Fabrication of aligned carbon nanotube-filled rubber composite
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Abstract

Here we fabricated rubber composite sheets filled with 5wt% and 30wt% of highly aligned
carbon nanotubes (CNTs) through conventional rubber technology. The alignment of CNTs was
possibly derived from dragged shear force during the optimized milling process. The selective
alignment of CNTs leaded to enhancement of elastic modulus, thermal conductivity, electrical

conductivity, and electromagnetic shielding property compared to neat rubber sheet.
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1. Introduction

Great deal of attention has been paid on tiny but fascinating carbon nanotubes consisting of
enrolled graphene sheet built from sp? carbon units [1-3] because they have been considered as
an ideal reinforcing filler in a wide range of composite systems [4], due to their long
macro-morphology (high aspect ratio, length/diameter) and their exceptional mechanical
property (Young’s modulus = 1-1.8 TPa) [5], transport conductivity (resistivities at 300K of
~1.2 x 10-4 — 5.1 x10-6 Q-cm; activation energies <300 meV for semiconducting tubes) [6,7],
thermal conductivity (3000 W/m-K).

At present, large quantity of carbon nanotubes is available caused by the recent progress of
synthetic method [8,9]. When considering practical application of carbon nanotubes, the largest
anticipated large-consumption of carbon nanotubes is as a filler for various polymers, when
exploiting the excellent mechanical and electrical properties of carbon nanotubes [1]. In this

sense, carbon nanotubes have been investigated as functional filler in polymer [10]. In order to



exploit intrinsic properties of carbon nanotubes in composite, two basic problems have to be
solved: dispersion and alignment. In this study, we judiciously selected commercial
ethylene-prolyene-diene rubber (EPDM) (typical unsaturated polyolefin rubber) as matrix
because this material has been widely utilized in the fabrication of automotive tire sidewalls,
cover strips, wires, cables, hoses, belting, footwear, roofing barriers, and sporting goods [11].
On the other hand, by utilizing the conventional rubber technology, we fabricated aligned
carbon nanotube-based rubber sheet in a controllable direction. Up to my knowledge, this is the
first report on the production of the aligned carbon nanotube-filled rubber even though there
were a few reports on the alignment of carbon nanotubes in polymer using the magnetic fields

[12-14].

2. Experimental details

High-purity and crystalline multi-walled carbon nanotubes (MWNTs) with diameter of ca.
100-200 nm were obtained by combining the synthesis of a catalytic CVD method [8, 9, 15] and
subsequent thermal heat treatment were synthesized in a large quantity. The formulation of
matrix rubber (EP33, JSR Corp.) was summarized in Table 1.

Using a conventional laboratory Banbury mixer (1800 cm?), different amount of carbon
nanotubes (5 and 30 wt %) were mixed homogeneously in rubber matrix by controlling the
mixing conditions (e.g., mixing time, mixing volume etc). Subsequently, by controlling the
milling conditions (e.g., nip gap, mixing time, etc) of a conventional laboratory mill (200 mm X
330 mm), dispersion of carbon nanotubes in rubber matrix was accomplished by shear force.
Then, we obtained CNTs aligned rubber sheet along the x-direction by applying calendaring and
shaping process. In the case of CNTs-aligned rubber sheet along the z-direction, three step
processes were carried out consecutively: extruding nanotube and rubber compounds into
cylindrical shape, opening die of extruder for alignment of carbon nanotubes along the radial
direction, and finally by opening it up. Finally, the experimental specimens were cured at 150 °C
for 30 minutes.

The fractured surface was prepared by slicing the alignment direction of composite rubbers
vertically with a microtome (Leica). Field-emission scanning electron microscope (FE-SEM) (5
kV, a JEOL JSM-6335Fs) observations were carried out in order to confirm the dispersion and
alignment of carbon nanotubes in rubber. The degree of orientation for CNTs was determined by
wide angle X-ray diffraction (WAXD) method using CuK, radiation (Rigaku, RU-200B).
Orientation coefficient (f) of CNTs crystallites was calculated by using (002) reflection at 20 =

ca. 27 © for CNTs by using equations described in ref. 16. Tensile testing was performed with a



universal testing machine (Instrong 5568) at an extension rate of 500 mm/min at room
temperature. Thermal conductivity (Thermolab-1I, KES-F-M7, company), -electrical
conductivity (two-point method, company), and electromagnetic shielding characteristics (type,

KEC method) of the samples were carried out.

3. Results and discussion

Carbon tubes used in this study exhibit relatively linear and long tubular morphology (high
aspect ratio), as shown in Figure 1 (a) and (b). These tubes contain high crystallinity and
relatively high real density which is paramount to conventional graphite. In addition, metallic
impurity was detected in a level of below 100 part per million (measured by atomic absorption
spectroscopy). Ideal status of nanotube alignment in the composites along the (a) X- and (b)
Z-directions are illustrated in Figure 1 (¢) and (d), respectively. In order to check dispersion of
carbon nanotubes in rubber, fractured surfaces obtained by slicing the alignment direction of the
rubber composite containing 30 wt% carbon nanotube vertically with a microtome were
observed using the FE-SEM apparatus. As shown in Figure 1 (e) and (f), relatively long and
straight nanotubes are protruded from the fractured surface. It is noteworthy that no aggregate of
carbon nanotubes was observed. Therefore, it is possible to say that high-purity carbon
nanotubes were homogeneously dispersed in rubber during conventional rubber processing
(mixing and milling processes).

To evaluate the effect of nanotube on physical properties of rubber, mechanical property,
thermal and electrical conductivities were measured as compared with neat rubber sheet and
also those of boron nitride which is conventional filler used in rubber industry (see Table 2). The
tensile at break of nanotube-added rubber is twofold higher than those of neat rubber sheet and
boron-added rubber, accompanied without the deterioration of elongation break. The simple
explanations for this mechanical property are (1) nano-sized effect of fibrous carbon (ca.
100nm), indicating highly increased interface area between filler and rubber when compared to
boron nitride and (2) judicious alignment of fibrous carbons (high aspect ratio) (the degree of
alignment of carbon nanotubes in rubber will be described using WAXD in detail). Furthermore,
thermal conductivity of nanotube-added rubber was increased by at least a factor of 1.5 both
directions, while volume resistivity of nanotube-added rubber was drastically lowered by six
orders. It is assumed that the formation of conductive networks in rubber was formed, resulting
in highly decreased resistivity of rubber sheet. In this sense, this rubber composite is highly
applicable to antistatic, electromagnetic shielding, pressure sensor and actuators [17]. To study

the mechanical properties of nanotube-added rubber composites in detail, stress-strain curves of



Swt. % and 30wt. % nanotube-reinforced rubber sheet including neat rubber sheet were
presented in Figure 2. For all samples, the initial modulus (below 10% strain) is abruptly
increased as the amount of nanotubes increases. In case of 5 wt. % added rubber composites,
where nanotubes are aligned along the X-direction, elastic modulus for sample when force is
applied to the alignment direction of carbon nanotubes is increased by ca. two times as
compared with elastic modulus when vertically applied tensile force. But, with higher amount of
nanotubes, the rubber composites show highly increased the initial modulus (stiff), but reduced
tensile strength by ca. 0.5 and high elongation at break by ca. 0.4, possibly due to increased
cross-linking intensities.

It is well known that WAXD is one of powerful tools for characterizing the degree of
crystallite of CNTs aligned in polymer matrix [12-14]. Figure 3 shows the X-ray diffraction
photographs taken from different X-ray incident directions for the rubber composite filled with
30 wt% CNTs aligned along the X-direction. This figure includes the azimuthal X-ray intensity
profiles. The thinner white arrow indicates the Debye-Scherrer ring of the (002) plane of CNTs.
Although the Debye-Scherrer ring is a circular form, the whiteness of the ring is more
concentrated in the equatorial direction for Figure 3 (a) and (b), indicating the CNTs aligned in
the X-direction as we expected. The degrees of orientation of CNTs crystallites in the composite
is 0.60, determined from azimuthal profiles of (a) and (b). In the case of the composite filled
with 5 wt% CNTs, the selective orientation of CNTs also occurred in the directions we expected,
but the degrees of orientation were considerably lower than that of 30 wt% CNTs filled
composite. The values are ca.0.54 for X-sheet, and 0.44 for Z-sheet, respectively, which means
that the degrees of orientation for the composites containing 5 wt% CNTs are much lower that
that containing 30 wt% CNTs. The difference between 5 wt% and 30 wt% CNTs filled
composites may be attributed to the melt viscosity during the rubber milling processing. Since
the melt viscosity with higher CNTs content is higher, the higher shear force may be generated
during milling, which brings about higher orientation of CNTs. In addition, when filled 30 wt%
CNTs, the higher viscosity may prevent the relaxation of aligned CNTs to random orientation,
and retain the orientation of CNTs during solidification of rubber component.

Figure 4 shows the shielding characteristics of the nanotube-filled rubber sheet as
compared with those of graphite particle- and ferrite-filled rubber sheets comparatively, as a
function of frequency. The shield effect of the nanotube-filled rubber is prominent, especially in
high-frequency bands of several hundred MHz or more. It is expected that the excellent
shielding characteristics are mainly due to the formation of a conducting network in an

insulating rubber matrix through the incorporation of the highly conductive carbon nanotubes.



The demanded level of the shielding can be varied upon the environment. However, since the
nanotube-filled rubber sheet exhibit excellent shielding effect above 60 dB or more in the
frequency range of up to 1 GHz, we envisage that the nanotube-filled rubber sheet will be

utilized in a wide range of electrical equipments.

4. Conclusion

We evaluated the mechanical, thermal, electrical and electromagnetic shielding properties of
multi-walled carbon nanotubes incorporated EPDM rubber composite sheet. By varying the
amount and alignment of nanotubes in a controllable direction, we can control the
mechanical/electrical/thermal/shielding properties of nanotube/rubber sheet in detail, which is
urgently required from the point of application view. Alignment of carbon nanotubes in rubber
matrix resulted in significant improvements in elastic modulus (see Fig. 2), thermal and
electrical conductivities, especially along the Z-direction. As the added amount of nanotubes is
increased, rubber composites were transformed into a rigid material, which is reflected in a
marked increase of the modulus. Based on wide angle diffraction study, it is sure that
conventional rubber technology is quite useful for aligning carbon nanotubes in rubber in a
controllable fashion. Furthermore, increased shear force (melt viscosity) caused by the higher
amount addition of nanotube (30 wt. %) during the milling process give rise to improved
alignment of carbon nanotubes in rubber matrix. Therefore, it is envisaged that judicious

selection of amount, alignment of carbon nanotubes in rubber make us applicable to various

fields.
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Figure Captions

Figure 1 (a), (b) FE-SEM images of highly crystalline carbon nanotubes at different resolutions.
Scale bars: 1 um; (c), (d) Schematic images of carbon nanotube incorporated rubber sheets
along the X- and Z-directions, respectively; (e) and (f) FE-SEM images of CNTs30/rubber
composites showing high dispersion of carbon nanotubes along the aligned directions. It is
noteworthy that there was no aggregated in rubber matrix, indicating good dispersion of carbon

nanotubes.

Figure 2 Stress-strain curves of aligned carbon nanotube-filled rubber composites including

neat rubber sheet.



Figure 3 X-ray photographs and azimuthal X-ray intensity profiles for 30 wt%-CNTs filled

rubber composites; X-ray incident directions are (a) Z, (b) Y, and (c) X.

Figure 4 Frequency dependence of EMI shielding for carbon nanotube-, graphite particle- and

ferrite-filled rubber sheets at the same 30 weight percents.



