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ABSTRACT

Systematic investigations on the dielectric properties of multi-walled carbon nanotubes (MWNTs)-polyvinylidene fluo-
ride (PVDF) composites with a wide MWNT concentration range (2 - 9 wt%) have been carried out. It is revealed that
the dielectric constant is increased by the addition of an appropriate amount of MWNTs at room temperature. However,
when the concentration of MWNTs in the composites reaches above 5 wt%, negative dielectric constants and large di-
electric loss in the composites are observed in the low frequency range. The ferroelectric CNT-PVDF polymer compos-
ites containing more than 5 wt% MWNTs have a strong dielectric absorption, which has the potential for acoustic ap-

plications.
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1. Introduction

The inclusion of nanoscale subjects in a matrix material
such as polymers can lead to substantial enhancement in
selected physical properties relative to the pristine mate-
rial. The significant improvements can be achieved with
a relatively low loading of the nanofillers due to the high
surface area to volume ratio. Carbon nanotube (CNT) has
attracted intensive interest due to their nanometer-scale
dimension as well as their large shape anisotropy and
unique mechanical, thermal, and electrical properties [1,
2]. Because of their large dielectric constant, electrically
conductive carbon nanotubes are attractive as fillers for
high dielectric-constant nanocomposites. In this work,
we are particularly interested in the dielectric loss prop-
erties of carbon nanotubes—polyvinylidene fluoride
(PVDF) composites. PVDF is a highly non-reactive and
pure thermoplastic fluoropolymer. Below 150°C, PVDF
becomes ferroelectric [3,4]. Thus, PVDF is electroactive
and semicrystalline polymer with pyro and piezoelectric
properties at room temperature, which have led to many
technological applications. Its acoustic impedance simi-
lar to that of water or living tissue makes it very desirable
for acoustic applications. Its high permittivity and rela-
tively low dissipation factor made it to be chosen as host
polymers to perform efficient electrical-to-mechanical
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energy conversion and mechanical actuation under ex-
ternal electrical stimulation [5,6]. The dielectric proper-
ties of CNT-PVDF composites can be tailored to suit par-
ticular performance requirements for some special appli-
cations [7-10]. The composites are many-phase systems
and their properties are affected essentially by parameters
such as the preparation method of the composites and the
dispersion of CNTs into the polymer matrix [11-15].

In this paper, we report the observed unusual dielectric
properties of multi-walled carbon nanotubes (MWNTs)
—PVDF composites in a frequency range from 100 Hz
to 1 MHz. The results include the observations of nega-
tive dielectric constants and large dielectric loss in the
composites, especially in low frequency region.

2. Experimental Section
2.1. Materials

The semicrystalline polymer PVDF powders were pur-
chased from a supplier company Alfa Aesar for reagents
and materials (#CAS 24937-79-9, melting point: 155°C -
160°C). Multi-walled carbon nanotubes (MWNTSs) were
obtained from a commercial producer (Cheaptubes,
USA). The MWNTSs have the outer diameters (OD) less
than 8 nm. The purity of MWNTs is better than 95%.
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The ash content in the MWNTSs powder is less than 1.5
wt%. The length distribution of MWNTs is in the range
of 10 - 30 pm. The MWNTs specific surface area is about
500 m*/g. The DC electrical conductivity of the MWNTSs
is higher than 100 S/cm. MWNTs have much higher
performance-to-price ratio (PPR) than that of single-wall-
carbon nanotubes (SWNTs) for large scale composite
applications.

2.2. Sample Preparation

The PVDF powders were firstly dissolved in an organic
solvent(1-Methyl-2-Pyrrolidinone). MWNTs were then
added into PVDF solution according to the weight per-
centages of MWNTs (2% - 9% wt/wt); and the mixture
was stirred for 1 hour to achieve a uniform dispersion.
After that, the solution was poured on glass substrate and
then underwent a thermal treatment at 120°C for 2 h.

2.3. Measurements

For the measurements of dielectric properties of the
MWNT-PVDF samples, silver paste was applied to the
surface of composite samples as the electrodes. The di-
electric constant and loss were measured by using a HP
Model 4284A LCR meter in a frequency range from 100
Hz to 1 MHz in a constant temperature furnace.

3. Results and Discussion

3.1. Characterization of MWNT-PVDF
Composites

Figure 1 shows the scanning electron microscopy (SEM)
micrographs for the fractured surface morphologies of
MWNT-PVDF composite samples. It is known that
MWNTs can spontaneously attract each other to form
MWNTs bundles, due to weak van der Waals forces be-
tween them. As the loading of MWNTs increased to 5
wt%, MWNTs bundles form aggregates in the composite
as shown in Figure 1(b). Figure 1(c) shows the network
of MWNT aggregates and agglomerates with irregular
sizes and shapes in the PVDF matrix when the loading of
MWNT reaches 9 wt%.

3.2. Dielectric Properties of MWNT-PVDF
Composites

Figure 2 shows the frequency dependences of the dielec-
tric constant (&) of MWNT-PVDF composites at 40°C
for the MWNT loadings from 2% to 9% wt/wt. The di-
electric constant of MWNT-PVDF composites is higher
than that of the PVDF (&’ ~ 10). With high MWNT con-
centrations in the composite, the values of the dielectric
constant and its frequency dependence are quite much
different from those with low MWNT loadings. The di-
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Figure 1. SEM micrographs of MWNT-PVDF composites
with the MWNT loadings of 0 wt% (a), 5 wt% (b), and 9
wt% (C).
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Figure 2. Frequency-dependence of the dielectric constant
of MWNT-PVDF at 40°C.
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electric constants of the composites with MWNT loading
less than 5 wt% show a weak frequency dependence.
However, when the MWNT loading is higher than 6 wt%,
the dielectric constants of the composite samples show
strong frequency dependence in the frequency range
from 10> Hz to 10° Hz. The feature is especially very
pronounced in the low frequency region (lower than 10
KHz). The dielectric constants of the MWNT-PVDF
composites can become negative at low frequency when
the MWNT loadings in the composite samples beyond 6
wt%. At 100 Hz, the dielectric constants become about
—225 for the composite samples with 7 - 9 wt% MWNTs.
As the frequency increases, the dielectric constants of the
composites increase and then become positive when the
frequencies are higher than 300 Hz. In higher frequency
range from 10* Hz to 10° Hz, the dielectric constants of
the composites are positive at about 30, and show a weak
frequency dependence.

In the measurements, the LCR meter firstly obtained
:M through vol-

the admittance Y :L >
ViR +(X - Xc)

1
 2nfC

is capacitive reactance, and X, =2afL is inductive
reactance. If X, > X, the admittance will have a nega-
tive imaginary part, which leads to a switch of the sign of
the phase difference between current and voltage. The
calculation of the VEE data analysis/software of the HP
LCR meter will show a negative dielectric constant. Phy-
sically, the negative dielectric constant from the meas-
urements is due to a change of the material property from
more capacitive to more inductive behavior. Increasing
the MWNT loading higher than 6 wt%, the MWNT-
PVDF composite will become more conductive and also
have an inductive behavior, due to the nature of MWNT
wires in the composite material.

Figure 3 shows the frequency dependence of dielectric
loss, which is also the imaginary part of the complex
permittivity, of the MWNT-PVDF composites at 40°C.
The dielectric loss is substantially increased by increas-
ing the MWNT weight percentages in the composites
above 5 wt%. The feature is especially very pronounced
in the low frequency region (lower than 10 KHz). The
dielectric loss becomes several hundred in the low fre-
quency region, when the composite materials contain
more than 5 wt% MWNTs. The largest value of the di-
electric loss is 1870 at 200 Hz for the composite material
containing 9 wt% MWNTs. These results show that the
ferroelectric polymer composites containing more than 5
wt% MWNTs have a strong dielectric absorption, which
has the potential for acoustic applications via pyro and
piezoelectric effect. The increased dielectric loss is re-
lated to the increase in electrical conductivity due to the

tage V and current I, where R is resistance, X.
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Figure 3. Frequency-dependence of the dielectric loss of
MWNT-PVDF composites at 40°C.

effect of the electrically conductive MWNTs. The strong
dielectric loss of the composites indicates that the addi-
tion of MWNTs increases the concentration of the mo-
bile charges in the composites significantly when the
MWNT concentration is above 5 wt%. When the fre-
quency is higher than 10 KHz, the dielectric loss de-
creases to 2.73 and show weak frequency dependence.

In order to take a closer look at the dielectric loss, the
dielectric modulus is used. An dielectric modulus M is

definedby M = (g* )71, where & =g'—ig" is the com-

plex dielectric permittivity; ¢’ and &" are the real and
imaginary part of dielectric permittivity. The dielectric
modulus M was originally introduced to study space
charge relaxation phenomena and is now widely used to
analyze ionic conductivities. The dielectric modulus cor-
responds to the relaxation of the electric field in the ma-
terial when the electric displacement remains constant.
The imaginary part of dielectric modulus is given by
M"=¢g"/(e” +£”2) . Figure 4 shows the imaginary part
of the dielectric modulus M for pure PVDF and MWNT-
PVDF composites in the frequency range from 100 Hz to
1 MHz at various temperature. It is noticed that when the
MWNT loading is above 5 wt% in the composites, a
peak structure is observed in dielectric modulus spectra.
The peak shifts to higher frequency when the concentra-
tion of MWNTs in the composites is increased. M”
increases as the temperature increases on the low fre-
quency side of peak. The low frequency side of the peak
represents the range of frequencies in which the charges
are able to move a relatively long distance. Whereas, for
the high frequency side, the charges are not able to re-
sponse to alternating electric field and they can only
execute localized motion [16].

4. Conclusion
In conclusion, the composites of MWNT-PVDF with 2 -
0OJOPM



102 Y.ZHEN ET AL.

40
PVDF
35 =0m=40°C
=Om==50°C
30 ety 70°C
= 90°C
& 254
o
-
X 20-]
)
3 15
=
B
<]
=

T T
100000 1000000

T
100 1000 10000

Frequency(Hz)
(@)
40
PVDF+CNT-5%
35 a e 40°C
a=Om=50°C
30 b 70°C
—p=90°C
& 25-
o
X 204 !
v .
o 154
3
O 104
§ A
5?;‘,
0 3
T T T T
100 1000 10000 100000 1000000
Frequency(Hz)
(b)
14
PVDF+CNT-9%
=0 40°C
O 50°C
70°C
—p=90°C

Modulus" (x107)

]

T
1000000

T
100000

T T T
100 1000 10000

Frequency(Hz)
©

Figure 4. Dielectric modulus spectra of PVDF and MWNT-
PVDF composites with 0 wt% (a), 5 wt% (b) and 9 wt% (c)
at various temperatures.

9 wt% MWNT loadings have been synthesized. The di-
electric properties of the MWNT-PVDF composites in
the frequency range from 100 Hz to 1 MHz have been
studied. The dielectric constant and loss properties of
MWNT-PVDF composites show an important change at
the threshold of 5 wt% MWNT loading. When the
MWNT concentration in the composite is larger than 5
wt%, the magnitude of the dielectric constant of the com-
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posite increase significantly and the dielectric constant
appears to be negative in the frequency range between
100 Hz and 1000 Hz, while dielectric loss increases sub-
stantially. The ferroelectric CNT-PVDF polymer com-
posites containing more than 5 wt% MWNTs have a
strong dielectric absorption, which has the potential for
acoustic applications via pyro and piezoelectric effect.
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