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Abstract 
Multi-walled carbon nanotube (MWCNT)/copper composite powders with 
different CNT contents ranging from 0 to 2 wt.% were prepared by a high 
energy ball milling method has shown that CNTs are well dispersed in the 
matrix up to 1.5 wt.%. Dense specimens were prepared by vacuum 
sintering technique. The relative density and porosity were calculated 
from the measured and theoretical densities of the sintered specimens. 
The porosity increases by increasing CNT content due to the 
agglomeration of the CNTs in the copper matrix. Brinell hardness tests 
were performed to evaluate the hardness of CNT/Cu composites. The best 
CNT content enhancing the hardness of composite was determined as 1.5 
wt.% CNT having hardness 35 percent higher than that of pure Cu at the 
same preparing conditions. The electrical resistivities of sintered 
specimens are measured with a four-probe method. The results show that 
the resistivity increases by increasing CNT content could be caused by the 
scattering during electron transfer at interface regions between CNTs and 
Cu particles.  
Kewords: carbon nanotubes, CNT/Cu composite, hardness, vacuum 
sintering 

INTRODUCTION 
Because of the combination of the outstanding properties of the metal matrix and 

reinforcement materials, metal matrix composites (MMCs) become one of the important 
materials mentioned recently due to their unique mechanical properties such as light weight 
and high elastic modulus, and their potential widely used in many industries such as 
aerospace, defense and security, mechanical, electrical, and electronics, etc [1-3]. 
Conventional MMCs reinforced with carbon fibers and particulates exhibit high specific 
strength and specific elastic modulus over their monolithic alloys. Recently, since the 
discovery of carbon nanotubes (CNTs) by Iijima [4], a number of investigations have been 
carried out to utilize this material as reinforcement in different materials, namely polymer, 
ceramics and metals, in order to combine the advantages of CNTs and metal matrix [5-8] 
due to its extraordinary properties such as very high mechanical properties, good electrical 
and thermal conductivity.  

Carbon nanotube reinforced metal matrix (MM-CNT) composites are prepared 
through a variety of processing techniques [9-13]. Powder metallurgy (PM) is the most 
popular and widely applied technique due to its combining easily different types of 
materials for yielding unique property combinations, for producing metal parts in a uniform 
and fine microstructure as well as preparing MM-CNT composites [7, 8, 14-17]. PM is a 
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cost effective method that allows one to produce near net-shape parts and requires a low 
manufacturing temperature in comparison with the melting methods [16-19]. Some kind of 
materials had been produced successfully via the PM technique such as electrical contact 
materials [20, 21], copper alloys [22], and metal matrix composites [7, 8, 23].  

Among MMC-CNTs, CNT/Cu composite is an important composite due to Cu and 
its alloys facile fabrication and generating a wide application - oriented in electronics and 
electrical industries [24-27]. Reports on Cu/CNT composites deal with improvement in 
mechanical as well as electrical properties [28-30]. Researchers showed that the most 
critical issues in the processing of CNT-reinforced MMCs are (1) dispersion of CNTs and 
(2) interfacial bond strength between CNT and the matrix. Thus, ball milling of the initial 
powder mixture became a useful method for the production of composite powders by a 
solid-state reaction at room temperature [31, 32] with relatively inexpensive equipment, and 
ability to scale up production for commercial quantities [32]. Powder metallurgy technique, 
comprising compaction and sintering, helps increasing the hardness up to 20% with 15 vol. 
% CNT addition [33]. The improvement is not very great, but the processing route has the 
capability to be a very popular one, due to its ease if further improvement. 

The aims of this study are to fabricate and investigate some properties of CNT/Cu 
composite. High energy ball milling was applied for mixing and milling the mixture of 
CNT and Cu powder to obtain uniform dispersion of CNT within composite powders with 
CNT contents changing from 0 to 2 wt.% . Then the vacuum sintering method was utilized 
to produce the CNT/Cu composite specimens. These specimens were subjected to 
investigation of the dispersion of CNTs within Cu matrix, density, porosity, hardness as 
well as electrical resistivity.  

MATERIALS AND METHODS 

Materials 
To fix the initial condition for fabricating the CNT/Cu nanocomposite sample, copper 
powders of 27 μm in diameter purity 99.9 % produced by PEAXNM Co. were used as a 
matrix material shown in Fig.1 a). Multi-walled carbon nanotubes (MWCNTs) 
commercially produced by the Laboratory of Carbon Nanomaterials, Institute of Materials 
Science, VAST, with an average diameter of about 47 nm in diameter, 50 µm in length, and 
purity more than 95%, were used as the reinforcement component shown in Fig.1c). 

Tab.1. Milling parameters used for producing the composite powders 

Samples CNT content 
(wt.%) 

Ball/powder ratio 
(w/w) 

Rotation speed 
(rpm) 

Milling time 
(h) 

Cu 0 10:1 300 5 
Cu+0.5wt.%CNT 0.5 10:1 300 5 
Cu+1wt.%CNT 1 10:1 300 5 
Cu+1.5wt.%CNT 1.5 10:1 300 5 
Cu+2wt.%CNT 2 10:1 300 5 

 
In order to improve the dispersion of CNTs in the Cu matrix, CNTs were 

functionalized by treatment in a mixture of hot acid (H2SO4:HNO3, 3:1) at 60oC for 4 h. 
The micro-sized Cu powder and the CNTs dispersed in ethanol were mixed into CNT/Cu 
composites` powder through a high-energy ball milling process using a planetary miller at a 
rotation speed of 300 rpm for 5 h. The ball mills used were 2 mm in diameter, and the ball/ 
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powder weight ratio was 10:1. The CNT contents in the composite were varied from 0 to 2 
wt.%. Milling parameters were shown in Table 1. 

 

 
Fig.1. a) SEM image and b) histogram of diameter distribution of Cu powders; c) SEM 

image and d) histogram of diameter distribution of MWCNTs synthesized by CVD 
method. 

Method 
In the first process, the CNT/Cu composite powder was compacted in steel dies 

under a compress force of 1 ton/cm2 for 10 s to create CNT/Cu composite specimens with a 
size of 20 mm in diameter and 40 mm in height. After preliminary pressing process, the 
specimens were continuously compacted by hydrostatic press with the pressing force about 
22 MPa. The CNT/Cu composites were sintered at temperatures of 900oC for 2 hours in 
pure argon atmosphere. The experimental density of the composite is a specific quantity 
that is determined by Archimedes method. The theoretical density (ρc) of CNT/Cu 
composite was determined by the following equitation: 

 

Cu
Cu

CNT
CNT

c

MM
ρρρ
1.1.1

+=  (1) 

 
where MCNT and MCu are mass fraction of the CNT and Cu matrix; ρCNT (≈ 2.07 g/cm3) and 
ρCu (≈8.9 g/cm3) are density of the CNT and Cu matrix, respectively. The relative density 
and porosity of the composite was also evaluated by comparing theoretical and 
experimental density. Microstructure of the CNT/Cu composites was characterized using 
field emission scanning electron microscopy (FESEM-S4800 Hitachi). Brinell hardness 
tests were performed to evaluate the hardness of CNT/Cu composites. The calculated 
values were obtained from ten measurements in different points for each composite. The 
electrical resistivities of sintered specimens are measured with the four-probe method using 
the NPS resistivity processor model sigma-5+.  
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RESULTS AND DISCUSSION 

Morphology and microstructure of CNT/Cu composite 
Figure 2 shows the distribution of the CNTs within CNT/Cu composite powders 

with different CNT contents fabricated by the high energy ball milling process using a 
planetary miller. The composite powders containing CNT content from 0.5 to 1 wt.% CNTs 
show the implanted CNTs on the surface of Cu powders, the individual CNTs (white arrow) 
were observed in composites meaning that uniform dispersion was obtained. However, in 
the composite powders with more than 1 wt.% CNTs added, some CNT clusters were 
observed. As for composite powder with 1.5 wt.% CNTs added, a part of CNTs has been 
well dispersed and shown the individual CNT implanted on the surface of Cu particles, and 
some small CNT clusters were formed and observed as shown in Figure 1 c). In the case of 
2 wt.% CNT/Cu composite powder, bigger CNT clusters were observed that, because of the 
tremendous surface area of CNTs of up to 200 m2.g-1, CNT clusters formed due to van der 
Waals forces [34]. 

  

 
Fig.2. SEM images of dispersion of CNTs materials in CNT/Cu composite powders with 
different CNT contents a) Cu + 0.5 wt. % CNTs, b) Cu+1 wt. % CNTs, c) Cu+1.5 wt. % 
CNTs and d) Cu+2 wt. % CNTs after milling and mixing by planetary miller (individual 

CNT – white arrow and CNT cluster- white circle). 

The distribution of CNTs within the sintered CNT/Cu composites with 1.5 wt.% 
CNT was obtained by etching in FeCl3 solution for 30 seconds as shown in Figure 3. It 
shows that the CNTs were implanted in Cu matrix and not destroyed during the sintering 
process. Similar as observed in composite powder, some individual CNTs were implanted 
on the surface of Cu particles (figure 2c) and CNT clusters were formed and observed at the 
grain boundary as shown in figure 2d. This result confirms that the uniform dispersion of 
CNT in composite powder strongly affects, and is to be a deciding factor in the dispersion 
of CNT in sintered composite. 
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Fig.3. SEM images of CNT dispersion within sintered composite contained 1.5 wt. % 

CNTs. 

Density and hardness 
The densities of composites were shown in figure 4. It clearly indicates that 

density of the composite could be reduced by increasing the CNT contents due to the 
hollow structure of CNTs. The density is lower as higher CNT content is added. However, 
if the quantity of CNT was reinforced in composite too much, the CNT cluster could be 
formed due to the limitation of the dispersion technique. The formation of CNT cluster 
shown in Fig.3 is also one of the factors leading to reduce the density of composite. As 
shown in figure 4, the measured densities are always much lower than the theoretical 
densities and lead to relative densities staying at the average value around 85 %, the highest 
of 91.8% for pure Cu and the lowest of 83.2% for CNT/Cu composite containing 2 wt.% 
CNTs. The porosity of composites increases by increasing CNT content. This is also 
confirmed by Daoush and co-workers, according to Daoush, increasing the CNT content 
the volume fraction of CNT increased, and the homogeneous distribution of CNTs in the 
copper matrix decreased will lead to a decrease in the density and increase the porosity of 
composites [35, 36]. The low relative density is an unexpected factor, because it will cause 
reduction in the properties of composites such as hardness, electrical and thermal 
conductivity. It could be improved by the uniform dispersed CNT techniques and the 
advanced powder metallurgy technique such as hot isostatic pressing (HIP), spark sintering 
plasma (SPS).  

The hardness of the composites with different mass fractions of CNTs is shown in 
Fig.5. The hardness was measured by the Brinell hardness test. The hardness increases with 
an increasing of the CNT mass fraction up to 1.5 % and decreases with mass fractions of 
CNTs more than 1.5 %. For the CNT/Cu composite reinforced by 1.5 wt.% CNT, the 
hardness reaches a value of 55.4HB, which is about 35 percent increase over that of the Cu 
without CNTs. Besides, the best hardness of 55.4 HB was obtained for the specimen with a 
porosity of 14.9%. Hardness of composite with higher 1.5 wt.% CNT content was 
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decreased due to higher porosity (16.8%) and CNT clusters. So the strength of composite 
not only depends on the carrying capacity of reinforcement materials, but also depends on 
the porosity of composite. To explain the carrying capacity of the CNT/Cu composites, we 
assumed that Cu matrix has ability transfer and distributed external force to CNTs used as a 
reinforcement material. The external force loaded on the Cu matrix itself is reduced. As for 
the dependence of the strength of composite on the porosity, lower porosity, its means that 
there are a very little bit of pores exited in composite lead to enhance the contact between 
CNT and Cu matrix and this contact is very important to transfer and distribute external 
force from the Cu matrix to CNT. Therefore, hardness will be enhanced in a higher dense 
composite. 

 

 
Fig.4. The variation of density and relative density of the CNT/Cu composites with the 

mass fraction of CNTs. 

 
Fig.5. The relationship between hardness and porosity content of CNT/Cu composite. 
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Electrical resistivity  
The dependence of the electrical resistivity of the CNT/Cu composites on the CNT 

contents was shown in Fig.6. As shown, the values of the electrical resistivity increased 
with increasing the CNT content in the Cu matrix from 6.1×10–6 Ω.cm for Cu to 14.9×10–6 
Ω.cm in the case of 2 wt.% CNT/Cu composite. As a result, the resistivity of composite 
with 2 wt.% CNT added is nearly 2.5 times higher than that of the sintered specimen 
without CNTs. Increase in the electrical resistivity of sintered composite is due to the high 
surface to volume ratio of CNTs, meaning that a larger reinforcement-matrix interface 
region is to be formed. These interface regions cause the scattering during electron transfer, 
leading to an increase in the electrical resistivity [34, 36]. 

 

 
Fig.6. The effect of CNT contents on the electrical resistivity of the CNT/Cu composites. 

CONCLUSIONS 
Copper matrix composites reinforced with varied mass fractions of CNT have 

been manufactured and characterized. CNT/Cu composites were prepared by vacuum 
sintering method. The density of composite decreases with the increasing of the mass 
fraction of CNTs and CNT/Cu composite with higher mass fractions of CNTs exhibited 
higher porosities by the hollow structure of CNTs and formation of CNT clusters. The 
hardness of the composite increases with the increasing of the mass fraction of CNTs from 
0 to 1.5 and decreases with more than 1.5 wt.% CNTs added. The introduction of CNTs in 
the Cu-matrix results in a decrease of the density of composite, whereas the hardness of 
composite increases by about 35% at the best-reinforced condition of 1.5 wt.% CNTs. The 
electrical resistivity of the CNT/Cu composites increased with increasing the CNT content 
in the copper matrix. The composite consolidated by vacuum sintering could be used as 
good raw materials for the next deformation process such as high pressure torsion (HPT), 
cold rolling, equal channel angular extrusion (ECAE), to achieve full-density composites. 
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