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ABSTRACT: Dielectric relaxation behavior of multiwalled
carbon nanotube reinforced butyl rubber composites has
been studied as a function of variation in filler in the fre-
quency range of 20-2 x 106 Hz. The effect of variation in fil-
ler loadings on the complex and real parts of impedance was
distinctly visible, which has been explained on the basis of
interfacial polarization of fillers in a heterogeneous medium
and relaxation dynamics of polymer chains in the vicinity of
fillers. The electric modulus formalism has been used to fur-
ther investigate the conductivity and relaxation phenom-
enon. The frequency dependence of AC conductivity has
been investigated by using Percolation theory. The phenom-

enon of percolation in the composites has been discussed
based on the measured changes in electric conductivity and
morphology of composites at different concentrations of the
filler. The percolation threshold as studied by AC conductiv-
ity occurred in the vicinity of 6-8 phr of filler loading.
Scanning electron microscope microphotographs showed
agglomeration of the filler above this concentration and
formation of a continuous network structure. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 113: 1690-1700, 2009
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INTRODUCTION

Elastomeric composites are widely used because of
their light weight, design flexibility, and processabil-
ity. However, these composites exhibit less attractive
mechanical properties such as low strength and low-
elastic modulus when compared with metals and
ceramics. Adding micron or nanosized inorganic fil-
ler particles to reinforce the polymeric materials has
been standard practice in the composite industry for
decades.

The term filler in rubber technology is often
misleading, implying a material that is primarily
intended to reduce the cost of the more costly rub-
ber. But the modern day fillers change one or more
of these properties: optical properties and color,
improve surface characteristics and dimensional sta-
bility, change thermal, magnetic and electrical prop-
erties, improve mechanical properties, durability,
and rheology, affect chemical reactivity, biodegrad-
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ability, etc. The mechanical and physical properties
of the composite are mostly dominated by the nature
of the filler, whereas the polymer matrix determines
the environmental characteristics of the composite.
Therefore, the overall composite properties can be
tailored to fit the desired application through proper
choice of filler and matrix resin. Therefore, a judi-
cious choice of type of the filler and its concentration
in the composite will augment the overall perform-
ance of the composite.'

Carbon blacks and silica have been traditionally
used as reinforcing materials in elastomers. But in
recent years much attention is being focused on the
applicability of nanosized fillers like nanoclays,2
exfoliated graphite,® carbon nanotubes.*® Of these,
nanotubes are being extensively investigated because
besides imparting outstanding mechanical proper-
ties, nanotubes also impart distinctive conductivity,
which can be used in applications that involve light
weight and flexible conductive or semiconductive
polymeric composites. Studies have shown that in
these nanocomposites carbon nanotubes exhibit the
electrical capability of acting as metallic-like conduc-
tors or having characteristics of a semiconductor
depending on the chirality of the graphite lattice.”
Compared with traditional materials, conductive
nanocomposites have several advantages including
extra-low threshold of particle content, no
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degradation of mechanical properties, light weight,
flexibility, ability to absorb impact energy and mag-
netic interference, corrosion resistance, and tunable
conductivity.?

Although there are some studies on the applicabil-
ity of carbon nanotubes as reinforcing fillers in rub-
bers, such as natural rubber,’ 2 styrene butadiene
rubber,®* silicone rubber,!® fluoroelastomer,* no
indepth study of their dielectric properties has been
undertaken. This study reports the dielectric relaxa-
tion behavior of nanotube reinforced butyl rubber in
the frequency range of 20 Hz—2 MHz as function of
filler loading. The effect of variation in filler loading
on dielectric characteristics like real and complex
parts of impedance, dielectric permittivity and con-
ductivity have been studied. Additionally, the data
obtained were also analyzed by electric modulus
formalism.

EXPERIMENTAL
Materials

Lanxess butyl 101-3 isobutylene-isoprene copolymer
rubber was purchased from Lanxess, Canada. Multi-
walled carbon nanotubes (MWNT) of 95% were pur-
chased from Iljin, Korea. Before wusage, the
nanotubes were treated with acid mixture under
ultrasonication to remove amorphous carbon and
metallic impurities. A sulfur-curing system has been
used in this study and the curatives are stearic acid
2, zinc oxide 5, TMTD 1.5, sulfur 2 phr.16

Sample preparation

The compounds were mixed in a laboratory size
(225 x 100 mm) mixing mill at a friction ratio of 1 :
1.25 according to ASTM D 3182 standards while
carefully controlling the temperature, nip gap, mix-
ing time, and uniform cutting operation. The tem-
perature range for mixing was maintained at 80°C
by carefully circulating water. After mixing, the elas-
tomer compositions were molded in an electrically
heated hydraulic press to optimum cure (90% of the
maximum cure) using molding conditions deter-
mined by a Monsanto rheometer R-100 oscillatory
disk rheometer according to ASTM D 20845
standards.

Testing

Dielectric relaxation spectra

Dielectric relaxation spectra of the composites were
obtained by Agilent E4980A Precision LCR meter in
the frequency range of 20 Hz-2 MHz using alumi-
num foil as blocking electrodes. The dielectric char-
acteristics have been observed as a function of
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Figure 1 Effect of MWNT loadings on real part of com-
plex impedance (Z') of butyl elastomer nanocomposites
measured as a function of frequency. [Color figure can be
viewed in the online issue, which is available at
www. interscience.wiley.com.]

frequency. Electrical conductivity (o) has been eval-
uated from dielectric data.

Scanning electron microscopy

Morphology of the compounds has been studied
using a scanning electron microscope (SEM) [Philips
XL30 S FEG(Netherlands)], after autosputter coating
of the sample surface with gold.

Raman spectra

Raman spectra were recorded with a Jobin Yvon
micro-Raman LabRam system in a backscattering ge-
ometry using 514.5 nm laser excitation wavelength.
The laser beam was focused on the sample with the
aid of an optical microscope.

RESULTS AND DISCUSSION
Complex impedance analysis

The electrical properties of butyl rubber nanocompo-
sites filled with MWNT have been investigated
using complex impedance spectroscopy (CIS). CIS is
an important tool to analyze the electrical properties
of the composites in view of its capability of corre-
lating the samples” electrical behavior with its micro-
structure, filler loading, and dispersion.

Real part of complex impedance

Figure 1 shows variation of real part of complex im-
pedance (Z') as a function of frequency at increasing
MWNT loadings. Irrespective of the MWNT concen-
trations, Z' shows a monotonous decrease with

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Effect of MWNT loadings on imaginary part of
complex impedance (Z") of butyl elastomer nanocompo-
sites measured as a function of frequency. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

increasing frequency and curves almost merge for
all MWNT loadings in the higher frequency region
(>10° Hz). However, in the low-frequency region, Z'
value is gradually decreasing with MWNT loading.
The decrease in Z' with MWNT loading and fre-
quency indicates the possibility of increasing AC
conductivity with MWNT loading and frequency (a
more detailed study of AC conductivity is given in
subsequent sections of the article). The merging of Z'
curves in the higher frequency region may be attrib-
uted to release of space charge.

Imaginary part of complex impedance

Figure 2 represents the variation of Imaginary part
of complex impedance (Z”) with frequency. The im-
pedance loss spectra have features such as decrease
in the height of the peak and shift in peak toward
higher frequencies with increasing MWNT concen-
trations. This confirms better capacitive nature and
decrease in resistance of the composites with
MWNT loading. The frequencies at which peak
occurred are at 98.03, 297.43, 719.95, and 982.862 Hz
for 2, 4, 6, and 8 phr of MWNT loading, respec-
tively. This increase in frequency can be explained
on the basis of the mechanical and viscoelastic prop-
erties of crosslinked and reinforced multiphase poly-
meric materials. The addition of the filler particles
has a significant effect on the dielectric behavior of
the sample. Filler particles in the matrix acquires
induction charges in presence of the applied external
field, polarization effects take place so-called Max-
well-Wagner-Sillar’s polarizations. Below the critical
concentration of the filler loading, the interparticle
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distance is large enough so that neighboring local
fields apparently do not interact. Thus, dielectric fac-
tor in this region increases slowly. But as the filler
loading increases, the Maxwell-Wagner-Sillar’s
effect increases due to reduction in the interaggre-
gate distance giving rise to dielectric properties.

The Z" data have been fitted to different spectral
functions commonly used such as Debye, Cole-Cole,
Cole-Davidson, Havriliak-Negami, Frohlich.'” The
best fit was obtained using a Havriliak-Negami
function, superimposed with Frohlic function to
account the effect of conductivity.

The spectral function Z"” (o) can be expressed as:

0
2'(0) = Z' O+ 2@ +—0 D)

where Z"(0)yn denotes Havriliak-Negami function
form and Z"(®)g, denotes Frohlic function, ® denotes
the angular frequency, o is the DC conductivity, and
0 is a constant. Havriliak-Negami function is
expressed as

(2 = Z5)sin ¢

VAN
/2’
[1 + 2(otan) sin% + ((MHN)z(l*“)
2)
(1-a) o
(,\) ==
where ¢ = arctan (©THN) ey (3)

1+ (cotHN)(lfa) sin %*

and Z,” and Z..” are the values of Z,” at static (at 20
Hz in our case) and at infinite frequency (2 MHz),
respectively. The parameters o and P have been
found to be 0.186 and 0.587, respectively.

Frohlich function is represented as:

(z{-74) . sinhP/2

1" — 0
Z'(0)g = P coshIn(otg)’

(4)

where P is a parameter describing the width of the
distribution of relaxation times between the two lim-
iting values 11 and 1, (where P = In(11/12)). T, is the
mean relaxation time and is equal to (1112)"2. The
values of 1y calculated at increasing MWNT concen-
trations of 2, 4, 6, and 8 phr is found to be in the
range of 1.02 x 10% 3.36 x 10°, 1.326 x 10* and
1.035 x 10° s and 1, values as 4.672 x 10* 6.897 x
10%, 0.432 x 10> and 4.217 x 10° s, respectively.

Nyquist plots

Figure 3 shows the Nyquist plot [the relationship
between imaginary part of impedance (Z”) and real
part of impedance (Z')] of butyl rubber composites
as a function of increasing MWNT concentrations. It
can be observed that increasing filler in the
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Figure 3 Nyquist plots of butyl elastomer nanocompo-
sites: effect of MWNT loadings. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

composite has a sizable effect on the dielectric prop-
erties of this system at all frequencies. From the fig-
ure, it can also be observed that irrespective of the
filler loadings, the plots yield good semicircles indi-
cating the occurrence of polarization with a single
relaxation time taking place, i.e., a local mode pro-
cess dominated. However, at higher filler loadings (6
and 8 phr), the semicircles did not reach the origin
and had a small positive intercept on the Z' axis
indicating build up of ions at the interphase between
the filler and polymer matrix.'®

Several attempts have been made to interpret the
impedance spectroscopy of polymer-filler systems
using the resistance—capacitance parallel circuit (RC)
model. In a Nyquist plot for a polymer composite
system, the real axis represents bulk resistivity (Rp)
and the imaginary axis represents ®max, Which is
given by

1

RoCy’ ©

Omax =

where Cg is the bulk capacitance of the polymer
composite. In a Nyquist plot, increase in Rp repre-
sents poor conductivity. Figure 3 shows that with
increase in MWNT loading, Rg value decreases, or
in other words, the composites become more capaci-
tive in nature.

With increasing filler loading, the distance
between the aggregates reduces. This gap can be
approximated by a parallel plate capacitor with an
area (A), separation distance (d), and capacitance (C)
(e0A/d), where ¢ is the dielectric constant of the
polymer. Each filler aggregate has a resistance (R,),

the resistance within the aggregate. The impedance
in a microcellular composite can be written as

Res . oRAC,
Z=R - s 6
“tirera Trera  ©

The respective imaginary and real parts of imped-
ance can be expresses as:

R oRZ%,C
Z/=R.+-— "%  agnd Z'= "S5 _
® 1+ o?RLC? 1+ 0?R2,C?
)
and the dielectric loss tangent can be expressed as:
Zz" R%C
tand = — = ORess (8)

7' Ras + Res + ©?RER,C2

From the above equations, the relationship between
Z' and Z" is

2 2
(Z/ _ ZRas; RCS) + Z% _ (%) (9)

Therefore a plot of Z” and Z' will give a half circle,
which has the center at ((2R,s+ Res)/2,0) and
radius of Re/2.

Wang et al."” proposed that because the circular
curve of the Z” vs. Z' occurs only for the parallel
resistor circuit, the above analysis can be used to
confirm the existence of the capacitor effect. The ca-
pacitor effect also confirms that the gap between the
nanotubes controls the electron conduction via non-
Ohmic contacts between the filler aggregates. The
variation in the values of radius and center of the
half circle can also be used as a measure of the gaps
in between filler aggregates. Using the above equa-
tions, the radius and center are calculated and tabu-
lated in Table I. It can be observed that increasing
filler loadings the radius reduces and the center
shifts to lower values.

It can also be observed that with increasing nano-
tube concentrations the area under the curve in the
Nyquist plot is decreasing. The intensity of this
decrease is more pronounced at higher loadings of
filler when compared with lower loadings. This can
be explained on the basis of “space charge” phenom-
enon in heterogeneous systems. Filled rubbers are

TABLE I
Radius and Center (for Fig. 3) in MWNT Reinforced
Butyl Rubber Nanocomposites

MWNT concentration (phr) Center (x,0) Radius
2 3.214 x 10°, 0 446
4 9.567 x 10* 0 358
6 4.896 x 10% 0 302
8 8.876 x 10°, 0 284

Journal of Applied Polymer Science DOI 10.1002/app
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multicomponent systems that have complex molecu-
lar, supramolecular, and topological structures,
which determine their ultimate properties. These
structures are formed during compounding and
processing.

The sample preparation of rubber involves opera-
tions such as compression, cutting and friction, which
cause electrical polarization that leads to the forma-
tion of the so-called mechanoelectrets.” The lifetime
of the polarization charge depends on the polymer na-
ture and the conditions of electret storage and usage
(temperature, dielectric characteristics of the polymer,
fillers, etc.) This electret state of rubbers has been
studied in detail (especially the arising of the electret
state during processing) by Pinchuk et al.*! who pro-
posed that nonconductive rubber when subjected to
high-shear stresses could lead to electret formation.
These radicals could participate in polarization fol-
lowing several mechanisms: dipolar (directed orienta-
tion of molecules), ionic (orientation of quasidipoles
created by weakly bonded ions), and bulk (radicals
displacement to macrodistance). Increasing filler load-
ings lead to increased formation of more electrets
thereby giving rise to more polarization.

A similar explanation has been given by Levya et
al.>> who reported that the medium frequency relax-
ation in carbon black reinforced polymers is caused
primarily by interfacial polarization, which is due to
the buildup of charges on boundaries/interfaces
between materials. Application of an external electric
field causes polarization of large colloidal particles
and creates perturbation in a miniature double layer
on each particle, which behaves like a macroion.??
Under the influence of an external electric field, the
counter-ions are redistributed along the surface
of filler particles, and hence, a double layer is
deformed and polarized, leading to interfacial polar-
ization and the resulting relaxation or dispersion.
The magnitude of relaxation of these counter-ions
(in the medium frequency region) is much larger
than the relaxation due to orientation of dipoles.**

Dielectric permittivity

Figure 4 represents the variation in dielectric permit-
tivity as a function of frequency for 2, 4, 6, and 8
phr MWNT reinforced butyl nanocomposites. At
fixed frequencies, the dielectric permittivity increases
slowly with increasing MWNT concentrations that
can be attributed to the dipoles getting less time to
orient themselves in the (ever changing) direction of
the alternating field. Knite et al* explained the vari-
ation in dielectric permittivity as a function of fre-
quency in terms of "giant tenso-resistance effect."
Irrespective of the fillers used in the polymer matrix,
a continuous insulator-conductor transition is
observed with gradual increase of the number of

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Effect of MWNT loadings on dielectric permit-
tivity (¢/) of butyl elastomer nanocomposites measured as
a function of frequency. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

randomly dispersed conductor particles in the insu-
lating polymer matrix. The volume concentration
(Vc) of conductor particles at which this transition
occurs is called as percolation threshold or the criti-
cal point.

According to percolation theory, in the vicinity of
critical concentration of filler, V., the variation in
dielectric constant with filler concentration is given
by the generalized scaling law:

& ~ |V — V¢| ™" upon approaching V¢ (10)

In agreement with the general scaling principle of
the percolation theory, the relative dielectric permit-
tivity of a two component system (like composite) at
low AC frequencies, approaching the percolation
threshold from both sides, diverges as &:

g~ |V— Vc|_s, V<Ve V>Ve (11)

In the vicinity of the percolation threshold, con-
ductivity of the composite changes as:

o~ V=V forV >V (12)

and o~ |V—-Vc| T forV < V¢ (13)

The power indices s, t, and g in the above equa-
tions are called as the critical indices of the percola-
tion phase transition.

In the vicinity of percolation, Wilkinson et a
gave some fundamental expressions for dielectric
permittivity, € as a functions of applied frequency f
by assuming a random distribution of conductor
particles in a well-insulating matrix and modeling

1'26
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the composite as a network of randomly distributed
capacitors.

o~f" and e~f7Y (14)
and the critical indices x and y are related by the
general scaling law: x +y = 1.

The scaling law is based on the two theoretical

considerations:

a. Polarization of the filler particulates within the
insulating matrix (the intercluster polarization
theory of Wilkinson and Langer based on clas-
sic Maxwell model)

b. Anomalous diffusion of charge carriers within
the secondary filler aggregate structures (based
on Aharony model of anomalous diffusion)

In case of 3D composites under the assumption of
BCC (body centered cubic lattice) structure theoreti-
cally the values of x and y are 0.72 and 0.28, respec-
tively, and in FCC (face centered cubic lattice), the
values are 0.58 and 0.42. But generally the structure
of polymer composites is indeterminate. It depends
on wide range of factors like type of filler, its disper-
sion within the polymer matrix, the interparticle
attraction between the filler aggregates, the level of
interaction between the polymer matrix and filler
particulates(the well-known bound rubber phenom-
enon), etc. So, the only way of obtaining the values
of x and y is by semiempirical methods, in which
the observed experimental data are fitted to equa-
tions. The values of x and y also provide information
regarding the electrodynamic processes within the
composite. The value of (xy) is (0.541,0.457),
(0.524,0.476), (0.491,0.506), and (0.441,0.539) for 2, 4,
6, and 8 phr loadings, respectively. These values are
nearer to the assumptions of BCC structure.

Cole-Cole plots

Cole-Cole plots for multiwalled nanotube reinforced
butyl rubber composites are shown in Figure 5. Irre-
spective of filler loading at all concentrations of the
filler, the wusual depressed semicircular can be
observed, which clearly indicates the presence of a
capacitive element. The large change observed on
the arc radius in the Cole—Cole plot of the composite
clearly indicates that there is a charge transfer
between the nanotubes and the polymer. This result
accompanied by a shift to a higher frequency of the
Z” curve peak suggests a significant alteration of
chain conformation due to nanotube interaction.””
McLachlan et al. correlated the shape of Cole—Cole
plots with the homogeneity of MWNT dispersion in
the polymer matrix. Irrespective of MWNT concen-
trations, smooth arcs are observed with no humps

1695

=

14 4 —=—2 phr + 8§
—e—4 phr
12 { A6 phr

Y

o
i
£

B H U608 30088

Figure 5 Cole-Cole plots of MWNT reinforced butyl elas-
tomer nanocomposites: effect of MWNT loadings. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

indicating good dispersion of MWNT in the polymer
matrix.”® Representative SEM micrographs shown in
Figure 6 taken at increasing MWNT concentrations
shows excellent distribution of MWNT in the poly-
mer matrix.

Raman spectra as a tool to study charge transfer
mechanism in polymer-nanotubes composites has
been reported by Wise et al.*’ Representative Raman
spectra of MWNT powder and 8 phr MWNT rein-
forced IIR composite is shown in Figure 7. From the
figure it can be observed that in all the bands (D, G,
and D’ bands) a shift in peak location of polymer
composites can be observed. This result is consistent
with the reports of Wise et al* who reported that if
nanotubes were to lose charge to the polymer ma-
trix, one would expect an upward shift in G band,
conversely if charge is gained from the polymer ma-
trix a downward shift can be expected. On the basis
of this theory, our results indicate that MWNTSs gain
charge from the polymer matrix.

Complex dielectric modulus

Electrical response of the samples can be analyzed
in terms of complex dielectric modulus formalism,
which provides an alternative approach based on
polarization analysis. Complex impedance spectrum
gives more emphasis to elements with the largest re-
sistance, whereas complex dielectric modulus plots
highlight with smallest capacitance. Using the com-
plex dielectric formalism, the inhomogeneous nature
can be probed into bulk and grain boundary effects,
which may not be detected/distinguished from com-
plex impedance plots. The other advantage of the
dielectric modulus formalism is that the electrode
effect can be suppressed. The complex dielectric

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 State of dispersion of MWNT in butyl elastomer, (a) 2 phr MWNT, (b) 4 phr MWNT, (c) 6 phr MWNT, and (d)

8 phr MWNT.

modulus (M* ) have been calculated from the dielec-
tric parameters suvh as dielectric permittivity (¢')
and dielectric loss (¢”) using the following relations:

L1 1 ¢ . e”
M =—= T2 pRaL ) 2
e @ @ ()

= M +iM’ (15)

where M’ is real part and M" is imaginary part of
complex electric modulus and i=+/—1. Based on
the above equation, the dielectric data can be repre-
sented as M'(0) and M"(®) in stead of &(®w) and
¢”(w), respectively, where ® is angular frequency,
i.e., 2nf and f is measured frequency in Hz.

Real part of complex dielectric modulus

Figure 8 shows frequency-dependent real part of
complex dielectric modulus (M'). A gradual increase
of real part of complex dielectric modulus with

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 High-frequency Raman spectra of MWNT and
IIR/MWNT composite, insert in figure represents Raman
shift in D’ band. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 8 Effect of MWNT loadings on real part of com-
plex modulus (M) of butyl elastomer nanocomposites
measured as a function of frequency. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

frequency is observed for all MWNT loadings. It is
characterized by a very low value M’ in the low-
frequency region. A continuous dispersion with
increase in frequency has a tendency to saturate at a
maximum asymptotic value in the high-frequency
region for all MWNT loading. Such observations
may possibly be related to a lack of restoring force
governing the mobility of charge carriers under the
action of an induced electric field. This behavior
supports long-range mobility of charge carriers. Fur-
ther, a sigmoidal increase in the value of M’ with
increasing frequency approaching ultimately maxi-
mum value may be attributed to the conduction phe-
nomenon due to short-range mobility of charge
carriers.

Imaginary part of complex dielectric modulus

Figure 9 shows the variation of the imaginary (M")
part of the electric modulus with frequency at differ-
ent MWNT loadings. In the accessible frequency
range, the spectrum at each MWNT loading exhib-
ited one relaxation peak. The peaks shift systemati-
cally toward higher frequencies with increase in
MWNT loading. For 2, 4, 6, and 8 phr MWNT load-
ing, peak is observed at 100, 200, 700, and 1000 Hz,
respectively. The broadening of the peak indicates
the spread of relaxation time with different (mean)
time constants, and hence a non-Debye type of relax-
ation in the materials is observed. This is very much
consistent with the impedance data. The nature of
the processes is further explored using the Argand
diagram (complex plane representation) for dielectric
modulus as shown in Figure 10 for all MWNT
loadings.
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Figure 9 Effect of MWNT loadings on imaginary part of
complex modulus (M") of butyl elastomer nanocomposites
measured as a function of frequency. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Argand diagram

Figure 10 shows the relationship between real part
(M') and imaginary part (M") of dielectric modulus
so-called Argand diagram for all MWNT loadings.
A semicircular trend (a requirement for non-Debye
model) followed by a linear increase is observed for
all MWNT loadings. It is also observed that with
increase in MWNT loading the size of the semicircu-
lar loop decreases, which confirms better conduc-
tion. So, the presence of a non-Debye type of
relaxations has been confirmed by complex dielectric
modulus analysis.

—8— 2 phr
254 —s—4a phr
—&— 6 phr
20 —v—8phr

B H 8§ 8 F B

15 5
s
10
05| = ——
000 O0F OM0 OMS 0D OS5 O0E)
0.0 M

Figure 10 Argand diagram of butyl elastomer nanocom-
posites: effect of MWNT loadings. [Color figure can be
viewed in the online issue, which 1is available at
www.interscience.wiley.com.]
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Figure 11 Effect of MWNT loadings on electrical conduc-
tivity (o) of Butyl elastomer nanocomposites measured as
a function of frequency. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Electrical conductivity

Figure 11 shows the variation of electrical conductiv-
ity with frequency at increasing MWNT concentra-
tions in butyl rubber. At any given frequency,
tremendous increase in conductivity with increasing
filler concentration can be observed. Figure shows
the variation of conductivity with frequency for IIR/
MWNT nanocomposites at increasing MWNT con-
centrations. From the figure three different regions:
frequency independent region (Region 1), exponen-
tial growth with increasing frequency (Region 2),
and finally a plateau region (Region 3). The shift
from Region 1 to Region 2 depends on the MWNT
concentration and is 296.5, 105.1, 57.87, and 20 Hz in
2, 4, 6, and 8 phr, respectively. In fact in 8 phr com-
posites, Region 1 is completely absent.

It is widely believed that electrical properties of
reinforced polymers depend primarily on the way
the filler particles are distributed through the poly-
mer matrix also called the mesostructure. At low
levels of filler loading, the conductivity of the com-
posite is slightly higher than that of the base poly-
mer, because the filler particles are isolated from
each other by the insulating polymer matrix. When
concentration of MWNT is low, the conductivity
between the grains of filler is expected to be primar-
ily via hopping and tunneling mechanisms. In this
mode of conduction, the electron transport may be
coupled strongly with the molecular and ionic proc-
esses in the polymer matrix. Usually, hopping trans-
port between localized sites is the main reason for
the frequency dependence of conductivity in poly-
mer composites. The dispersion of filler is heteroge-

Journal of Applied Polymer Science DOI 10.1002/app

DANG ET AL.

neous, localized, and disordered. This disorder
results in a wide distribution of hopping rates, giv-
ing a strong dispersion of the AC conductivity.*

Considering the RC parallel circuit model, with
increase in MWNT loading, the filler particles get
more tightly packed and more intensely pressed
against each other. This leads to a net reduction in
the internal contact resistance (Rc) and therefore, the
net resistance (Rc + R,) decreases with increase in
the filler loading level. Here, R4 indicates resistance
within the conducting dispersed MWNT, and Rc is
the contact resistance. With increasing MWNT con-
centration, the gaps between conducting particle
agglomerates become smaller or negligible (at perco-
lation limit) and the net resistance becomes practi-
cally equal to Rs. This would usually happen for
high enough loading using conducting filler. Hence,
conductivity increases with filler loading.

In most of the polymer composites, a power law
dependence of conductivity (o) is observed with the
variation in frequency (w), which is represented
mathematically by:

Ga.c.(w) x o° or Ga.c.((l)) = Aws’ (16)

where A is constant, and the value of the exponen-
tial parameter, s ranging from 0 < s < 1, but mostly
the value of s ~ 1. The frequency dependence of
conductivity usually a small d.c. conductivity to a
high-localized one (at increasing frequencies) and is
attributed to the polarization of the increasingly
small conducting units. In disordered materials, elec-
tron transport relevant mechanisms are electron
localization with associated hopping and fractal
topology.*!

According to Jonscher®” the electrical conductivity
of many disordered solids (including polymer com-
posites) was found to be sum of d.c. conductivity
(independent of frequency) and a.c. conductivity
(strongly frequency dependent). It was noted that
the overall frequency dependence of o (so-called
"universal dynamic response" of electron conductiv-
ity) could be approximated by the following simple
relation:

G = Gdc + Cac. OF O = Gyc + A0, (17)

where o = 2nf is the angular frequency, A is con-
stant, and s is exponential parameter. For a polymer
composite containing moderate concentration of fil-
ler, s =~ 0.5-0.6, and both ¢ and A follow strong
dependencies on a variety of factors including the
filler loading and temperature. The values of A and
s depend on MWNT loading of butyl composites
and is shown in Table II. It can be observed that the
value of s increases on increasing volume fraction of
filler; however, the increase in the value of A is
marginal.
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TABLE II
Variation in Parameters A and s on Increasing MWNT
Concentrations in Butyl Rubber Nanocomposites

MWNT concentration (phr) s A
2 0.245 78.254
4 0.314 79.932
6 0.478 81.451
8 0.569 83.247
Percolation

The variation of electrical conductivity and dielectric
permittivity with MWNT loadings in butyl nano-
composites is shown in Figure 12(a,b), respectively.
The electrical conductivity and dielectric permittivity
of a composite is generally characterized by its de-
pendence on volume fraction of filler. It can be
observed at all frequencies (102, 10%, 10%, 10°,and 10°
Hz), above 6 phr MWNT loading there is an abrupt
increase in parameter implying the occurrence of a
percolation limit. As the concentration of MWNT in
the composite is increased, the filler particles begin
to contact each other and a continuous path is
formed through the volume of the sample for elec-
trons to travel. The formation of this conductive net-
work is based on the principles of percolation
theory. Beyond a critical concentration of the filler,
known as the percolation threshold, an increase of
the composite conductivity of several orders of mag-
nitude is observed.

The relationship between MWNT content and con-
ductivity can be described by the following power
law equation:

c=op|l —— (18)
ocl
0.1
—a— 10" Hz
0.ﬂ1 k| . 10! Hz
4—10*Hz A
B34 o 10°Hz
L]
E . 10° Hz
@B 1ES
5
1E-6 4
1E-7 4
1E-8 T T T T T T T T T T T T T
2 3 4 5 -1 7 8
MWNT Loading, phr
Figure 12

where o is the conductivity of butyl matrix, ¢. is
the percolation threshold, and x is a critical expo-
nent. As can be observed from Figure 12(a), the ex-
perimental values agree reasonably with above
equation when ¢, = 1.83% and x = 1.21.

The dielectric constant of butyl rubber/MWNT vs.
MWNT volume fraction [Fig. 12(b)] shows a similar
percolation phenomenon is observed. The depend-
ence of dielectric constant of IIR/MWNT nano-
composites on MWNT concentration can also be
expressed by the following power law relations:

¢

o

where g, is the dielectric constant of butyl matrix, ¢,
is the percolation threshold, and s is the critical
exponent. From figure, the experimental data are in
good agreement with eq. (21) with ¢, = 1.83% and
s = 0.96.

The percolation concentration of polymer compo-
sites containing conductive fillers of large aspect
ratios can also be satisfactorily predicted by using
the excluded volume concept proposed by Balberg
et al. >

In three-dimensional systems, the critical volume
fraction ¢, of fillers can be related to the total
exclude volume of filler (V) by the following
expression given by Balberg;:

(VexV)
(Ve)
where (V) is the product of the critical number

density N, and the excluded volume (V) of fillers,
V is the real volume of individual MWNT.

_—y

E=& 5 (19)

d.=1—exp|— =1—exp(—N;V), (20)
)

1000 +

100 4

10 +

0.01 4

1E'= T T o T T . T . T * T T T

MWNT Loading (phr)

(a) Effect of MWNT loading on electrical conductivity of butyl elastomer nanocomposites at different frequen-

cies. (b) Effect of MWNT loading on dielectric permittivity of butyl elastomer nanocomposites at different frequencies.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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For anisotropic fillers with the critical volume frac-
tion ¢, of a capped cylinder of length L and diame-
ter W by the following expression given by Celzard
et. al.”®

. =1—exp|-— <4Vex> [ (%] WAL + [%
() wo +2nw2L + (

(21)

The upper and lower bounds of (V) is 1.4 for
thin cylindrical particles (if good dispersion of filler)
and 2.8 for spherical fillers(aggregated).

1—exp [—té:;] <o, <1-exp [_%] (22)

Under the assumption that the length and diame-
ter of MWNTs lie in the range diameter range: 10-15
nm; length range: 2-3 pm® the critical concentra-
tions of the above double inequality is determined
to be 0.16% < ¢, < 3.6%. Comparing with the pre-
dicted value, the experimentally determined value is
0.28%, which is nearer to the assumption of thin cy-
lindrical particles which again confirms that the dis-
persion of nanotubes in the polymer matrix is good.

CONCLUSIONS

The dielectric relaxation of multiwalled carbon nano-
tube reinforced butyl elastomer composites has been
studied as function of increasing filler loading in the
frequency range of 20 Hz—2 MHz. Irrespective of the
amount of filler in the composite a decrease in real
part of impedance with increasing frequencies has
been observed, which was indicative of the capaci-
tance nature of the composites. The variation of
complex part of impedance with applied frequency
showed a distinct peak, the occurrence of which was
dependent on the amount of filler in the composite.
Increasing filler loadings also lead to increase in
nonsemicircle nature of the Nyquist plots. This phe-
nomenon was analyzed on the basis of resistance—ca-
pacitance circuit. The percolation limit of the filler in
the composite has been studied by electrical conduc-
tivity measurements. It has been observed that the
percolation limit was occurring in between 6 and 8
phr loading.
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