentration 
due to the smooth surface, an increased WC content 
results in a greater number of weak interfaces. 

The impact toughness and fracture toughness 
of the composites are shown in Fig. 6. It can be 
seen that the impact toughness of the composites 
with WC contents of 60 and 65 wt.% is improved 
compared to that of the composite with WC content 
of 55 wt.%. The highest impact toughness of the 
60WC/NiCu composite (sintered at 900 °C) is 

0.62 J/cm2. However, the fracture toughness of the 
composites decreases as the WC content increases. 
 

 
Fig. 6 Impact toughness and fracture toughness of 
WC/NiCu composites 
 

Figure 7 presents the fracture morphology of 
WC/NiCu composites with varying cast WC 
contents. As shown in Fig. 7(a), the 55WC/NiCu 
composite exhibits pronounced porosity, cracking, 
and poor interface with cast WC particles. Under 
impact loading, the residual pores likely serve as 
the primary sites for micro-crack initiation, thereby 
reducing the overall impact toughness of the 
composite. With an increase in cast WC content, the 
65WC/NiCu composite displays a further weakened 
interface compared to the 55WC/NiCu composite, 
with more pronounced porosity, as shown in 
Fig. 7(c). This incomplete interface induces cracks 
primarily along the boundary between the cast WC 
particles and the NiCu matrix. In contrast, at a WC 
content of 60 wt.%, Fig. 7(b) shows improved 
interface between the WC particles and the NiCu 
matrix, with no significant pores. In Fig. 7(d), 
cracks are observed primarily propagating through 
both the cast WC particles and the matrix. 
Additionally, the cracks exhibit deflection and 
branching when encountering cast WC particles. 

Figure 8 illustrates the crack propagation 
behavior in the WC/NiCu composites. As shown, 
cracks initiate at specific locations near the     
cast WC particles, typically resulting from stress 
concentration. The crack propagation paths indicate 
that cracks predominantly propagate within the cast 
WC particles and the matrix, with significant 
branching occurring inside the WC particles, rather 
than along the interface between the WC particles 
and the NiCu matrix. This finding suggests that the 
cast WC particles, as the hard phase, hinder direct  
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Fig. 7 Fracture morphologies of WC/NiCu composites under impact toughness: (a) 55WC/NiCu (900 °C); (b) 60WC/ 
NiCu (900 °C); (c) 65WC/NiCu (900 °C); (d) Magnified view of (b) 
 

 
Fig. 8 Crack growth path of composite 
 
crack propagation. Additionally, cracks in the NiCu 
matrix gradually become narrow as the propagation 
path advances. 
 
4 Discussion 
 

In the rapid hot-pressing sintering process, 
both the sintering temperature and the content of 
cast WC in the composite directly affect the 
densification of WC/NiCu composites. At lower 
temperatures, the interpenetration and bonding 
among powder particles are restricted, making it 
difficult to eliminate the space among particles, 
which leads to the formation of more pores at the 
interface between WC particles and the NiCu 

matrix. Cast WC, as a high-hardness ceramic phase, 
exhibits significantly lower fluidity and plasticity 
than the NiCu alloy matrix at high temperatures 
[23,24]. During the sintering process, an increased 
WC content restricts the flow and rearrangement of 
the binder phase, thereby hindering sufficient 
contact and densification among powder particles, 
and leaving more residual pores in the composite. 
Furthermore, a high WC content can lead to the 
aggregation of WC particles, increasing the number 
of interfaces between WC particles and the NiCu 
matrix. Due to the significant difference in the 
thermal expansion coefficients between WC 
particles and the NiCu matrix, high WC content 
exacerbates stress concentration at the interface 
during cooling, further deteriorating the density of 
the composite. Therefore, a controlled reduction in 
WC content can enhance the densification of the 
composite. 

No significant diffusion of elements is 
observed at the interface of WC/NiCu composites. 
The primary factor is the insufficient diffusion 
temperature of W and C in the NiCu alloy. The high 
melting point of cast WC contributes to its chemical 
stability at the sintering temperature of 900 °C, 
making it difficult to react significantly with the 
NiCu matrix. Furthermore, the solubility of W in Ni 
and Cu is extremely limited, meaning that even 
with some diffusion of elements, W does not 
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dissolve extensively in the matrix in the form of a 
solid solution. Additionally, although 900 °C is high 
enough to facilitate the flow and formation of the 
NiCu alloy matrix, the relatively short sintering 
time in the rapid hot-pressing process is insufficient 
for extensive diffusion of alloy elements. 

WC particles enhance the hardness of the 
NiCu alloy matrix by hindering dislocation motion 
and enhancing the resistance to deformation. 
Generally, the hardness of the composite increases 
with increasing WC content. However, as shown in 
Fig. 5, while the hardness of the composite tends  
to increase with rising WC content, the overall 
difference is relatively small. This can be attributed 
to the fact that as the WC content increases, the 
number of interfaces between WC particles and  
the NiCu matrix also increases, and the density 
decreases. Although the hardness increases with the 
rise in WC particle content, the increase in defects 
within the composite leads to a reduction in 
hardness. 

The toughness of the composite is influenced 
by several factors, including composition, 
microstructure and loading conditions. In WC/NiCu 
composites, the NiCu matrix, with its inherent 
toughness, exhibits high crack resistance during 
crack propagation [25−28]. As a result, the NiCu 
matrix plays a critical role in enhancing the 
toughness of the composite. As cracks propagate 
through the NiCu matrix, the stress field at the 
crack tip is influenced by plastic deformation of the 
material, which reduces the stress concentration at 
the crack tip. Additionally, due to the difference   
in thermal expansion coefficients between WC 
particles and the NiCu matrix, the interfaces within 
the composite are generally considered weak points. 
As the WC content increases, the proportion of the 
interface in the composite also rises, along with an 
increase in porosity. Under quasi-static loading, the 
crack propagation rate is slow, and the stress 
concentration at the pores gradually accumulates, 
promoting the crack to propagate along irregular 
paths through the pores. The combined effects of 
these factors ultimately result in a decrease in 
fracture toughness as the WC content increases. 

However, the impact toughness of the 
composite increases initially and then decreases  
as the WC content rises. This behavior can be 
attributed to the significant difference in the 
deformation behavior of materials under high strain 

rates compared to quasi-static loading. Under 
impact loading, NiCu alloys exhibit strain rate 
hardening, meaning that the strength of the material 
increases with the loading rate, but plasticity 
decreases. Consequently, when the content of    
the NiCu matrix is relatively high, the impact 
toughness decreases. Additionally, at high strain 
rates, the short duration of load application prevents 
sufficient plastic deformation of the NiCu matrix. 
Therefore, a moderate increase in WC content can 
improve impact toughness. However, excessively 
high WC content can lead to increased porosity, 
resulting in local stress concentration and creating 
sites for micro-crack initiation, thereby reducing 
impact toughness. 

FERNÁNDEZ et al [29] found that the 
hardness values of the WC/Ni60 coating material 
are HV 515−563. By comparison, the hardness of 
present WC/NiCu composites are very close 
(HV 560−595). However, considering the fact   
that WC/NiCrBSi composites are widely used    
as coating materials with poor toughness, the 
WC/NiCu composites in bulk form may have much 
more applications for engineering components. 
 
5 Conclusions 
 

(1) The 60WC/NiCu composite exhibits a 
uniform microstructure and high density, with only 
a few spherical pores in the NiCu alloy matrix. The 
cast WC particles maintain the spherical shape, with 
no distinct phases formed at the interface. 

(2) Due to the low solubility of W in Ni and 
the high melting point of WC, which provides high 
chemical stability during sintering, no significant 
element diffusion occurs at the interface between 
WC particles and the NiCu matrix. 

(3) The composites have a high hardness of 
HRA 78.3 at a WC content of 65 wt.%. With 
increasing WC content, the transverse rupture 
strength and fracture toughness of the composite 
decrease, while the impact toughness first increases 
and then declines. 

(4) The NiCu matrix plays a crucial role in 
improving the fracture toughness of the composite. 

(5) At high strain rates, the impact toughness 
of the composite is primarily governed by two 
factors: the strain rate hardening of the NiCu matrix 
and the decreased densification caused by the high 
WC content. 
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球形铸造 WC 颗粒对 WC/NiCu 复合材料力学性能的影响 
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摘  要：开发了一种新型 NiCu 合金，并将其作为 WC 复合材料的粘结相。通过快速热压技术制备了铸造 WC 含

量为 55%~65%(质量分数)的复合材料。采用扫描电子显微镜(SEM)、能量色散 X 射线光谱仪(EDS)和透射电子显

微镜(TEM)对复合材料的微观结构进行了表征。结果表明，铸造 WC 颗粒在 NiCu 基体中分布均匀，且 WC 与 NiCu

合金之间的界面清晰，未形成附加相。力学性能测试结果显示，随着铸造 WC 颗粒含量的增加，复合材料的硬度

变化幅度较小，横向断裂强度(TRS)和断裂韧性呈现出相似的下降趋势，而冲击韧性则呈现出先增加后下降的趋

势。NiCu 合金基体在提升复合材料断裂韧性方面起到了关键作用；而在高应变速率下，NiCu 基体的应变速率硬

化效应以及高 WC 含量引起的密度降低共同导致了冲击韧性的下降。 

关键词：快速热压；WC 复合材料；NiCu 合金；韧性 
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