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Polymer-based composites with improved energy density
and dielectric constant by monoaxial hot-stretching for
organic film capacitors application

Xu Huang,” Kai Wang” , Kun Jia® and Xiaobo Liu **

Randomly oriented multiwalled carbon nanotubes (MWCNT)/polyarylene ether nitriles (PEN) composite films were
prepared by solution casting method. The as-prepared films were then under monoaxial hot-stretching in the oven to
enhance their orientations and crystallinities. Results showed that hot-stretching process enhanced the mechanical and
thermal properties significantly. The development of electrical conducting pathways during the monoaxial hot-stretching
of MWCNT/PEN composite films was studied. Since the content of MWCNTs filler is close to the percolation threshold, ca.
6 wt%, the dielectric properties, electrical conductivity, breakdown strength and energy density were found to be very
sensitive to the stretch ratio. The electrical conductivity of composites with 50% stretch ratio increased from 5.2%¥10°S
‘em™ to 1.6%¥10* S'em™ (1 kHz). Besides, dielectric constant of composites with 50% stretch ratio increases amazingly from
378.0 to 1298.1 (100 Hz). Mostly importantly, the composites with 50% stretch ratio compensates some dielectric
constant with breakdown strength, and finally, the energy density of the composites with 50% stretch ratio increases by
about 40%, from 2.51 to 3.50 J/cm® which has huge potential to be used as organic film capacitors.

Introduction

Recently, multiwalled carbon nanotubes (MWCNTs) is well known
for its intriguing properties such as mechanical™? thermal’and
electrical’ conductive properties. Particularly, the extraordinary
mechanical and electrical properties make them ideal reinforcing
materials for polymer based compositess. Good dispersion state
and orientation are two key issues to realize the reinforcement to
polymer compositese's. Besides, MWCNTSs can provide the potential
of the nucleation site for the crystal polymers. Polyarylene ether
nitriles(PEN), as a special thermoplastic engineering material,
including excellent
mechanical properties, high thermal stability, radiation resistance

possesses various outstanding properties,

and chemical inertia nature, etc™. These characteristics make it a
good candidate to be used in industrial, automotive and outer
space fields encountered with high temperature or high radiation
exposurelz'u. Many studies have reported that MWCNTs can be
well dispersed in the polymer matrix and act as a nucleation site for
15-19 . . .
crystal polymer™". Generally, oriented CNTs in polymer matrix can
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be achieved by magnetic field®, or by mechanical stretch® ™. In

terms of the stretch methods, there are cold stretch, hot stretch,

*% and biaxial stretch®®. Some former studies

monoaxial stretch’
focused on the orientation of carbon nanotubes in matrix and its
effect on morphological and mechanical properties of composites.
However, few studies dealt with the electrical properties of the
oriented MWCNTs in polymer matrix during mechanical stretch
process. In this study, MWCNTs/PEN composite films were
prepared by solution casting method. Then, the as-prepared films
were under monoaxial hot-stretching in the oven at a temperature
slightly below the melting temperature. The stretch ratios
corresponded to 50%, 100%,200%, and 400%, respectively. The
main goal of this study is to reveal the intrinsic relationship
between mechanical stretch and mechanical, thermal, and electrical
properties of the composites.

Experimental
Materials

MWCNTSs (purity 98 wt%) were about 20 nm in outer diameter and
15-20 um in length, purchased from Chengdu Organic Chemicals Co.,
Ltd., Chinese Academy of Science, which was used without any
purification. Toluene (99%) was purchased from Chengdu Kelong
chemical Reagent Co., Ltd., Chengdu, China. N-methylpyrrolidone
(NMP, purity 99%) was purchased from Tianjin Bodi Chemical
Holding Co., Ltd., Tianjin, China. Diphenol(DP, 99%) and 2,6-
dichlorobenzonitrile(DCBN) were bought from Shanghai Chemical
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Reagent Co., Ltd., shanghai, China. Anhydrous potassium carbonate
(K,CO3, AR) was bought from Xilong Chemical Co., Ltd., Guangdong,
China. Polyarylene ether nitriles (PEN) was synthesized and purified
in our laboratory.

Synthesis of polyarylene ether nitriles

Polyarylene ether nitriles (PEN) was synthesized via nucleophilic
aromatic substitution polymerization. During the reaction, DP (0.4
mol, 75.2 g), and DCBN (0.4 mol, 68.8 g) were mixed in a 500 mL
three-necked round-bottom flask equipped with a Dean Stark trap
combined with a condenser, a thermometer and a mechanical
stirrer. Firstly, 50 mL toluene and 150 mL NMP were added into the
flask orderly. Then, anhydrous K,CO; (0.8 mol, 66.0 g) was added
into the three-necked round-bottom flask in several times. After the
water-toluene azeotrope distilled off, the reaction mixture was
heated to 200 ‘C and kept at 200 ‘C for approximately 4 h.
Afterwards, the mixture was poured into 1000 mL of deionized
water and smashed by a muller. After that, the mixture was poured
into 1000 mL of dilute HCl solution in order to remove the residuary
catalyst K,CO;, and then rinsed byalcohol till the solvent and
monomers were washed out completely. After being filtrated, it
was dried at 100 ‘C overnight. The schematic diagram of the PEN
was depicted in Fig. 1.

CN

CN
K,CO;
e o o
NMP N

Fig.1Schematic diagram to synthesize crystalline PEN.

Preparation of MWCNT/PEN composite films

MWCNTs/PEN composite films were obtained by solution
casting method after continuous ultrasonic dispersion. Firstly,
a certain amount of MWCNTs powder were gradually added
into a certain volume of NMP solvent, and treated for 2 h by
ultrasonic waves (ultrasonic frequency: 40 kHz; electric power:
200 W) to make sure that the MWCNTs were homogeneously
dispersed. Meanwhile, a certain amount of PEN and NMP
solvent was slowly added into a three-necked bottle which was
equipped with a refluence condenser, a mechanic blender and
a heater. PEN was gradually dissolved in NMP solvent and
formed a transparent PEN solution as the temperature raised
up. Then, MWCNTSs suspension was slowly added into the PEN
solution. Then, the MWCNTSs/PEN suspension was treated with
Finally, the
suspension was cast onto a clean horizontal glass plate and
dried in an oven at 80 C, 100 ‘C, 120 ‘C, 140 C, 160 C,
180 ‘Cand200 ‘C each for 1 h. Subsequently, the films were
cooled naturally to room temperature in the oven. Finally, the
MWCNTs/PEN composite films were obtained. The mass
fraction of MWCNTSs in the PEN matrix was fixed at 6 wt%. The
average thickness of the films was approximately 0.06 mm.

ultrasonic wave for another 1 h at 80 C.

2| J. Name., 2012, 00, 1-3

Monoaxial hot-stretching of MWCNT/PEN composite films

Firstly, MWCNT/PEN composite films were cut into standard
strips (1 cmx15 cm), then, as shown in Fig. 2, clamps were
used to nip both ends of the strips. Thus, the upside of the
sample can be hung in the high temperature oven. The clamps
were adjusted to make sure that distance of sample between
the two clamps is 10 cm. After that, the upside of the samples
were hung in the oven, a balancing weight of 100 g was added
to the downside of each sample. Most importantly, the
stretching ratios of the four samples were controlled by the
distance between the downside of the samples and the
bottom of the oven. Bricks with different height were added to
the bottom of the oven to change the distance between the
downside of the sample and top of the bricks. The distance
was 5 cm, 10 cm, 20 cm, and 40 cm, respectively. Then, these
strips were mechanically stretched by applying a constant load
of 100 g at 350 °C until the strips were stretched to the
expected length. When temperature of the oven increased,
the polymer chains started to slide, the 100 g weight would fall
down to upside of the bricks together with the samples. After
this procedure, the length of each stripe-like sample would be
stretched to 15 cm, 20 cm, 30 cm, and 50 cm, respectively. The
increment of the specimen was 5 cm, 10 cm, 20 cm, and 40 cm,
respectively. That is to say, the stretching ratio of the four
samples should be 50%, 100%, 200% and 400% (length
increment divide by initial length), respectively. After the
desired stretch ratios were obtained, the specimens were
cooled down to room temperature and then the load was
released. It was found that shape of the obtained hot-
stretching strips can stay steady and will not recover. Besides,
as-prepared MWCNT/PEN composite film without any stretch
treatment was used for comparison.

C 1 L 1
10cm
— — =
1085 l‘., =
1
5cm
FIIITTITT Tocm
FIIFII I
20cm
22772277 40cm

Fig. 2Schematic diagram to fabricate monoaxial hot-stretching MWCNT/PEN

composite films.

Characterizations

X-ray diffraction (XRD) analysis was carried out in a Rigaku
RINT2400 X-ray diffractometer with Cu Ka radiation. The cross
section microstructures of the films were observed with
scanning electron microscope (SEM, JEOL, JSM-5900 LV), and
the samples were coated with a thin layer of gold before

This journal is © The Royal Society of Chemistry 20xx
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testing. Differential scanning calorimetry (DSC) analysis of the
nanocomposite films was carried out on a TA Instrument DSC
Q100 under nitrogen atmosphere from room temperature to
300 C at a heating rate of 10 ‘C/min. Mechanical properties
of the pure and nanocomposite films were measured by
employing a SANS CMT6104 Series Desktop Electromechanical
Universal Testing Machine. The films were cut into stripes (120
mm in length, 10 mm in width) for testing, and the reported
values were calculated as average values by five samples for
each film(stretching speed 5 mm/min).

Dielectric properties of the stretched MWCNTs/PEN films were
tested by a TH 2819A precision LCR meter (Tong hui Electronic
Co., Ltd.). The films were cut into small pieces of samples (10
x10 mm), and both sides of the samples were coated with a
thin layer of conductive silver paste to form a plate capacitor.
The dielectric properties experiments were carried out at
different frequencies ranging from 100 Hz to 100 kHz at room
temperature with 40% humidity. The dielectric constant and
electrical conductivity were calculated through equations
listed below. The dielectric constant (g,) is expressed as

, _Cd (1)

" Se,

where Cis the capacitance of the samples; d is the thickness of
the samples; S is the area of the electrode; g,= 8.85 x 102 F/m
is the vacuum dielectric constant. The electrical conductivity (o)
is shown as

o = 19
Us

where U is the voltage; I is the electric current; S is the area of
the electrode and d is the thickness of the samples. Volume
resistivity (p) is the inverse of electrical conductivity (p=o'1).

Results and discussions

Morphology before and after the monoaxial hot-stretching

The dispersion state and alignment of the MWCNTSs in the PEN
matrix was characterized by SEM. Fig.3a and b showed the
microstructure evolution of composite films with 6 wt%
MWCNT/PEN before and after hot-stretching, respectively.
Why do we choose 6 wt% filler loading? Former researches
showed that for a specimen filled with MWCNTs well near the
percolation threshold27, the decrease in number of MWCNT-
MWOCNT direct contacts was more severe than for a specimen
far below or above percolation threshold, on condition that
they were subjected to the same stretch ratio. As can be seen,
when the MWCNT/PEN composite films is subjected to hot-
stretching, the original microstructure of the composite film
started to change, thereby influencing the total number of
MWCNT-MWCNT direct contacts. This is due to the originally
random orientation of MWCNTs becoming more ordered after
unidirection stretch. The stretch ratio of the specimen shown
in Fig. 3b is about 200%. The microstructures of the specimen
were observed after being coated by a layer of gold so as to
obtain better observation. By comparing the pristine
composite film (shown in Fig. 3a) with the stretched film

This journal is © The Royal Society of Chemistry 20xx

(shown in Fig. 3b), it can be concluded that initially random
oriented carbon nanotubes embedded in the PEN matrix
become aligned and paralleled with the direction of stretch. As
can be seen, aligned MWCNTs were achieved macroscopically
and widely through the stretching process. It is deemed that
the total number of MWCNT-MWCNT direct contacts
decreases as the carbon nanotubes become more and more
paralleled, causing an decrease in electrical conductivity. As a
result, the electrical conductivity of the specimen can be
controlled by varying the stretch ratio of the specimen.

(a) (b)After hot-stretching

Fig. 3Microstructure of 6wt% MWCNT/PEN composite films before and after
hot-stretching.

Before hot-stretching

XRD spectrum of the hot-stretching MWCNT/PEN composite films

intensity (a.u.)

20 (degree)

Fig. 4Wide-angle XRD patterns of pristine and hot-stretching MWCNT/PEN

composite films with different stretch ratios.

The wide-angle X-ray diffraction patterns were collected from
both the non-stretched film and specimens with different
stretch ratios (the load was released). In order to investigate
the effect of hot stretch on the crystal structures of stretched
MWCNT/PEN composites, Wide-angle XRD patterns of
specimens with measuring angles from 10" to 80" were
obtained. As shown in Fig. 4, the non-stretchedspecimen
showed a very board peak composed by several overlapped
peaks at 26=18", 24" and 26°, which is in accordance with
previous reportsls.ln contrast, the diffraction pattern of the
stretched specimens showed a sharper and stronger peak at
about 2e = 18’. This indicated that some of the polymer crystal
structures disappeared or reduced after hot stretch process
and other crystal structures become more stable and perfect.

J. Name., 2013, 00, 1-3 | 3
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And it also can be found that there exists very weak peaks at
about 26 = 26°, corresponding to the diffraction peak of
MWCNTs”,

TablelCrystallinity and crystal size of pristine and hot-stretching

MWCNT/PEN composite films calculated from X-ray diffraction.

Stretch ratio 0% 50% 100% 200% 400%
Crystallinity (%) 11.5 11.0 10.5 9.2 8.7
Crystal size (nm) 30 28 26 21 19

Table 1 presented the values of the percent crystallinity and
the average crystal sizes for MWCNT/PEN composites. We
employed the Jade software to roughly calculate the percent
crystallinity and the average crystal sizes.The original file was
open by Jade software, then we use profile fitting menu for
peak decomposition. We have fitted curves several times to
make sure that the residual error of fit is less than 4% (R<4%)
in the fitting process. After the baseline is calibrated ,
crystallinity of the sample is obtained via clicking the report
menu (then click the sub-menu" peak file report"). The detailed
crystallinity value will obtained.The crystallinity of the hot-
stretched specimens decreased from 11.5% gradually to 8.7%
in comparison with those of non-stretched specimen. Besides,
the crystal size also decreased about 37%. The decrease in
crystal size can be attributed to the destruction of imperfect
crystals caused by high temperature. The crystals left in the
composites were those with more stable and perfect crystal
structures.

Thermal properties of the hot-stretching MWCNT/PEN composite
films

Additional structural information can be revealed by thermal
behavior of the stretched specimens, as measured by DSC and
shown in Fig. 5. It was reported that the stretch process will
affect the crystallization behavior of the crystal structure of
the MWCNT/PEN composites. Fig.5 showed the melting
endotherms of monoaxial hot-stretching composites with 6wt

% MWCNTSs. Obvious changes in the melting curves occurred
as the stretch ratio was increased. Besides, the heat of fusion
(AH,,) and melting point (T,,) were summarized in Table 2. As
the composite was monoaxially stretched, a slight increase in
melting temperature was detected. For non-stretched
specimen, the melting point of the was around 352 °C, As the
composite was monoaxially stretched to 50%, 100%, 200%,
and 400%, the melting point increased to 368 ‘C, 374 C,
376 ‘C, and 377 C, respectively. However, the overall heat of
fusion was decreased from 44.7 J/g gradually to 18.6 J/g, as
shown in Table 2. On the basis of the heat of fusion of 100%
crystalline (AH,,) original MWCNT/PEN, the degree of
crystallinity of hot-stretching MWCNT/PEN composites were
determined by the ratio of the AH,, for the hot-stretching
specimens to that of 100 % crystallized MWCNT/PEN. Even
though the AH,, of 100 % crystalline MWCNT/PEN is uncertain.

4| J. Name., 2012, 00, 1-3

It can be inferred that the crystallinity of hot-stretching
MWCNT/PEN composites were decreased as the stretch ratio
increases, which was in accordance with the results of the XRD
analysis. The increase of melting point may be caused by two
main factors: on the one hand, the defective crystalline zones
changed to amorphous zones; on the other hand, much more
stabilized crystal structures formed during the hot stretch
process. Usually, slow stretch speed would increase the
crystallinity of the polymer, as reported in former literature®.
However, in this case, the stretch speed was too fast and out
of control, so the polymer chains do not have enough time to
form typical lamellae crystals. That is why the melting point of
the obtained MWCNT/PEN composites increases, while the
crystallinity decreases.

—

ENDO (W/g) EXO

-

T T T T
200 250 300 350

Temperature(°C)

T
100 150 400

Fig. 5DSC curves of hot-stretching MWCNT/PEN composite films with
different stretch ratios.

Table 2Thermal properties of the MWCNT/PEN hot-stretching composite

films

Stretch ratio 0% 50% 100% 200%  400%
AH, (/g) 44.7 38.2 335 27.1 18.6
Tm(3) 352 368 374 376 377
Mechanical properties of the hot-stretching MWCNT/PEN

composite films

The tensile strength and tensile modulus of the MWCNT/PEN
composite films with different stretch ratios were shown in Fig.
6. As expected, higher stretch ratios leaded to higher tensile
modulus of the composite films. The pristine MWCNT/PEN
specimen exhibited a tensile strength of 84 MPa. While the
tensile strength of the composite films with stretch ratios of
50%, 100%, 200%, and 400% were improved to 150, 185, 291,
and 313 MPa, respectively, corresponding to 79%, 120%, 246%,
and 271% increment over those of the pristine composite films.
The tensile modulus of MWCNT/PEN composite films without
hot-stretching was 2805 MPa. This was increased to 3156,
3867, 3623, and 3885 MPa with four different stretch ratios of
50%, 100%, 200% and 400%, respectively, which corresponded

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 8



HEH-RSCIAdvances: |l

Journal Name ARTICLE
to 13%, 38%, 29%, and 39% increment over those of the non-

stretched MWCNT/PEN composites. These results were in a Y | r | . 6
consistent with former reports in the literatures®’. SEM image 160 -
showed that hot-stretching lead to improved alignment of the

carbon nanotubes in the PEN matrix. With increasing stretch = il —/q L4
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Besides, former reports showed that the crystalline polymer 2 1004 [ L2 2
tends to recrystallize during the hot-stretching processal. g §
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Fig. 6Tensile strength (a) and tensile modulus (b) of the hot-stretching Frequency (Hz)

MWCNT/PEN composite filmsas a function of stretch ratio.
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Electrical properties of the hot-stretching MWCNT/PEN composite
films
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Dielectric constant (g,), dielectric loss (tan§), volume resistivity
(p), electrical conductivity (o), breakdown strength (E,), and

energy density (U) of the hot-stretching MWCNT/PEN .
composites were investigated in detail.
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Fig.7(a)Dielectric properties and (b) electrical conductivity of the hot-
stretching MWCNT/PEN composite as a function of stretch ratio at 1 kHz.(c)
dielectric constant and(d) volume resistivity of the hot-stretching
MWCNT/PEN composite films as a function of frequency.

The dielectric constant and dielectric loss measured at 1 kHz
was shown in Fig. 7a. As can be seen, the dielectric constant
increased obviously as the stretch ratio reached 50%,
indicating the beginning of alignment and orientation of
MWCNTSs. This could be attributed to the conductive pathways
changes and microcapacitors formation during the stretch
process’>.

Dielectric constant of composites with 50% stretch ratio
increased amazingly from 378.0 to 1298.1 (100 Hz). Most of
the MWCNT-MWCNT contacts disappear and only a small part
remained as the stretch ratio reached 200%. That was why the
g, decreases abruptly, smaller than that of the pristine one.
Finally, as the stretch ratio increased to 400%, there were
fewer and fewer MWCNT-MWCNT contacts and conductive

pathways broke up, as a result, the dielectric constant reduced.

Dielectric loss provided another supplementary proof for the
change of the inner conductive structure. Since there were
conductive pathways in the MWCNT/PEN system, so, tané for
specimen with 0%, 50% and 100% stretch ratio were beyond
test range. When the conductive pathways in specimen with
200% and 400% stretch ratio disappeared, the tané was
measurable.The electrical conductivity of the specimens with
different ratios at 1 kHz was presented in Fig. 7b. The electrical
conductivity of composites with 50% stretch ratio increased
from5.2%10” S'em 't01.6*10™* S'em™. This increase in electrical
conductivity is possibly due to the alignment of the MWCNTs.
When more MWCNTs started to align with the stretch
direction, more conductive pathways would be formed, thus,
the conductivity increases. However, when the stretch ratio
reached 100%, MWCNT-MWCNT contacts started to reduce,
resulting in decrease in electrical conductivity of the specimen.
Figure 7c and d showed the dielectric constant and volume
resistivity of the hot-stretching composite films with different
stretch ratios as a function of frequency from 100 Hz to 100
kHz. As shown in Fig. 7c, for MWCNT/PEN composite with 50%
and 100% stretch ratio, the & showed a increment.For
MWCNT/PEN composites with 100% and 200% stretch ratio,
thee, decreased.The phenomenon was observed under
different frequency range. The €, shows a larger value under
low frequency range and a smaller value under higher
frequency, which was due to the fact that the speed of
polarization couldn't catch up with the change speed of field.

Table 3 showed the value of fand of MWCNT/PEN composite
films with different stretch ratios and frequencies. As the filler
content is near the percolation threshold, tané is beyond
measurement range for pristine MWCNT/PEN composites. For
composite with 100% stretch ratio, the dielectric constant
under higher frequency become smaller and measurable. This
is ascribed to the fact thatorientational polarization couldn't catch
up with the change speed of field, consuming less energy due
to smaller friction during the orientation process. For
composites with 200% and 400% stretch ratios, the tané is

6 | J. Name., 2012, 00, 1-3

measurable since the distance between the fillers was increase
during the stretching process.

Table 3Dielectric loss of the hot-stretching MWCNT/PEN composite films
under different frequencies.

Hz 0% 50% 100% 200% 400%
100 - - - - -
250 - - - 5.00 -
500 - - - 3.10 5.80
750 - - - 2.40 4.20
1k - - - 2.10 3.50
2.5k - - - 1.40 1.90
5k - - - 1.10 1.40
7.5k - - - 0.96 1.20
10k - - - 0.89 1.08
25k - - - 0.73 0.82
50k - - 6.80 0.62 0.68
75k - - 4.90 0.56 0.61
100k - - 3.90 0.52 0.56
<
NN
34 NN
N E\
€ NN \
3 N N
=24 [ N
5 N N
c O\ \E\
AN N
14 NN N
) NN N\
1 N \
\ N\
0% 50% 100% 200% 400%

Stretch ratio

Fig. 8Energy density of the MWCNT/PEN hot-stretching composite film as a
function of stretch ratio.

The dielectric constant and breakdown strength of pristine and
stretched MWCNT/PEN composite films were listed in Table 6.
The energy density was calculated from equation 3 and was
presented in Fig. 8. The energy density (U) of a capacitor is
given by the following equation,

U= %eoerE,f (3)

where g, is the dielectric constant of the composite and Ejis
the breakdown strength. As can be seen from Equation (3),
two variables (dielectric constant and E,) together determine
the value of energy density. As the stretch ratio increased, the
dielectric constant firstly increased a little and then decreased
gradually, while the breakdown strength continue to reduce. It
was clear that £, had a stronger effect on the energy density of
the specimen. So, it was presumed that the increment of U can
only be obtained on condition of a slight decrease of E,. The

This journal is © The Royal Society of Chemistry 20xx
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calculated results proves that when the stretch ratio reaches
50%, the E,is increasedby about 40%,from 2.51 to 3.50 Jem?,
After this turning point, the energy density of the composites
decreases dramatically since there is a power law between the
energy density and breakdown strength. This is the result of
sharp increase in dielectric constant and little decrease in
breakdown strength. Therefore, hot-stretching process is an
effective method to improve the energy density of the
MWCNT/PEN composites.

Table 4 Breakdown strength and energy density of the
MWCNT/PEN hot-stretching composite films.

Stretch ratio 0% 50% 100% 200% 400%
Dielectric constant, €,(at 1 kHz) 89.7 139.3 134.0 72.8 58.9
Breakdown strength , £,(kV/mm) 79.6 75.4 54.8 17.8 8.9
Energy density, U (J/cm®)

251 3.50 1.78 0.10 0.02

Intrinsic relationship between stretch ratio and conductive
network.

Based on the above analysis, it can be inferred that the hot
stretch process was accompanied with breakup of old
conductive network and the rebuilding of new conductive
pathway. The degree oforientation and the inner network of
MWCNTs were mainly dependent on the stretch ratio and
movability of polymer chains. A theoretical model was put
forward (see Fig. 9) to explain the intrinsic structure change of
the composites. As CNTs were dispersed and surrounded by
PEN polymer matrix, they would move with both the
amorphous chains and crystallite zones when the specimen is
under stretch. Once the specimen was in the strain-hardening
region, the chains in crystalline regions would become
movable and align along the stretching direction, promoting
the breakup of MWCNT aggregations and offering a chance to
rebuild the conductive pathways. The stretch ratio was one of
the vital factors determining the conductive network structure.
When the stretch ratio reached 50%, part of the MWCNTs
started to align with the stretch direction. This was still a
conductive network since there were MWCNT-MWCNT
contacts throughout the network. As the stretch ratio reached
100%, almost all of the MWCNTs had already aligned with the
stretch orientation, and there were still conductive network
throughout the system. However, in stage d, there were only
partial MWCNT-MWCNT contacts left and the conductive
pathways started to break up. In stage e, the MWCNTSs started
to depart from each other and conductive network broke up
finally.

stretch ratio

Fig. 9Theoretical model of inner conductive network in MWCNT/PEN
composites during monoaxial stretching: a, b, ¢, d, and e correspond to the
stretch ratio of 0%, 50%, 100%, 200%, and 400%, respectively.

This journal is © The Royal Society of Chemistry 20xx

Conclusions

In the current research, monoaxial hot-stretching has proved
to be an effective way to enhance the mechanical and thermal
properties of MWCNT/PEN composites. Besides, the electrical
properties are dependent on the stretch ratio, making it
possible to modulate the electrical properties by adjusting the
stretch ratios. In all, the following conclusions have been
drawn.

(1) It was found that shape of the obtained hot-stretching
strips can stay steady and will not recover because of the
crystallinity of PEN.

(2) Tensile strength of the stretched composites increase from
84 MPa to 313 MPaas the stretch ratio gradually increases to
400%.

(3) Melting point of the stretched composites increases from
352°Cto 377°C.

(4) XRD analysis shows that crystallinity and the size of
crystallite decreases since some of the imperfect crystals and
less stable were destroyed during the stretch process.

(5) Since content of MWCNTSs in the composites is near the
percolation threshold, the electrical properties are very
sensitive to the stretch ratio. For example, the electrical
conductivity of composites with 50% stretch ratio increased
from 5.2*10° S'cm'1t01.6*10'4S'cm'1(1kHz). Dielectric constant
of composites with 50% stretch ratio increases from 89.7 to
139.3 (100 Hz). However, breakdown strength merely
decreases from 79.6 to 75.4 (kV/mm). As a result, energy
density of the composites with 50% stretch ratio increases
from 2.51 to 3.50 J/cmg, increases by approximately 40% than
the one without hot-stretching.

(6) This simple methodology to improve the properties of
polymer composites is expected to be applicable to other
polymer-based composites.
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