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In modern power systems, polymer nanocomposite films have been more frequently used as dielectric
materials for capacitors. However, the low energy storage density limits its application in more areas. It is
a very challenging task to prepare dielectric films with high dielectric constant (¢), high energy storage
density, and low dielectric loss (tan 6) at the same time. In this study, one kind of BOPE (biaxially oriented
polyethylene) nanocomposite dielectric films with a very small amount of MWCNTs (multiwalled carbon
nanotubes) was reported. MWCNTs with a high aspect ratio were used for conductive filler, and the
formation of more micro capacitors and interfacial polarization were caused by better dispersibility of
MWCNTs in polyethylene matrix by biaxial stretching. The BOPE/MWCNT composite films with high-
performance were successfully prepared by achieving the requirements of low content, high dielectric
constant and high energy storage density while maintaining the advantages of low dielectric loss of the

polymer matrix. The dielectric constant of the BOPE/MWCNT composite films increased from 2.26 to
Received 2nd November 2021 4.68 with the drawing ratio was 4 x 4 and the content of MWCNTS was 0.6 wt% and th t
Accepted 27th Novernber 2021 .68 wi e drawing ratio was 4 x 4 and the content o s was 0.6 wt% and the energy storage

density was also increased from 1.01 J cm™ to 1.29 J cm™>. From our work, the achievement of low

DOI: 10.1039/d1ra08031h thickness, high energy density and low loss at the same time implied BOPE/MWCNT composite films
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Introduction

High-performance polymeric dielectric films are an important
component of dielectric capacitors.' Dielectric capacitors with
the highest power density, wide operating temperature range
and long-life cycle now are widely used in electric vehicles, wind
power generation, pulsed power supplies and many other
fields.*® The composite films prepared by polymer and high
dielectric constant filler have become a popular direction for the
development of dielectric films. Generally the dielectric
constant increased with the adding of filler content, unfortu-
nately, the dielectric loss of the composites also increased.”®
Obviously, it did not meet the requirement of developing high-
performance polymeric dielectric films with high dielectric
constant, low dielectric loss, and high energy storage density
which were adapted to the rapid development of the energy and
electronics industries.>'® Therefore, how to prepare high-
performance polymer nanocomposite films at low filler
content has become a popular research direction.
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were promising materials for next-generation film capacitors.

Currently, it is still common to use traditional polymers as
the matrix and ceramic particles or conductive particles are
added for performance modification." The difference in
dielectric constant between the matrix and filler is used to cause
interfacial polarization, which enhances the polarization ability
of the material. A variety of ceramic nanofibers with high aspect
ratios by electrostatic spinning were investigated and the effects
of the filler structure and phase morphology on the dielectric
constant and energy density of the composites were thoroughly
studied.'” Most of the ceramic materials as inorganic oxide with
high dielectric constants have poor adhesion to the polymer
matrix and are prone to be agglomerated.”*® Only when the
amount is high enough (up to 30% (vol) or more) can the
dielectric properties be effectively improved. But such a high
amount of filler is bound to deteriorate the mechanical prop-
erties of the material. The conductive filler could greatly
increase the dielectric constant of materials with a very small
amount of addition and has a less negative impact on the pro-
cessing performance.? The large filler particles would aggregate
causing defects such as micro cracks and interface weakening,
resulting in lower breakdown field strength and the increase of
dielectric loss when the three-dimensional metal particles'”*
or two-dimensional carbon materials such as graphene**>* are
used as fillers.** As nano conductive fillers with a high aspect
ratio, MWCNTs are one of the ideal fillers for the preparation of
high-performance composite materials with excellent
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mechanical and dielectric properties.”?* In past work,
MWCNTs were incorporated into PVDF to make composite
materials with high dielectric properties® or used to decorate
ultrahigh molecular weight polyethylene powder particles to
produce electrically conductive porous filtration membranes.>®

However, the dielectric loss would be extremely high because
MWCNTs are highly prone to be agglomerated which leads to
the formation of conductive pathways in the matrix.* In
previous studies, people used methods such as ultrasonic
dispersion in solution or surface treatment of MWCNTs.***
Self-polymerization of dopamine hydrochloride was used to
generate polydopamine (PDA) to coat CNTs and prevent direct
contact between adjacent conductive particles, thus achieving
a balance between the dielectric constant and dielectric loss.*
But these methods have disadvantages like complex processes
and low efficiency. Xiang D et al.** investigated the effect of
carbon nanomaterials on the processability of HDPE and the
effect of biaxially oriented on the dispersion of carbon nano-
particles. But due to the low crystallinity of HDPE resin, poor
stretchability led to a low drawing ratio. Recently, Dow had
developed LDPE resins that could be biaxially stretched in
a wide temperature window. The biaxially oriented polyethylene
(BOPE) films formed by commercial scale tenter frame lines
have higher modulus and puncture impact strength, easier tear
and better optical properties than the blown films. Polyethylene
nanocomposites not only have good tensile strength and low
conductivity, but also can improve electric field distribution and
inhibit electric dendrite growth, which are expected to become
a new generation of electrical dielectric material after BOPP
capacitive film.***” Moreover, BOPE films could even exceed the
performance of other PE films while the thickness is reduced,
adapting to the green and low-carbon trend.

The use of functional fillers with low content and the
improvement of filler dispersion by changing the processing
method are the main directions of composites research.'®** In
this report, the effect of biaxial orientation on the morphology
and dielectric properties of and BOPE/MWCNT composite films
at high drawing ratios were investigated. As the content of
MWCNTSs increased from 0 to 0.6 wt%, the films had an increase
in dielectric constant but a decrease in breakdown strength
while maintaining the low dielectric loss, resulting in an overall
increase in energy storage density. Moreover, the energy storage
density of the samples with a drawing ratio of 5 x 5 was slightly
lower.

Experimental
Materials

The experimental low-density polyethylene (LDPE) resin with
a density of 0.926 g cm™* used in this study for BOPE applica-
tion, XUS 59 910.08, was purchased from DOW, with a melt
index 1.7 g (10 min)~" (190 °C, 2.16 kg). Multiwalled carbon
nanotubes (NC7000) were kindly supplied by Nanocyl SA (Bel-
gium). The MWCNTs have a nominal average length of 1.5 pm
and a nominal diameter of 9.5 nm. The density of the MWCNTSs
is 1.85 g cm 3. All resins were thoroughly dried under vacuum
before melt processing.
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Fig. 1 Preparation of BOPE/MWCNT composite films.

Table1l The tensile temperature T, draw ratios A and other parameters
for BOPE/MWCNT composite films in the biaxial stretching test”

wmwent  Sheet thickness T Film thickness

Samples  (Wt%) (nm) (cc) 2 (nm)

S-0-4 0 200-230 112 4x4 2542
5-0.2-4 0.2 200-230 114 4x4 25+2
S-0.4-4 0.4 200-230 114 4x4 2542
5-0.6-4 0.6 200-230 115 4x4 25%2
S-0-5 0 200-230 112 5x5 1942
S-0.2-5 0.2 200-230 114 5x5 19+2
$-0.4-5 0.4 200-230 114 5x5 1942
5-0.6-5 0.6 200-230 115 5x5 20%2

“ Only the parameters of the highlighted samples are listed here due to
a large number of samples. In the following various tests, the same
thickness of the same sample was taken.

Sample preparation

Firstly, pre-mixed BOPE/MWCNT blends with 0.2 wt%, 0.4 wt%,
0.6 wt% and 0.8 wt% MWCNTSs were densely mixed at 170 °C for
20 min using an internal mixer. The homogeneously mixed
blends were hot-pressed between two polyester films into sheets
(100 mm x 100 mm) at 180 °C with a thickness between 200-
230 pm.

The film stretching and forming was performed by the Karo
IV film biaxial stretching laboratory from Bruckner, Germany.
Firstly, it was preheated for 100 s at a certain temperature (110
°C) and simultaneously biaxial stretching was performed
approximately at 115 °C with drawing ratios of 2 x 2,3 x 3,4 x
4 and 5 x 5, respectively. Then it was cooled at room temper-
ature and the stretching rate was 50% s~ " in all cases. When the
drawing ratio was 4 x 4, the simultaneously biaxially oriented
films with 0.2 wt% MWCNTs and the original films were called
S-0.4-4 and S-0-4, respectively. The preparation process of BOPE/
MWCNT composite films is shown in Fig. 1 and specific
parameters are shown in Table 1.

Characterization methods and instrumentation

Broadband dielectric spectroscopy (BDS) measurements. To
investigate the frequency-dependent dielectric behavior for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Dielectric properties of (a) un-stretched BOPE/MWCNT film
with 0.2 wt% MWCNTs and (b) BOPE/MWCNT film with 0.8 wt%
MWCNTSs and drawing ratio was 5 x 5.

simultaneously biaxial stretching films, the dielectric constant
and the dielectric loss were measured at room temperature from
10 Hz to 10° Hz using a broadband dielectric spectrometer
(Concept 50, Novocontrol, Germany). For temperature scans, the
temperature was ramped from 0 °C to 80 °C and frequency scans
were carried out at four different temperatures; 20, 40, 60 and
80 °C. Before the dielectric test, the surfaces of the samples were
cleaned with ethanol and all sputtered gold as electrodes under
vacuum. The electrode diameter was 25 mm (area = 490.9 mm?).

Scanning electron microscopy (SEM). The structure and
morphology of MWCNTs nano-fillers in the BOPE films after
biaxial stretching were examined using scanning electron
microscopy (SEM, JSG-5900LV, Hitachi, Japan). The samples
were cryogenically fractured in liquid nitrogen along the vertical
plane of the stretching direction. The surfaces were coated with
gold before the SEM test.
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Differential scanning calorimetry (DSC). A Q20 (TA Instru-
ment, USA) was used to measure the melting and crystallization
behavior of the biaxially stretched films under an inert nitrogen
atmosphere (50 mL min~"). The samples with a mass of 7-8 mg
were heated from 80 to 200 °C at 10 °C min ™, held at 200 °C for
2 min, and then cooled to 80 °C at 10 °C min . Furthermore,
the crystallinity of samples was also calculated using eqn (1)
according to the DSC results. Three specimens were measured
for each material.

Ay x 100%

X.=—1"
AR (1 —w)

(1)

where AH,, is the enthalpy of fusion of sample (J g™ '), w is the
weight fraction of MWCNTs and AHY, is the heat of fusion for
a theoretical 100% crystalline BOPE with a value of 293.6 J g~ *.*°

Fourier transform infrared spectroscopy (FTIR). Fourier
transform infrared (FTIR) was carried out on a Nicolet iS 10
(Thermo Fisher, US). The scanning range was from 400 to
4000 cm ™" with 32 scans at a resolution of 4 cm ™.

Raman spectroscopy. Raman spectra were recorded over
a Raman shift spectral range of 400-4000 cm ™" using an Ocean
IM-52 spectrometer (excitation wavelength 532 nm, 1.58 eV) at
a laser power of 4.3 mW.

The X-ray diffraction (XRD). The X-Ray Diffraction (XRD)
analyses were carried out on the Rigaku diffractometer (Ultima
1V, Japan) with the K-ray of copper (Cu) irradiation (40 k V, 20
mA). The measured 26 range was 5-90° with a scanning interval

of 0.02° and scanning rate of 10.0 min~".
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Fig.3 Effect of the different MWCNTSs contents and different drawing ratios on the dielectric properties: (a) and (b) dielectric constant; (c) and (d)

loss tangent.
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Dielectric breakdown measurements. Breakdown strength
tests were conducted using a voltage withstanding tester (DD]-
50 kv, China), using a hemispherical electrode with a diameter
of 12.7 mm, and the film is subjected to a DC breakdown test in
silicone oil at a voltage rise rate of 500 V s~ '. At least 25 valid
breakdown points were tested for each sample. Weibull statis-
tical analysis was performed on these 25 breakdown field
strength data, and the E;, of the Weibull distribution were
selected, that is, the Weibull breakdown strength at 63.2%
failure probability for evaluation.

Energy storage density. D-E loops were measured using
a precision materials analyzer (Radiant Technologies, Inc.,
Premier II) at a frequency of 10 Hz with a sinusoidal wave
function. Gold electrodes (20 nm thick) were sputter-coated on
both sides of the film with a diameter of 5 mm. Samples were
immersed in a silicone oil bath to avoid corona discharge in the
air. The maximum electric field was increased stepwise at an
increment of 25 MV m™" until breakdown of the film. The
energy storage density of the material was calculated from the
D-E loop measured by the experimental instrument.

Results and discussion
Dielectric properties

The dielectric constant is an important criterion for evaluating
the performance of capacitive films. As shown in Fig. 2(a) and
(b), the unstretched BOPE/MWCNT, o, composites and the
films with 0.8 wt% filler content and drawing ratio of 5 x 5 both
had excessive dielectric loss which did not meet the require-
ments for high dielectric properties of the material. At the same
time, the breakdown strength of the films with drawing ratios of
2 x 2 and 3 x 3 was too low (<300 MV m '), therefore the
properties of the composite films which the content of
MWCNTSs was 0-0.6 wt% with drawing ratios of 4 x 4and 5 x 5
were focused on in the next section.

From Fig. 3(c) and (d), the relationship of dielectric constant
and the mass fraction of MWCNTs was revealed. It indicated
that the ¢ of the BOPE/MWCNT composite films all increased
with the adding of MWCNT content at different drawing ratios.
Especially when the drawing ratio was 4 x 4 and the content of
MWCNTSs was increased to 0.6 wt%, the dielectric constant
increased to 4.68 (frequency ~ 10° Hz), which was approxi-
mately twice that of pure BOPE.

In addition, the ¢ of the films with the same MWCNTSs
content decreased with the increasing drawing ratio. When the
mass fraction of MWCNTs was 0.6%, the dielectric constant
decreased from 4.68 to 3.92 with the increase of the drawing
ratio from 4 x 4 to 5 x 5 (frequency ~ 1 kHz). The dielectric loss
of the composite material is another important factor affecting
the energy storage properties of the capacitor. As shown in
Fig. 3(c) and (d), the tané of BOPE and BOPE/MWCNT
composite films were all in the range of 10™* to 10* at 10° Hz.

It is clear that the addition of MWCNTs in the matrix mainly
has a large effect on the dielectric properties from the data
analysis. There is only weak electron polarization inside and no
relaxation polarization loss with frequency of PE since it is
a non-polar polymer with a relatively regular structure.
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Therefore, the dielectric constant of PE is only 2.2-2.3 and the
dielectric loss is less than 0.005 in the entire test frequency
range. Filling with trace amounts of multiwalled carbon nano-
tubes could substantially increase the dielectric constant of the
film materials. On the one hand, the addition of MWCNTSs
causes the formation of micro capacitors inside the film. The
number of micro capacitors increases with the increase of fillers
and the strength of the micro capacitors becomes larger as the
distance between the fillers becomes smaller, thus increasing
the dielectric constant of the film. On the other hand, interfaces
are created between the filler and the matrix due to the addition
of conductive particles. The interfacial polarization and
dielectric constant would increase when the more the interfaces
between fillers and matrix. Therefore, the addition of MWCNTS
conductive filler is an effective means to improve the dielectric
properties of polymer-based composite films. The conductive
network formed in the matrix is stronger because MWCNTSs are
one-dimensional material with a large aspect ratio and more
entanglement. Biaxial orientation could increase the distance
between nanoparticles and destroy the nanoparticle network to
block the conductive pathway of the nanoparticles. In addition,
the dielectric constant of air is 1 and tiny defects like micro-
cracks were generated in the biaxially stretched films due to
the poor compatibility between polymer matrix and nano-fillers.
Therefore, the ¢ of films decreased with the increase of drawing
ratio.

From the analysis of formula (2), it can be seen that the
dielectric loss can be regarded as composed of two parts. One
part originates from the conductivity loss generated by the
slight conductive carriers inside the dielectric when the motion
occurs under the action of external electric field in order to
overcome the frictional force. The other part is the relaxation
loss of the dielectric due to the dipole polarization of the
dielectric material. The dielectric loss angle tangent value
(tan 6) tends to infinity and the dielectric loss gradually
decreases with the increase of frequency when w — 0. However,
the tan ¢ again appears to increase with frequency because the
relaxation loss gradually increases in the process of the estab-
lishment of the relaxation polarization.

The equation for the loss angle tangent of a dielectric under
an alternating electric field is:

¥ wt(e; — €w)
&(l 4+ w?1?)

tan 6 = e (2)
v is the conductivity, & is the vacuum permittivity, o is the
frequency of the alternating electric field, and 7 is the time
constant of relaxation.

For more details, the dielectric loss in the low frequency
range is mainly conductivity loss but the contribution of relax-
ation loss is large in the high frequency range. The dielectric
loss is mainly caused by current leakage for polymer composite
materials filled with conductive particles such as MWCNTSs. The
more conductive paths are formed with more content of
conductive filler so that the leakage of current is more severe
and the dielectric loss is higher. As shown in Fig. 3(c) and (d),
the tan ¢ of the BOPE/MWCNT composite films increased with
frequency after about 10* Hz. Because the various polarizations

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) and (b) AC conductivity as a function of frequency for BOPE

films and BOPE/MWCNT composite films at room temperature; (c) and
(d) AC conductivity of neat BOPE films and BOPE/MWCNT composite
films as a function of frequency at different temperatures.

of the dielectric materials could be established in time in the
low frequency region and the loss is all conductivity loss caused
by a conductance which is close to it under a constant electric
field.

For conductive particle-filled composites, the conductivity is
not only related to the volume of the conductive particles, but
also to the properties of the matrix and the conductive particles.
As seen in Fig. 4(a) and (b), the conductivity of the pure BOPE
films was 1.57 x 10~ S em ™' (frequency ~ 1 kHz), and the AC
conductivities of the composites increased with the increase of
MWCNTs content. As the filler content increased, electrons
could cross the barrier and conduct through the quantum
tunneling effect although the MWCNTs did not form
a conductive path through contact with each other. This
difference in conductivity was particularly pronounced in the
low frequency range, indicating that the difference in space
charge motion due to polarization was most obvious at low
frequencies. The content of MWCNTs used in this experiment

Fig. 5 SEM images for BOPE/MWCNT composite films with different
MWCNTSs content at drawing ratio was 5 x 5: (a) S-0.2-5; (b) S-0.4-5;
(c) and (d) S-0.6-5.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was very small, and the conductivities of all samples were below
107% S em ™' at frequencies from 10 to 10°. The AC conductivi-
ties of these BOPE/MWCNT composite films were completely
frequency-dependent, which indicates that the MWCNTs did
not form a good interconnected network due to the homoge-
neous dispersion in the polymer matrix after biaxial stretching.
It is beneficial to achieve high dielectric properties without high
dielectric loss.* The conductivities for the BOPE and BOPE/
MWCNT films increased as the temperature increased
(Fig. 4(c) and (d)), which indicates that the concentration and/or
mobility of free electrons in thermally activated BOPE/MWCNT
films were increased.

Morphology for BOPE/MWCNT composite films

The morphology of BOPE/MWCNT composite films was
observed by SEM, and the graphs were given in Fig. 5 and 6. The
diameter of multiwalled carbon nanotubes is generally a few
nanometers to tens of nanometers, while their length is in the
micron range, with a very large aspect ratio. Since they are
nanoscale fillers, MWCNTs tend to agglomerate. The variation
of the dispersion state of MWCNTs in the matrix with
increasing mass fraction was shown in Fig. 5. The small
protrusions on the cross section of the films were judged to be
the ends of MWCNTs aggregate clusters by shape and size. The
multiwalled carbon nanotubes were more uniformly dispersed
in the BOPE matrix due to the low filling amount. However,
because MWCNTs are highly agglomerated, the aggregated
clusters became larger and denser with the mass fraction of
MWCNTs increasing, indicating that the dispersibility of the
filler in the matrix decreased. It can also be clearly seen that the
interface between MWCNTs and the polymer matrix was not
obvious, indicating that the filler was well compatible with the
matrix. The shear force in materials during biaxial stretching
could improve the dispersion of nano-fillers in the polymer
matrix.

As shown in Fig. 6, the MWCNTs aggregated clusters were
better dispersed when the drawing ratio was increased to 5 x 5
for the same filler content. By observing the cross-section

Fig. 6 SEM images for BOPE/MWCNT composite films with different
drawing ratios: (a) and (b) S-0.2-4 and S-0.2-5; (c) and (d) S-0.6-4 and
S-0.6-5, respectively.
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Fig. 7 Thermal analysis of the BOPE/MWCNT composite films with
different MWCNTSs contents at different drawing ratios from DSC: (a)
and (c) endothermic flow; (b) and (d) exothermic flow.

Table 2 DSC parameters for BOPE/MWCNT composite films with
different MWCNTs contents and drawing ratios

Samples Tm (OG) Te (OC) AHy, U gil) Xe (0/0)
S-0-4 125.04 111.25 73.95 25.19
S$-0.2-4 126.37 114.88 76.16 25.99
S-0.4-4 126.06 114.89 73.78 25.23
$-0.6-4 126.28 115.26 74.42 25.50
S-0-5 125.11 111.15 73.28 24.96
$-0.2-5 126.59 114.88 77.26 26.37
S-0.4-5 126.10 115.00 74.36 25.43
$-0.6-5 126.34 115.23 74.90 25.66

through SEM (Fig. S17), not only the aggregated cluster ends of
MWCNTSs but also the lateral morphology of MWCNTS could be
observed, indicating that the MWCNTs were randomly oriented
in the BOPE matrix after simultaneous biaxial stretching.
Unfortunately, the micro-cracks circled in the figure formed due
to biaxial stretching also increased correspondingly with the
increase of the drawing ratio, which would have an impact on
the performance of the composite films.

Thermal analyses

The melting and crystallization behavior of the BOPE/MWCNT
composite films were investigated by DSC. The relevant
thermal parameters obtained from the heating and cooling
stages are given in Fig. 7 and Table 2. As shown in Table 2, it is
that with the addition of MWCNTs, the crystallization temper-
ature, crystallinity, and melting point of the films were
increased compared to pure BOPE. However, the crystallinity of
the composite decreased as the mass fraction of MWCNTs
increased. MWCNTSs as nano-fillers usually have heterogeneous
nucleation effects on BOPE during crystallization. Therefore,
the addition of certain content of MWCNTSs could improve the
crystallization temperature and crystallinity of the composites.
However, new interactions between BOPE and MWCNTs may
arise during the growth process of BOPE molecular chain
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Fig. 8 (a) Comparison of the XRD patterns of BOPE and BOPE/
MWCNT composite films with 0.6 wt% MWCNTSs at different drawing
ratios; (b) an overview of the XRD patterns for BOPE/MWCNT
composite films at different drawing ratios.

movement and regular exclusion into the lattice. For example,
BOPE has a repulsive effect on MWCNTSs, a new interface is
formed between MWCNTs and BOPE, resulting in the BOPE
chain segment engulfing MWCNTs. Therefore, when the
MWCNTs content reaches a certain value, the crystallization
rate and crystallinity of the composites may be reduced. In
general, the change in melting point follows the same trend as
the change in crystallinity. Both the melting point and the
crystallinity of the composites tended to increase first and then
decrease, which is the same as the above analysis.

As shown in Fig. 8(a), there were two obvious diffraction
peaks at 21.42° and 23.86° respectively, which were corre-
sponding to the (110) and (200) crystal plane diffraction of LDPE
crystals.” The intensities decreased with the increase of
drawing ratio, which indicated that the crystal content becomes
less. The results were agreed with the DSC measurements, as
shown in Table 2. For the immiscible blend systems, the
drawing ratio, drawing speed and applied temperature are
treated as the three dominant factors affecting the performance
improvement of biaxial stretching. The diffraction peak inten-
sity decreased with the increase of drawing ratio, which implied
a decreased degree of the crystal grain. An overview of the XRD
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Fig. 9 (a) and (b) FTIR and (c) and (d) Raman spectra for BOPE/
MWCNT composite films with different MWCNTs contents and
drawing ratios.
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patterns for all the samples was illustrated in Fig. 8(b). It could
be seen from the figure that the positions of the two peaks have
not been changed, indicating that the addition of MWCNTSs
filler did not change the crystalline shape of BOPE. Due to the
generally low intensity of the MWCNTSs (002) diffraction peak
and the relatively high crystallinity of BOPE, as well as the
relatively low MWCNTs addition content, no peak presence was
observed at its XRD characteristic diffraction peak position (26
= 26°).

The structure of BOPE films and BOPE/MWCNT blend films
was further confirmed by FTIR, as given in Fig. 9(a) and (b). The
peaks at 2925 cm ™', 2847 cm ™, 1472 em ™!, 716 cm ™, and
732 cm ™" were -CH,- vibrations, indicating that the material is
BOPE. The peaks at 2925 cm™ " and 2847 cm™ " corresponded to
-CH,- asymmetric stretching vibration and -CH,~ symmetric
stretching vibration. Meanwhile, the peaks at 1472 cm ™" cor-
responded to -CH,- bending vibration. In crystalline poly-
ethylene, the absorption peak at 720 cm™ " splits into double
peaks, which were at 732 cm™"' and 716 cm™ " in Fig. 9(a). As
shown in Fig. 9(b), the position and intensity of the infrared
peaks do not change significantly due to the increase of the
drawing ratio.

In order to identify MWCNTs nano-fillers, evaluate their
dispersion in polymers and polymer/nano-filler interactions,
Raman spectroscopy was used for the characterization of poly-
mer nanocomposites.” The Raman spectra of the biaxially
oriented composite films with increasing mass fraction of
MWCNTSs were shown in Fig. 9(c) and (d). It was clearly observed
in Fig. 9(c) that for the BOPE/MWCNT composite films with
increased MWCNTS content, the D band (1349 cm ™) obtained
from the disordered graphite structure and the G band
(1593 cm ") obtained from the in-plane vibration of the C-C
bond were significantly enhanced. Furthermore, the G band
shifted from 1571 cm ™' to a higher wavenumber (1593 cm™")
after stretching. The Raman comparison plots of pure MWCNTSs
and BOPE/MWCNT composites with different drawing ratios
were shown in Fig. 9(d) which indicated that the interfacial
interaction between the polymer matrix and MWCNTs was
improved due to the stronger compressive forces associated
with the polymer chains or microcrystals on MWCNTs.*
Moreover, it could be seen in Fig. 9(d), the D band (1349 cm ™)
obtained from the disordered graphite structure and the G band
(1593 cm ') obtained from the in-plane vibration of the C-C
bond were slightly enhanced as the drawing ratio of the BOPE/
MWCNT composite film increased. The increase in the intensity
of these two peaks may be attributed to the increase in the
drawing ratio as the stretching process proceeds, the more
uniform dispersion of MWCNTSs in the matrix, and the increase
in the degree of separation of the formed network structure,
which was consistent with the SEM results.

Breakdown strength and energy storage performances

Breakdown strength is used as an important parameter of
dielectric materials to avoid short circuits during the use of the
material. The dielectric breakdown strength for the BOPE and
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ture; (b) Weibull slope g for BOPE and BOPE/MWCNT composite films
as a function of MWCNT (wt%).

BOPE/MWCNT composite films were studied using Weibull
analysis according to following formula:

P(E) = 1 — exp(—Ei/Ey)B (3)

where in P(E) represents the probability of electric failure, E; is
the experimental breakdown strength of each sample, Ej, is the
calculated Weibull breakdown strength when P(E) is equal to
63.2%, and ( is the shape parameter which indicates the
dispersion of electric breakdown strength.

From the Weibull plots in Fig. 10, both breakdown strength
(Ep) at 63.2% failure probability (Fig. 10(a)) and slope
8 (Fig. 10(b)) could be obtained. The E}, were 635, 438, 426 and
380 MV m " at 0%, 0.2%, 0.4% and 0.6% MWCNT filler mass
fraction when the drawing ratio was 4 x 4, respectively. And E},
were 679, 479, 466 and 423 MV m ™" at filler mass fractions of
0%, 0.2%, 0.4% and 0.6% when the drawing ratio was increased
to 5 x 5. The breakdown strength was higher for films with
larger drawing ratio for the same MWCNTSs content. The reason
for the energy loss was the increase of dielectric loss of the
composite films due to the formation of small aggregated
clusters when the fillers were not well dispersed, and the loss of
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Fig.11 The actual values of the energy storage density of the materials
which were calculated based on the integration of the D—-E loops
measured by the experimental apparatus: (a) and (b) energy storage
density; (c) and (d) curve fitting of energy storage density.
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part of the electrical energy into heat due to the heating of the
material under the action of the applied electric field. The
breakdown strength was reduced because the stable state of
heat generation and the heat dissipation balance was broken as
heat was generated to increase the temperature. And the micro
cracks, cavities and other defects were formed after biaxial
stretching between the fillers and the polymer matrix. The
corresponding conductive channel was formed and breakdown
which also decreased the breakdown strength under the action
of certain applied voltage. Therefore, the breakdown strength of
BOPE/MWCNT composite films decreases with the increase of
MWCNTSs content. Although the defects of the film increased
when the drawing ratio increased, the dispersion of the filler
became significantly better, and the overall deformation was
a slight increase in breakdown strength.

The shape parameter § in the Weibull analysis is related to
the quality of the sample and the preparation process condi-
tions. The higher the stability of the material with the disper-
sion of the measured breakdown field strength data is smaller
when the value of the shape parameter is larger. As can be seen
from Fig. 10(b) that a gradually decreasing trend was shown
with the filler content increased to 0.6 wt% which indicated that
the stability of the material was reduced.

The dielectric loss is extremely low and the charge-discharge
efficiency is high for polyethylene because of its extremely
regular structure as the a non-polar polymer. The theoretical
energy storage density of linear polymer dielectrics can be
calculated by the following eqn (4) because their dielectric
constant is stable in the frequency variation range of the
external electric field:

1
U = Eé‘oﬁEbz (4)

where in ¢, &, and Ey,, respectively correspond to the dielectric
constant of the materials, vacuum permittivity, and the break-
down strength of the materials. And the energy storage density
of a nonlinear polymer can be calculated according to the
formula:

U= JEbdD (5)

where Ej, is the breakdown field strength and D is the electrical
displacement.

The actual values of the energy storage density of the mate-
rials in this paper were calculated based on the integration of
the D-E loops measured by the experimental apparatus, and the
energy storage density curves of BOPE and BOPE/MWCNT
composite films were shown in Fig. 11(a) and (b). The energy
storage density of the composite films increased from 1.20 J
cm ™ to 1.41 J cm ™ under 225 MV m ™ * electric fields at an
MWCNTSs content of 0.6 wt% and a drawing ratio of 4 x 4.
When the drawing ratio increased to 5 x 5, the energy storage
density increased from 1.01 J cm ® to 1.29 ] cm™*® with an
increase of 27.7%. Also, the energy storage density of the
composite films with different MWCNTSs content was lower than
that of the drawing ratio of 4 x 4 at a drawing ratio of 5 x 5 due
to the decrease in dielectric constant with increasing drawing
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Fig. 12 (a and b) Charging/discharging efficiency for BOPE and BOPE/
MWCNT composite films.

ratio. The energy storage density could not be measured at the
subsequent electric field strength due to the range of the
instrument. Therefore, the results were obtained by estimating
the original values. As shown in Fig. 11(c) and (d), the actual
measured energy storage density curves were fitted and
extended to calculate the energy storage density at the corre-
sponding electric field strength. Under an electric field of 300
MV m, the energy storage density of the composite film with
a drawing ratio of 4 x 4 and MWCNT content of 0.4% was 2.90 ]
cm >, which was a great improvement over the 2.57 ] cm ™ of
the BOPE film. The energy storage density of the composite film
was also increased from 2.22 J em > to 2.54 ] cm ™ at a tensile
ratio of 5 x 5. The larger the dielectric constant, the larger the
capacitance and the more energy it can store. The breakdown
strength is also an important factor in determining the
magnitude of the energy storage density. To improve the energy
storage density of film materials, the dielectric constant and
breakdown strength should be considered together.

The high energy storage efficiency of the dielectric means
less energy loss, better reliability and longer capacitor life.
Comparing the energy storage efficiency of the films in
Fig. 12(a) and (b), the energy storage efficiency of the materials
was around 90% which was slightly reduced after adding
MWCNTs. The high energy storage efficiency of the composite
film also leads to a fast charging and discharging rate of the
dielectric capacitor, thus ensuring the instantaneous high
power of the capacitor. In conclusion, the BOPE films modified
by adding MWCNTSs not only further improve the energy storage
density but also maintain high energy storage efficiency.

Conclusions

In this paper, a series of BOPE/MWCNT composite films were
prepared using biaxially oriented technique to solve the prob-
lems of non-uniform nano-filler dispersion and low dielectric
constant of PE films. The thin and uniform thickness BOPE/
MWCNT composite films were prepared by biaxially stretching
and were obtained high dielectric constant and energy storage
density. Meanwhile, the relationship between filler dispersion
and dielectric energy storage properties in the BOPE/MWCNT
system was revealed. The incorporation of trace amounts of
MWCNTs led to an increase in the dielectric constant of the
material. The dispersion of the filler became better with an
increased drawing ratio leading to a relatively higher Ei.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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However, defects such as micro-cracks due to biaxial orientation
caused a slight decrease in the dielectric constant. Therefore,
the energy storage density of BOPE/MWCNT films had a signif-
icant advantage over other PE films. This work is expected to
deepen the understanding of the relationship between filler
dispersion and energy storage properties in biaxially oriented
dielectric films. Also note that although this work provided
a scalable approach to fabricate high-performance capacitive
material, the effect of breakdown properties of nanocomposites
remained an issue. In future work, we will try to modify BOPE
films using methods such as plasma and other surface treat-
ments to improve the dielectric properties while maintaining
high breakdown strength.
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