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Abstract: Carbon nanotube (CNT) was applied in various fields for its superior electrical, mechanical and thermal characteristics.
After composites were fabricated by extrusion process using ball-milled Cu—CNT powders, mechanical properties of Cu—CNT
composites according to CNT fraction were reviewed. CNT (1%, 5% and 10%), Cu (d=100 nm), zirconia balls (90 g) and ethanol
(20 mL) were mixed and dispersed for 5 h at a speed of 500 r/min using a planetary ball mill. A billet (¢=50 mm, length=100 mm)
was made with Cu, and the composite powders were filled up into billet using the uni-axial press. In the extrusion process, after the
billet was heated at 880 °C for 1 h, specimens were produced in the shape of a round bar using the billet by applying a load of 200 t.
The composite powders were measured for particle size by particle size distribution equipment. Then the specimen surface fabricated
by extrusion was observed by SEM. Mechanical properties measured by the indentation equipment increased with increasing CNT
content. The yield strength, tensile strength and hardness of the Cu—CNTs composites can be obviously improved.
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1 Introduction

As the industry develops and advances, studies on
high-density and high-strength materials are conducted
in various fields. Also, studies on composites are actively
conducted, as superior mechanical properties and high
performance which could not be obtained from a single
material can be obtained by combining
materials [1].

Carbon nanotube (CNT) was discovered by IIJIMA
in 1991 [2]. It is an allotrope of carbon, having a
nanostructure in a tubular form. The electrical
conductivity of CNT is similar to that of copper. Its
thermal conductivity is as high as that of diamond which
is the best in the natural world, and the tensile strength of
CNT is 100 times better than that of steel. Therefore, a
wide range of studies have been conducted on mixing
CNT to produce new composites with high mechanical
strength and electric/thermal conductivity, utilizing its
structural diversity [2—6].

In particular, application in the new material
development field has led to development of nano
composites using the features of CNT of being light but

several

having high strength [5-9].

Cu is a ductile material with good electrical and
thermal conductivity, which is widely used in various
fields. In the development of composites which can
efficiently improve the characteristics of Cu, CNT has a
very high potential as a material which satisfies
mechanical and electric requirements at the same time.
However, nano-size CNT has a bad dispersibility and a
tendency to flocculate. Efforts are being made using
diverse methods to resolve this problem [10].

As a typical example, studies are conducted
adopting the method of dispersing CNT in the base,
using ball milling. Ball milling is a mechanical method
of crushing and dispersing particles using the friction
energy generated between the balls and the particles
when balls are put together with particles into a
container, which is then rotated [11]. Cost using ball
milling is low, because principle of ball milling is
simple. This method is widely used across the whole
industry. In order to manufacture composites in powder
state in bulk form, diverse studies such as vacuum hot
press, spark plasma sintering [12], pressureless sintering
and plastic working are conducted [13—17].

Extrusion is one of the methods of plastic workings.
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It is a processing method of making the cross-sectional
area smaller than the original area and manufacturing the
product in its desired form by compressing the material
in a mold and letting it escape through the outlet of the
mold. It is a method mainly used in powder metallurgy
and is used to produce diverse materials such as
polymers and ceramics [18].

Extrusion is largely divided into indirect and direct
extrusion. While it is difficult to apply indirect extrusion
in industrial sites due to the accompanying economic and
structural restrictions, it is essential to conduct studies on
direct extrusion as it is easily applied in production sites
as the mold and billet can be relatively easily produced
and continuous extrusion is possible.

In this study, composites were manufactured using
Cu as the matrix and CNT as the additive. CNTs were
dispersed over the Cu base through ball milling
(500 r/min, 5 h). The effect of CNT on the mechanical
properties of the Cu—CNT composite was studied by
measuring strength and hardness, and observing the
surface after producing round bar-shaped specimens by
way of high temperature extrusion, using the composite
material in powder state compressed in a copper can.

2 Experimental

2.1 Production of nano powder

Figure 1 shows a flow chart of the test process. Pure
Cu powder (Nano Technology, 99%) with 100 nm in
diameter, and 1-5 um long CNT powder (Carbon nano
material technology, 99%) with 20 nm in diameter were
used. As CNT was produced by chemical vapor
deposition (CVD) method, there were residual catalyst
ingredients, which were removed by acid purification
process. CNT was put into the solution made by mixing
nitric acid (HNO;) and sulfuric acid (H,SOg4) at the
volume ratio of 1:3, and held for 24 h for reaction before
repeating a filtering process to set the pH to 7.

For ball milling, 90 g of 3 mm-diameter zirconia
balls were placed in a pot and 20 mL of ethanol was
added to form the wet ball-milling conditions. And after
conducting ball milling for 5 h at a speed of 500 r/min to
adjust the CNT fraction in the Cu nano powder to 1%,
5% and 10%, the material was dried by heating it at
90 °C.

2.2 Canning process

The canning process is classified under two
processes. For uniaxial pressing, a billet was produced in
the form shown in Fig. 2(a). Next, pure Cu powder and
Cu—CNT powder were put into it, and it was pressurized
in the direction of the Z axis at 2.94 kN/cm?. Then, it was
fully sealed by welding on the cover. Next, the degassing
and sealing processes are as below.

Purified CNTs
((sz’i lp(;)(;v [?[ir) i (d<20 nm, length
1-5um)

| 1
!

Planetary ball mill
(Zirconia ball, @=3 mm, ethanol)
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Degassing & sealing
(Heating rate=10 °C/min,
350 °C, holding time=45 min)
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Fig. 1 Flow chart of fabrication procedures of CNT/Cu
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Fig. 2 Schematic diagram of extrusion process: (a) Billet shape;

(b) Extrusion processing

The prepared billet was connected to a rotary pump.
The oxygen and carbon dioxide inside the billet were
removed at 350 °C for 45 min. Then, the connecting part
was welded for full sealing.

The filling density of the specimen, calculated after
completion of canning, is shown in Table 1. The mass of
the powder was obtained by comparing the mass of the

Table 1 Condition of extrusion

Material Can Total Inside Filling
filled mass/g  mass/g  height/mm density/%
Cu 572.6 1147 74 56.6
1% CNT 5654 11185 74 54.5
5% CNT 5833 11785 74 58.6
10% CNT 601.6  1167.1 74 55.7
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empty can and its mass after the powder was filled, and
the density was calculated by obtaining the volume of the
filled powder. The filling densities of Cu, 1% CNT, 5%
CNT and 10% CNT were calculated to be 56.6%, 54.5%,
58.6% and 55.7%, respectively.

2.3 Extrusion process

It is direct extrusion in which the billet is extruded
by the pressure generated when the ram of the extrusion
equipment descends. A 200 t capacity hydraulic press
was used so that the extrusion pressure at each point in
time can be measured, as shown in Fig. 2(b).

Extrusion was conducted after maintaining the
temperature of the billet at 880 °C for 1 h by way of hot
extrusion and placing the billet in a 450 °C container.

Friction between the die and the billet was reduced
by setting the die diameter to 16 mm and the extrusion
die angle to 20°. In order to reduce friction between the
container and the dies, and between the billet and the
dies, carbon oil and BN (boron nitride) were applied on
the container and billet and dies, as a lubricant.

2.4 Particle size distribution (PSD) test
Dynamic light scattering was used to measure
particle and molecule size. This technique measures the
diffusion of particles moving under Brownian motion,
and converts this to size and a size distribution using the
Stokes—Einstein relationship:
xT

dy = 1
e (M

where dy, is hydrodynamic diameter; D is translational
diffusion coefficient; k£ is Boltzmann’s constant; T is
thermodynamic temperature; and # is viscosity.

2.5 Indentation test
Figure 3 shows advanced indentation system 3000
(AIS3000) by Frontics Inc.. This equipment is approved

Fig. 3 Indentation test equipment

in ISO/DTR 29381. It consecutively measures the
indentation depth by indentation load for a load—
deformation curve, and data were analyzed for the
mechanical characteristics of the specimen.

The algorithm to obtain yield strength and tensile
strength is as follows [19]:

a—=a, 2

where a. is contact area, and it was measured by
indentation test.
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where L is indentation load; R is the radius of the
spherical indenter; ¢ is the true strain; and y and a are
default values (¢=0.14 and y=3.0). Stress—strain points
were determined by Eq. (3).
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where K is the strength coefficient; n is the strain
hardening coefficient. If material is BCC, ¢ is calculated
as Eq. (4). If material is FCC, o is calculated as Eq. (5).
Stress—strain curves are created from stress—strain points
by

o,=K(e,+b)" 6)
O UTS:Kn" (7)

where b is material constant.

As to details of the multiple indentation test
conditions, the spherical indenter size was d0.5 mm. The
maximum indentation depth was set to 150 um and the
indentation speed was 0.3 mm/min. The indentation test
was repeated 15 times at every 10 um, until the load was
removed by up to 50% of the maximum load.

3 Results and discussion

3.1 Extrusion pressure result

Figure 4(a) shows the extrusion pressure curves of
Cu—CNT composites for different fractions of pure and
ball-milled Cu and CNT. The gentle curve which appears
at the beginning shows that, with the time increases,
there is almost no change in the pressure as the density in
the empty space between the container and the billet and
inside the billet is increased.

However, in the case of Cu—CNT composite
powder, it can be confirmed that the pressure rose more
in the same amount of time. The pressure was shown
to be 893 MPa in the case of Cu, and shown to have the
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Fig. 4 Results of extrusion test: (a) Extrusion curve; (b) Photo-
graph of longitudinal section; (c) Photograph of cross-section

highest values of 970 MPa, 925 MPa and 923 MPa in the
cases of 1% CNT, 5% CNT and 10% CNT, respectively,
and decreased later as extrusion progressed. The pressure
was higher by 150 MPa in the case that CNT was
contained rather than Cu, and the pressure showed a
decreasing trend as the CNT fraction increased.

Figures 4(b) and (c) show photographs of the
extruded specimens cut in cross-section and longitudinal
section for observation, respectively. As the center part is
extruded first in the extrusion process, nano powder is
observed in the center part at first and in the part
relatively near the edge later.

3.2 PSD measurement result

Figure 5 shows the result of measuring the particle
size (r) of the powder which contains Cu powder and
CNT. The particle sizes of Cu, 1% CNT, 5% CNT and
10% CNT were measured to be 274, 2222, 2815 and
1325 nm, respectively. The Cu particles cluster together
due to its ductile property during the ball-milling process,
and the particle size is shown to have increased about
two times. In the case of the Cu—CNT composite
powders, the particle size has increased during the
ball-milling process. The particle size of the 5% CNT
powder is the biggest.

3.3 Results of powder observation

In order to observe the micro structure of the
extruded specimen, the surfaces of specimens were
observed using FE-SEM. The specimen was etched for
30 s using a solution made by mixing 24 mL of distilled

water, 6 mL of hydrochloric acid and 2 g of iron
chloride, and dried immediately after cleaning in distilled
water using an ultrasonic cleaner for 10 min. Figure 6
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Fig. 5 Size measurement graph of nano powders

Fig. 6 SEM images of Cu—1%CNT (a), Cu—5%CNT (b) and
Cu—10%CNT (c) composites
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shows SEM image of the Cu—CNT composite powder
using FE-SEM. Figure 6(a) shows that CNT was added
in the lump of Cu, while Figs. 6(b) and (c) show that the
observed number of CNT rises as the mass of CNT is
increased. Therefore, ethanol and CNT were not
influenced by the density gap.

Figure 7 shows the result of observing the extruded
specimen using FE-SEM after etching the surface of the
longitudinal section. Sintering has been done uniformly
well as a whole, and air pores are observed.

AgtV Magn WD F—— 1m
16.0kV 20000x 5.9

S ACEN S Magn = WD
16.0 kv 20000x -5.0 3

it Accy Mag
'\‘-E‘kv"‘l'u»‘_ 6.1
v £

Fig. 7 SEM images of Cu and Cu—CNT etched longitudinal
section surface: (a) Cu; (b) Cu—1%CNT; (c) Cu—5%CNT;
(d) Cu—10%CNT

It seems that the particles of the CNT specimen are
smaller than those of the Cu specimen. While the particle
size seems to gradually increase as the CNT fraction
increases up to 5%, the particles of the 10%CNT
specimen seem to be smaller, and particles in the form of
powder are still observed. This is because a high CNT
content rather interferes with crystal growth, and that
CNT content has a major influence on the particle size of
the specimen.

Figure 8 shows the result of the observed surface of
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Fig. 8 SEM images of Cu and Cu—CNT etched cross-
section surface: (a) Cu; (b) Cu—1%CNT; (c) Cu—5%CNT;
(d) Cu—10%CNT
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the extruded specimen after etching the surface of the
cross-section of the specimen. Sintering has been done
well as a whole, and, in the case of the Cu specimen,
particles are shown to be sintered along the same
direction as that of extrusion. As in the result of
observing the longitudinal section, some fine air pores
are observed between the particles.

In the case of the Cu—CNT composite specimen, it
has been confirmed that, if the CNT fraction increases,
the specimen is sintered maintaining the particle form
rather than the orientation. Through this, the CNT has an
effect on particle size.

3.4 Indentation test measurement result

Figure 9 shows the stress—strain curves of

specimens using the algorithm of indentation.

900
e— Cu

= — Cu-1%CNT
720r 4 — Cu-5%CNT
*— Cu-10%CNT ,

540

360

Stress/MPa

180

0 0.06 0.12 0.18 0.24 0.30
Strain
Fig. 9 Stress—strain curves of specimens

Figure 10(a) shows the hardness of the specimens.
The hardness values increase on the whole when the
content of added CNT is increased. The particles were
refined when the nano powder was re-sintered, resulting
in an increase in hardness.

In the case of the specimens made by adding CNT
to Cu, the hardness increased more than 4 times, showing
HV 209, HV 221 and HV 239 for 1% CNT, 5% CNT
and 10% CNT, respectively, which was a gradual
increase as the CNT fraction increased. The hardness
values are thought to have increased from that of the
original Cu as the CNT particles are distributed over the
Cu particles [4].

Figure 10(b) shows yield strength on the surface by
indentation test. Each specimen was measured six times,
and the average value is illustrated. The yield strengths
of Cu, Cu—1%CNT, Cu—5%CNT and Cu—10%CNT
were measured to be 119.2, 249.9, 297.8 and 350 MPa,
respectively.

Figure 10(c) shows the ultimate tensile strengths,

which were 463.9, 863.7, 1026.7 and 1463.1 MPa,
respectively, showing a similar trend. The tensile
strength and yield strength showed an increasing trend as
the CNT fraction increased, and the
containing CNT showed high values, typically more than
twice that of the Cu specimen. This seems to be the
effect of adding CNT, which has excellent mechanical

specimens

properties, on the strength of Cu. It is necessary to
conduct additional tests in order to find out the optimum
CNT fraction to be added.
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Fig. 10 Results of indentation test: (a) Hardness; (b) Yield
strength; (c) Ultimate tensile strength
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4 Conclusions

1) As a result of measuring the particle size of PSD,
the particle size of the powder containing CNT increased
by 5 times the particle size of the Cu powder. The
particle size of the powder containing 10% CNT is
smaller than that of the powder containing 5% CNT. A
high CNT content rather interferes with crystal growth
and it is important to mix a certain ratio of CNT.

2) As a result of observing the specimen using
FE-SEM, sintering was achieved to form a grain
boundary, and some air pores were observed in the
specimen containing CNT. This is because of the effect
of filling density.

3) As a result of indentation measurement, the
hardness, tensile strength and yield strength increased as
a whole due to the characteristics of nano powder and
increasing CNT fraction.
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