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In this paper, the mechanical milling process for various durations was used to generate a homogeneous dis-
tribution of 1 wt.% carbon nanotube within Cu powder. E�ects of milling time on morphology, microstructure,
and microhardness of the powder were studied. The results showed that work hardened Cu-carbon nanotube
nanocomposite powder with nanosized grains can be fabricated by the mechanical milling of the elemental mate-
rials. The addition of carbon nanotubes accelerated the morphological and microstructural evolution during the
mechanical milling and in�uenced the compressibility of the powder. The compressibility behavior of the powder
was analyzed using analytical models and used to estimate the strength of the powder. The nanocomposite com-
pacts were sintered in vacuum and showed the maximum relative density of ≈91% at optimum condition.

DOI: 10.12693/APhysPolA.127.1722

PACS: 81.05.Ni, 88.30.rh, 81.07.Bc, 64.70.fm

1. Introduction

Carbon nanotubes (CNTs) have attracted scienti�c
and technological interest because of their signi�cant ad-
vantages in comparison with most existing materials.
Many researchers have shown that carbon nanotubes pos-
sess remarkable mechanical properties, such as exception-
ally high elastic modulus and high tensile strength [1�3].
There is growing interest in the addition of carbon nano-
tubes to metal matrixes, and large number of studies
has been published to date. Researches show that the
addition of carbon nanotubes can considerably enhance
the strength, toughness and conductivities of metals [4�
8]. There are some di�culties in using CNTs in met-
als which may result inferior mechanical properties of
CNT/metal nanocomposites, which are severe agglomer-
ation of CNTs, weak CNT/metal interface, and low rela-
tive density of CNT [9]. Various techniques have been
used to solve these problems in CNT reinforced met-
als; for example: mechanical milling assisted hot/cold
condensation, molecular level mixing, thermal spraying,
deformation-based consolidation, co-deposition and so
on [10]. Among metal�CNT composites, Cu�CNT com-
posites are of interest because of superior mechanical and
thermal properties of the fabricated composites. There-
fore, many researches have been performed to fabricate
this composite and enhance its properties by modifying
the parameters in�uencing the composite characteristics.
Mechanical milling (MM) is one of the methods which

are used to manufacture homogeneously dispersed CNT
strengthened copper alloys. In the mechanical milling
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process, repeated welding and fracturing of the powders
by the impact energy between balls and the walls of the
jar lead to homogeneous dispersion of CNTs and grain
size re�nement of the copper matrix. Mechanical milling
of Cu�CNT and e�ect of the process parameters on CNT
dispersion, powders morphology and microstructure have
been studied by many researchers [11�14]. B.J. Kim et al.
have synthesized Cu�CNT nanocomposite powder by ball
milling followed by powder metallurgy processing. They
have shown that the homogeneous Cu�CNT nanocom-
posite intermetallic particles with �ne grains can be fab-
ricated via this method [11]. T. Kim et al. [12] have
studied the microstructure and tensile behavior of car-
bon nanotube reinforced Cu matrix nanocomposites fab-
ricated by spark plasma sintering (SPS) of high energy
ball-milled nanosized Cu powders reinforced with multi-
wall CNTs followed by cold rolling process. Their results
show that the mechanical milling can be used to prepare
completely/partially homogeneous Cu/CNT powder for
production of high strength bulk composites. In a recent
work, Yoo et al. [14] have synthesized a high strength Cu�
CNT nanocomposite by a combination of ball milling and
high-ratio di�erential speed rolling. In their work, ho-
mogeneous dispersion of CNTs in nanostructured copper
matrix was obtained by mechanical milling.
The literature data show that mechanical milling can

be used as a method to obtain a homogeneous �ne
grained Cu�CNT composite powder which can be �nally
consolidated by many conventional techniques. The mi-
crostructure, morphology and hardness of Cu�CNT pow-
der change during the mechanical milling process and can
a�ect the microstructure, densi�cation and mechanical
features of consolidated �nal materials. Therefore, it is
important to investigate these changes during the me-
chanical milling process and their e�ects on densi�cation
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behavior of the powder. Mechanical milling of Cu�CNT
powder has been investigated by Shukla et al. [13]. They
have shown the formation of layered structure by ball
milling up to 20 h. They have studied the e�ect of me-
chanical milling time and CNT content on morphologi-
cal changes and particle size during mechanical milling.
The compressibility of the powders is a function of parti-
cle's size, hardness and morphology which are changing
during mechanical milling. Since the green density of
the powder is an important factor to obtain high den-
sity bulk materials after �nal cold/hot consolidation pro-
cesses, hence, studying the e�ect of mechanical milling
process on densi�cation behavior of Cu�CNT powder is
most important.
In the present study, mechanical milling of Cu�CNT

powder in a planetary mill was carried out at various du-
rations. E�ect of mechanical milling on microstructure,
morphology, and hardness of the powder were studied.
The compressibility of the powders, mechanically milled
for di�erent times, was examined by uniaxial cold press-
ing. Three analytical models were used to estimate the
green density of the powders compressed at di�erent pres-
sures and compared with experimental results. Finally,
the mechanically milled powders for various times were
vacuum sintered at di�erent temperatures, and densi�-
cation behavior was investigated.

2. Experimental procedure

Cu powder (Supplied from Merck corporation with
99.7% purity and particle size of (<60 µm) and multi-
wall carbon nanotubes (MW-CNT) (approximately 20�
30 nm in diameter and 3�4 µm in length) were used as
starting materials. Transmission electron microscope im-
age and X-ray di�raction pattern of the used CNT are
shown in Fig. 1. 1 wt.% MWCNTs with Cu powder were

Fig. 1. (a) TEM micrograph and (b) XRD pattern of
the used CNT.

placed in stainless steel mixing jars containing stainless
steel milling balls of 10 and 15 mm diameter (giving
an initial ball-to-powder weight ratio (BPR) = 10:1).
The jars were �lled with argon and were then agitated
using a planetary ball mill at 300 rpm for milling time
of 36 h. Samples were extracted from the batch af-
ter di�erent mechanical milling times and investigated.
The powders were analyzed by scanning electron micro-
scope (Philips XL30), transmission electron microscope

and X-ray di�ractometer (Philips (PW3710), Japan) to
characterize the powders morphology and microstruc-
ture. X-ray di�raction analysis was performed using
Cu Kα radiation (λ = 1.54056 Å). The mechanically
milled powders for 0, 1, 8, 16, 24 and 36 h were each
compressed at 300, 600, 800, and 1200 MPa, respectively,
with zinc stearate as the die lubricant. The density of
compact was measured by Archimedes' method. Three
samples were examined at each pressure level to guaran-
tee the accuracy of relative density, and the mean value
of relative density obtained.
Finally, the mechanically milled powders were com-

pressed at 1200 MPa and then sintered in a vacuum
furnace (<0.01 mbar) at di�erent temperatures for 1 h.
Densi�cation of the sintered samples was evaluated by
density measurement.

3. Results and discussion

3.1. Morphology

It is known that clustering is a major problem when
the copper particles and CNTs are mixed, as a result of
the large di�erence between densities of the both ma-
terials. Mechanical milling of the powders was used to
solve the clustering problem and reach to homogeneous
dispersion of CNTs. Figure 2 shows SEM micrographs
of mechanically milled powder at various times illustrat-
ing the morphological changes of the powder during the
mechanical milling process and qualitatively the disper-
sion of CNTs on the powders surface at initial times of
mechanical milling.

Fig. 2. SEM micrographs showing the morphology of
Cu/CNT nanocomposite powder after the milling times
of (a) 1 h, (b) 8 h, (c) 16 h, (d) 24 h, (e) 36 h, and
(f) CNTs on the surface of particles after mechanical
milling for 1 h.
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During mechanical milling process, the powders are
subjected to high-energy collision, which causes plastic
deformation, cold welding and fracture of the powders.
Plastic deformation and cold welding are predominant
during the initial stage of mechanical milling, in which
deformation leads to a change in particle shape, Fig. 2a,
and cold welding leads to an increase in particle size and
the formation of large layered particles, Fig. 2b. With
prolonging mechanical milling, the copper particles be-
come �attened by the impact forces exerted on the pow-
der by the milling medium. During mechanical milling,
the CNTs are randomly embedded into the deformed, soft
Cu matrix to form coarse Cu/MWCNTs composite pow-
ders. The predominant mechanism in this stage is plastic
deformation and cold welding. With further milling, the
ability of the particles to accept further plastic defor-
mation is diminished. Therefore, fracturing becomes a
signi�cant process, which leads to a decrease in particle
size, as shown in Fig. 2c. During this stage, the large
particles were subjected to continuous fragmentation to
form �ner particles with a narrower particle size distri-
bution. As welding happens in the process, particle mor-
phology is altered by �attened particle pile-up. Welding
and fracture mechanisms then reach equilibrium, promot-
ing the formation of composite particles with randomly
orientated interfacial boundaries. The latter stages of
the milling process involve particle fracture, and results
in further deformation and/or fragmentation of the par-
ticles. After 16 h milling, the Cu/MWCNTs composite
particles become slightly �ner, as seen in Fig. 2d and e.
Resistance to the fracture increases with a decrease in
fragment size. After 24 h ball milling, the large number
of the Cu/MWCNTs composite particles showed a spheri-
cal morphology with fewer �ne fragments on the particle
surfaces (Fig. 2d). Figure 2f shows high magni�cation
micrograph of the Cu/CNTs powder surface after 1 h
mechanical milling. Dispersion of CNTs on Cu particles
can be seen easily on the surface of the particle. The par-
ticle sizes of the composite after mechanical milling for
di�erent times are presented in Table I. The table reveals
that as the milling time is increased from 8 to 36 h, the
D50 decreases from 31.53 to 5.90 µm.

TABLE I

The characteristics of the mechanically milled
powder for various milling durations.

Milling time

[h]

D∗
50

[µm]

Grain size

[nm]

HV

[kgf/cm2]

0∗∗ 31.76 3141 62.3± 7.3

1 14.95 38.8 85.4± 10.1

8 31.53 18.4 117.9± 15.1

16 17.36 14.7 241.7± 11.1

24 6.29 14.6 261.4± 12.1

36 5.90 12.4 265.7± 17.4
∗D50 denotes the particle size at 50 pct

of the cumulative curve.
∗∗Properties of Cu particles.

3.2. Microstructure

Results of microstructural investigation on the me-
chanically milled nanocomposite powder are shown
in Fig. 3. As usual, copper matrix grain re�nement is
clearly indicated by the broadening of width of the Cu
di�raction peak at its half maximum intensity. XRD re-
sults were analyzed to measure the crystallite size of cop-
per matrix using Williamson�Hall's formula [15].

Fig. 3. XRD patterns of mechanically milled powders
for various durations.

According to the Williamson�Hall equation and using
four planes di�ractions, the mean grain sizes of copper
in the nanocomposite powder for di�erent mechanical
milling times are presented in Table I, which indicates
that the crystallite size decreases with increasing milling
time, and the average crystallite size is kept at 12.4 nm
at the end of the process. The small crystallite size can
induce an increase in microhardness of the powder as the
values reported in Table I.

Fig. 4. TEM micrographs of (a) nanograined Cu ma-
trix and (b) CNT implanted into the nanocomposite,
after mechanical milling for 8 h.

The microstructure of mechanically milled Cu�CNT
nanocomposite consists of CNT embedded within a
Cu matrix. TEM micrographs of the Cu/CNT nanocom-
posite powder after milling time of 24 h is shown in Fig. 4.
Figure 4a shows a typical microstructure of copper ma-
trix, which is characterized by a very �ne nanocrystalline
structure. The grain size obtained from TEM micro-
graphs (24 nm) is slightly larger than the value deter-
mined by XRD results. Figure 4b shows a TEM micro-
graph of the nanocomposite with a CNT embedded in
Cu matrix.
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3.3. Compressibility

Figure 5 shows the variation of green density of the
Cu�CNT powder mechanically milled for various times
as a function of applied pressure. In general, the curves
indicate the typical powder compressibility behavior for
metallic powders, i.e. the density increases with increas-
ing the compaction pressure with a decelerating rate at
higher pressures. The compaction of powders is divided

Fig. 5. E�ect of pressure on green density of mechan-
ically milled powders.

into stages and each stage is considered to be interre-
lated in terms of the physical and mechanical properties
of powder particles [16]. The initial stage of compaction
involves particle rearrangement; this stage is largely af-
fected by particle size and shape. In the second stage,
it is considered that elastic and plastic deformation took
place and that the mechanical properties are dominant.
The �nal stage is considered to be almost entirely due to
cold working of the bulk material and is a�ected by de-
formation and work hardening of particles. However, due
to di�erences in density and stress distributions there is
likely to be an overlap of the di�erent stages during the
consolidation process. It can be seen that the large �aky
particles have the lowest green density and semispherical
particles have the highest green density during compres-
sion. Shape, size distribution, and hardness of the parti-
cles can a�ect the forces appearing in the contact points
of the particles and deformation behavior of the particles
during compression. The 1 h mechanically milled powder
is ductile and �aky, so possesses good compressibility at
higher pressures. At mechanical milling for 8 h, the pow-
der is work hardened, large and has �aky shape; there-
fore it poses the lowest density at all pressures. With
prolonging the mechanical milling time up to 8 h, the
hardness increases, and the ratio of �aky to spherical
particles decreases due to fracturing mechanism. After
16 h mechanical milling, the powder experiences a lit-
tle change in hardness but a decrease in particle size.
It seems that the particles can rearrange easily under
applied load and �ll the void during compaction at this
stage. For 36 h mechanical milling, the powder has the
highest hardness and ratio of spherical to �aky parti-
cles with small size; therefore densi�cation rate of the
milled powder at low and moderate pressures is lower.

The powder plastic deformation capacity during the cold
uniaxial compaction process was estimated using three
di�erent statistical models of the Akbarpour et al. [16],
Heckel [17] and Ge [19] which are given in Table II, where
D and P are the fractional density and applied pressure,
respectively. K and B are �tting parameters.

TABLE II

The used analytical models.

Heckel Eq. [17] ln
(

1
1−D

)
= KP +B

Panelli and Filho Eq. [18] ln
(

1
1−D

)
= KP 1/2 +B

Ge Eq. [19] log
(
ln

(
1

1−D

))
= K logP +B

Fig. 6. Experimental data of Cu�CNT nanocomposite
powder �tted by Heckel equation.

Figure 6 shows the �tting graphs by using Heckel [17]
equation, and Table III summarizes K and σy values for
di�erent mechanical milling times. K is an indicator of
the plastic deformation capability of the particles and is
directly related to the yield stress of the compacts (σy),
e.g., K = 1/3σy for Heckel equation [17].

TABLE III

The �tting parameter (K) and yield strength obtained from
statistical analysis of the experimental data. The values in
the parentheses are the regression coe�cients (R2).

MM

[h]

Heckel Eq.

[×10−1 MPa]

Panelli�Filho Eq.

[MPa−0.5]

Ge Eq.

[MPa−1]

σy

[MPa]

0 0.0018(0.990) 0.093(0.979) 0.568(0.977) 185

1 0.0010(0.999) 0.054(0.995) 0.369(0.991) 333

8 0.0007(0.970) 0.035(0.968) 0.271(0.984) 476

16 0.0009(0.994) 0.047(0.998) 0.334(0.996) 370

24 0.0011(0.997) 0.054(0.977) 0.359(0.966) 303

36 0.0011(0.982) 0.058(0.981) 0.403(0.976) 303

According to Table III, the mechanically milled Cu�
CNT powders show better consistency with the Heckel
equation during uniaxial compression. In general, with
increasing mechanical milling time/grain re�nement, the
yield strength enhances continually while in the yield
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strength calculated by Heckel equation, the values at
higher mechanical milling times are showing a decrease,
which maybe is the e�ect of particle shape or load trans-
ferring between particles on this parameter.

3.4. Densi�cation

Figure 7a (curve 1) shows sintered density of the Cu�
CNT samples mechanically milled for 24 h sintered at dif-
ferent temperatures for 1 h in a vacuum furnace. It can
be seen that sintered density of the Cu�CNT materials
depends greatly on temperature. As sintering temper-
ature rises, linear sintering shrinkage of the Cu�CNT
compacts and densities of the composite increase. When
Cu�CNT compacts were sintered at 900 ◦C, the sample
had a relative density near 91%. Figure 7b (curve 2)
shows sintered density of the Cu�CNT samples mechan-
ically milled for di�erent times sintered at the tempera-
ture of 900 ◦C for 1 h. The powder mechanically milled
for 1 h showed the highest relative density as a result of
partially work hardened microstructure and higher green
density. The sintered powders showed densi�cation be-
havior similar to green density with increasing mechan-
ical milling time which illustrates the important role of
powders morphology and hardness on densi�cation of me-
chanically milled Cu�CNT powders. Figure 7b shows
the microstructure of sintered nanocomposite mechani-
cal milled for 24 h at temperature of 900 ◦C after etching.
The �gure shows the microstructure including ultra�ne
grains even after sintering at a high temperature.

Fig. 7. (a) E�ects of sintering temperature and me-
chanical milling duration on density of the nanocom-
posite, and (b) SEM micrograph showing the etched
microstructure of sintered nanocomposite (mechanical
milling time 24 h, T = 900 ◦C and sintering time of 1 h).

4. Conclusions

Cu/CNT nanocomposite powders were produced via
high energy mechanical milling. The morphology, mi-
crostructure and microhardness of the powders during
the fabrication process were evaluated. The powders
were subjected to uniaxial compression, and the e�ect of
powders properties on green density studied. Three ana-
lytical models were used to estimate the compressibility
behavior of mechanically milled powders and were com-
pared with the experimental values. Finally, the green
compacts with di�erent mechanical milling times were
vacuum sintered. The conclusions are as follows:

1. Cu/CNT nanocomposite powder with nanosized
grains can be fabricated by the mechanical milling
of the elemental materials. During mechanical
milling, CNTs were implanted in Cu.

2. The nanocomposite powder showed better consis-
tency with the Heckel equation during uniaxial
compression.

3. The addition of CNTs accelerated the morpholog-
ical and microstructural evolution during mechan-
ical milling, and in�uenced the compressibility by
alteration of the powder morphology and size.

4. The vacuum sintered samples showed densi�cation
behavior identical to green compact with increas-
ing mechanical milling time. The nanocomposite
reached to the maximum relative density of ≈91%
at the optimum sintering temperature.
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