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Abstract 
 
Exhibiting unique and outstanding properties since 
invention, carbon nanotubes (CNT) had been studied 
vastly in composite materials. Because of high elastic 
modulus and strength, remarkable physical and 
chemical properties; CNT was found to be used as 
reinforcement in metal-matrix and ceramic-matrix 
composites. 
In this research, copper-matrix nanocomposites rein-
forced with CNT was processed by means of powder 
metallurgy. At first, pure copper powder with various 
CNT weight percentages (0-3) was mechanically 
milled. The optimized milling time and carbon nano-
tubes distribution in the copper matrix were deter-
mined using field emission scanning electron micros-
copy (FESEM). Then, samples were produced 
through cold isostatic press forming and sintering 
processes. Samples were tested under compressive 
strength test and effects of CNT on mechanical prop-
erties such as yield strength, elastic modulus and 
hardness of composites were investigated. According 
to the results, addition of carbon nanotubes caused 
an increase in strength of copper so that yield 
strength and elastic modulus of copper 
nanocomposites containing 2 wt. % was twice the 
value of pure copper. 
Keywords: Carbon nanotubes, Nanocomposite, 
Cold Isostatic Press(CIP), Mechanical Milling, Me-
chanical Properties. 
Introduction 
Composite materials are becoming necessary for 
modern technologies in order to improve both me-
chanical and physical properties of materials. 
Composite is a physical mixture in macroscopic scale 
which is made of two or more materials. The ingre-
dients preserve their physical and chemical  

 
properties; however the mixture provides even better 
properties than its constituents [1]. Metal-matrix 
composites (MMC) have widely developed in recent 
years; e.g. aluminium-matrix composites which 
caused huge efficiency and diversity in the industry. 
Since 1991 that it was discovered by Ijima [2], CNT 
is widely used and investigated in different materials. 
Carbon nanotube is accounted as reinforcement due 
to its great physical and mechanical properties [3-4]. 
Due to high strength, elastic modulus, flexibility, 
conductivity and other properties, CNT is widely 
used and studied as reinforcement in composite ma-
terials [4-5]. Copper-matrix composites also show 
low thermal expansion coefficient, high stiffness, 
electrical and thermal conductivity and strength and 
proper wear resistance [4]. 
Copper- or graphite-matrix composite combine di-
verse properties; they are efficient at high tempera-
tures and also show high electrical and thermal con-
ductivity [3-5]. 
Hence, copper and carbon nanotube composition 
may produce unique properties such as high and im-
proved mechanical strength [5] and thermal and elec-
trical conductivity [3-4], low thermal expansion coef-
ficient [6] and enhanced hardness [7] and wear re-
sistance [8]. 
Carbon nanotubes as reinforcement would cause 
increase of strength and physical and mechanical 
properties improvement in metal- or ceramic-matrix 
composites. It may be regarded to the remarkable 
mechanical and physical properties of carbon nano-
tubes [3-8]. 
Copper and CNT nanocomposites (Cu-CNT) have 
been manufactured by various procedures such as 
mechanical milling method [9], chemical and mo-
lecular method (wet chemistry) [8], electrolytic 
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method [4-10], molecular-mechanical milling method 
[11] and some other procedures. 
The most significant issue in processing these 
nanocomposites is distribution of carbon nanotubes 
in copper matrix [3-11]. 
The carbon nanotubes distribution is important so if 
it is problematic and nanotubes remained in cluster 
forms or agglomerated, composite properties would 
deteriorate [12-13]. Powder metallurgy is used to 
produce metal-matrix composites reinforced with 
discontinuous fibres, particles and whiskers [14-15]. 
In mechanical milling method, presence of initial 
particles with grain size of 3-45 microns in the mix-
ture of copper powder and carbon nanotubes leads to 
improvement of mechanical properties for addition of 
CNT up to 0.5-1 wt. % [9]. 
The measured sintering temperature for copper-CNT 
composition in this method is reported between 850 
to 950°C [15]. 
In this research, powder metallurgy was used to pro-
duce copper-matrix and CNT compositions. Pure 
copper powder containing diverse CNT weight per-
centages (0-3) was ground by planetary mills. 
Goal of this research was to study the effect of CNT 
on mechanical properties of copper-matrix compo-
sites. 
Experimental 
Ingredients 
Copper powder with mean grain size of 10 microns 
(less than 20 microns) and purity of more than 99% 
produced by Merck Co. was used as matrix metal. 
Multi-walled carbon nanotubes (MWCNT) synthe-
sized by means of chemical vapour deposition proce-
dure by Research Institute of Iranian Petroleum In-
dustry, with length of about 10-20 microns and 5-10 
nanometres in diameter and purity of 96% were used 
as reinforcement. 
      

Figure 1: TEM micrograph of MWCNTs with 5-
10nm in diameter and length of 10μm 

Pure copper powder with diverse CNT weight per-
centages (0-3) was milled in Ar atmosphere for 5h 
and with velocity of 280 rpm. The ball-to-powder 
weight ratio was 10:1 and balls dimensions were 
between 10-15 mm. Moreover, A 2 wt. % stearic 
acid was applied as PCA to hinder cold welds and 
also act as a lubricant. Reduction of powder grain 
size caused by milling leads to interaction surface 
increase among particles and stronger bond creation 
between matrix and reinforcement. 
The milled copper and CNT powder was poured to 
die cast and then pre-formed by 25 MPa cold presses 
(uniaxis) and then completely compacted and formed 
by 500 MPa cold isostatic presses. Pressing and load-
ing processes were applied homogeneously and on 
every aspect of the sample. Then, pressed samples 

were sintered for 2h at 920°C [15]. The reference 
sample made of pure copper also underwent same 
processes. Samples were produced in form of cylin-
drical tablets and their cross section was 10mm in 
diameter and their height was 5mm for hardness test 
and for compressive strength test was 10mm in di-
ameter and their height was 15mm. 
Powder morphology and the optimized milling time 
were investigated by a HITACHI S4160 FESEM with 
voltage of 15-30 kV. In order to study mechanical 
properties and hardness, a Buehler 60044, micro 
hardness tester was used. In order to examine me-
chanical properties and strength, a Universal, Gotech 
AL 7000 LA 30 was used. 
Results  
Mechanical properties 
Hardness was measured by micro hardness tester 
using a microscope and determination of the indent-
ed diameter. In hardness tests, a plastic deformation 
is produced in sample due to loading for a certain 
amount of time. After loading a 50-gram force for 15 
seconds, hardness was determined by measuring the 
indented diameter by an optical microscope. 
 
As it maybe observed in table 1, with addition of 
carbon nanotubes hardness of copper increased. 
Hardness of pure copper was measured about 54.5 
Vickers; while it increased to 75 HV after 1 wt. % 
CNT had been added and 94.5 HV after 2 wt. % 
which the latter was the highest value that was 
measured in this research. According to the results, it 
may be concluded that hardness and mechanical 
properties of composites generally improves in com-
parison with pure copper. In Cu-CNT1% hardness 
improved and Cu-CNT2% showed the best mechani-
cal properties. 
The samples were examined under compulsive 
strength test and results are showed in fig.3. 
Cu-CNT nanocomposites were compared in fig.3. 
Yield strength value of pure copper was 40 MPa and 
after CNT was added it increased; so that Cu-
CNT1% showed yield strength value of 75 MPa and 
Cu-CNT2% yielded at 83 MPa. However Cu-CNT3% 
was not able to resist much compression and failed 
earlier. Yield strength was calculated by using the 
0.2% strain model. 
 
Elastic modulus also increased due to CNT addition. 
Elastic modulus value of pure copper was 15 MPa 
and after CNT was added it increased; so that Cu-
CNT1% showed Elastic modulus value of 27 MPa 
and Cu-CNT2% 30 MPa. However Cu-CNT3% was 
not able to resist much compression and failed earli-
er. Elastic modulus was calculated according to the 
slope of the line in the elastic region. 
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 The value for Cu-CNT1% and Cu-CNT2% were 
approximately the same but Cu-CNT2% generally 
showed higher yield strength and elastic modulus. 
Due to mechanical properties of reinforcement 
(CNT), the improvement may be attributed to the 
nanotubes. 
Discussion 
Milling time optimization 
Micrographs of 15hour-milled samples was observed 
and it was figured out that particles had become too 
fine and broken so that nanotubes may not be seen. 
After 10 hours of milling, it may be seen that in spite 
of being well distributed, length of nanotubes is 
shortened and it causes deterioration of reinforce-
ment mechanical properties [1-2]. According to the 
micrographs, after 5 hours of milling CNTs are not 
only distributed uniformly in copper matrix but also 
their length has not lowered very much; besides, 
clusters and piles of nanotubes have not formed. In 
case of a non-uniform distribution of nanotubes, 
their reinforcing properties would not usefully affect 
composite [5, 9 and 11]. 
 
Apart from properties of ingredients, interfaces also 
play an important role in improving or deteriorating 
general properties of a system. Because of large sur-
face area of nanotubes, interfaces are produced 
widely in these composites. Mechanical properties 
improvement of metal- or polymer- matrix compo-
sites may be attributed to large interfaces which are 
produced by nanotubes [17]. 
One of the most significant issues in composites is 
the interface between matrix and reinforcement, the 
more interface leads to the more improved mechani-
cal properties. CNTs are in form of fibres and thus 
may produce huge interfaces with copper particles 
[9, 16]. Meanwhile, the bond needs to be strong 
enough which may be seen in FESEM micrographs 
that carbon nanotubes are thoroughly bonded to 
copper particles. 

Figure 4: FESEM micrograph of a CNT within 
copper matrix  

Carbon nanotubes provide high-quality properties 
such as high strength which enables them to resist 
against loads and in result hardness of reinforced 
copper increased by 40%. However, because of the 
fact that stress accumulation occurs in the interfaces, 
excessive reinforcement usage would lead to stress 
accumulation and consequently deterioration of 
properties.  
Carbon nanotubes with high length-to-diameter ratio 
hinder internal micro-cracks propagation and also 
stop movement of dislocations; piled up dislocations 
cause huge amount of stress accumulation. Hence 
Cu-CNT3% could not demonstrate good qualities of 
a composite. Although hardness improved in com-

parison with pure copper but it is less than the meas-
ured value for Cu-CNT2%. It proves that the opti-
mum CNT percentage is 2 and more than this value, 
mechanical properties and hardness would decline. 
The obtained results were properly consistent with 
Van Trinh Pham et al [15] studies on Cu-CNT com-
posites. In their studies the composition was made by 
means of chemical method and hardness properties 
of composite were investigated after heat treatment. 
 
Conclusions 

1- Application of mechanical milling was effi-
cient and enabled composition of uniform-
distributed CNT in copper matrix. 

2- Addition of CNT to copper led to an in-
crease in hardness in comparison with pure 
copper by 40% (Cu-CNT1%) and 75% (Cu-
CNT2%). 

3- Addition of CNT to copper led to an in-
crease in strength in comparison with pure 
copper, so that elastic modulus increased by 
88% for Cu-CNT1% and was doubled for 
Cu-CNT2%. 

4- The optimum amount of CNT was proved to 
be 2 wt. % and extra addition would cause 
deterioration of mechanical properties. 
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Figure 2: TEM micrograph of MWCNTswith 5-10nm in diameter and length of 10μm 
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Table1: Vickers hardness of composites 
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Figure 2: compressive strength of pure copper and composites 

 

 

 

 

 

 

 

 

     Figure 3 (a) 

 

 

 

 

 

 

 

Figure 3 (b) 

 

 

 

 

 

 

 

 Figure 4: FESEM micrograph of a CNT within copper matrix  
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