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Abstract A conductive additive is prepared by dispersing multi-walled carbon nanotubes (MWCNTs) on Cu powder

by mechanical milling and is distributed in epoxy to enhance its electrical conductivity. During milling, the MWCNTs

are dispersed and partially embedded on the surface of the Cu powder to provide electrically conductive pathways
within the epoxy-based composite. The degree of dispersion of the MWCNTs is controlled by varying the milling

medium and the milling time. The MWCNTs are found to be more homogeneously dispersed when solvents
(particularly, non-polar solvent, i.e., NMP) are used. MWCNTs gradually disperse on the surface of Cu powder because

of the plastic deformation of the ductile Cu powder. However, long-time milling is found to destroy the molecular

structure of MWCNTSs, instead of effectively dispersing the MWCNTs more uniformly. Thus, the epoxy composite film
fabricated in this study exhibits a higher electrical conductivity than 1.1 S/cm.
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1. Introduction

Carbon nanomaterials are being explored as replace-
ments for expensive conducting additives such as gold or
silver nanoparticles [1, 2]. Carbon nanomaterials, such as
carbon nanotubes (CNTs) or graphene, are known to sig-
nificantly enhance the electrical conductivity of polymer-
based composites [3-5], because of their exceptional
intrinsic electrical properties like high current density [6]
and high aspect ratio [7]. However, they easily tend to
agglomerate because of the Van der Waals force that acts
on their large surface area [8].

The morphology of conductive hybrids has been
reported to play a significant role in determining the con-
ductivities of polymer-based composites [9]. Hence, it is
necessary to uniformly disperse carbon nanomaterials in
polymer-based composites. Solution-based processes, which
involve ultrasonication with the help of a surfactant, have
been widely utilized to achieve uniform dispersion of
carbon nanomaterials [10, 11]. The best solvent to

disperse CNTs is amide, especially N,N-dimethylforma-
mide and N-methyl-2-pyrrolidone (NMP) [12]; solvents
that do not contain hydrogen donors and exhibit Lewis
basicity are known to be highly effective in dispersing
CNTs [13]. However, these solution-based methods may
significantly damage the molecular structure of CNTs
and have limitations in mass production [14].

In this study, copper/multi-walled CNT (MWCNT)
hybrids are proposed as conductive additives for poly-
mer-based composites. Compared to carbon nanomateri-
als, micro-sized hybrids can be more easily dispersed in
polymer-based composites. Furthermore, MWCNTs being
physically attached to the surface of Cu powder can pro-
vide pathways for electrons by acting as bridges between
the Cu powder to reduce the distance from one particle to
another without increasing the amount of heavy copper
used. Mechanical milling was employed as a facile pro-
cess to produce large amounts of hybrids in a batch. The
milling condition was controlled by varying the milling

time and the milling medium. Dry milling and wet mill-
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ing using NMP and toluene as polar and non-polar sol-
vents were conducted to investigate the effect of degree
of dispersion of MWCNTs on the electrical conductivity
of the final composites containing the hybrids.

2. Experimental

A variety of Cu/MWCNTs hybrids were produced
using a planetary mill (Pulverisette 5 classic line, Fritsch
™ Germany) at a fixed milling speed of 100 rpm, but by
varying the milling time and the solvent. Prior to mill-
ing, 20.9 g of Cu (= 99.9% purity, 30 um in mean diame-
ter) and 9.1 g of MWCNTs (= 90%) were placed in
500 mL stainless chamber to obtain Cu/CNT hybrid at a
volume ratio of 1:3; the volume ratio was calculated with
an assumption that densities of Cu and MWCNTs are 8.9
and 1.3 g/cc, respectively. Four hundred fifty grams of
stainless steel balls (5 mm in diameter) were used as the
milling medium, and the ball/powder weight ratio was
15:1. To vary the milling time, 5 samples were prepared
at different milling time (0.5, 1, 3, 6, and 9 h) under dry
conditions in argon atmosphere. For comparison, wet
milling was conducted for 1 h with NMP (> 99.5%, Sam-
chun, Korea) as the polar solvent and toluene (= 99.5%,
Samchun, Korea) as the non-polar solvent.

Epoxy-based composites were prepared using the
hybrids; 1g of epoxy (bisphenol A, YD-128, Kukdo

Chemical Co., Ltd, Korea), 1g of epoxy hardener
(Cyclohexanemethanamine, KH-700, Kukdo Chemical
Co., Ltd, Korea), and 1 g of distilled water were taken in
a beaker and pre-heated to 80°C. The hybrids were added
into the beaker at specific volume ratios (30, 40, and 50
vol%). The mixture was flattened to approximately 5-
6 mm thickness and dried in an oven (Over ON-0O1E,
JEIO TECH) at 80°C for 3 h.

The microstructures of the hybrids and the epoxy-based
composites were analyzed using a scanning electron
microscope (SEM, JEM-7610F, JEOL Ltd., Japan) and
an optical microscope (OM, SMZ 745, Shivani Scien-
tific Industrial Ltd, India). The molecular structure of the
MWCNTs was identified by Raman spectroscopy (Raman,
LabRam HR, HORIBA Jobin Yvon Co. Ltd., France).
The electrical conductivity of the epoxy-based compos-
ites was calculated by measuring the electrical resistivity
of the composites using a 4-point probe (Keithley 2400,
Tektronix, Korea).

3. Results and Discussion

Figure 1 shows the SEM images of the CW/MWCNT
hybrids produced by ball milling without solvents at mill-
ing time of 0.5, 1, 3, 6, and 9 h. With increase in the
milling time, the Cu powder became flattened, and
thread-like MWCNTs were dispersed and partially
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Fig. 1. SEM images of Cu/MWCNT hybrids produced by ball milling without solvents at a milling time of (a) 30 minutes, (b) 1,
(¢) 3, (d) 6 and (e) 9 hours. (f) reveals the area ratio of Cu surface area covered with CNTs to free Cu surface area, estimated on

the basis of SEM images.
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embedded in the Cu powder. Figure 1 (f) shows the ratio
of the surface area of Cu covered with MWCNTs to the
free Cu surface area, estimated from the SEM images.
The increase in the area covered by MWCNTs with
increase in the milling time is attributed to the increase in
the degree of dispersion of MWCNTs; the aggregation of
MWCNTs became less severe as the milling time was
increased. Before milling, some of the MWCNT bundles
were held together by the Van der Waals force acting on
the large surface area of the MWCNTs. During mechani-
cal milling, ductile Cu powder is plastically deformed,
becoming flattened, and MWCNTSs can be dispersed via
the plastic deformation of the Cu powder. After 1 h of
milling, most of MWCNTs appear to be dispersed on the
surface of the Cu powder. Longer ball milling was found
to destroy the molecular structure of the MWCNTSs rather
than effectively dispersing the MWCNTs more uniformly.

We conducted ball milling for a fixed milling time of 1
h, which was considered to be the most appropriate for
distributing CNTs [15], using different solvents; milling
was conducted under i) dry condition in argon atmo-
sphere and ii) wet condition with NMP as the polar sol-
vent or toluene as the non-polar solvent. Figure 2 shows
the SEM images of the CW/MWCNT hybrids produced
by ball milling for a fixed milling time of 1 h using dif-
ferent solvents and the ratio of the surface area of Cu
covered with CNTs to the free Cu surface area, esti-
mated from the SEM images. The MWCNTs were found
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Fig. 2. SEM images of Ca/MWCNT hybrids produced by
ball milling for a fixed milling time of 1 hour (a) under dry
condition and wet condition (b) with NMP and (c) Toluene.
(d) indicates the area ratio of Cu surface area covered with
CNTs to free Cu surface area, estimated on the basis of
SEM images.
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Fig. 3. Raman spectra of CW/MWCNT hybrids produced by
ball milling for a fixed milling time of 1 hour under dry
condition and wet condition with NMP and Toluene.

to be more homogeneously dispersed when solvents (par-
ticularly, polar solvent, i.e., NMP) were used; however,
MWCNTS were well dispersed in the Cu/MWCNT
hybrids prepared at all the conditions.

The Raman spectra of the Cu/MWCNT hybrids pro-
duced by ball milling for a fixed milling time of 1h
under dry condition and wet condition with NMP and
toluene show three distinct peaks as shown in Fig. 3. The
D-band, observed at approximately 1350 cm™, originates
from lattice defects and corresponds to the breathing
modes of sp” atoms in rings, and the G-band, observed at
approximately 1575 cm™, originates from perfect hexago-
nal graphite and corresponds to the bond-stretching of all
pairs of sp” atoms in both rings and chains [16]. Hence,
the G band is an indicator of in-plane stretching of car-
bon bonds, while the D band indicates the defect state of
MWCNT surfaces. The defects induced during milling
result in peak shifts of the G-band towards larger wave
numbers [17]. Therefore, the ratio between these two
bands (D/G ratio) indicates the overall quality of
MWCNTs. The D/G ratio does not vary significantly in
all the samples, suggesting that mechanical ball milling
may damage the quality of MWCNT to some extent, but
the effect is similar for the three different conditions.
Thus, the quality of the Cu-MWCNT hybrids in terms of
quality of MWCNTs does not vary appreciably.

The hybrids were well dispersed in the epoxy-based
composites, as shown in Fig. 4. The Cu particles are visi-
ble (white color) when milling is conducted with NMP.
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Fig. 4. OM images of the polished surface of epoxy-based composites containing Cu/MWCNT hybrids produced by ball milling
for a fixed milling time of 1 hour under (a) dry condition and wet condition with (b) NMP and (c) Toluene.

The high degree of dispersion indicates that when CNTs
are physically attached to Cu powder, the drawback of
CNT self-aggregation and localization has been over-
come. Most of the hybrids were randomly dispersed in
the epoxy matrix possibly without making physical con-
tact with each other; but, the well-dispersed MWCNTs
on the surface of the Cu powder could form a conduc-
tive network by close connection.

Figure 5 reveals the electrical conductivities of the
epoxy-based composites containing CW/MWCNT hybrids
produced by ball milling using different solvents. It is
observable that the electrical conductivity increases in
accordance with the volume percentage of the hybrid Cu-
CNT powder. This phenomenon is attributed to improved
connection between the Cu particles. According to the
percolation theory, the electrical conductivity of a con-
ductible material will increase significantly when con-
ductible particles begin to have direct contact with each
other [18]. It seems that a volume percentage of 40 to
60% powder is the critical concentration for significant
conductivity enhancement. Beyond this concentration,
there is no significant enhancement in the electric con-
ductivity with the volume percentage of the powder. Fur-

thermore, the physical property of the resulting epoxy
filler resembles crumb lumps rather than fillers. Thus, it
is not practical to prepare highly powder-dense mixtures.
It is also shown that the electrical conductivity is signifi-
cantly enhanced when solvents are used in the milling
process (Fig. 5 (b) and (c)). Furthermore, composites
with 50 vol% fillers milled with NMP (Fig. 5 (b)) as the
solvent showed approximately 5 times better electrical
conductivity than those milled with toluene (Fig. 5 (c)). It
is known that even traces of residue solvent used during
nanotube bundle-reinforced epoxy nanocomposite prepa-
ration has notable effects on the physical properties of the
total composite [19]. In addition, solvents that disperse
CNT well are suggested to have Hansen solubility
parameters in a specific range. Both NMP and toluene
have a Hansen dispersion component of 18.0 MPa'?
which fits the range proposed by former studies. How-
ever, NMP is a solvent well known for CNT dispersion,
whereas toluene only contributes to a swollen dispersion
state of CNT when CNT is mixed and left for long peri-
ods in toluene [20]. We deduce that solvents that disperse
CNT well will improve the attachment of CNT to Cu,
thus resulting in better connection of Cu-CNT particles

Fig. 5. Electrical conductivities of epoxy-based composites containing Cu/MWCNT hybrids produced by ball milling for a fixed
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milling time of 1 hour under (a) dry condition and wet condition with (b) NMP and (c) Toluene.
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dispersed throughout the epoxy mixture. Furthermore, we
predict that solvents will guide CNT attached to differ-
ent Cu particles to approach each other as the solvent
dries during the drying process. Therefore powders pre-
pared with appropriate solvents will make a better con-
nection between Cu particles when dispersed in an epoxy
mixture.

4. Conclusions

A conductive additive was developed by dispersing
MWCNTs on Cu powder by mechanical milling, which
was distributed in epoxy to enhance its electrical conduc-
tivity. The degree of dispersion of MWCNTs was con-
trolled by varying the milling medium and the milling
time. In the initial stage of milling, MWCNTs were grad-
ually dispersed on the surface of Cu powder because of
plastic deformation of ductile Cu powder. However, long-
time milling was found to destroy the molecular struc-
ture of MWCNTs rather than effectively dispersing
MWCNTs more uniformly. Solvents NMP and toluene
were both capable of increasing the degree of dispersion
of CNT on Cu surfaces. Raman spectra indicated that
there was no significant difference in the quality degrada-
tion of CNT through mechanical milling under dry and
wet conditions (regardless of the type of solvent). The
OM images demonstrated that the hybrids prepared with
different solvents were dispersed well in the epoxy-based
composites. When toluene was used as the solvent, the
resulting film showed excellent electrical conductivity;
however, with NMP as the solvent, the electrical conduc-
tivity of the composite was even better. The MWCNTs
were dispersed and partially embedded on the surface of
Cu powder during milling to provide electrically con-
ducting pathways inside the epoxy-based composite.
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