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ABSTRACT

Carbon nanotubes grafted onto the surfaces of spherical silica gels were incorporated
into epoxy polymer to yield nanocomposite. The efficiency of this approach in
controlling the dispersion of carbon nanotubes within the epoxy matrices was observed
from the scanning electron microscope images, where the nanotubes remained strongly
attached to the surface of the gel. As the micron-sized silica introduced a large excluded
volume within the polymer matrices, the nanotubes dispersion remained restricted to a
region along the silica surface and bundle formation was prevented. This arrangement
aided the formation of an electrically conductive network in an epoxy matrix, where the
critical percolation threshold (p;) was calculated as p. = 0.5 wt., which is equivalent to
0.16 wt. % nanotubes, as previously determined from thermal gravimetric analysis. The
equivalent circuit model to represent the electrical properties was proposed to analyse
the interactions between the real impedance (Z’) and imaginary impedance (Z’’)
components of the hybrid nanocomposites. The two parallel RC circuits were found to
fit the data well, describing the interaction between epoxy and conductive silica—
nanotubes hybrid.

Keywords: Hybrid carbon nanotubes; epoxy; equivalent circuit model; impedance
properties.

INTRODUCTION

Carbon nanotubes (CNTs) have proven to be a multifunctional reinforcement that
enhances the mechanical [1-4] and electrical [5] properties of composites. Large-scale
production causes the CNTSs to be easily entangled, making it difficult to disperse them
in polymer matrix [6]. As such, chemical functionalization, in situ polymerization, and
enhanced polymer blending have been performed to address this dispersion issue [6].
Growing CNTSs directly onto fibres [7-9] or microparticle [10-12] substrates provides an
alternative to tackle the issues associated with dispersion within polymer matrices. In
this way, these substrates not only provide sites for CNT growth, but also function as a
carrier to disperse CNTs into polymer matrices. Direct growth of CNTs on particulate
substrates has been demonstrated on silica [10, 11, 13] and stainless steel [14].
Moreover, the CNTs grown on alumina particles (LAI,O3) result in an increase in
thermal conductivity in an epoxy matrix [12]. The growth of CNTs on silica
microparticles was performed via the floating catalyst chemical vapour deposition
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method and reported elsewhere [15-17]. A large excluded volume is introduced within
the matrices since the silica gel used is in micron size. As such, the CNTs growth
remains restricted to regions along the silica surface, which shows that this hybrid
structure is conductive. The impedance behaviour in their composite form is further
reported in this paper.

EXPERIMENTAL DETAILS

CNTs were grafted on the surface of spherical silica gel via the floating catalyst
chemical vapour deposition method. The hybrid particles, referred to as SG6_3 in this
work (Figure 1), were synthesized under optimized conditions of 3 hours reaction time
and 760 °C reaction temperature, using a toluene and ferrocene mixture; the detailed
procedure was described in Othman et al. [15]. Araldite® LY556 (Huntsman)epoxy
resin was used as a polymer to study the electrical properties of SG6_3, with room
temperature viscosity of 10,000-12,000 mPa.s. Various loadings of SG6_3 (0.5, 1, 2,
and 5 wt.%) were added to the degassed epoxy. Thermal gravimetric analysis(TGA)
confirmed that the yield of CNTs grown under these optimum conditions was 33.6 +
0.37 wt.% [15]. As such, the corresponding carbon addition was 0.17, 0.34, 0.66, and
1.68 wt.%, respectively.

For the preparation of composites, hardener was added to the mixtures at a
constant mix ratio (by wt.%) of 100: 23 (Araldite® LY 556: XB 3473), as
recommended by the manufacturer. The mixture was stirred for another hour at 200 rpm
before being cured at 140 °C for 8 hours. For conductivity measurement, the composites
were cut into rectangular squares before applying silver paint to both ends of the film.
An Impedance Analysis Interface/NumetriQ PSM 1735 was used to record the samples’
conductivity at a frequency range of 1-10°Hz and voltage amplitude of 1.0 Hz. As a
comparison, non-grafted CNT (produced by Nanocyl) was also incorporated into the
epoxy resin at the same carbon loading to yield the respective composites.

Figure 1. Low magnification SEM image of SG6_3[15].
RESULTS AND DISCUSSION
Morphology of Fracture Surfaces

The typical SEM images of fracture surfaces containing SG6_3 (5 wt.% loading, which
is approximately 1.65 wt.% CNT) show that the CNTSs still remain on the silica surface
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even after being subjected to strong shear force during composite processing
(Figure 2).The dispersion of CNTs appeared to be restricted by the silica, where the
CNTs were dispersed along the silica circumference.In contrast, non-grafted CNTs
agglomerate and disperse randomly within the epoxy [18].

Figure 2. Typical SEM images of fractured surface of 5 wt.% SG6_3 (pcnt = 1.65
wt.%) based epoxy composites. (b) and (c) show an enlarged image of the area marked
by rings in (a).
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Figure 3. Specific conductivity as a function of frequency for SG6_3 and Nanocyl
epoxy based composites. The dotted line represents the minimum conductivity
requirement needed for fabricating materials that dissipate electrostatic charge[19].
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Impedance Spectroscopy

Figure 3 shows the specific conductivity, o, of both the Nanocyl and SG6 3 epoxy
composites as a function of CNT loading. Due to equipment limitations, the impedance
data for the neat epoxy at low frequency, from 1 Hz to 91 Hz, were negative, which may
be interpreted as noise. As such, they are omitted and not plotted in this graph. The
conductivity data are published by[18].In spite of their 3-D isotropic structure, the
ability of SG6_3 to form a conductive network at the same CNT loading is not as good
as Nanocyl. Nevertheless, the addition of just 0.33 wt.% SG6_3 is found to be sufficient
for the fabrication of a composite that dissipates electrostatic charge on its surface.

Circuit Model Representation

The plots of real impedance (Z’) versus imaginary impedance (Z’”) for nanocomposites
containing SG6_3 are shown in Figure 4 (a—c). The composites containing SG6_3 for
all loadings exhibit a semi-circular shape. The RC parallel model that consists of two
components is proposed to describe the impedance behaviour of the sample (Figure 4d)
[20, 21].This model takes into consideration the impedance response coming from the
CNT (cluster) and epoxy matrices (interface).The related equations to describe two-
component RC parallel models are as follows:

Z*(w) =7 (w) - jz" " (w) . (1)
/ _ 1 2
Z @)= T ez T 17 WGR)? (2)
. wCyR? wCyR?
z' (w) = (3)

+
1+ (wCiR;)? 1+ (wCyR,)?

whereR;is the resistor from the cluster (particle)
C.is the capacitor from the cluster (particle).
R, is the resistor from the interface (epoxy).
C.is the capacitor interface (epoxy).

Table 1. Parameters determined by fitting results for SG6_3-epoxy to the circuit model
shown in Figure 4d.

Clusters Interface Coefficient of
Wt.% determination, R?
Par (%) R e R@  GE) = s
1.65 40 29x107 11x104 5x10M 0.999 0.999
0.66 1.4 x 10° 9x10° 26x105 54x10 0.987 0.998
0.33 7.1 x 10* 1x10°® 3.6 x 106 5 x 10° 0.905 0.914

Accordingly, the values of the parameters obtained by fitting are shown in
Table 1. Since the R? values > 0.9 for both Z’ and Z’, the model proposed describes the
data accurately. The values of R; are less than the values of R, for all loadings, which is
expected, as the R; is the resistive element from the cluster components. The difference
between R; and R, becomes more apparent at higher loadings, which demonstrates the
effectiveness of SG6_3 in forming a conductive network within the epoxy matrix.
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Figure 4. The complex impedance plane plots for SG6_3—epoxy samples with the
following loadings of: 1.65 wt.% (a), 0.66 wt.% (b), and 1.65 wt.% (c). The square
symbols are the experimental data while the dashed line is the fitted model. The
direction of the increasing frequency is as shown in (a). Circuit equivalent model to
represent the electrical properties of these composites (d).

Insulator—-Conductor Transition Analysis

The addition of SG6_3 enhances the electrical properties of an epoxy resin. By
continuously adding fillers, the composite’s conductivity increases a few orders of
magnitude (Figure 3). The critical percolation threshold, p. indicates the critical loading
that causes this significant increase in the conductivity. After this point, the addition of
more filler only causes a moderate increase in conductivity. Figure 5 compares the plot
of specific conductivity obtained at 100 Hz as a function of filler loadings. Fitting
yielded a p. of 0.03 wt.% with R? = 0.9816 for Nanocyl-epoxy, whereas a p. of 0.16
wt.% with R? = 0.9946 is obtained for SG6_3—epoxy. Given the same matrices and
processing conditions, the percolation threshold of the SG6_3 is an order of magnitude
higher than Nanocyl.

The orientation of the conductive fillers within a matrix greatly affects the
formation of a percolated network. CNTs were grown within SG6 pores as well as on
the substrate’s spherical surface. As such, CNTs are uniformly distributed radially along
the substrate’s surface. This geometry has the advantage that any properties imparted by
SG6_3 to the matrices are isotropic in nature. This particle arrangement is preferred if
an improvement in the mechanical properties of a composite by adding conductive
reinforcement is required. On the other hand, non-grafted CNTs may freely rotate
within a matrix depending on the shear force applied during processing. However, Du et
al. [22] have shown that, by comparing the alignment of single-walled CNTs (SWNTs)
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in SWNT/PMMA composites, the highest conductivity is achieved for slightly aligned
SWNTSs compared to isotropic SWNTSs. The orientation was determined from full-width
half-maximum (FWHM) data from X-ray diffraction (XRD). In a separate study,
Behnam et al. [23] performed Monte Carlo simulations to calculate the electrical
resistivity resulting from CNT alignment and reached the same conclusion as Du et al.
[22]. Moreover, agglomerates of CNT with random CNT distribution have been shown
to be crucial to achieve a conductive network in epoxy resins [24-28] and also polymer
melts [26, 29-31]. By manipulating the shear force during processing, CNTs may form
agglomerates which allow percolation to take place at loading as low as 0.0025 wt.%
[24]. In the case of SG6_3, strong interaction between the silica and CNT vyields a stable
structure which will restrict CNTs” movement to form clusters. Based on this argument,
the isotropic structure of SG6_3 results in the order of magnitude higher percolation
threshold achieved in the cured epoxy in this work compared to the non-grafted
Nanocyl.
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Figure 5. Semi-log plot of specific conductivity obtained from Nanocyl-epoxy (a) and
SG6_3-epoxy (b) as a function of p. The inset showing a fit to the equation is derived
from percolation theory [32].
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Another possible reason for the difference in p. is because Nanocyl and SG6_3
possess different aspect ratio values. The aspect ratio of a particle is defined as the ratio
of its length to its diameter. SG6_3 consists of CNTs grown radially on its surface.
Macroscopically, the aspect ratio of SG6_3 may be approximated to a sphere, which
IS 1. On the other hand, based on the manufacturer’s data, the aspect ratio of the CNTs
used in this work is approximately 158 [33]. It is known that the geometry of the
particles, or more accurately the aspect ratio, greatly influences the value of p.. A higher
aspect ratio results in the percolated network forming at lower loading and vice versa
[24, 34]. For example, Hernandez et al. [35] measured the p. of PVOH-based
nanocomposites upon incorporating carbon nanodiscs (CND) of lower aspect ratio and
CNT of higher aspect ratio, to be 2.1 and 0.4 vol.%, respectively, which is an order of
magnitude different. Similarly, Sandler et al. [24] also showed that the value of p.
obtained from spherical carbon black is at least two orders of magnitude higher than
CNT.

CONCLUSIONS

The electrical conductivity of the cured composite was calculated to assess the ability of
SG6_3 to form a percolated network. A two-component parallel RC circuit model was
proposed to represent the impedance interactions within the sample and was found to fit
the data well. Percolation theory was used to determine the critical loading p., the
values for which are 0.03 wt.% and 0.16 wt.% for the Nanocyl and SG6_3 respectively.
This difference was explained in terms of filler alignment and aspect ratio; anisotropic
alignment and a high aspect ratio favour the formation of an electrically percolated
network at lower loadings, as opposed to isotropic and low aspect ratio particles.
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