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Abstract: Cu−15%NbC (volume fraction) powder was synthesized using the starting powders of Cu, Nb and graphite in a high 
energy vibratory disc mill for 7 h of milling under argon atmosphere. A composite sample and a Cu/NbC functionally graded material 
(FGM) sample were produced by using the two-step press and sintering at 900 °C for 1 h under vacuum. The microstructure and 
physical and mechanical properties of the specimens were investigated. The field emission scanning electron microscopy, energy 
dispersive X-ray and X-ray diffraction analysis confirmed the synthesis of the nanostructure matrix of 18−27 nm with the 
nanoparticles reinforcement of 42 nm after sintering, verifying the thermal stability of this composite at high temperature. The 
hardness of Cu−15%NbC was five times greater than that of the pure Cu specimen. The volume reduction of the sample after the 
wear test decreased in comparison with the pure Cu specimen. The electrical conductivity of the composite specimen decreased to 
36.68% IACS. The FGM specimen exhibited high electrical conductivity corresponding to 75.83% IACS with the same hardness and 
wear properties as those of the composite sample on the composite surface. Thus, Cu/NbC FGM with good mechanical and electrical 
properties can be a good candidate for electrical contact applications. 
Key words: Cu/NbC nanocomposite; in-situ composite; mechanical alloying; electrical contact; wear behavior 
                                                                                                             
 
 
1 Introduction 
 

Copper is the best commercial metal for electrical 
and thermal applications [1,2]. The fact that copper is 
regarded as a criterion for the electrical conductivity 
measurements in the IACS standard shows its capability 
for electrical conductivity [3]. For applications such as 
electrical contacts, high performance switches, and spot 
welding electrodes, mechanical properties and thermal 
stability at elevated temperature, as well as electrical and 
thermal conductivity are required [4,5]. The alloying of 
copper with soluble materials enhances the mechanical 
properties, but these alloys contribute to an intense 
decrease in electrical conductivity [6]. Traditional high- 
strength copper alloys rely on precipitation hardening to 
increase their strength for low and intermediate 
temperature application but not at high temperatures [1]. 
Recently, the strengthening of copper with oxide and 
carbide reinforcement such as TiC [4], SiC [7,8], Al2O3 

[9,10], Cu2O [6], and NbC [11] has attracted attention of 
many researchers. It has been reported that the 
reinforcing of copper with NbC makes its mechanical 
and electrical properties more proper in comparison with 
other reinforcements [2,11,12]. The fine reinforcement 
particles with homogeneous distribution in the matrix 
enhance the mechanical properties and thermal stability 
of the composite. These fine particles can be produced by 
in-situ formation during mechanical alloying. 

Many engineering components require 
contradictory material properties, such as lightweight, 
high wear resistance, electrical conductivity, hardness 
and toughness. Functionally gradient materials (FGMs) 
fill the gap in materials science that the components 
require different properties in different positions and the 
optimal property is not achievable with the homogeneous 
cross-section materials. FGMs are materials with 
variation of composition and microstructure along their 
thickness [13,14]. For electrical contacts, the hardness, 
wear resistance and thermal stability of the surface, as 
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well as the electrical conductivity of bulk are required  
[5]. FGMs are composite materials with properties and 
microstructure continuously changing along a specific 
material direction. The main advantages of functionally 
graded structures are the possibility of taking advantages 
of each base material’s properties simultaneously [15]. 
Studies on functionally graded copper structures have 
been limited to few structures such as Cu/Ni [15], Cu/W 
[16,17], Cu/Al [18] and Cu/SiC [19]. In these studies, 
mostly, the microstructure of the specimens has been 
investigated, but their mechanical properties such as 
wear resistance and hardness, as well as their physical 
properties, including electrical conductivities have not 
been considered. To provide a copper-based specimen 
with good electrical conductivity and mechanical 
properties, further investigation on copper/reinforcement 
graded structure is needed. In this study, the 
microstructure, electrical conductivity, hardness and 
wear resistivity of the Cu/NbC nanocomposite and the 
composite with the gradient of NbC reinforcement in the 
copper matrix were investigated. 
 
2 Experimental  
 

In this study, the Cu−15%NbC (volume fraction) 
powder composite was synthesized by milling a mixture 
of the Cu powders (99.5% purity, 0.045 mm, produced 
by Merck Company), Nb (99.8% purity, 0.045 mm, 
produced by Alfa Aesar Company) and graphite (99.99% 
purity, the average particles size <180 µm, produced by 
Merck Company) in a high energy vibratory disc mill 
under argon. Stearic acid was used as the process control 
agent (PCA) in order to prevent excessive cold welding 
of these powders during ball milling. The milling 
parameters are shown in Table 1. 
 
Table 1 Milling parameters of vibratory disc mill 

Parameter Value 
Container volume/cm3 700 
Ratio of disc to powder  1:38 
Mass fraction of PCA/% 2 

Speed/(r·min−1) 700 
Atmosphere Ar 

Total milling time/h 7 
 

To obtain fine distribution reinforcements in Cu 
matrix, firstly, Cu and 12.7% Nb (volume fraction) and 
PCA were milled for 5 h to achieve the super-saturated 
solid solution of Nb in Cu. After that the stoichiometric 
amount of graphite was added to the mixture and the 
milling was continued for 2 h afterward. A pure copper 
was also milled for 7 h as a witness sample. The 
as-milled powders during milling were extracted after 1, 
2, 3, 5 and 7 h of milling time for examination by the 

X-ray diffraction (XRD) analysis and scanning electron 
microscopy (SEM). The crystallite size and internal 
strain were determined by the Williamson−Hall method 
[20]. The average values of the internal strain and 
crystallite size of Cu and NbC were calculated from the 
first three peaks (111), (200) and (220) for both the Cu 
and NbC. For preparation of the FG specimen, pure Cu 
and Cu−15%NbC powders were used. The FGM 
specimen, as shown in Fig. 1, consisted of five layers 
(approximately 1 mm each), varying in composition of 
the NbC particles along the thickness. Table 2 shows the 
amount of each base powder used in layers. 
 

  
Fig. 1 Composition of each layer for FGM specimens 
 
Table 2 Composition of each layer in FGM specimen  

Layer 
No. 

Mass of powder 
 in layer/g 

Mass of 
pure Cu/g 

Mass of 
Cu−15%NbC/g

1 4 4 0 

2 3 2.25 0.75 

3 3 1.2 1.8 

4 3 0.6 2.4 

5 3 0 3 

 
For the compaction of each type of the powders to a 

pellet with the radius of 25 mm and thickness of 5 mm, 
the cold and warm presses were performed subsequently. 
At first, a 50 MPa pre-compaction axial load was applied 
to the powder and the powder was subjected to 185 MPa 
pressure after heating this compact at 450 °C for 20 min. 
Heating causes the stearic acid (PCA) removal and 
softening of the milled powder. The compacts were 
sintered at 900 °C for 1 h under 0.133 Pa vacuum. To 
confirm the formation of the phases in the sintered 
specimen, the XRD test was performed. To study the 
microstructure, the field emission scanning electron 
microscopy (FE-SEM) and energy dispersive X-ray 
(EDX) analysis were used. Archimedes immersion 
method densitometry was utilized to determine the 
density of the specimen according to ASTM B328−96. 
The hardness was measured by the Vickers 
microhardness tester at an applied load of 10 N for 25 s. 
The electrical specific resistivity of samples was 
recorded by a four-point probe set-up. The wear behavior 
of the specimens was investigated by a pin on the disc 
apparatus under the constant wear distance of 1000 m, 
load of 20 N and sliding velocity of 0.25 mm/s. The 
information of samples is given in Table 3. 
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Table 3 Information of samples 

Sample No. Information 

1 Pure Cu as-received 

2 Mechanically milled Cu powder 

3 Cu−15%NbC 

4 Cu with gradient of NbC from 0 to 15% NbC

 
3 Results and discussion 
 
3.1 Microstructure evolution 

Figure 2 illustrates the evolution of powder 
morphology from the flake shape to the spherical one at 
different milling time. At the early stage of milling, 
copper powders are ductile. Powder particles are 
subjected to high energy collision which causes intense 
plastic deformation, and the morphology of the powder 
changes to flake shape. Increasing the milling time leads 
to increasing the density of defects such as dislocations 
and stacking faults followed by fracture and cold 
welding between particles. Then, the powder becomes 
brittle by fracturing the corner of brittle powder, and the 
morphology changes to elliptical and then spherical 

shape [1]. 
Figure 3 shows the XRD patterns of Cu−15%NbC 

at different milling time. The changes in XRD patterns at 
different milling time confirm the change of the 
microstructure of the powders. By increasing the milling 
time, the XRD pattern of the powder shows the 
remarkable line broadening of Cu and Nb and the 
intensity reduction of Nb peaks. After 5 h of milling, Nb 
peaks can hardly be detected. This confirms that Nb is 
completely dissolved within the copper lattice during 
milling. After 5 h of milling, the graphite powder is 
added to the mixture of the milled powder. The C peak 
can be seen in this pattern. The broad and weak peaks of 
NbC appear after 7 h of milling. ZUHAILAWATI et   
al [1,2,21] reported that the synthesis of NbC occurs only 
after heat treatment because the amount of energy 
transferring to the powder was not sufficiently high to 
overcome the activation energy required for the reaction 
to take place even in the long time of milling up to 54 h. 
However, MARQUES et al [5,22] and ZUHAILAWATI 
et al [23] reported that the partial formation of      
NbC occurs during milling and the NbC formation is 
completed after heat treatment. 

 

  
Fig. 2 Powder morphologies at milling time of 20 min (a), 2 h (b), 5 h (c) and 7 h (d) 
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Fig. 3 XRD patterns of Cu−15%NbC powders at different 
milling time 
 

The lattice parameter of Cu was determined by the 
Nelson−Riley method [24]. Figure 4 shows lattice 
parameters of Cu at different milling time. At the early 
stage of milling, the increase of the milling time causes 
an increase in the lattice parameter. The lattice parameter 
reaches to the maximum of 3.642 Å after 5 h of milling 
and then reduces to 3.639 Å after 7 h of milling. The 
atomic radii of Cu and Nb are 1.28 and 1.45 Å, 
respectively. The dissolving of Nb in the interstitial place 
of the Cu lattice results in the expansion of the lattice 

parameter. Increasing the amount of solvent Nb atoms 
followed by the increase of the milling time leads to the 
further expansion of the lattice and the increase of the Cu 
lattice parameter. The decrease of the lattice parameter 
after 5 h of milling may be due to Fe contamination 
which enters powder mixture from the collisions of the 
disc and wall which are all Fe-based. There is no trace of 
Fe in XRD pattern, indicating that Fe has been dissolved 
in Cu lattice. Due to the smaller atomic radius of Fe 
(1.27 Å) than those of Cu and Nb, the interstitial 
acceptance of Fe in Cu lattice decreases the lattice 
parameter. Figure 5(a) shows the cross-section of the 
 

 
Fig. 4 Lattice parameter of Cu at different milling time 

 

 

Fig. 5 Cross-section of as-milled powder (a) and mapping analysis of Cu (b), Nb (c) and Fe (d) 
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as-milled powder which is selected for the mapping 
analysis to trace the alloying elements. Figures 5(b) and 
(c) show the mapping of Cu and Nb elements, 
respectively. Fine distribution of the Nb atoms can be 
seen in Fig. 5(b), which demonstrates the good alloying 
of the Nb atoms in the matrix. Figure 5(d) shows Fe 
mapping from the cross-section of the as-milled powder, 
confirming the presence of Fe atoms in powders. The 
precipitations of Nb and the formation of NbC after 
adding graphite to powder are other possible reasons for 
decreasing the lattice parameter. Also, the addition of 
graphite to the powder may decrease the lattice 
parameter of Cu. BOTCHAROVA  et al [25] declared 
that after supersaturate solution of the interstitial atoms 
in the lattice, these atoms occupy the interstitial site of 
the lattice by entering more atoms into the lattice. 

The crystallite size and lattice strain were measured 
by the Williamson−Hall method. Figure 6 illustrates the 
variation of lattice strain and crystallite size of the 
specimen at different milling time. The crystallite size of 
Cu decreases from 61 nm to 20 nm and the lattice strain 
increases from 0.02% to 0.16% after 7 h of milling. The 
crystallite size of Nb corresponds to 18 nm after 7 h of 
milling. 

For specimen preparation, the powders were 
subjected to two-step pressing. Figure 7 shows the cross- 
section of Sample 4 after sintering. No macro-crack is 
observed in the specimens using visual testing, and 
different layers of Sample 4 can clearly be seen in Fig. 7. 

 

 
Fig. 6 Crystallite size and lattice parameter of specimen at 
different milling time 
 

 

Fig. 7 Macro image of cross-section of Sample 4 
 

Figure 8 shows the optical microstructures of the 
specimens. It can be seen that the porosity of the 
specimen increases in Samples 2 and 3 in comparison 
with that of pure Cu. The mechanical milling (MM) 
process increases dislocation density and the stacking 

 

 
Fig. 8 Optical micrographs of Sample 1 (a), Sample 2 (b), Sample 3 (c) and Sample 4 (d) 
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faults in the powders and the presence of the Nb atoms in 
the Cu lattice and the formation of NbC decrease the 
formability and compatibility of the powders [4]. Hence, 
the compaction of the mechanical milling powder and 
the composite powder is more difficult than that of pure 
metal, thereby increasing the porosity and decreasing the 
density of the specimens. 

Figure 9 shows the XRD pattern of the sintered 
composite after 7 h of milling and heat treatment at   
900 °C. The diffraction peaks from the in-situ composite 
are stronger and narrower than those of the as-milled  
powder. It can be seen that there is no trace of Nb and 
graphite. The peaks for NbC become sharper and 
stronger after heat treatment, confirming the complete 
synthesis of NbC after sintering. The severe plastic 
deformation during mechanical alloying and enormous 
energy stored in the powder facilitate the formation of 
NbC during sintering [2]. Without the hard working 
caused by mechanical milling, the direct formation of 
NbC just occurs at high temperatures higher than   
1500 °C [2]. By using the Nelson−Riley and 
Williamson−Hall equations for Cu peaks, the lattice 
parameter, lattice strain and crystallite size are obtained 
to be 3.616 nm, 0.03% and 41 nm, respectively, after 
sintering. 
 

 
Fig. 9 XRD pattern of Cu−15%NbC after 7 h of milling and 
heat treatment at 900 °C 
 

Figure 10 shows the SEM image of the whole 
cross-section of Sample 4 with Cu and Nb mapping after 
sintering. The gradient of Nb atoms well distributed 
without clustering can be seen in Fig. 10(c). Porosity 
increases with increasing amount of the reinforcement 
(Fig. 10(a)). The increase of porosity by increasing the 
reinforcement occurs along the section. 

Figure 11 shows the field emission scanning 
electron microscopy (FE-SEM) images of Samples 2 and 
3 after sintering. It can be seen that the average 
crystallite size of the composite is about 38 nm in    
Fig. 11(b). This picture confirms the result of crystal  

 

 
Fig. 10 SEM image of Sample 4 (a) and mapping of Cu (b) and 
Nb (c) 

 
measurement by using XRD peaks and the Williamson− 
Hall equation. Figure 11(a) obviously shows the growth 
of crystallite during sintering. The crystallite size of 
mechanically alloyed Cu increases to micrometric size 
after sintering. The comparison of Figs. 11(a) and (b) 
demonstrates the thermal stability of Sample 3 after 1 h 
sintering at high temperatures. The precipitation of the 
NbC nanoparticle is the main reason for the remaining of 
the nanoscale Cu. NbC particles act as an obstacle and 
prevent the crystallite growth after sintering. 

Figure 12(a) shows the back scatter image of 
Sample 3 after sintering. Because of higher atomic mass 
of NbC in comparison with Cu, the NbC particles appear 
brighter. This is also confirmed by the EDX analysis of 
these particles, which is illustrated in Fig. 12(b) showing 
high contents of Nb and C in this area. The average size 
of NbC particles is 36 nm and good distribution of NbC  
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Fig. 11 FE-SEM images of Samples 2 (a) and 3 (b) after 
sintering at 900 °C for 1 h 
 
can be seen in this picture. XRD, FE-SEM and EDX 
results confirm the in-situ formation of the nano NbC 
particles in the nano-crystallite Cu matrix with fine 
distribution of reinforcement. The approximately 
constant crystallite size about 40 nm is a reason for the 
thermal stability of the Cu/NbC composite. 
 
3.2 Mechanical and physical properties 

Table 4 illustrates the mechanical and physical 
properties of different specimens after sintering. Sample 
1 is the dense specimen in comparison with the other 
samples due to the formability of the pure Cu powder. 
The hard working on the Cu powder increased the lattice 

 

 
Fig. 12 FE-SEM back scatter (BS) image of Sample 3 after 
heat treatment (a) and EDX analysis from brighter particle (b) 
 
strain and dislocation density and decreased the 
crystallite size of the specimens [23]. Therefore, the 
compatibility of the MM powder is more difficult than 
the pure Cu, and the density of Sample 2 is lower than 
that of Sample 1. In Sample 3, in addition to the hard 
working on the powders, the presence of ceramic 
reinforcement causes lower density of the specimen. The 
presence of pure Cu in Sample 4 increased the 
formability of powder and allowed for the flow of 
materials into the porosities. Thus, the density of the 
FGM is higher than that of Sample 3. The low density in 
all samples is due to the low pressure applied during the 
compaction because of the lake of super alloy die which 
cannot bear high pressure. 

As reported in Table 4, the hardness of Sample 3 
increases abruptly in comparison with that of Samples 1 
and 2. The increase in hardness of composite sample is 

 
Table 4 Mechanical and physical properties of different samples after sintering 

Sample No. 
Relative 

density/% 
Hardness 

(HV) 
Volume reduction/ 

mm3 
Specific electrical 
resistivity/(µΩ·cm) 

Electrical conductivity/ 
%IACS 

1 82.6 35.4 2.2 2.03 84.03 

2 79.36 40.5 1.54 2.19 78.72 

3 64.32 183 0.534 4.71 36.68 

4 79.32 31−179 − 2.4 75.83  
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mainly attributed to the increase in the NbC phase and 
the decrease in the movement of the dislocation 
according to the Orowans mechanism [4,23]. The fine 
dispersion of reinforcement as shown in Fig. 12 
decreases the obstacle distance and increases the 
hardness of the composite. The effect of increasing 
hardness due to the decrease of the crystallite size and 
internal strain can be proven by comparing hardness of 
Samples 1 and 2. Figure 13 illustrates the hardness 
profile in the cross-section of Sample 4. The increase of 
hardness by increasing NbC particles can be seen in this 
plot. 
 

 

Fig. 13 Vickers hardness of different layers of Sample 4 
 

According to Table 4, the volume reduction of the 
worn Sample 3 is lower than that of Samples 1 and 2. 
Usually, increasing hardness improves the wear behavior 
of the material. Sample 3 shows better wear behavior in 
comparison with the other samples. The wear behavior of 
the composite surface of Sample 4 can be considered the 
same as Sample 3. Figures 14(a) and (b) show the SE 
and BS SEM images from the sliding surface of pin of 
Sample 1, respectively, and Fig. 14(c) shows debris 
morphology after wear. The BS image and EDX analysis 
show the oxidation of the pin surface at a 1000 m 
distance of the wear process, which can be seen as a dark 
area in Fig. 14(b). 

An increase in loading and the wear distance 
increases the sliding surface temperature, causing the 
softening and formability of the pin surface and the 
increase of the volume reduction of the specimen. The 
oxide layer on the pin surface and the oxide debris 
showed tribo-chemical mechanism during the wear test. 
The tribo-chemical wear is the characteristic of two- 
contact surface which has reaction with the surrounding 
environment. The wear process continues with the 
formation and dislodge of the product layers. The most 
common class of tribo-chemical wear mechanisms is 
oxidation which can be seen in BS SEM in Fig. 14 [26]. 

Figure 15 shows the worn pin surface and    
debris morphology of Sample 3. The low-depth groves in 

 

 
Fig. 14 SEM images of morphology of worn pin surface (a), 
BS imaging of worn pin surface (b) and morphology of debris 
(c) of Sample 1 
 
Fig. 15 confirm high hardness and good wear behavior of 
the composite sample. The nucleation and propagation of 
the crack can be seen in Fig. 15(b). The presence of 
cracks on the worn surface and flake morphology of the 
debris, as can be seen in Fig. 15(c), confirms the 
delamination mechanism in the worn composite sample. 

The composite surface of the FGM sample has the 
same wear behavior. The mass reduction of different 
samples shows the enhancement of wear resistivity in the 
composite sample in comparison with that of the other 
samples. 
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Fig. 15 Macrograph (a) and micrograph (b) of worn pin surface 
and powder morphology (c) of Sample 3 

 
The electrical conductivity of different samples is 

also given in Table 4. The mechanically milled powder 
shows a decrease in electrical conductivity in comparison 
with Sample 1. The increase of the scattering areas such 
as porosities, boundaries and dislocations is the main 
reason for this decrease. The electrical conductivity of 

Sample 3 is very low. The presence of reinforcements in 
addition to the previous reason resulted in an abrupt 
increase in the scattering area and a decrease in the 
electrical conductivity of this sample. As reported in 
Table 4, the electrical conductivity of Sample 4 is high. 
The pure Cu layer and the Cu-rich layer of the FGM 
sample provide the electron movement path and result in 
high conductivity of this sample. The comparison of the 
electrical conductivity of Samples 3 and 4 shows the 
enhancement of conductivity in the FGM specimen. 
 
4 Conclusions 
 

1) NbC was formed partially after 7 h of milling 
with a high energy vibratory disc mill. The syntheses of 
the nanostructure Cu with nanoreinforcement of NbC 
was addressed by the FE-SEM, EDX and XRD analysis. 

2) Constant crystallite size before and after sintering 
at 900 °C conceded the thermal stability of the composite. 
The wear behavior and hardness of the composite sample 
show an outstanding improvement in comparison with 
those of pure copper because of the homogeneous and 
fine distribution of the NbC particles. 

3) For electrical contact applications, the hardness 
and wear resistivity of the surface with electrical 
conductivity are required. The Cu/NbC functionally 
graded structure shows the advantage of both Cu and the 
composite sample. This sample shows high wear 
resistivity and hardness on the composite surface, while 
the electron movement path is provided through Cu-rich 
layers. 
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摘  要：原料 Cu，Nb 和石墨粉末置于高能振动盘式研磨仪，在氩气气氛中研磨 7 h 制备 Cu−5%NbC(体积分数)
粉末。采用两步压制法及在真空 900 °C 烧结 1 h 条件下制得 Cu−NbC 功能梯度材料和复合材料样品，研究样品的

显微组织、物理性能和力学性能。场发射扫描电镜、能量色散 X 射线和 X 射线衍射结果表明，样品经烧结处理

后，晶粒尺寸为 18~27 nm 的纳米结构基体中含有大小为 42 nm 的纳米颗粒增强相，证实了所制复合材料的高温

热稳定性。Cu−15%NbC 复合材料样品的硬度是纯 Cu 样品硬度的 5 倍。相对于纯 Cu 样品，磨损后 Cu−15%NbC
复合材料样品的体积磨损量减小，且电导率降低至 36.68%IACS。相对于复合表面中的复合材料样品，Cu/NbC 功

能梯度材料样品在具有与复合材料相同的硬度和磨损性能的条件下，显示出 75.83% IACS 的较高电导率。因此，

具有良好力学性能和电学性能的 Cu/NbC 功能梯度材料将成为很好的电触头材料。 
关键词：Cu/NbC 纳米复合材料；原位复合材料；机械合金化；电触头；磨损性能 
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