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Abstract. This paper studies the physical and mechanical properties of pure copper powder with
various reinforcement materials at different volume fractions. The used reinforcement materials
are carbon nanotubes CNT (0.5-2 wt.%) as nano particles, Al2O3 (1-4 wt.%), and SiC (1-4 wt.%) as
micro particles. Various characteristics were evaluated on the composite specimens such as
microstructures, density, electrical conductivity, thermal conductivity, hardness, and compression
properties to investigate the suitable reinforcement percentage that achieves the best physical
and mechanical properties. The micron-sized Al2O3 and SiC and nano sized CNT has shown an
enhancement on the mechanical and physical properties of the composite. The electrical and
thermal conductivities were evaluated and the results have shown positive enhancements.

1. INTRODUCTION
The main objective of electro-technical materials is
attaining the best combination of high strength and
high electrical conductivity that could be crucial for
some application, like the use of wires in high field
pulse magnets in ovens, winding wires, electrical
contact clamps, bearing and other applications. It
is known that the pure copper (99.9%) has high electric and thermal conductivities, but the use of pure
copper is often limited by its low strength and
machinability. Therefore, strengthening the materials by adding reinforcement and using it as a matrix in nano-composites in a way that doesn’t negatively affect the physical properties and in the same
time improves the mechanical properties is an important subject.
CNTs are perfect reinforcements for advanced
composite materials for numerous engineering applications. They are characterized by several features including a Young’s modulus of more than 1

TPa, tensile strength of over 150 GPa and thermal
conductivity of up to 6000 W/mK [1-4]. However,
due to some challenges such as achieving good
homogenous dispersion of CNTs inside metal matrices, the difficulty of bonding and reactions with
the metal matrices, and loss of CNTs during processing, widening their applications still needs a lot of
efforts [5-7].
In this regard, the current research work focuses
on the dispersion of CNTs with pure copper matrix,
which was the main subject of some previous reports [8-10]. Also some researches were concerned
with improving the mechanical properties (hardness,
compression, etc.) [11-13], thermal and electrical
conductivities [13] of pure copper [14-19]. Moreover, some studies focused on powder metallurgy
technique for using ceramic powder (Al2O3 and SiC)
as reinforcements [20-22]. The effect of carbon nano
tubes and nano aluminum oxide particles on the
electrical conductivity of copper nano composites
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Fig. 1. Cu/CNT powder metallurgy method.

has been previously demonstrated [23]. The effect
of sintering temperature on the mechanical properties of a Cu/CNT nano-composite prepared via a
powder metallurgy method has been also presented
by changing the sintering temperature, which proved
that the density of Cu-CNT will be decreased with a
high mass fraction of CNTs that exhibited high porosity in sintered specimens. Considerable enhancement was obtained by increasing CNT mass fraction in copper matrix, evaluated by the Brinell hardness test, with various mass fractions of the CNTs
[24]. Physical properties like thermal and electrical
conductivities of multi-walled carbon nano-tubes/
copper matrix nano-composites have also been studied [25].
This paper presents the powder metallurgy technique for the carbon nano-tubes and ceramics powder (Al2O3 and SiC) with microns grain sizes as reinforcements for pure copper powder in various percentages optimized to achieve the best physical
and mechanical properties. Besides, the obtained
specimens were investigated with various mechanical tests as well as microstructural investigations

(optical and Scanning Electron Microscope (SEM)),
density, electrical conductivity, thermal conductivity, hardness and compression strength.

2. EXPERIMENTAL PROCEDURES
In this work, powder metallurgy method was used
to obtain composite samples which consist of multiwalled carbon nano-tubes (MWCNTs) [with average
diameter: 10-40 nm, length: 1-25 m, purity by
weight: 99% min and specific surface area: 150250 m2/g] as a reinforcement to very fine pure copper powder (99.9%) with 2-3 microns particle size.
It has been reported in many researches that mixing copper powder with carbon nano-tubes is a challenge as they are easily separated from each other
[11]. So, this paper investigates an effective way to
form a mixture using chemical dispersant as
cyclohyxane-C6H12 and paraffin wax as a lubricant
through compaction together in order to reduce friction and form a suitable environment for mixing CNT
in the copper powder. The mixing process was carried out using a stainless steel container in a SPEX
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800 rpm mixer / mill- for one hour. After mixing, the
mixture was dried in an oven for one hour at about
100 °C that allows to melt the wax and to let it mix
well with copper and CNT mixture. Then the mixture was compacted in a rectangular die made from
Cr-Mo alloy steel (DIN W302). The die cavity had a
rectangular cross-section with 6x15 mm2 area. The
hydraulic uniaxial press machine was adjusted at a
compaction pressure of 600 MPa to obtain the compacted specimens. The sintering process was carried out in a vacuum furnace at 1050 °C for 2 hours.
The heating rate was adjusted at 4 °C / min till 250
°C where the temperature was held constant for 30
min to complete the debinding stage. Then, the
heating rate was raised to 6 °C till the maximum.
Then the specimens were cooled in the furnace.
Fig. 1 shows the details of the whole powder metallurgy process.
On the other hand, the pervious process was
repeated, but carbon nano tubes were replaced with
ceramic Al2O3 powder (60 microns particle size) with
various percentages from 1-4% wt. Moreover, the
ceramic Al2O3 powder was also replaced again with
SiC (10 microns particle size) with the same percentages (1-4 wt.%). The obtained specimens were
examined under different types of tests. For microstructure investigation, the specimens were prepared
using standard grinding with 120, 220,400, 600, 800,
1000, 1200, 2000, and 3000 grit SiC papers and
then, they were polished with 6 micron diamond
paste. Optical microscope (type Axioplan) was used
to illustrate microstructure features using digital
camera type Cannon PC1049 fitted with ZICE
lenses. The microstructure of the polished samples
was also investigated by Field emission scanning
electron microscope (FESEM; QUANTAFEG250,
Holland. Moreover, the actual density of the sintered
composites was determined using Archimedes rule,
using water as the floating liquid. The sintered specimens were weighed in air and in distilled water then
their actual densities (act.) were calculated according to the following equation:

act . 

W

a

Wa

 WW 

,

(1)

where Wa and Ww are the masses of the sample in
air and water, respectively. The theoretical density
(th) for the investigated composite was calculated
according to the following equation:

 th  (Vm  m )  (Vr r ),

(2)

where Vm and m are the volume fraction and density of the matrix while Vr and r are the volume

fraction and density of the reinforcement. The degree of porosity of the sintered compacts was calculated according to the following equation:

Porosity(%)  1  (act . /  th . )  ( th .  act . ) /  th . . (3)
The electrical conductivity was measured using
a four-terminal ohmmeter for high accuracy. One
pair of terminals measures voltage, while the other
pair measures current. This allows the ohmmeter
to ignore the resistance of the second pair of terminals. Then, the resistance of the specimen was recorded using the ohmmeter.

  L / AR,

(4)

where:  - electrical conductivity (1/(m), L - the
distance between the ohmmeter terminals, A - the
area of the surface that the ohmmeter is measuring
current across, R - electrical resistance of the specimen.
The thermal conductivity was estimated from the
electrical conductivity using Wiedemann-Franz law

K  LT ,

(5)

where: K - thermal conductivity (W/mK),  - electrical conductivity (1/ (m), L - Lorenz number (2.45
x10-8 W/k2), T - temperature (K).
Vickers hardness was measured at a load of 10
Kgf and the time to make an indentation was 10
seconds for all specimens. The reported Vickers
hardness values of the specimens represent the
average of 5 readings of each sample. Compression strength test of the investigated samples was
performed using a micro-computer-controlled
uniaxial universal testing machine [HT-9501. The
samples used for compression tests were of a rectangular 8x8 mm2 cross-section and a height of 15
mm. The applied cross-head speed of universal test
machine used in this study was 2 mm/min. The
test was conducted at room temperature.

3. RESULTS AND DISCUSSION
This section presents and discusses the physical
and mechanical properties of the obtained sintered
composite such as hardness, mechanical durability, electrical conductivity, thermal conductivity and
the density. Fig. 2 shows the un-etched microstructure of the pure copper sample. It is obvious that
the black dots represent the voids while there is no
sign of incomplete powder particle bonding.
Fig. 3 displays the un-etched microstructure of
sintered composite of pure copper with 0.5 wt.%
CNT and 1.5 wt.% CNT. It is noticed that while increasing CNT percentage in copper matrix, its ho-
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Fig. 2. Optical micrograph of sintered pure copper.
mogenous distribution inside the specimens has
been kept unharmed. Also, the figure shows that
CNT’s are well bonded to the copper grains, which
is expected to be an effective factor in improving the
mechanical and physical properties of the sintered
composites. Light areas indicate Cu matrix and dark
grey and cornered shapes indicate the reinforcement component CNT and voids, respectively.
Fig. 4 illustrates the microstructure of sintered
copper with 1% wt. Al2O3 and 4% wt. Al2O3. It shows
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that micron-sized Al2O3 particles have a great effect
on the optical microstructure of copper composite
sintered samples (Cu/ Al2O3), where it clearly appears with uniform homogenous distribution in the
copper matrix. Before the mixing process, the Al2O3
particle size was bigger than that of copper. However, it can be inferred from the figure that during the
mixing process, the Al2O3 particles has become finer
with sufficient distribution. It might also be worth
mentioning that grain growth has already occurred
in the composite sintered samples in both images
in Figs. 4a and 4b in a non-homogeneous manner
which is a characteristic of vacuum sintered Cu
matrix composites.
Similarly, Fig. 5 shows the optical microstructure of sintered pure copper with 1 wt.% SiC and 4
wt.% SiC. In both micrographs of the figure, light
areas indicate Cu matrix, while dark grey areas indicate the reinforcement component SiC particles
which are homogeneously dispersed in the Cu matrix. At higher percentage (4 wt.%) of SiC, the parti-

Fig. 3. Optical micrographs of sintered pure Copper/0.5 wt.% CNT (a) and pure Copper/1.5 wt.% CNT (b).

Fig. 4. Optical micrographs of sintered pure copper/1 wt.% Al2O3 (a) and pure copper/4 wt.% Al2O3 (b).

Fig. 5. Optical micrographs of sintering pure Copper/1 wt.% SiC (a) and pure copper/4 wt.% SiC (b).
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cles penetrate the copper grains due to ductile nature of copper.
Fig. 6 shows the microstructure of pure copper
sample obtained by SEM, which demonstrates
clearly the particle diffusion bonding between copper-copper particles as a result of sintering under
vacuum atmosphere for two hours at 1050 °C. The
image shows the un-etched surface of the specimen, where grain boundaries can be clearly observed. The surface defects that appear on the SEM
image of pure Cu figures refer to void content.
Fig. 7 demonstrates SEM images of Cu/0.5 wt.%
CNT and Cu/1.5 wt.% CNT nanocomposites after

sintering. It can be noted that the obtained SEM
micrographs show that CNTs were uniformly dispersed in the copper matrix and no considerable
agglomeration of CNTs was noted during this observation. The grain size was clearly affected by
the increase in CNT percentage.
Fig. 8 illustrates the SEM micrographs of Cu/1
wt.% Al2O3 and Cu/4 wt.% Al2O3 micro-composites.
The Al2O3 reinforcement particles show good homogenous distribution in the copper matrix at low concentrations. There are a number of Al2O3 agglomeration and small number of pores on the Cu/4 wt.%
Al2O3 micro-composites because Al2O3 has high
volume fraction of (4 wt.%). The copper/ Al2O3 interaction has also aided in the formation of a new phase,
that is, Cu AlO2 which has been identified in the
gray areas by SEM-EDS of Cu/4 wt.% Al2O3 sample.
Fig. 9 illustrates the SEM micrographs of Cu/1
wt.% SiC and Cu/4 wt.% SiC micro-composites.
The SiC reinforcement particles have a perfect homogenous distribution in the copper matrix. There
are a number of pores on the grain boundaries of
the copper grains, and their sizes are very small in
the micro-composites due to mixing process. There
are some SiC agglomerations at higher SiC mass
fractions (4 wt.%).

Fig. 6. SEM images of pure Copper material after
sintering.

Fig. 7. SEM images of sintered pure Copper/0.5 wt.% CNT (a) and pure Copper/1.5 wt.% CNT
nanocomposites.

Fig. 8. SEM images of sintered pure Copper/1 wt.% Al2O3 (a) and pure Copper/4 wt.% Al2O3 (b) microcomposites.
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Fig. 9. Sintering SEM images of (a) pure Copper/1 wt.% SiC (b) pure Copper/4wt.% SiC micro-composite
material after sintering.

The relative density of a composite, made by
powder metallurgy, is the most important parameter which greatly affects its mechanical and physical properties. Fig. 10 shows the relative densities
of pure copper and copper composites with various
types of reinforcements. Generally, the composite
specimens have shown less relative density than
that of pure Cu. It can be noted that the relative
density of was initially slightly improved by using
CNT and SiC as reinforcement materials in copper
matrix and that it was decreased with increasing
the reinforcement mass fraction for (CNT, Al2O3,and
SiC). Also, the relative density of Cu/SiC has high
values compared to other specimens where the Cu/
2 wt.% CNT has the lowest value of relative density.
Decreasing the density of the Cu composite, while
was not intended in this study, still makes no negative effects on other properties providing better solution of weight reduction for the composite.
Fig. 11 demonstrates the electrical conductivity
for different types of specimens. It can be noted
that pure copper with CNTs (1 wt.%) has the best
electrical conductivity compared to others specimens. Those results are better compared to those
previously reported [23]. Also, the electric conductivity of sintered pure copper is slightly lower than
the casting pure copper (60*10^6 s/m) because of
the voids. Moreover, the (Cu/CNT) curve at region
from 1-1.5 wt.% has more electrical conductivity with
respect to pure copper. This is because the CNT
has a high electrical conductivity, but this advantage is limited at a certain range of mass frication
percentage according to the powder metallurgy technique.
Fig. 12 represents the estimated thermal conductivity for all specimens. As it follows the electrical conductivity, it is obvious that pure copper with
CNTs (1%) has the best thermal conductivity compared to others specimens. Also, the thermal con-

Fig. 10. Relative density versus mass fraction of
Cu/CNT, Cu/ Al2O3, and Cu/SiC sintered composites.

Fig. 11. Electrical conductivity versus mass fraction of Cu/CNT, Cu/ Al2O3, and Cu/SiC and pure
copper sintered samples.
ductivity of sintered pure copper is slightly lower
than the casting pure Copper (401 W/(m·K)) because
of the voids. Moreover, the (Cu/CNT) curve at region
from (1%-1.5%) wt.% mass fraction has more thermal conductivity compared to pure copper.
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Fig. 12. Estimated thermal conductivity versus mass
fraction of Cu/CNT, Cu/ Al2O3 and Cu/SiC and pure
copper sintered samples.

The Vickers hardness test was carried out to
investigate the apparent hardness of the specimens
of Cu/CNT nano-composite, Cu/SiC and Cu/ Al2O3
micro-composite. In case of Cu matrix with CNTs,
the apparent hardness has increased linearly until
CNTs (1.5 wt.%), while it has decreased after this
point as shown in Fig. 13. Further increase in the
CNT percentage has led to increasing the pores
which negatively affects the hardness of the specimens. It can also be noted that the apparent hardness values of the Cu matrix with Al2O3 addition has
increased until 3% Al2O3 and then remained the
same for higher Al2O3 concentration. This may be
due to the miss-match of particle size of Al2O3 and
Cu particle powders which leads to increasing the
pores with higher Al2O3 percentage. Moreover, the
apparent hardness values of the Cu matrix with SiC
addition has increased until 2% SiC, while it has
decreased after this point . This may be because
SiC is partially soluble in the matrix at the sintering
temperatures used in the study, which increases
the Si and C level in the matrix.
Fig. 14 shows the compression yield stress results of Cu/CNT, Cu/ Al2O3, and Cu/SiC and pure
copper sintered powder. It can be noted that the
pure copper has low compression strength compared to most specimens. The compression yield
strength of Cu/CNT was initially increased at 1 wt.%
mass fraction and then it was decreased with increasing the CNT percentage. It can be noted that
the fracture surface visual observation has shown
darker appearances in case of CNT higher than 1
wt.% addition as a result of the much increased
volume fraction of CNTs which have very low density compared to the copper matrix. In case of the

Fig. 13. Hardness versus mass fraction of Cu/CNT,
Cu/ Al2O3 and Cu/SiC and pure copper sintered powder.

Fig. 14. Compression stress versus mass fraction
of Cu/CNT, Cu/ Al2O3 and Cu/ SiC and pure copper
sintered powder.

Cu/ Al2O3 the compression stress was increased
gradually with increasing the Al2O3 mass fraction.
This shows that alumina can be easily integrated
into copper matrix as was also previously shown in
the microstructure. On the other hand, the compression yield stress of Cu/SiC has shown the highest values of all specimens. The yield stress has
increased until 3 wt.% mass fraction and then decreased with increasing SiC percentage.

4. CONCLUSION
Carbon nanotubes, Al2O3 and SiC were individually
added as reinforcements to the copper matrix composites, which were successfully developed through
powder metallurgy. Characterizing their microstructure, physical, and mechanical properties was per-
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formed. Results have shown that the proposed
manufacturing route was proven sufficient enough
to produce near full density copper composites.
Sintering temperature at a vacuum furnace was used
to produce good sintered products at 2 hours
sintering time and 1050 °C. The powder particle diffusion bonding can be seen clearly in the optical
microscope and SEM observations of the composites. The specimens of the CNT with Nano-particles
size, Al2O3 and SiC Micro-particles size were presented as an enhancement to the mechanical and
physical properties, the electrical and thermal conductivities were measured and the results have
shown a good enhancement compared to pure copper.
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