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Abstract: Production of Cu—Cr/carbon nanotube (CNT) hybrid nano-composite by wet and dry milling processes at three different
levels of milling energy was investigated in order to study the effect of milling energy in two different media on dispersion of CNTs,
and preparation of the nano-composite. The structural evolution and solid solution formation were evaluated by X-ray diffraction
technique. The microstructure was characterized by scanning electron microscopy and transmission electron microscopy. Also, the
mechanical properties were measured by microhardness test. The mean crystallite size was in the range of 20—63 nm depending on
milling medium and energy. CNTs dispersion is a function of milling energy. According to FESEM images and microhardness
results, it can be concluded that wet milling is more applicable in dispersing CNTs homogeneously in comparison to dry milling. It
was also found that wet milling at higher milling energies can be a beneficial method of producing the homogeneous hybrid
nano-composite with the least damages introducing on CNTs because of the higher microhardness which can be attributed to better
dispersion of less damaged CNTs. Compared with crystallite size changes, CNTs dispersion and damages were considerably more

effective on hardness.
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1 Introduction

Copper matrix hybrid composites reinforced with
ceramic precipitates, have received
considerable interest in researches due to their favourable
properties, namely good mechanical properties, high
electrical and thermal conductivity. Among copper
matrix composites Cu—Cr is an in situ composite. Cr has
a small solid solubility in Cu matrix because of its
positive heat of mixing which results from
decomposition of  supersaturated Cu—Cr  solid
solution [1-3]. Extension of Cr solubility in Cu during
mechanical alloying and the effect of ALO;
nano-particles on the Cr solubility have already been
investigated [4,5]. On the other hand, carbon nanotubes
(CNTs) are good candidates to be used as reinforcements
in polymer, ceramic and metallic composites due to their
valuable properties. For example, they are reported to
have an elastic modulus equal to 1.2 TPa which is
comparable to that of diamond and a strength about
10—1000 times that of high strength steel [6]. So far,

and metallic

most of the investigations on CNT composites have been
focused on polymer matrix composites and ceramic
matrix composites compared with metal
composites because of difficulty in homogeneous
dispersion of CNTs in the metal matrix due to their
agglomeration, density mismatch and weak interface
bonding with metallic matrices [7]. In recent years, some
studies have been carried out on Cu/CNT systems related
to these problems [6,8—12]. Cu/CNT composites can be
prepared by different methods. KIM et al [8] prepared
Cu/CNT nano-composite by molecular level mixing
which showed a homogeneous dispersion of CNTs in the
Cu matrix. CHU et al [9] mixed the powders by particles
composing system and then consolidated the powders by
spark plasma sintering for producing Cu/CNT composite.
TSAI and JENG [10] have fabricated Cu/CNT
composites by using a unique powder consolidation and
high pressure torsion techniques and showed that the
buckling behaviour of CNTs played a pivotal role in
mechanical properties of the composite. CHU et al [11]
also prepared Cu—Cr/CNT composites by using Cr as an
alloying element for improving the interface strength of
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Cu and CNT by the formation of thin intermediate
Cr;Cytransition layer at the interface. Beside usage of
CNTs Cu/SiC-CNT as a reinforcing element, it is
possible to use a second element to investigate its effects
on the characteristics of the nano-composite. Recently,
AKBARPOUR et al [6] have prepared hybrid composites
via mechanical alloying and hot pressing method. They
showed that in the presence of SiC nano-particles, CNTs
were dispersed homogeneously and the mechanical
properties were enhanced considerably.

Among different approaches for fabricating hybrid
nano-composites, ball milling is a simple, low cost and
high yield method. Also, it is an efficient way for
producing CNT strengthened alloys due to the possibility
of dispersing carbon nano-tubes as reinforcement
elements in metal matrix composites [10,13,14]. Despite
these advantageous, agglomeration and defects that are
introduced on CNTs during ball milling will affect their
morphology, mechanical and physical properties [15,16].
Wet milling in the presence of a liquid phase [17,18] and
several surface modification or functionalization
techniques has been used to enhance the dispersion of
CNTs [19]. However, functionalization requires good
knowledge of surface chemistry of CNTs and may be a
time consuming method in comparison with wet ball
milling. SOTOUDEHNIA and PAUL [20] added treated
CNTs to Fe matrix and wet milled the mixture and
showed that this process ensured a homogeneous
dispersion of CNTs in the matrix which would enhance
the properties of final product. Also, ZHOU et al [17]
could uniformly disperse CNTs into nano-sized Sb
particles via wet milling in acetone. Although relatively
few studies [17,20] have been directed towards CNTs
dispersion in metal matrix composites through wet
mechanical milling, there was no detailed study that was
carried out on the optimization of dry and wet ball
milling in Cu—Cr/CNT hybrid nano-
composite. Specially, the comparative study on CNTs
dispersion in Cu—Cr matrix from a milling energy

conditions

viewpoint, which has not been studied yet, seems
interesting. In this work, the preparation of
Cu—1%Cr/5%CNT hybrid nano-composite by dry and
wet ball milling was compared. Also, the effect of
milling energy on CNTs dispersion, structural and
microstructural evolution and mechanical property has
been investigated.

2 Experimental

Starting materials used in this work were
commercially pure Cu (99.5%, <75 pm), Cr (99.5%,
<75 pm) and multi-walled CNTs (~10 pum in length, and
1030 nm in diameter) with purity of about 90%. It

should be mentioned that CNTs were sonicated in
ethanol for 90 min, to break up the CNTs agglomerates.
Powder mixtures were mechanically milled in a
planetary high energy ball mill (PM2400) with hardened
steel vial (volume of 300 mL) and 7 balls (diameter of
20 mm) under argon atmosphere. In the first step,
Cu—1%Cr solid solution was prepared as the matrix
phase. The ball-to-powder mass ratio (BPR) and milling
speed were 30:1 and 300 r/min, respectively. 1% of
toluene was used as a process control agent. Milling was
conducted up to 30 h. From the X-ray diffraction (XRD)
results reported here, it is established that 20 h milling
was sufficient to reach steady state in Cu—Cr solid
solution formation. In the second step, Cu—Cr solid
solution alloy together with 5% of CNTs was dry milled
for 5 h. Three different milling conditions were tested to
reveal the effect of milling energy on dispersion of CNTs.
Also, the same sample conditions as dry milling were
wet milled in 10 mL of ethanol with purity of 99.7% to
evaluate the effectiveness of wet milling medium. The
milled samples were dried on hotplate at 80 °C for about
1 h to evaporate the ethanol. Table 1 summarizes milling
conditions of different samples.

Table 1 Milling conditions of different samples

Sample  lowtion Milling 1 ing medium
speed/(r'min ) time/h

DMI1 200 10:1 5 Dry

DM2 300 10:1 5 Dry

DM3 300 30:1 5 Dry

WMI1 200 10:1 5 Wet, in 10 mL ethanol
WM2 300 10:1 5 Wet, in 10 mL ethanol
WM3 300 30:1 5 Wet, in 10 mL ethanol

The structural evolution in the powder during
milling was investigated by XRD using a Philips
PW3170 X-ray diffractometer with Cu K, radiation. The
lattice parameters were calculated from XRD data [1].
The mean crystallite size was determined according to
the Williamson—Hall plot [21]. The microstructure was
evaluated by a CamScan MV2300 field emission
scanning electron microscope. SEM and transmission
electron microscopy (TEM) (Philips CM30) were used to
study the microstructure. To evaluate the Vickers
microhardness of samples, microhardness tester of the
model WOLPERT-WERKE GMBH D—-6700 was used.
At first, the powders were mounted and then polished.
The measurement was performed with a load of 100 g
for 15 s. The test was repeated 10 times at
different points in each sample and the average of these
10 points was reported as microhardness of each
sample.
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3 Theory and calculation

To investigate the effect of milling parameters on
the dispersion of CNTs, the total milling energy
transferred to powders during ball milling was
calculated. Two energy parameters should be considered
in milling energy calculations, one is impact energy of
each ball (AEy), the other is the total energy transferred
to the powder after a certain milling time (AE;) which is
categorized in three levels in this study. AE, is given
by [22]

AE=12my(Vy* V) (1)

where my,, is the mass of a ball, 7, and ¥ are the absolute
velocities before and after the hit, respectively. BURGIO
et al [23] have presented collision model by which it is
possible to calculate V;, and V; by milling parameters.
According to this model, AE}, can be calculated as

AE=—my[0,*(Ry—rv) 0y to,0R,](RTs) 2)

where w, and w, are the absolute angular velocity of mill
plate and one vial, respectively; R, R, and 7, are the radii
of plate, vial and ball, respectively. When N, balls are
present in the vial, the energy released by each ball is
given by

AEb*=¢bAEb 3)
where ¢,<1 is empirical factor for different degrees of

filling of the vial [23]. To define ¢,, we should consider
the bellow expression:

ov=(1-n,") “4)
Actually, ¢y is a function of two parameters n, and
ng:

nv=Nb/Nb,v Q)

where N, is the number of balls that can be contained in
a simple cubic arrangement in the vial and is given by

Nyy=nD,’H,/(4dy") (6)

D, and H, are the diameter and the height of the vial,
and d,, is the ball diameter:

ns:Nb/Nb,s (7)

where N, is the number of balls needed to cover, in a
simple cubic arrangement, one third of the inner surface
wall is given by

Ny =n(D\~dp)H,/(3dy’) ®)

In ¢, expression, ¢ is a parameter which depends on
the ball diameter that can be evaluated by this equation:

0.95=[1=(Np./No5)’] )

Finally, AE; for a given time can be expressed as

AE=AE, Nufotl W, (10)

where W, is the mass of powders in the vial and f is the
frequency of impact according to BURGIO et al [23] can
be expressed by

So=k(wp,—w,)/2n (11)

where & is the proportionality constant and
approximately equals 1. The total energy is calculated for
the three chosen levels of milling energy, namely low
energy (200 r/min, BPR=10:1), medium energy
(300 r/min, BPR=10:1) and high energy (300 r/min,
BPR=30:1) which are presented in Table 2. In this work,
the suggested categories of milling energy are according
to the milling conditions. It should be mentioned that two
factors which play an important role in milling energy
are BPR and milling speed. According to the Ref. [24],
the suggested values of BPR and milling speed have
relatively low, medium and high levels. Hence, the
calculated milling  energies categorized
correspondingly. On the other hand, similar principle has
been reported by HODAEI et al [25], RAGAB and
SALEM [26], TORKAN et al [27], AHMADZADEH et
al [28] and GUZMAN et al [29] based on milling
conditions such as BPR and milling speed to categorize
milling energies to these levels.

WEre

Table 2 Milling condition and calculated milling energy of

samples
Rotation Milling AEY/
Sample . 1. BPR . .
speed/(r'min ") time/h kJ-g)
DMI1,WM1 200 10:1 25 8
DM2,WM2 300 10:1 25 52
DM3,WM3 300 30:1 25 156

4 Results and discussion

Figure 1 shows XRD patterns of Cu—1%Cr powder
mixture milled for various time. It can be seen that
compared with initial powder, the Cu peaks broadened
on increasing milling time since the continuous
deformation of powder particles during the milling
process results in crystallite refinement and formation of
structural defects [24]. Also, a shift of the Cu peaks to
lower angles was observed, which is related to the
increase of the lattice parameter [24]. In order to
understand the formation of the Cu—1%Cr solid solution,
the Cu lattice parameter was determined.

Figure 2 shows lattice parameter of Cu as a function
of milling time. Large increase in lattice parameter of Cu
with increasing milling time from 0 to 20 h, suggests that
Cu—1%Cr solid solution forms in this period of time.
Furthermore, the final lattice parameter of the sample
milled for 20 h is in good agreement with the previous
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relationship between the lattice parameter and alloy
composition established for supersaturated solid solution
samples produced by rapid solidification [1].
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Cu (200)

o

0 44 46 48 50 52
200(°)

Fig. 1 XRD patterns of Cu—1%Cr powder mixtures after
different milling time
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Fig. 2 Lattice parameter of Cu as function of milling time

Based on the results of the first milling step, 5% of
CNTs were added to 20 h milled Cu—Cr solid solution
sample and milling was continued for 5 h in both wet and
dry milling media. Figure 3 shows XRD patterns of DM2
and WM3 samples in comparison with 20 h milled
Cu—Cr solid solution. Each was selected from dry and
wet groups of samples. It should be noted that XRD
results in different milling conditions did not show an
obvious change, and similar results were obtained.

For more detailed study on the effect of milling
conditions on the Cu structure, the Cu lattice parameter
and mean crystallite size changes as a function of milling
energy for different samples are shown in Fig. 4. Cu
lattice parameters changes in Fig. 4(a) confirmed that the
lattice parameters are approximately constant of about
0.3625 nm. This indicates that CNTs do not significantly
affect the solubility of Cr in Cu lattice in both dry and
wet milling processes. The mean crystallite sizes of Cu
for above mentioned samples are illustrated in Fig. 4(b).

It can be found that, the crystallite size of both dry and
wet milled samples decreases as the milling energy
increases. However, in wet milled samples due to the
presence of ethanol, less energy is attributed to the
change in crystallite size. Therefore, the mean crystallite
size of wet milled samples is larger than that of dry
milled ones.

Cu(111)

Cu (200)
DM2

WM3

201 AN

40 42 a4 46 48 50 52
200(°)

Fig. 3 XRD patterns of DM2 and WM3 samples compared with
20 h milled samples
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Fig. 4 Changes of lattice parameter (a) and crystallite size (b)

as function of milling energy for different samples

Figure 5 shows the FESEM images of dry milled
samples for different levels of milling energy. Figure 5(a)
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shows the microstructure of DM1 sample. At this low
level of milling energy, the CNTs are not embedded in
the matrix and due to the lack of enough energy for
dispersion, CNT agglomerates can be found. Figure 5(b)
shows the microstructure of DM2 sample. It is obvious
that medium level of energy can be efficient in
dispersing CNTs in the matrix during dry milling, since
CNTs agglomerates were not observed. Also, CNTs are
fully embedded in the matrix as it is marked by arrows.
Figure 5(c) shows the microstructure of DM3 sample.
Because of higher milling energy that is transferred to
the powder mixture, CNTs are broken. The broken ends
of CNTs agglomerates which are not embedded can be

Fig. 5 FESEM images of DM1 (a), DM2 (b) and DM3 (c)
samples

seen at higher magnification in the inset (as it is marked
by arrows). Actually, it can be seen that CNTs are not
embedded in the matrix while they are broken. Hence,
dry milling at medium level of energy can be efficient for
reaching perfectly embedded CNTs in the matrix with
the least damages introduced on them.

Figure 6 shows FESEM images of wet milled
samples. Figure 6(a) shows the microstructure of WM1
sample. As mentioned above, energy at this level is not
enough, so CNTs are not perfectly embedded in the
matrix. Figure 6(b) shows FESEM image of WM2
sample. At medium levels of milling energy, CNTs are
embedded better compared with low milling energy. But
the energy is still insufficient for perfect embedding.
Figure 6(c) is related to high energy milled powders. It

Fig. 6 FESEM images of WM1 (a), WM2 (b) and WM3 (c)

samples
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shows FESEM of WM3 sample that CNTs are tightly
embedded in the structure. Accordingly, wet milling at
high levels of milling energy can be considered as the
most efficient way to reach perfectly embedded CNTs. It
should be noted that, owing to the collision of the balls,
the ductile Cu particles were deformed and flake-like
particles were produced in all samples. In fact, flattened
Cu flakes are laid and welded on each other and larger
particles formed.

Figure 7 shows microhardness values of powders.
The microhardness of dry milled samples decreases with
increasing milling energy; conversely, the microhardness
of wet milled samples increases at higher milling energy.
Although it was expected to reach higher microhardness
values in dry milled samples due to their smaller mean
crystallite size, the values are in lower range. This
indicates that, improved dispersion of CNTs and less
damage introduced on them are more effective than
crystallite size reduction. In other words, in wet milling
process a high proportion of energy is allocated to
dispersion of CNTs and crystallite size is not affected
much.

100
WM3
= Wet 188
g 80F 5 Dry i
2 6o} omi W2
= 44 1 DM2
E 40 WMI[ * 3»[9
U 31-'
& DM3
20+ lj
0

Low energy Medium energy High energy

Fig. 7 Microhardness values of different samples as function of
milling energy

According to the literatures [22,23,25-30], the
effect of milling medium has not been considered on
milling energy formula by any terms or factors. However,
according to a modelling by KARUNATILAKE
et al [30], the effect of buoyancy and Stokes forces in
ball milling with suspension were studied. It can be
concluded that during wet milling, approximately 11% of
milling energy is transferred to the powder. Our results
are in agreement with this result. In fact, comparison of
crystallite size, FESEM images and microhardness
results of dry and wet milling showed that wet milling
higher energy is required to disperse the CNTs in the
matrix more efficiently. It may be suggested that energy
loss was due to the influence of the suspension in wet
milling.

In order to get a better understanding of the CNTs
dispersion in the Cu—Cr solid solution matrix, the
microstructure of WM3 sample which shows optimized
CNTs dispersion and maximum microhardness was
investigated by TEM. Figure 8 shows the bright-field
TEM image of WM3 sample. The embedded CNTs are
marked by white arrows which are in agreement with
FESEM and microhardness results. The TEM image of
WM3 sample shows that the crystallites of mechanically
alloyed product are in nano-metric scale and its mean
crystallite size was calculated to be about 50 nm. The
corresponding ring-type SAD pattern revealed the
co-existence of FCC Cu and CNT phases.

Cu(111) CNT(101)
Cu(200)

CNT(002) Y

e |

Fig. 8 TEM image of WM3 sample
5 Conclusions

Cu—1%Cr/5%CNT hybrid nano-composite powders
were fabricated via wet and dry milling processes at
three different levels of milling energy. It was shown that
with increasing milling energy in all media, lattice
parameters of samples were approximately constant. But,
mean crystallite size of dry and wet milled samples
showed different trends. In dry milled samples, at high
level of milling energy, the mean crystallite size
decreased. But, while samples were wet milled, changes
of mean crystallite size did not show a definite trend as
dry milled samples due to the presence of ethanol and
less energy that is attributed to the changing in mean
crystallite size, especially in lower levels of milling
energy. It was concluded that wet milling at high level of
milling energy and dry milling at medium level of
milling energy can be considered as efficient ways to
reach perfectly embedded CNTs. Also, wet milling
process can be considered a better method for dispersing
CNTs in the matrix and CNTs would undergo less
damage via high energy ball milling process. These
results were in agreement with FESEM and TEM results
which showed tightly embedded CNTs in the matrix at



M. MASROQOR, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1359—-1366 1365

high level of milling energy. TEM image of WM3
sample confirmed the formation of nano-structured
composite. Microhardness results revealed that wet
milled powders have higher hardness than dry milled
samples. Furthermore, improved dispersion of CNTs and
less damage introduced on them during wet milling are
more effective than crystallite size reduction.
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