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ABSTRACT: Composites with multi-walled carbon nanotubes (MWNTs) involved in polyamide 11 (PA11) were prepared via a conven-
tional melt blending method. The structure, morphology, crystallization behavior, electrical, and dielectric properties of composites
were investigated. The results demonstrated that the dispersed uniformly MWNTs favored the formation of o crystal of PA11 when
the composites were quenched from melt. The dielectric constant of composites was dependent on the electric field frequency and
MWNTs content, and the highest value of dielectric constant was as high as 350 for the composite with 1.21 vol % MWNTs at 10°
Hz, accompanied by a low dielectric loss. The enhanced dielectric properties could be interpreted by the formation of abundant
nanocapacitors within the composites and the interfacial polarization effect resulting from accumulation of charge carriers at the

internal interfaces between MWNTs and PA11. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42642.
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INTRODUCTION

With the rapid development of information, electronic and elec-
tric power industry in recent years, polymer-based dielectric
materials with high dielectric constant and low dielectric loss
have attracted intensive interest on account of their potential
applications such as electric energy storage devices, flexible elec-
tronics, artificial muscles, and sensors.'™ Traditionally, one
common approach to improve the dielectric constant of poly-
mer is to disperse insulating ceramic powder with high dielec-
tric constant such as PbTiO; and BaTiO; into polymer matrix.
However, the applications of such composites are seriously lim-
ited, because a large amount of ceramics are usually required
for the purposed industrial applications, thus resulting in the
deterioration of mechanical and processing properties like flexi-
bility and compatibility. Another universal method to prepare
dielectric materials is introducing electric conductive fillers into
polymer matrix, among which, the CNTs have been always cho-
sen as fillers to enhance the electrical, thermal, and mechanical
properties of the composites because of their high aspect ratio
and large specific surface area.”® Furthermore, compared with
ceramic/polymer composites, a small loading of CNTs is suffi-
cient to obtain a high dielectric constant.'’ Zhang et al.'" pre-
pared a CNT/P (VDF-TrFE-CFE) nanocomposite via a
coagulation method. The dielectric constant enhancement is
30% for the nanocomposite with merely 1.0 wt % CNTs com-
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pared with the pure P (VDE-TrFE-CFE). Li et al.'? fabricated
carboxylic and ester functionalized multi-walled carbon nano-
tube (MWNTs) /PVDF composites by evaporating suspensions
of the nanotubes in PVDE They demonstrated that chemical
functionalized MWNTs could improve the dielectric properties
of composites significantly. The highest dielectric constant of
3600 was obtained in the carboxylic functionalized MWNTs/
PVDF composite with only 8 vol % MWNTs at 1 kHz.

The dielectric constant of the conductive particle-polymer com-
posites (CPCs) can be several orders of magnitude higher than
that of the insulating polymer matrix, but it is not a direct con-
sequence of intrinsic dielectric permittivity value of fillers and
host polymer as in the case of ceramic-polymer composites. A
number of models considering different mixing rules have been
proposed and used for predicting the effects of second phases
on the dielectric properties of the composite, such as Maxwell-
Garnett equation,'>'* Jaysundere-Smith equation,'® Lichtenker
rule,'® and percolation model.'” Previous studies'’™'® have
reported that the dielectric properties of the CPCs can be tai-
lored by the type and level of reinforcement, size and shape of
filler, type of matrix, and the composites preparation methods.
All the factors are inter-related and should be considered sys-
temically when developing a new material with high dielectric
constant. Besides the preparation methods, solution-mixing
method can ensure the great dispersion of fillers in the polymer
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matrix, and enhance the dielectric properties of composites.
Yang et al.*® prepared carbon nanofiber (CNF)-polystyrene (PS)
composites by ultrasonic dispersion in a solution followed by
spraying to cast films, and the results showed that the dielectric
constant of CNF-PS composites can reach more than 80 at a
frequency of 15 GHz. He et al.*' adopted a solution precipita-
tion method to obtain graphite/PVDF composites. When the
graphite loading amount was 10 wt %, the dielectric constant at
10* Hz were approximately 83% and 93% higher than those of
pure PVDE, respectively. In addition, melt-blending is another
universal and effective method to prepare polymer-based com-
posites with excellent dielectric properties. Jin-Kai Yuan et al.**
prepared pristine MWNTs/PVDF composite through the melt-
blending procedure, and found that the resultant nanocompo-
site possesses a giant dielectric constant (3800) of three orders
of magnitude higher than the PVDF matrix, which was attrib-
uted to the reinforced interfacial effect based on the remarkable
molecular level interaction. Furthermore, the high dielectric
constant is not sufficient for the application of dielectric materi-
als, low dielectric loss is also important. Ning et al.>®> obtained
MWNTs/ PVA composites with high dielectric constant and low
dielectric loss by controlling the alignment of MWNTs via elec-
trospinning—in situ film—forming technique, and ascribed the
improved dielectric properties to good dispersion and alignment
of MWNTs in the matrix resulting in a large number of sepa-
rated nanocapacitors. Recently, an innovative approach was uti-
lized to increase the dielectric constant and reduce the dielectric
loss of MWNTs/polymer composites by using a particular core-
shell structured MWNTs as fillers.”*? The outer walls of
MWNTs were covalently functionalized to become non-
conductive, while the inner walls were remained electrically con-
ductive. Besides, MWNTs/polymer composites with high dielec-
tric constant and low dielectric loss can also be achieved by
introducing insulating modification layers on the surface of
MWNTs. Yang et al® successfully prepared flexible dielectric
MWNTs/polystyrene composites by coating an organic polypyr-
role (PPy) shell on the MWNTs surface, and found the resultant
composite possesses a high dielectric constant (~44) and a
rather low dielectric loss (<0.07). The coating of PPy shell on
the MWNTSs surfaces can ensure the good dispersion of MWNTs
in the matrix and prevent MWNTs from connecting with each
other to shut off the leakage current which contributes to the
dielectric loss.

Polyamide-11 (PA1l) is an important commercial polyamide
with excellent ferroelectric properties and has been widely used
in a large range of industrial fields such as automotive and off-
shore applications.”*2® Former studies of PA11 showed that it
has five different crystal phases: the triclinic « phase, the mono-
clinic f# phase and three hexagonal or pseudo-hexagonal phases
(y, 7 and &").***° The polymorphs of PA11 are dependent on
crystallization condition and thermal history. Up to now, semi-
crystalline polymer PVDF has always been chosen as matrix to
prepare dielectric composites because of its relatively high
dielectric constant at room temperature and superior ferroelec-
tric performances.”’™® Furthermore, the dielectric properties of
polymer have a close relationship with intrinsic polarity. Just as
PVDE PAll is also a polar polymer matrix and few studies
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have been focused on the dielectric properties of PA11/MWNTs
composites yet. In this study, PA11/MWNTs composites are pre-
pared by blending pristine MWNTs with PA11 in molten state
using a small torque rheometer. The melt mixing is a promising
route to achieve homogenous dispersion of CNTs in the poly-
mer matrix because of the chemical and/or physical interaction
between CNTs and macromolecules of polymer caused by the
high temperature and shear forces. Then the dielectric and elec-
tric properties as well as the crystal structure and crystalline
behavior of the composites were investigated.

EXPERIMENTAL

Materials and Sample Preparation

Semicrystalline polymer PA11 pellets (BESN-P40TL, Arkema
Group, France) were used as polymer matrix. The MWNTs (NC
7000) were obtained from Nanocyl S.A. (Belgium). According
to the manufacturer, the MWNTs were produced by the chemi-
cal vapor deposition method and had an average diameter of
10 nm, length of 1.5 um and specific surface area of 250-
300 m* g .

A range of PA11/MWNTs composites containing 0, 0.12, 0.3,
0.602, 0.905, 1.21, 2.44 vol % were prepared via melt blending
using a HAAKE torque rheometer (XSS-300) at 210°C with a
screw speed of 70 rpm. All PA11 pellets were dried in vacuum
oven at 80°C for 24 h before melting process. Then composites
samples were prepared by compression molding at 210°C and
pressure of 10 MPa for 5 min, and quenched into ice water
afterwards. For the alternating current (ac) conductivity and
dielectric properties measurement, the samples were pressed
into disk-shape with 10 mm in diameter and 1.5 mm in thick-
ness at 10 MPa, and then quenched into ice water.

Characterization of Composites

Scanning Electron Microscopy Analysis. The morphology of
composites was examined by scanning electron microscopy
(SEM) using an Inspect F instrument at an accelerating voltage
of 20 kV. The sample surfaces for SEM examination were pre-
pared by cryogenic fracture in liquid nitrogen and coated with a
thin layer of gold.

Differential Scanning Calorimetry Analysis. Thermal charac-
terization of PA11/MWNTs composites were performed with a
Differential scanning calorimetry (DSC, Q20, TA Instruments,
USA) instrument calibrated with indium under a nitrogen
atmosphere. The samples were heated from 30°C to 210°C at a
rate of 10°C /min to record the melting behavior of samples.

Wide-Angle X-ray Diffraction Analysis. Wide-angle X-ray dif-
fraction (WAXRD) patterns of the as-prepared samples were
performed using DX-1000 X-ray diffractometer (Dandong
Fanyuan Instrument) with CuK, radiation (4= 1.54 f\), oper-
ated at 40 mA current and 40 kV voltages. The diffraction traces
were obtained over a two theta (20) range of 5° to 45°.

FTIR Analysis. Room temperature infrared spectra of the sam-
ples were performed on a Nicolet 6700 FTIR spectrometer
(Thermo Electron) in the reflection mode. The wavelength

range is 500-3600 cm ™' and the resolution is 4 cm ™',
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Figure 1. (a) DSC curves and (b) WAXRD pattern of pure PAll and

PA11I/MWNTs composites. [Color figure can be viewed in the online

Intensity (a.u.)

issue, which is available at wileyonlinelibrary.com.]

Electrical Characterization. The direct current (DC) electrical
properties of the composites were measured by a Keithley
6517B electrometer (Keithley Instruments, Ohio). Prior to the
measurements, electrodes of silver were painted on the opposite
sides of samples. The alternating current (AC) electrical proper-
ties of the composites were performed using Agilent 4294A pre-
cision LCR meter in the frequency range of 10°—10" Hz at
room temperature.

Dielectric Characterization. The AC frequency dependent val-
ues of parallel capacitance (C,) and dissipation factor (tané) of
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the nanocomposite samples were also contained using Agilent
4294A precision LCR meter. Dielectric constant (¢) was calcu-
lated using the formula:

e=C/G (1)

where Cy (=&yA/d) is the capacitance with vacuum between
parallel plates, and &, is the vacuum permittivity (8.854 X
107" F/m), A is the area of electrodes, and d is the thickness of
the sample. Dissipation factor (tand) was directly obtained on
the LCR meter.

RESULTS AND DISCUSSION

Crystal Structure and Crystallization Behavior of Composites
The DSC thermogram of pure PA11 and PA11/MWNTs compo-
sites is shown in Figure 1(a). The T, (melting temperature) and
AH,, (melting heat of crystallization) are obtained from the
DSC results and listed in Table I. The degree of crystallinity of a
specimen can be calculated from the melting heat of crystalliza-
tion according to the following equation:

X.n=AH,,/AH, (2)

where AH, =189.05 J/g is the enthalpy of fusion for the per-
fectly crystalline PA11.** The T,, and calculated degree of crys-
tallinity (X,;) of composites are slightly higher than that of
pure PAll, but almost independent on the MWNTs content.
Previous studies have revealed the nucleation effect of carbon
nanotubes in poly (e-caprolactone) (PCL), poly (ethylene ter-
ephthalate) (PET), polyamide 6 (PA6), and PA66.3°738 Yang
et al.”® demonstrated that MWNTs played two competing effects
on the crystallization of PA11 composites: acting as nucleation
medium to promote crystallization, and physic hindrance to
retard crystal growth of matrix. The low content of MWNTs
could facilitate the mobility of the PA11l molecular chains and
brought heterogeneous nucleation effects simultaneously, thus
increasing the degree of crystallinity. As the content of MWNTs
increased, they obstructed the mobilization of the PA11 molecu-
lar chains and prevented molecular segments from obtaining
ordered alignment of the crystal lattice, resulting in lower degree
of crystallinity. But in our study, when the samples were cooled
very quickly from the melt, the crystalline process of PA11 was
controlled dominantly by the fast cooling rate, so the effects of
MWNTs on the crystalline behavior were concealed, and the
overall degree of crystallinity was almost invariable despite the
increasing MWNTs content.

Figure 1(b) presents the WAXRD patterns of the pure PA11 and
PA11/MWNTs composites. It can be seen that the pure PAIl
exhibits only one strong and broad (100) reflection at the dif-
fraction angle 20 of 21.3°, which is characteristic of the pseudo-
hexagonal ¢’ crystal phase of PA1l produced by quenching
specimens into ice water.*” The piezoelectricity and ferroelec-
tricity of PA11 is derived from this ¢’ phase. As MWNTs are
added into the matrix, the (100) reflection of the ¢’ phase splits
into two reflections. For the composites with low content of
MWNTs, the two reflections are not very apparent. However,
the two reflections are strong and distinct for the composites
with 1.21 vol % MWNTs, and the corresponding diffraction
angel 20 are 20.04° and 23.12°, which can be indexed as (100)
and (010,110) lattice plane of o crystal phase.*' It can be
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Table I. Crystallization Parameters of Pure PA11 and PA11/MWNTs Composites

T (°C) AHc (Jlg) Xeh (%) Xox (%)
Pure PA11 181.98 755 19.76 21.96
PA11/MWNTSs (0.12 vol %) 182.30 39.86 21.13 23.74
PA11/MWNTs (0.3 vol %) 181.90 40.69 21.64 24.31
PA11/MWNTs (0.602 vol %) 182.43 41.47 22.16 24.62
PA11/MWNTSs (0.905 vol %) 182.73 41.01 22.02 24.87
PA11/MWNTSs (1.21 vol %) 182.15 39.86 21.08 24.82
PA11/MWNTSs (2.44 vol %) 181.44 40.71 21.53 2885

concluded that the addition of MWNT has an influence on the
crystal phase of PA11.

The degree of crystallinity (X,,) calculated with WAXRD data
are also listed in Table I, according to the following equation:

_ Lo +1.57Ip10,110
Lo+ 1.571010’110 +0.8111,

3)
In this equation, I refers to integrated intensity of diffraction
peak; I, is the integrated intensity of amorphous peak in 20.8°.
The calculated degree of crystallinity is also almost independent
of the MWNTs content, but slightly higher than that of calcu-
lated from DSC results. This difference lies in the fact that
WAXRD calculation is based on the electron density difference
between crystalline and amorphous area, while DSC calculation
is based on the crystallization enthalpy. Discussing DSC and
WAXRD results together, conclusions can be gained that the
MWNTs contents do not influence the degree of crystallinity
when the samples are cooled very quickly from melt, but favor
the formation of stable « crystal phase of PAll, while pure
PA11 represents the metastable ¢’ phase. In our experiments, on
account of the quenching condition, although the nucleation
center of PA1l was formed, it did not have enough time to
grow stable crystal because of the large cooling rate. So the met-
astable ¢’ phase was formed, and this metastable phase was a
production of dynamics. However, for the PA11/MWCNTs com-
posites, it was feasible to form stable crystal under such short
crystallization duration owing to the heterogeneous nucleation
effect of MWNTs. Meanwhile, the crystallization degree were
relatively low under this quenching condition, and only the
local polymer chains surrounding the nucleation centers would
participate in the crystal growth process. Hence the MWNTs
had little possibility to obstruct whole polymer chains’ mobility,
and all the composites showed almost similar crystallization
behavior without regard to the filler contents. As a result, the
PA11/MWNTs composites developed the stable « phase, while
pure PA11 represented the metastable ¢’ phase. These results
can be further confirmed by FTIR in the following paragraph.

FTIR spectra of nylons with four important regions has been
well documented in the literature.** The region at 500—
800 cm ™' contains the amide V and VI bands. The 1000-
1400 cm ™' region contains the so-called progression bands and
is sensitive to methylene segments. The region 1500-1800 cm ™'
comprises the amide I and II bands which are both sensitive to
the N—H stretching and C—O bonds. The amide A band at
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about 3300 cm ™' is assigned to N—H stretching vibration that
is sensitive to the strength of the hydrogen bond. The contribu-
tion to the amide A comes from free N—H stretching at
3444 cm™ ', bonded N—H stretching at 3300 cm™ ' arising out
of crystalline fraction, and bonded N—H stretching at
3310 cm ' arising out of amorphous fraction. The room-
temperature spectra of the four regions of pure PA11 and PA11/
MWNTs composites are shown in Figure 2(a—d). Obviously, the
peak wave numbers of composites are distinctly different from
the pure PA1l, but show very subtle differences between the
composites with different MWNTs contents. Figure 2(a) shows
that the amide V and VI bands appear at 694 and 588 cm ™'
respectively for the pure PAl1l, but occur at about 686 and
582 ¢cm™' for the PAT1/MWNTs composites. Figure 2(b) com-
pares the progression bands at 1000-1400 cm ™' region of pure
PA11l and PA11/MWNTs composites .The bands appear at 1113,
1148, 1209, 1263 cm™ ' for the pure PA1l, however, appear at
1121, 1157, 1221, 1276 cm™ "' for the composites respectively.
The amide I and II bands appear at 1644 and 1548 cm™' for
the pure PA1l, but appear at about 1538 and 1636 cm ' for
the composites, respectively [Figure 2(c)]. From Figure 2(d), the
amide A band appears at 3295 cm™' for the pure PAIl, in the
case of composites, it shifts from 3306 to 3310 cm™' with
increasing MWNTSs contents. To sum up, the composites show
distinct difference compared with the pure PAIl in the four
regions of the FTIR spectra. Since the conformation in the
amorphous is expected to be the same for all the phases, the
difference may be attributed to the different conformation of ¢’
and o phases. Moreover, the MWNTs surface has zigzag carbon
atoms which match well with the all-trans conformation of o
phase of PA11, so the difference also origins from the influence
of MWNTs in the PA11 matrix.

Dispersion of MWNTs in the PA11 Matrix

It is widely accepted that the dispersion state of MWNTs
involved in polymer matrix can be totally different depending
on the magnification or scales. So it is important to clearly
define the dispersion based on the different scales. Here, Figure
3(a—d) shows the SEM micro-morphology of the cryo-fractured
surface of composite with the 2.44 vol % MWNTs under differ-
ent magnification levels. The bright dots in the PA11 matrix are
attributed to the ends of broken MWNTs because of their high
conductivity. It is clearly found that MWNTs are uniformly dis-
persed in the matrix, and little agglomerates are observed (part
¢ and d of Figure 3), and no MWNTs are pulled out in the
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Figure 2. Room-temperature FTIR spectra of pure PAIl and PA11/MWNTs composites of the region: (a) 500-800 cm ', (b) 1100-1400 cm ™, (c)
15001700 cm ™, and (d) 3300-3600 cm ™ *. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

breaking process and no interfacial debonding was seen. More-
over, uniform distribution of individual MWNTs throughout
the composites can be confirmed by SEM at lower magnifica-
tion level [Figure3(a,b)].

Electric Properties of the Composites

Figure 4 displays the evolution of the DC conductivity of PA11-
based composites as a function of MWNTs content. It is
observed that a stair-step increase in electrical conductivity
occurs with increasing MWNTs content. A minor increase in
DC conductivity from 4.4 X 107'° to 9.3 X 107° S/m is
observed when only 0.12 vol % of MWNTs is added into pure
PA11 matrix. After that, when the MWNTs content are 1.21 vol
% and 2.44 vol %, the DC conductivity value reach to 8.1 X
107¢ and 9.6 X 10~* S/m respectively, both of which are con-
ducting materials. The conductivity can be further analyzed
with the critical MWNTSs content f. by the following scaling law

. oo 43,44
near the conductor—insulator transition as follows:

fOI' fMWNTs < fc, (4)

where ¢ is the conductivity of the composites, g; is the conduc-
tivity of the insulating PA11 polymer, fyrwnrs is the MWNTs
volume fraction, f. is the percolation threshold, s is the critical

g X Ui(fc*fMWNTs)_s

exponent in the insulating region. The best fits of the conduc-
tivity data to the log-log plots of eq. (4) scaling law gives f. ~
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1.04 vol %, and s=2.4, as shown the insets in Figure 4. The
exponent s is larger than the universal one (s=0.8-1),">** and
this discordance probably derives from the fact that the electri-
cal connectivity in composites is achieved by tunneling because
of the formation of a much thin PA1l layer around the
MWNTs walls, which prevents the direct physical contact
between the nanotubes.

Figure 5(a) shows the AC electrical conductivity of the pure
PA1l and PA11/MWNTs composites with various MWNTs con-
tent as a function of electric field frequency at room tempera-
ture. AC conductivity [gac (w)] is frequency-dependent and
follows a universal power expressed as

oac(®)=opc+A(w)® (0<S<1) (5)

where opc is the DC conductivity, @ is the angular frequency,
A and S are parameters dependent on both frequency and tem-
perature. As depicted in Figure 5(a), AC conductivity of the
pure PA11l and composites with different MWNTs content show
different dependence on the applied electric field frequency. For
pure PA11 and composites with 0.12 vol % MWNTs, electrical
conductivity is almost linearly dependent on the frequency. But
for the composites with 0.3 vol % MWNT5, a frequency inde-
pendent plateau up to a critical frequency (w.) is observed,
which indicates the direct current conductivity and
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Figure 3. SEM images of the fractured surface of composites with 2.44 vol % MWNTs under different magnifications: (a) 5 k, (b) 10 k, (c) 20 k, (d)

40 k.

nondielectric behavior of composites at low frequency occurs. It
is further noticed that the value of critical frequency (w,)
extends to higher frequencies with increasing volume fraction of
MWNTs. An obvious increase in conductivity is observed for
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Figure 4. DC conductivity of pure PA11 and PA11/MWNTs composites as
a function of MWNTs content; the inset shows a log-log plot of the con-
ductivity as a function of f—fynynr according to eq. (4).
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the PA1I/MWNTs composites with 2.44 vol % MWNTs where
the electrical conductivity is almost invariable over a wide range
of frequency, indicating the conquering role of Ohmic conduc-
tion and stability of well-established conductive network forma-
tion in composites. Figure 5(b) displays the AC conductivity of
the pure PA11 and PA11/MWNTs composites as a function of
MWNTs content measured at room temperature. It can be seen
that for the pure PAll and composites with 0.12 vol %
MWNT, electrical conductivity are ~107'° and 107° S/m at
10’ Hz, respectively. This low electrical conductivity demon-
strates that pure PA11 and composites with low MWNTs con-
tent are electrically insulating materials. Then the conductivity
of composites increases gradually with increment of MWNTs
content at a constant frequency, and reaches a relatively high
value for the composites with 2.44 vol % MWNTs which indeed
are electrical conductive materials. It can be comprehended by
conventional electric conduction theory: the formation of con-
duction network with the increase of conductive fillers content.

Dielectric Properties of the Composites

The ability of dielectric materials to store energy is attributed to
polarization, i.e. electric field-induced separation and alignment
of electric charges, which will result in an increase in
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Figure 5. (a) AC electrical conductivity of pure PA1l and PA11/MWNTs
composites with various MWNTs contents as a function of frequency; (b)
electrical conductivity of pure PA11 and PA11I/MWNTs composites at the
variation of the frequency from 10°> to 107 Hz. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

capacitance. Figure 6 shows the variation of dielectric constant
of pure PA11 and its composites with MWNTs as a function of
frequency at room temperature. The dielectric constant demon-
strates a slight correlation to the frequency when the MWNTs
content is smaller than 0.12 vol %, and the pure PAIl even
keeps almost unaltered dielectric constant over the whole range
of frequency. However, when the MWNTs content is higher
than 0.3 vol % especially for the composites with 1.21 vol %
MWNTs, the dielectric constant decreases dramatically with
increasing frequency. As we know, the polarizability can usually
be separated into electronic contribution, ionic contribution,
and dipole contribution. At low frequency, all of these parts
contribute to the dielectric constant. When the frequency
increases, the space charges and permanent dipoles are difficult
to keep in pace with the rapidly changing electrical vector, and
they “relax out” at some frequency. Therefore, the overall polar-
ization effect decreases, and the value of dielectric constant also
decreases consequently as it is directly proportional to the
degree of polarization. So it is the reason for the strong depend-
ence of dielectric constant on frequency for the composites with
above 0.3 vol % MWNTs. Furthermore, the existence of dipole
oscillation in an electric field depends upon the nature of the
local environment. As described in the previous paragraph, the
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Figure 6. Frequency dependence of the dielectric constant of pure PA11l
and PA11/MWNTs composites with different MWNTs contents. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

addition of MWNTs favors o crystal phase of PAll, but the
pure PA11 quenched in ice water represents the ¢ phase. The
intersheet distance between the hydrogen-bonded sheets of &
phase is larger than that of « crystal phase, and its hydrogen
bonding direction is randomly pointed along the chain back-
bone and the adjacent chains. So the movement freedom of the
polar groups is greater in the ¢’ phase than o phase.**® More-
over, the diffusion of localized charge carriers and movement of
polar groups is easier (less barrier) for the pure PAIl because
of the absence of MWNTs which would absorb the molecular
chains on its surface and hinder the mobilization of the molec-
ular segments and chains. Therefore, the dielectric constant are
strongly dependent on frequency for the composites with high
MWNTs contents, but shows tiny frequency dependence for the
pure PA11 and composites with 0.12 vol % MWNTs.

The dielectric constants measured at 10°, 10, 10°, 10°, and 107
Hz of pure PA1l and PA11/MWNTs composites are compared
and shown in Figure 7(a). As generally expected, the dielectric
constant of composites would be significantly enhanced com-
pared with that of the pure PAll (about 7 at 10° Hz). It is
found that the dielectric constant reaches a maximum value to
350 atl0® Hz for the composites with 1.21 vol % MWNTs,
almost 50 times that of the pure PA11. The large enhancement
of the dielectric constant at low frequency is attributed to the
interfacial polarization effect [also named Maxwell-Wagner—Sil-
lar (MWS) effect], which is ascribed to the accumulation of
many charge carriers at the internal interfaces between MWNTs
and PA11. According to the MWS effect, charges can be accu-
mulated at the interface between two dielectric materials with
different relaxation times by t (=é&/g, where ¢ is the dielectric
constant and o is the electrical conductivity) when current flows
across the interface.”” As MWNTs content increases, more
charges will be accumulated at the interface resulting in higher
dielectric constant but when MWNTs content reaches the perco-
lation level, the accumulated charges will decrease in the form
of current loss because of the formation of sophisticated electric
conductive network. Besides the MWS effect, another
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Figure 7. Dependence of (a) dielectric constant; (b) dielectric loss of pure
PA11 and PA11I/MWNTs composites on the MWNTs contents at the vari-
ation of frequency from 10° to 10" Hz. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

mechanism named nanocapacitance-structure model can explain
the increase of dielectric constant. Based on this model, the
neighboring MWNTs isolated by matrix can be considered as
nanoelectrodes and the thin layer of polymer between MWNTs
acts as the nanodielectrics, forming abundant nanocapacitors in
the composites. As the MWNTs content increases, the number
of nanocapacitors increases, and the capacitance of a single
nanocapacitor increases resulting from the decreases of the iso-
lation distance between the MWNTs, both of which bring about
high overall capacitance and thus high dielectric constant. Fig-
ure 7(b) exhibits the variation of dielectric dissipation factor
(dielectric loss) as a function of MWNTs concentration at 103,
10*%, 10°, 10° and 107 Hz. Dielectric loss refers to the dielectric
materials generating heat in alternating electric field as a result
of the electricity consumption. The lower is the dissipation fac-
tor of a dielectric material, the better performance of its charge
storage applications. In general, for conductor/polymer compo-
sites, the dielectric loss is mainly regarded as the contribution
of two distinct effects: direct current conductance and interfacial
polarization, which have been reported in previous works.***’
The loss of direct current conductance dominates at low fre-
quencies, while the loss of interfacial polarization dominates at
high frequencies. It can be seen that the dielectric dissipation
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factor increases slightly with increasing MWNTs content, and
then increases rapidly to about 1.6 when the MWNTSs content
reaches 2.44 vol % at 10° Hz, much higher than that of 0.05
and 0.2 for the pure PAl1l and composites with 1.21 vol %
MWNTs. As depicted in the electric conductivity section above,
for the composites with 2.44 vol % MWNTs, the direct connec-
tion of MWNTs (MWNTs network) or the small distance
between MWNTs will lead to a high direct current conductance,
which contributes to high dielectric loss. Furthermore, a rela-
tively weak frequency dependence of dielectric loss is obtained
for the composites with low MWNTs content, while the dielec-
tric loss is strongly dependent on the frequency for the compo-
sites with high MWNTs. It can be understood by the fact that
interfacial polarization plays a more important role in dielectric
properties than the nanocapacitors at high frequency, and the
charge carriers and permanent dipoles are difficult to keep pace
with the rapidly changing electric field when the frequency is
sufficiently high.

CONCLUSION

PA11/MWNTs composites with excellent dielectric properties
have been successfully prepared through melt blending method.
SEM images of PA11/MWNTs composites reveal that MWNTs
are dispersed uniformly in the composites. XRD, FTIR, and
DSC results demonstrate that MWNTs can favor the formation
of o crystal phase of PA11 when the composites are quenched
from melt, while the pure PA11 represents the & phase. It is
characterized that the electrical network of composites has
formed with increasing MWNTs content determined by the
direct current and alternating current conductivity results. The
dielectric constant and dielectric loss of composites are strongly
dependent on the frequency and MWNTs content. The dielec-
tric constant of composite is as high as 350 at 10° Hz when the
MWNTs content is 1.21 vol %, almost 50 times that of the pure
PA1l, accompanied by a relatively low dielectric loss of 0.2.
These properties could facilitate the wide applications of com-
posites as dielectric materials. It can be interpreted that the
high dielectric constant and low dielectric loss derive from the
formation of numerous nanocapacitors and the charge accumu-
lation at interface between PA1l and MWNTs dispersed in the
composites.
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