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Abstract

In this work, we proposed a multiscale numerical model to estimate the
electric conductivity and dielectric constants of the CNT /polymer nanocom-
posites, taking into account the tunneling effect between neighbouring CN'Ts
separated at nanoscale and the frequency-dependent dielectric properties of
each components. Finite element method was employed to solve the formu-
lations, and the CNTs were modeled by highly conductive line segments in
order to avoid the mesh problems. Experiments have been carried out in
carbon nanotubes/epoxy nanocomposites in order to compare to the simu-
lation results. The numerical estimations of the electric conductivity are in
good agreement with the experimental measurement by network analyzers.
Moreover, the calculated dielectric permittivity agrees with the experimen-
tal data for the nanocomposites whose CNT content is beyond percolation
threshold. Below percolation threshold, the proposed model also works well
in the prediction of dielectric constants when the frequency is over 103 Hz.
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1. Introduction

The unique properties of carbon nanotube (CNT), i.e., high aspect ratio,
low molecular weight, superior thermal, mechanical and electrical properties,
have attracted increasing interest of scientists since it was first reported in
1991 [1]. Dispersing CNTs into polymeric materials as nanoscale fillers can
strongly enhance their mechanical, thermal and electrical properties, showing
significant potential in multifunctional devices [2]. Since last decade, the di-
electric properties of CNT /polymer nanocomposites have been investigated,
pursuing high dielectric constant combined with flexibility and lightweight,
which can be used in a variety of applications such as electromagnetic interfer-
ence (EMI) shielding material, high-charge storage capacitors and aerospace
devices [3-7].

There have been numerous experimental studies on the dielectric proper-
ties of the CNT /polymer nanocomposites, preparing the dielectrics with high
dielectric permittivity [8-13]. Furthermore, focusing on the charge storage
application, efforts have been done to develop the CNT-reinforced nanocom-
posites with both high dielectric permittivity and low dielectric loss. For
instance, Begum et al. [14] employed the solution casting method to fab-
ricate the PVDF /functionalized multi-walled carbon nanotubes (MWCNTS)
with enhanced dielectric permittivity but low dielectric loss due to the strong
interfacial interaction between MWCNTs and PVDF. Chang et al. [15] pre-
pared the MWCNT /epoxy composites using microwave curing and thermal
curing respectively, finding that the former fabrication method leads to bet-
ter dielectric properties than the latter one attributed to a better distribu-
tion of CNTs. Besides, Zhang et al. [16] developed an expanded graphite-
MWCNT /cyanate ester ternary composite, and Ameli et al. [17] reported
nano/microcellularpolypropylene/CNT nanocomposites by melt compound-
ing in which the cellular structure was introduced by foaming. Both of the
composite systems exhibit high dielectric permittivity and low dielectric loss
successfully.

The experimental results demonstrate that the percolation threshold and
dielectric properties are dependent on the type, aspect ratio and dispersion
of CNTs [15, 18], as well as the interaction between CNT and polymer ma-
trix [14]. However, it is difficult to clearly differentiate between the effects
of the above factors by experimental techniques. It is thus valuable to de-



velop the models for the perdictions of the electric and dielectric properties
of the CNT /polymer nanocomposites. Analytical models based on effective
medium theory can be used to predict the composite permittivity [19]. For
example, Maxwell-Garnett model [20, 21] has been employed to describe the
effective permittivity of the polymer composites with conductive fillers char-
acterized by high aspect ratio, which have taken into account the volume
fraction and shape of the fillers. However, the results are only accurate at
the filler concentration before percolation threshold, and the tunneling ef-
fect is neglected which plays dominant role in the electric properties of the
nanocomposites. Although the tunneling effect has been well considered in
the simulation of statistic electric properties under DC condiction [22, 23], its
significance on dielectric properties and AC conductivities of nanocompos-
ites has not been researched by numerical modeling. Recently, Xia et al. [24]
developed a new effective-medium theory considering all the interface effects,
which works well at low frequency but becomes blurred at high frequency.
Continuum models including finite element analysis [25-28] have been re-
ported for studying the dielectric constants of the composites, but few work
has been done for the nanocomposite with conductive fillers of extremely
high aspect ratio (> 100).

In this work, we proposed a numerical model to investigate the AC con-
ductivity and the frequency-dependent dielectric constants of CNT /polymer
nanocomposites, which is solved by the finite element method. The tun-
neling effect between neighbouring CNTs separated at nanoscale has been
incorporated within the model, and the dielectric constants of the compo-
nents was considered to be frequency-dependent. The effective conductiv-
ity and dielectric constants have been evaluated numerically by appropriate
definitions of effective quantities through homogenization. To validate this
model, we have prepared the CNT /epoxy nanocomposite samples with vari-
ous CNT contents, and the CNTs are randomly dispersed in the matrix. The
AC conductivity and dielectric permittivity of the samples were measured
and compared with the numerical estimations. The effects of CN'T aspect
ratio on the electric and dielectric properties were further discussed.

2. Numerical model of the dielectric properties of CNT /polymer
composites

In this work, the microstructure of the CNT/polymer composites as
shown in Fig. 1 (a) is generated by Random sequential addition (RSA)



algorithm [29], which ensures that the CNT fillers are randomly distributed
without overlapping. The side length of the representative volume element
(RVE) is L, and the periodical boundary condition is employed to form an
infinite composite material. The CNTs are assumed to be straight whose
length is [, and diameter is D. The aspect ratio is defined as n = [/D. As
shown in Fig. 1 (b), the position and orientation of CNTs are determined
by the head point coordinate x° and two orientation parameters in spheri-
cal coordinates, polar angle 6 and azimuthal angle ¢, respectively. All the
parameters are generated following uniform distribution by a pseudorandom
number generator in order to obtain a random and isotropic distribution of
CNTs [30].

x? = L x (rand, rand, rand), (1)
@; = 27 x rand (2)
0; = cos™'(rand). (3)

where ¢ is the index of ith CNT and ‘rand’ denotes uniformly generated
random number in the interval [0,1]. It should be noted that by applying
periodical boundary condition, the CNT will be separated to several segments
and the external parts will be relocated to the RVE when it penetrates the
boundary planes.
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Figure 1: (a) RVE model of the CNT/polymer nanocomposite with 200 CNT fillers. (b)
ith CNT in space.

The configuration and the meshes are generated by GMSH [31], and the
finite element analysis is performed by programming using Matlab. We con-
sider a RVE defined in a domain €2, which contains N straight CNTs randomly
distributed in the polymer matrix, associated to I'y, (n = 1,2,...,N). The



conduction mechanism according to tunneling effect is introduced between
the neighbouring CN'Ts when their shortest distance is at nanoscale.

In the dielectric matter, the relation between the electric displacement D
and the electric field E is given by

D = co¢cE, (4)

where € is the relative permittivity of the material and gy ~ 8.85 x 107!2
F/m denotes the permittivity of free space.
According to the Maxwell equations, we have

V.D = p, (5)

where p is the volumetric charge density, V. denotes the divergence operator.
Combing Eq. (5) with the continuity equation

V.J = —0p/ot, (6)
and Ohm’s law
J=0E, (7)
we obtain
V.(o + iwepe)E = 0, (8)

in case of sinusoidal E of angular frequency w. o denotes the electric con-
ductivity and J is the electric current density.
Therefore, for the dielectric material, the current density induced by the
electric field is given by
J? = (o +iwee)E. (9)

In the case of alternating current, the total electromagnetic power within
the domain 2, W for this model, including the contribution of both polymer
matrix and CNTs, is defined by

W= ;(/Q (2 + [ (x)dD), (10)

where I' denotes collectively the lines associated with CNTs and the density
functions of polymer matrix (w,,) and CNTs (w.), are expressed by

wn(x) = J(x) - B(x), we(x) = J5(x) - Be(x). (11)



Here, the electric field E and the line electric field on CNT E€ are defined
by E(x) = —V¢(x) and E. = —Vr¢, where ¢(x) is the electric potential.
The nonlinear tunneling effect conduction has been described in details
in [32], and has been introduced to several works concerning the electric
properties of nanocomposites [33, 34]. Considering the tunneling effect in
the extremely thin polymer film between the neighbouring CN'Ts, the current
density in the matrix j(x) satisfies:
Jd _ {(am + iwepen (w))E i d(x) > deutof s, (12)

G(E, d)% +iweoe E  if d(x) < deutosys

where o, and €,,(w) are the electric conductivity tensor and the relative
permittivity tensor of the polymer matrix when neglecting tunneling effect,
deutof £ 1s a cut-off distance above which the tunneling effect can be neglected,
and G is the tunneling current defined by [35]

_ 2.2¢% B/ 8 L3
G(E.d) == g, P2 ognem 2 20)
13+ 0y B expl (7 2may) ] (13)

® is the energy barrier height that the electrons cross, d is the distance be-
tween a pair of CNTs, and h, e and m denote Plank’s constant, the charge of
an electron and a material parameter. It should be noted that the separation
between pair of CNTs, d(x), should always be larger than the van der Waals
separation distance d,qu according to the Pauli exclusion principle[36, 37].
The local regions in the polymer matrix turn to be conductive according
to tunneling effect when d(x) < deuofs, leading to the local relative permit-
tivity €;, such as
. Ot
€ = €,(w) — ZW—EO, (14)
Hore E®E EFI-EE
® —E®
+ G(I[E]]) -
IE[[? IE[]?

where I denotes the second-order identity tensor, and G'(||E||) is expressed
by:

o =G'(|[El]) - (15)

B B
g'(I1El]) =2A|IEHeXp(—m)+ABeXp(—m)+C, (16)



with

2.2¢3 8 1.3
- 7 = 2m)z 2 1
8Thd,’ 59670 2> @ (17)
and )
2m®Py) 2 drd 1
¢ =3 P00 (0 expl—(“7) (2 ). (18)

CNTs can be regarded as cylinders with tiny diameter D, resulting in
a significantly large aspect ratio wich can be as high as 10%. Thus, it is
cumbersome to mesh them along their diameter directions which can create
large amount of meshes beyond the computational ability. To overcome this
limitation, we replace the CN'Ts with finite diameter by highly conducting
lines. The local constitutive relationships relating the line current density j¢
with line electric field E¢ in the CNTs is defined by

J4(x) = (0. + iwege)Ee, (19)

where o, and €. denote the equivalent line electric conductivity and equiva-
lent line relative permittivity of CNT, respectively, which are dependent on
the diameter D through:

D2
o.= 7TTagn ®n, (20)

and D2
€. = 7T4 n ® n. (21)

In above, n is the unit direction vector of CNT (see in Fig. 1 (b)), 0§ and
e; denote electric conductivity and relative permittivity of the CNT along n
direction (see [38—40] for more details). As a conductive filler, the relative
permittivity of the CNTs obeys

) — i< (22)

Minimizing (10) with respect to the displacement field, and using Egs.
(11)-(12), we obtain the weak form which can be solved by the finite element
method:

/Q Ja(0) - V(36)d2 — /F Vg - (0° + iweoed)Vr(dg)dl =0,  (23)
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where ¢ € H*(2), d¢ = 0 over 00, and ¢ € H(Q), ¢ satisfying the periodic
boundary conditions over 0f2

¢(x) = —E - x+ d(x) on 05 (24)
and where ¢(x) is a periodic function over €, such as <gz~5(x)> = 0.

The effective electric conductivity tensor & is defined as:

7d J—
o(E) =0 +ic" = aJa](EE), (25)

where J? is the effective current density expressed by:

7 é ( /Q J9(x)dS + /r Jg(x)dr> , (26)

and E is the effective electric field given by:

1
E-— V/QE(x)dQ, (27)

where V' is the volume of €).
The real part of the effective conductivity in Eq. (25), &', corresponds to
the AC conductivity measured by the experimental techniques.
Moreover, the effective dielectric loss, €”, is estimated by
_ 1 9D(E)
€E)=¢€ —ie = ——=7, 28
(E) s (28)

where
D- ‘1/ (/QD(x)dQ +/FDC(x)dF) (29)
and D.(x) = €.(x)E.(x).

3. Experiment procedure

3.1. Materials and preparation of CNT/epoxy nanocomposites

Multi-wall CNTs were acquired from Nanocyl (NC7000). The nanotubes
average size is 9.5 nm in outer diameter and 1.5 pym in length, which corre-
sponds to an aspect ratio of 158. The epoxy resin used as polymer matrix
is composed of a resin (1080S, Resoltech) and a hardener (1084, Resoltech)

8



mixed in a 100:33 weight ratio. Neat epoxy and 6 composites samples were
fabricated with different CNT weight fractions ranging from 0.05 wt% to
1 wt%, corresponding to 0.03 vol% to 0.50 vol%, respectively. Neat epoxy
were fabricated by manually mixing 1080S and 1084 components in the afore-
mentioned weight ratio. To fabricate the CNTs/Epoxy nanocomposites, the
desired weights of CNT were added to the 1080S resin and dispersed using
a three-roll mill (EXAKT), following a pre-optimised procedure [41]. After
adding the hardener, the mixtures were poured into a mold and shaped un-
der a hot press for 2 hours at 60°C under 7 bars, followed by a 15-hour long
curing at 60°C under atmospheric pressure. The final samples were 7 mm in
diameter and 1 mm in thickness.

3.2. Measurements and characterization

In the present work, the CNTs are randomly dispersed in the epoxy ma-
trix. Therefore, the dielectric permittivity € is assumed to be a scalar, i.e.,
the samples are isotropic. The measurements of the dielectric properties of
the samples were conducted using three different devices working in different
frequency ranges: low frequencies from 100 mHz to 1 MHz (Solartron Mod-
uLab XM MTS impedance analyzer), medium frequencies from 20 Hz to 120
MHz and high frequencies from 10 MHz to 18 GHz (Keysight E4990A and
Agilent Technologies E8364C network analyzers, respectively).

Low frequencies measurements were conducted in free space, with the
samples in contact with two electrodes. For medium and high frequency
measurements, the sample is between a coaxial waveguide and a short-circuit
(see in Fig. 2). The standard of the guide used is APC7mm. The thickness
of the sample is around 1mm and its diameter is equal to 7mm. The com-
plex permittivity is computed with an analytical method from the reflection
coefficient measured [42]. The conductivity is then deduced:

oac =0 (w) = e’ w. (30)

Composite samples with different CN'T content were broken in liquid ni-
trogen and the fracture areas were observed by scanning electron microscopy
(SEM, JEOL JSM-6010PLUS).



electric wall

A:coaxial B:sample

Figure 2: Geometry for medium and high frequency measurements.

4. Results and discussion

In the following computation, the length and diameter of CNT are 2
pm and 13 nm, respectively. The aspect ratio of CNT is around 150. The
CNTs are assumed to be randomly dispersed in the epoxy matrix without
the aggregation. The barrier height between CNT and epoxy is taken as
®, = 30 eV. It should be noted that the value of barrier height is identified
from the AC conductivity at extremely low frequency of the CNT /epoxy
nanocomposites with various CNT volume fraction. Thus it is taken as a
fitting parameter rather than a physical parameter, which is different from
the values presented in [22, 43]. For instance, the barrier height for epoxy is
taken as 0.5-2.5 €V in [22], and the work function of CNT is considered as
5 eV in [43]. It can be seen that the different definitions of the parameters
in the tunneling effect equations lead to different choices of the values. The
electric and dielectric constants for CNT and epoxy are shown in Table. 1 in
details. It should be noted that the dielectric constants of the components is
dependent on frequency [44], which is identified from the experiment results
combining with the numerical model in the present research. For instance,
the real part of the dielectric permittivity of epoxy matrix is assumed as:

10 £<10 Hy,
€, (W) = ¢50.25w7%4 +1.89 10 Hz< f < 10° Hz, (31)
2 £ > 10° Hz.
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Table 1: Electrical conductivity and dielectric permittivity of CNT and epoxy

Epoxy
ONT No tunneling Tunneling
—0.2
Real (0y — 420w /€0, f < 10 Hz & (w) €, =, (w)I
Dielectric ¢ (2)” /1000, f > 10 Hz
permittivity Imaginary (9" = w&:; el =0.1 e =55
Electric conductivity 0 _ 106 _ 1n-10 .
(S/m) ol =10 om =10 see oy in Eq. (15)

4.1. Morphology of CNT/epoxy composites

Figure 3 shows the morphology of the CNT/epoxy nanocomposites by
SEM for CNT content from 0.03 vol% to 0.50 vol%. It can be seen that
CNT clusters remain in the epoxy matrix. Due to the Van der Waals forces
existing between CN'Ts; they tend to naturally form aggregates. They are
about 2 pum large and decrease in size at higher CN'T content (0.50 vol%) for
which the dispersion is more homogeneous.

Figure 3: Morphology characterization by SEM for the nanocomposites with CNT ranging
from 0.03 vol% to 0.50 vol%.

4.2. Electric conductivities of CNT/epoxy composites

Fig. 4 shows the electric conductivity of CNT /epoxy nanocomposites as
a function of CN'T content at the frequency of 10 Hz. Both the experimental
data and the numerical results are presented, and 10 random realizations are
computed for each CNT content by numerical simulation. It is obvious that
the electric conductivity increases with the CNT volume percentage, and the
percolation threshold is about 0.17 vol% where a dramatic increase in the
electric conductivity is observed at low frequency suggesting the formation of
tunneling conductive network. Below percolation threshold, the current path
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can not be formed due to the low CNT content. Above percolation thresh-
old, the CNT volume fraction is high enough to form the tunneling electric
network in all the random realizations. However, it should be noted that
around percolation threshold, the calculated effective electric conductivities
of the realizations exhibit a distinct dispersion, ranging from 1072 S/m to
107° S/m. That is to say, the electric network can only be formed by CNTs
in partial realizations when the CNT content is around percolation threshold
due to the specific distribution of CNTs, while the other realizations remain
insulating. According to the empirical expression (see in Eq. (32)) for the
prediction of the percolation threshold (¢.) given by Hu et al. [45], the esti-
mated percolation threshold for our case is about 0.4 vol%, which is higher
than our data but in the same order of magnitude. The difference may result
from the various processing conditions, which have strong effect on the value
of percolation threshold.

_ —-1.1
¢. = (/D) (32)
1074
g 106 . ’
2
£ 108 .
=}
g *
Oy 0-1 0 f=10 Hz
* * Experimental data
Numerical simulation
10'12 - - - -
0 0.1 0.2 0.3 0.4 0.5

CNT volume fraction (vol%)

Figure 4: Experimental measurements and numerical simulation results of the AC conduc-
tivity of the CNT /epoxy nanocomposites as a function of CNT volume fractions at f = 10
Hz. 10 random realizations are computed for each CNT content by numerical simulation.

Fig. 5 shows the variation of electric conductivity as a function of the
frequency for neat epoxy and the nanocomposites containing various CN'T
contents, and the experimental results are denoted by marks. For pure epoxy
and the composites below the percolation threshold, the electric conductiv-
ity is frequency-dependent and increases linearly with increasing frequency in
log-log scale. Beyond the percolation threshold, the CNT /polymer nanocom-
posite appears to be frequency-independent at low frequencies below 10* Hz,
following by a region of linearly increasing conductivity along with the con-
ductivity and the frequency in logarithmic scale.
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The corresponding numerical estimations are presented in Fig. 5 as com-
parison, where 10 random realizations are computed for each CNT content.
Below percolation threshold, each curve is computed by taking the average
value of the samples due to their extremely small deviation, and the color
region represents the interval of these samples for the nanocomposites with
high CNT volume fraction above percolation threshold. It can be seen that
around percolation threshold (0.17 vol%), the electric conductivities of the
realizations present an enormous deviation at low frequency. The numerical
results have a good agreement with the obtained experimental data for the
composites beyond percolation threshold. As for the pure epoxy and the
composites with 0.03 vol% CNT, the estimated electric conductivities are
higher than the experimental measurements at low frequency range below
10® Hz. It is because that the electric conductivity of the pure epoxy has
been assumed to be 10719 S/m , which is 10% higher than the real value due
to the computational limitations. It is known that the electric conductiv-
ity of epoxy is lower than 1071* S/m. However, due to the computational
limitations, the contrast of conductivities between CN'T and polymer matrix
cannot be higher than 10'6. Therefore, we take the electric conductivity of
epoxy as 107!% S/m. It has been verified that this assumption does not have
any influence on the electric conductivity of the composites whose CNT con-
tent is beyond percolation threshold according to the formation of current
paths by highly conductive CNTs. However, with extremely low CNT vol-
ume fraction, the epoxy matrix plays important role in the effective electric
conductivity at low frequency, leading to the small disagreement between
numerical estimations and experimental data.

Pure Epoxy
0.03 vol% CNT °
0.05 vol% CNT o
-~ 0.10 vol% CNT A

10710 0.17 vol% CNT v
0.25 vol% CNT <
4

8

Conductivity (S/m)

. 0.50 vol% CNT
102 10 10* 10° 10% 107 10
Frequency (Hz)

9 .10 1085 8 10
10 10 10 10 10

Figure 5: AC conductivity versus frequency for the CNT/epoxy nanocomposites under
various CNT volume fractions. 10 random realizations are computed for each CNT content
by numerical simulation.
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4.83. Dielectric properties of CNT/epoxy composites

Fig. 6 depicts the frequency dependence of the real part of dielectric
permittivity (¢') for the nanocomposites at a series of CNT content, low and
high frequency range, respectively. At extremely low filler content (0.03 vol%
CNT), the addition of CNTs does not change the dielectric permittivity of
neat epoxy. As the CNT content increases, the real part of the dielectric
permittivity of the composite grows, and exhibits a frequency-dependent be-
havior. It is worth noting that € decreases sharply in the low frequency range
until it reaches a critical frequency, after which it remained approximately
stable. The simulation results obtained using the proposed model are plot-
ted in Fig. 6, and the interval of 10 random samples for the nanocomposite
with each CNT content is represented by various color region. The deviation
of € is obviously high below 100 Hz for the composites whose CNT volume
fraction is beyond percolation threshold. Compared with Fig. 5, it can be
supposed that the deviation of dielectric permittivity of the nanocomposites
is related to the deviation of electric conductivity. It can be seen that the
numerical estimations fit with the experimental results very well around the
percolation threshold; for the composites with low and high CNT content, a
good agreement can also be observed after 100 Hz. At high frequency range
(>1 GHz), the simulation results of ¢ have the same magnitude and the
same order with the experimental measurements, although performing to be
a little higher.

Fig. 7 shows the dependence of the imaginary part of dielectric permittiv-
ity (¢”) of the CNT/epoxy nanocomposites on frequency, which has similar
characteristics as €. The increase of €’ with the increasing CNT content in
the nanocomposite is observed. It can be seen that for the composites whose
CNT content is over 0.10 vol%, €’ decreases by several orders of magnitude
from 10 Hz to 10° Hz as shown in Fig. 7 (a), and remained unchanged at
high frequency range which can be seen in Fig. 7 (b). The numerical re-
sults can reproduce the experimental dielectric behavior of the CNT /epoxy
nanocomposites whose CNT volume fraction is beyond 0.10 vol%. The devia-
tion of the results increases around percolation threshold. However, it should
also be noted that for the composites with CNT content below 0.10 vol%,
the numerical estimations only agree with the experiment results when the
frequency is over 10® Hz, and show small differences at low frequency range.

14



Pure Epoxy

0.03 vol% CNT
0.05 vol% CNT
0.10 vol% CNT
0.17 vol% CNT
0.25 vol% CNT

10° ‘ : 10° e —
109 10" 102 10% 104 10° 10° 1 3 5 7 9 11 13 15 1718
Frequency (Hz) Frequency (GHz)
(a) Low frequency (b) High frequency

Figure 6: Real part of the relative permittivity as a function of frequency for a series of
CNT /epoxy nanocomposites with different CNT volume fractions. 10 random realizations
are computed for each CNT content by numerical simulation.

Exp. Simu|
Pure Epoxy * —_—
0.03 vol% CNT ©
0.05vol% CNT B
0.10 vol% CNT A
0.17 vol% CNT Vv
<
o

T s
% 107 5
100
: e
1072
1 2 3 3 5 6 S, R
10 10 10 10 10 10 1 3 5 7 9 11 13 15 1718
Frequency (Hz) Frequency (GHz)
(a) Low frequency (b) High frequency

Figure 7: Imaginary part of the relative permittivity as a function of frequency for a
series of CNT /epoxy nanocomposites with different CNT volume fractions. 10 random
realizations are computed for each CNT content by numerical simulation.

4.4. The effect of CNT aspect ratio on AC conductivity and dielectric per-
mattivity of nanocomposites

In this section, the effect of CNTs aspect ratio on the effective AC con-
ductivity and dielectric permittivity is further studied by extending our cal-
culations to the composites with various CNT aspect ratio ranging from 67
to 150. The CNT volume fraction is fixed at 0.05 vol%, and its aspect ra-
tio is altered by changing the diameter D. In Fig. 8, the AC conductivity
is computed as a function of frequency for different aspect ratio [/D = 67,
100 and 150 respectively. The corresponding dielectric permittivities versus

15



frequency are presented in Fig. 9. For each case, the interval of 10 random
samples is presented by color region. It can be seen that the higher CNT
aspect ratio results in larger electric conductivity and dielectric permittivity
at the same frequency. The reason is that under the same CNT content, the
increase of CN'T aspect ratio leads to larger number of CNTs, which thus
increase the local tunneling regions at the state of random distribution.

10°
£ 1072
a
> 104
s W
S
S 10°
8 B|/D=150
O . .8l =190 4
& 108 1/D=100
I/D=67
10—10 '

9 1010

10* 10° 10° 107 10® 10
Frequency (Hz)

10° 10°

Figure 8: AC conductivity versus frequency for the CNT/epoxy nanocomposites with
various CNT aspect ratio ranging from 67 to 150. The content of CNT in the composite
is 0.05 vol%, ®y = 30 eV. 10 random realizations are computed for each CNT content by
numerical simulation.

4 10
10 I/D=150
I1/D=150 /D=100
1/D=100 108 1ID=67
103 /ID=67 |
10*
102 K
102t
1L
10
10°
100 0 : 2 ‘ 4 ‘ 6 ‘ 8 ‘10 1072 0 2 4 6 8 10
10 10 10 10 10 10 10 10 10 10 10 10
Frequency (Hz) Frequency (Hz)
(a) Real part (b) Imaginary part

Figure 9: Relative permittivity as a function of frequency for CNT /epoxy nanocomposites
with various CNT aspect ratio ranging from 67 to 150. The content of CNT in the
composite is 0.05 vol%, ®7=30 eV. 10 random realizations are computed for each CNT
content by numerical simulation.
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5. Conclusion

This paper presents a multiscale numerical model, developed by the au-
thors, focusing on the prediction of the electric conductivity and dielectric
permittivity of CNT /polymer nanocomposites. The tunneling effect is taken
into account, which dominates the electric conductivity of the nanocompos-
ites at low frequency. The formulations are solved by finite element method,
in which the CNTs are modeled by highly conductive line segments in order
to avoid meshing the extremely thin cylinders. Experimental measurements
are employed by network analyzers for the AC conductivity and dielectric
permittivity of CNT /epoxy nanocomposites under a wide frequency range.
The dielectric properties of the components in the composites are identi-
fied by combining both the numerical model and the experiment results.
It is shown that the dielectric permittivities of CN'T and epoxy matrix are
frequency-dependent. The simulation results are compared to the experimen-
tal results on CN'T/epoxy nanocomposite, showing a good agreement in the
electric conductivity, as well as in the dielectric permittivity for the compos-
ites whose CNT content is above percolation threshold. Below percolation
threshold, the numerical model works well when the frequency is over 103
Hz. Furthermore, the effects of CN'T aspect ratio are simulated with this
technique, showing that the higher CNT aspect ratio results in larger AC
conductivity and permittivity of the composites at the same frequency.
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