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Abstract Polyarylene ether nitrile (PEN)/multi-walled
carbon nanotubes (MWCNTs)/alumina (Al,O3) micro-
nanocomposite material films were fabricated by uncom-
plicated and accessible method, overcoming the difficulty
of bad interaction between MWCNTs and PEN matrix.
Scanning electron microscope revealed that MWCNTSs
were isolated by Al,O; and realized better dispersion in
matrix. Al,O3z particles hindered conductive MWCNTSs
from bridging with each other, working as dielectric
obstacle. In addition, the micro-nanocomposite has excel-
lent thermal stability and possesses high performance in
dielectric and mechanical. The investigation results showed
that the dielectric constant increased to 100.8 (50 Hz),
which is 20 times higher than that of pure PEN while the
dielectric loss was only 0.1 with 7 wt% MWCNTs loading.
Meanwhile, the mechanical property indicated that the
composite with 7 wt% MWCNTs loading reached their
highest values. In other words, the composite with 7 wt%
MWCNTs loading possess excellent mechanical property
simultaneously as it reached the percolation threshold.

1 Introduction
With the maturation of microelectronic and information

industry, the miniature and integrated semiconductor
devices have been widely applied in dielectric antenna and

M. Feng - X. Huang - Z. Pu - X. Liu (X))

Research Branch of Advanced Functional Materials, Institute of
Microelectronic and Solid State Electronic, High-Temperature
Resistant Polymers and Composites Key Laboratory of Sichuan
Province, University of Electronic Science and Technology of
China, Chengdu 610054, People’s Republic of China

e-mail: liuxb@uestc.edu.cn

embedded films conductors. The polymer-based compos-
ites become the hot spot in the industry due to their high
dielectric constant, low loss and low cost [1-6]. To
dielectric composite materials, the characteristic of excel-
lent dielectric properties and better processability is
required. Traditional inorganic dielectric materials have
disadvantages of great brittleness, high processing tem-
perature and large loss, so they cannot meet the above-
mentioned requirements. Polymer materials possess
excellent processability and low processing temperature
but generally have low dielectric constant [7-11]. Under
this circumstance, several different fillers are added into
polymer matrix simultaneously to obtain the composite
dielectric materials so as to take the advantages of every
component of the composites [12, 13]. Therefore, approa-
ches such as loading polymer with high-k (k = dielectric
constant) and capacitance particles, synthesizing micro-
nanometer particles inside a bulk polymer matrix have
been attempted [14-16].

Polyarylene ether nitrile (PEN) has been synthesized in
our laboratory. As special engineer polymer resin, it shows
excellent temperature stability, radiation resistance and
chemical inertia [17-20]. The PEN-based composites
turned out to be a new generation of materials with unique
properties such as thermal, collaborating enhanced elec-
trical from special microstructure and are widely applied in
extreme conditions such as elevated temperature and
aggressive chemical environment [21-23]. As a kind of
nanomaterials, multi-walled carbon nanotubes (MWCNTSs)
have large aspect ratio and present a unique combination of
electrical and thermal properties, attracting extensive
attention worldwide [24, 25]. However, carbon nanotubes
naturally form bundles because of very strong intertubular
van der Waals attractions, which complicate their use,
leading to poor dispersion of MWCNTSs in the polymer
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matrix and high dielectric loss [26-28]. The key issue is to
find out appropriate inorganic materials which can isolate
MWCNTs. With a blocky structure, micrometer alumina
(Al,O3) have good prospect to solve the problem of poor
distribution between MWCNTSs and PEN matrix.

As the inorganic particle materials aggregate together
easily and exhibit phase separation phenomenon in mac-
roscopic view, the objective of this work is to better the
interfacial state of polymer and inorganic particle and
explore properties of the composite. With the addition of
Al,O5, Al,O5 particles hindered conductive MWCNTSs
from bridging with each other, working as a dielectric
obstacle, which can be convinced from SEM images.
Besides, to further understand this composite, the dielectric
properties were investigated and the thermal, mechanical
and micromorphology properties were also characterized
as described below.

2 Experimental section
2.1 Materials

N-methylpyrrolidone (NMP, purity 99 %) was supplied by
Tianjin Bodi Chemical Holding Co., Ltd., Tianjin, China.
Sulfate acid (H,SOy4, 98 %) was provided by Shantou
Xilong Chemical Factory, Guangdong, China. Nitric acid
(HNO;3;, 65 %) was purchased from Sichuan Xilong
Chemical Co., Ltd., Sichuan, China. Provided by Chengdu
organic Chemicals Co., Ltd., Chinese Academy of Science,
the MWCNTs (purity 95 wt%) is about 50 nm in outer
diameter, 20 pm in length, which was purified by H,SO,
and HNO; (3:1) before use to remove the metal catalyst
(Fe, etc.). AlLO; was purchased from Shanghai Hufeng
Chemical Holding Co., Ltd., Shanghai, China. PEN was
provided by Union Laboratory of Special Polymers of
UESTC-FEIYA, Chengdu, China. PEN (HQ/PP) is syn-
thesized in pilot production via polycondensation of 2,6-
dichlorobenzonitrile (DCBN) with phenolphthalein (PP)
and hydroquinone (HQ) (molar ratio is 1:1) in the presence
of anhydrous K,COj; as catalyst and NMP as solvent [29].

2.2 Preparation of AL, O3/ MWCNTS/PEN micro-
nanocomposite films

The mixture of MWCNTs, Al,O5; (mass ratio is 2:1) and
NMP solvent were added into a 100 mL three necked
round bottle flask equipped with a refluxing condenser and
mechanical stirrer, keeping ultrasounding for 2 h to make
sure that inorganic fillers were dispersed completely.
Meanwhile, certain measured of PEN was added into NMP
solvent to form a transparent solution. After the PEN
completely dissolved, the mixture of MWCNTs and Al,O3
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were dispersed into PEN solution and refluxed at the stir-
ring speed of 1,200 rpm for 1 h, and then sonicated for 2 h
in a low power ultrasonic bath. The mixture solution was
cast on clean glass plates and dried in an oven at 80, 100,
120, 140, 160 and 180 °C, respectively for 1 h, 200 °C for
2 h. After being cooled naturally to room temperature, the
films with different MWCNTs loadings (1, 3, 5, 6, 7 and
8 wt%) were obtained. The average thickness of the film is
about 75 pm.

2.3 Characterization

The cross-sectional micromorphologies of the films were
observed by scanning electron microscope (SEM, JEOL,
JSM-5900 LV) and the samples were brittle fractured in
liquid nitrogen and then coated with a thin layer of gold
before examining. Dielectric properties of the surface
modified CCTO/PEN composite films were tested by a TH
2819A precision LCR meter (Tong hui Electronic Co.,
Ltd.), which was carried out at different frequencies
(50 Hz-100 kHz) at room temperature with 40 % humid-
ity. Differential scanning calorimetry (DSC) analysis was
performed on a TA Instrument DSC Q100 under nitrogen
atmosphere (sample purge flow 50 mL/min) at a heating
rate of 10 °C/min from room temperature to 350 °C.
Thermogravimetric analysis (TGA) was carried on a TA
instrument Q50 series analyzer system under nitrogen
atmosphere (sample purge flow 60 mL/min at a heating
rate of 20 °C/min) from room temperature to 800 °C.
Dielectric properties of the AlL,O3;/ MWCNTS/PEN films
were tested by a TH 2819A precision LCR meter (Tong hui
Electronic Co., Ltd.), which was carried out at different
frequencies (50 Hz-100 kHz) at room temperature with
40 % humidity. Mechanical properties of the films were
measured by employing a SANS CMT6104 Series Desktop
Electromechanical Universal Testing Machine.

3 Results and discussions
3.1 Morphological properties

According to previous reports, the thermal and dielectric
properties of composite films are strongly affected by the
dispersity and miscibility between organic and inorganic
component [30]. Figure 1 shows the microstructure and
dispersion state of the fractured surface of the composite
films with 0, 3 and 7 wt% MWCNTs loadings at the mag-
nification of 20,000. From the images, MWCNTs are well
isolated by Al,O; and prevent the direct contact of
MWCNTs. The phase interface between MWCNTs and
PEN matrix was vague, indicating that Al,0; and MWCNTs
have good compatibility and connection with PEN matrix.
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Fig. 1 SEM images of fractured cross-section of a pure PEN and the Al,O3/MWCNTSs/PEN micro-nanocomposite films with b 3 wt% and

¢ 7 wt% MWCNTs loading at the magnification of 20,000

Besides, there is no apparent aggregation as MWCNTSs
loading increases, realizing better dispersity. In the previous
researches [31], the combination between MWCNTs and
PEN is bad, and MWCNTs can easily agglomerate and pull
out from PEN matrix. However, in these images, almost no
MWCNTSs pull out from matrix and the dispersion of
MWCNTs are better, suggesting comparative better com-
bination and interaction between MWCNTs and PEN,
overcoming the bad interaction with PEN matrix. For
composite materials, this is the precondition for outstanding
mechanical and dielectric performances.

3.2 Thermal properties

The melt behavior of pure PEN and the Al,O3/MWCNTs/
PEN micro-nanocomposite films were analyzed by DSC
and TGA. The results of thermal behavior with different
MWCNTs contents are shown in Table 1. According to
Fig. 2a, the glass transition temperatures (7,) of the com-
posite films with different MWCNTs contents are all

approximately 224 °C and there is no prominent difference
between the curves, indicating that there is no distinct
influence on T, of PEN matrix as the addition of MWCNTs
and Al,Os particles. It also shows that the composite films
have sound heat-resistant capability. TGA curves show that
the initial decomposition temperatures (7;;) and the maxi-
mum decomposition rate temperatures (7,,,) of pure PEN
are 481 and 497 °C, respectively. Above all, the T;; and
T,ax of the composite films are all higher than that of pure
PEN, suggesting that the addition of MWCNTs and Al,O3
can relieve the thermal decomposition of polymer chain,
which is caused by the good dispersion state of the com-
posite films and further approved the results of SEM. Both
DSC and TGA curves prove that the composite films
possess excellent thermal stability.

3.3 Dielectric properties

The alternating current dielectric constant (Fig. 3a) and
dielectric loss (Fig. 3b) as a function of frequency at the
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Table 1 Thermal stabilities of pure PEN and Al,O;/MWCNTSs/PEN micro-nanocomposite films

MWCNTS content 0 wt% 1 wt% 3 wt% 5 wt% 6 wt% 7 wt% 8 wt%
T, (°C) 224 224 224 223 223 222 223
T,y (°C) 481 483 487 493 484 489 494
T (°C) 497 506 511 517 513 516 516
105
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Fig. 2 a DSC and b TGA curves of pure PEN and the Al,0;/MWCNTSs/PEN micro-nanocomposite films
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Fig. 3 Influence of frequency on dielectric a constant and b loss of pure PEN and the Al,Os/MWCNTSs/PEN micro-nanocomposite films

room temperature for different MWCNTSs loadings are
presented in Fig. 3. As can be seen, both dielectric constant
and loss are dependent on frequency in the measured scope,
especially in low frequency. The decrease tendency in
dielectric constant with varying frequency (Fig. 3a) may be
caused by the effect of polarization, namely, there is no
enough time for electric charge to polarize. The variation
tendency of dielectric loss is similar with dielectric con-
stant (Fig. 3b). For the engineering dielectric materials,
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there always exists vacancies in dielectric and the charged
particles can run through the motion of the electrode par-
allel with the electric field in the external electric field,
causing the appearance of leakage current. It can consume
energy directly and cause the change of dielectric loss. On
the other hand, the variety of dielectric loss is also caused
by polarization relaxation and conductivity in the alter-
nating electric field. The speed of electric charge polari-
zation cannot overtake the variety of frequency, consuming
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Fig. 4 Influence of MWCNTs content on dielectric a constant and b loss of pure PEN and the Al,O3/MWCNTSs/PEN micro-nanocomposite films

at 50 kHz

less energy and resulting in the decline in dielectric loss
[21].

Figure 4 shows the influence of MWCNTs loading on
(a) dielectric constant and (b) dielectric loss with 50 Hz,
1 kHz and 10 kHz. Clearly, the dielectric constant exhibits
a linear relationship with MWCNTSs content when it is
below 6 wt%, and then appears a sudden change at 7 wt%.
After that, the value doesn’t change obviously between 7
and 8 wt%, suggesting that the percolation threshold is
about 7 wt% MWOCNTs loading. Whereas, the dielectric
loss is still very low as the appearance of sudden change of
the dielectric constant (7 wt% MWCNTs loading). The
results show the dielectric constant of composite films with
7 wt% MWCNTs loading increases to 100.8, which is 20
times higher than that of pure PEN, while the dielectric loss
is just 0.1. This is mainly attributed to the connection and

Tensile strength (MPa)

0% 1% 3% 5% 6% 7% 8%
Mass fraction of MWCNTS

dispersion between polymer and inorganic particles. The
conducting MWCNTs are isolated by Al,O5 to form mic-
rocapacitors, in other words, Al,O3 particles hindered
conductive MWCNTs from bridging with each other,
working as a dielectric obstacle. Under this circumstance,
in order to form conductive network, more filler will be
needed and the effective capacitance can be enhanced
accordingly [32]. The percolation theory, ¢ «< (pc — p)~°
and tan 6 o< (pc — p)~"', where pc is theoretical percolation
value, p is practical volume fraction value, s and ¢ is critical
exponent [33], can explain the exponential relationship
between dielectric constant and MWCNTs content. In
addition, as shown in Fig. 4b, the dielectric loss of 7 wt%
MWCNTs loading is just 0.1. Considering these two
aspects together, the composite has realized high-k and low
loss simultaneously. This composite will be a good
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Fig. 5 Influence of MWCNTSs contents on a tensile strength and b tensile modulus of pure PEN and the Al,O3/MWCNTSs/PEN micro-

nanocomposite films
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candidate to be used in the field of electronics, motor and
cable industry.

3.4 Mechanical properties and flexibility

In most cases, the mechanical properties of composites
depend strongly on the amount of fillers and the level of
molecular orientation [34, 35]. Figure 5 shows the tensile
strengths and modulus of Al,0;/MWCNTSs/PEN composite
films at varying MWCNTs loading. In the case of the
composite, both tensile strength and modulus of the micro-
nanocomposite films reach their highest values at the
7 wt% MWCNTs loading, and then decrease with further
addition of fillers. This may be attributed to two factors: (1)
excessive MWCNTs particles cannot fill in entirely with
PEN matrix; (2) the physical entanglement of macromo-
lecular chains centered on MWCNTSs particles. Nonethe-
less, the tensile strengths and modulus of the composite
even with 8 wt% MWCNTs loading are also higher than
that of pure PEN. In this aspect, the composite can widen
their potential application in many special engineering
areas.

The breaking elongation of pure PEN and the composite
as a fraction of MWCNTs loading is presented in Fig. 6.
The breaking elongation gradually decreases with the
addition of MWCNTs and Al,Oj3 particles. This phenom-
enon can be explained by two mechanisms: (1) the stress
concentration and microcracks brought by the particles will
seriously affect the breaking elongation; (2) the strong
interfacial bonding between polymer and inorganic parti-
cles restrict the chain movement. Additionally, the pure
PEN and composite possess relatively high breaking
elongation, indicating the films cannot break instantly
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Fig. 6 Breaking elongation versus MWCNTs loadings of pure PEN
and the Al,O3/MWCNTS/PEN micro-nanocomposite films
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Fig. 7 Digital images of pure PEN and the Al,O3/MWCNTs/PEN
micro-nanocomposite films which were curled into cylinders: A, B,
C and D correspond to pure PEN film, composite films with 1, 3 and
7 wt% MWCNTSs particles, respectively

when subjected to external forces, reflecting that the
composite have excellent flexibility.

Figure 7 exhibits the digital image of pure PEN and the
micro-nanometer composite films which were cured into
four layer columns, containing 0, 1, 3 and 7 wt%
MWCNTs, respectively. The images testify the high degree
of flexibility of the composite films even with 7 wt%
MWCNTs loading, further suggesting that they have great
potential to be used in film capacitor fields.

4 Conclusions

In summary, the Al,O3/MWCNTSs/PEN micro-nanocom-
posite has been fabricated by uncomplicated and accessible
method and obtained better performances. It was found
from scanning electron microscope (SEM) that MWCNTs
were isolated by Al,Oj and realized better dispersion with
PEN matrix. More importantly, Al,O5 particles hindered
conductive MWCNTs from bridging with each other,
working as a dielectric obstacle, receiving better dielectric
property. DSC and TGA showed that the composite films
possessed high thermal stability and could meet the
demand of practical application. Besides, the investigation
of dielectric property proved that the composite films
possess excellent dielectric properties. The dielectric con-
stant of the composite film increased to 100.8 (50 Hz), yet
the dielectric loss is only 0.1 with 7 wt% MWCNTs
loading. Thanks to the features of high-k and low loss, they
will attract more attention for practical application in the
fields of electronics, cable industry and high energy density
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storage capacitors. Additionally, the tensile strength and
modulus of the composite with 7 wt% MWCNTs reached
their highest values, namely, the composite possess
excellent mechanical properties simultaneously as it
reached the percolation threshold. The outstanding prop-
erties of this composite further confirmed the better com-
patibility and connection between the inorganic fillers and
matrix.
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