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Abstract: Polypropylene has been widely used as dielectric material in organic thin-film capacitors
due to their high breakdown strength, low dielectric loss and self-healing capability. However,
polypropylene’s energy density is relatively low. Increasing the energy density of polypropylene
by adding materials with a high dielectric constant is commonly used. Still, it often leads to an
increase in dielectric loss, lower dielectric strength and other shortcomings. In this study, a thin 2D
platelet of mica/graphene oxide composite material was made from exfoliated mica as a substrate
and attached by graphene oxide. The mica/graphene oxide platelets were added to polypropylene
to make a plastic dielectric composite. The non-conductive flat inorganic additive can increase the
dielectric constant and dielectric strength of the composite without increasing dielectric loss. The tiny
mica/graphene oxide platelets can significantly improve the dielectric properties of polypropylene.
The results show that by adding a small amount (less than 1 wt%) mica/graphene oxide, the relative
dielectric constant of polypropylene can increase to more than 3.7 without causing an increase in
dielectric loss and the dielectric strength of polypropylene can also enhance.

Keywords: dielectric constant; graphene oxide; mica; polypropylene; composites

1. Introduction

Dielectric materials are widely used in electronics devices and systems [1–5]. Dielectric
materials’ performance requires consideration of multiple characteristics such as dielectric
constant (k or ε), dielectric loss (tan δ) and dielectric strength. Different applications will
require different dielectric materials [6]. For examples, IC insulation materials with a low
dielectric constant are required, dielectrics with high dielectric strength and low loss are
necessary under a high electric field application.

The dielectric used can be gas, liquid and solid state, for solid dielectrics, both poly-
mers and ceramics are common dielectric materials. Polymers have benefits such as
flexibility, low process temperature and high breakdown voltage but usually with a small
dielectric constant (mostly less than 10). Polymer dielectric is required for many appli-
cations such as capacitors and electronic packages. Ceramics are brittle, high process
temperature, high dielectric constant but with a low breakdown voltage. Combining differ-
ent materials as composites have been widely studied because composites can integrate
other materials’ unique properties to produce specific properties to meet the different
needs [7,8]. Therefore, many studies combine polymer and ceramics to be polymer-based
composites as dielectrics, usually by filling a flexible polymer matrix with isolated particles
of inorganic compounds to increase dielectric constant [9–13].

Polymer-based composites with a high dielectric constant can be classified into two
types based on the fillers used: dielectric and conductive fillers composites [14]. For dielec-
tric/dielectric composites, to find fillers with a high dielectric constant is very important.
Some ferroelectric ceramics exhibit a dielectric constant as high as 103 to 105. Therefore,
various ferroelectric-based ceramics have been widely used in dielectric/dielectric compos-
ites [15–17].
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The conductor/dielectric composites are based on the percolation theory [14]. The
composite’s dielectric constant increases with the increasing filler while the filler content
is smaller than the percolation threshold value. While the filler content approaches to
the percolation threshold, the dielectric constant reaches a very high value. When the
conductive filler’s content is higher than the percolation threshold, the composite becomes
a conductor. The percolation threshold is dependent on the shape, size and distribution of
the conducting fillers [18–22].

No matter what filler is used, polymer matrices play a ke + y role in dielectric com-
posites’ performance. Various polymers have been used because of their processability,
flexibility, melting temperature, dielectric response and dielectric strength. Polypropy-
lene (PP) film has been used as dielectric material in capacitors since the 1970s. The high
breakdown strength, low dielectric losses and high processability make PP well suitable
for polymer capacitor.

Breakdown strength of polypropylene is highest among common polymer films used
in capacitor applications. PP also has a low dielectric loss and excellent self-healing ca-
pability that makes it suitable for the high electric field. On the other hand, PP has a
relatively low dielectric constant only about 2.2 at room temperature, resulting in a typical
energy density of 1.2 J/cm3 [23]. In high voltage and high-power applications, the use
of polypropylene capacitors can achieve good results but they need a larger volume to
achieve sufficient electrical capacity. Therefore, recent research on PP films for capaci-
tors focuses on improving the dielectric constant and breakdown strength. Most of the
strategies adopted are producing copolymers, blending with other polymers or adding
inorganic particles [24,25]. There are many ways to increase dielectric constant and break-
down strength but only a little research shows positive results for maintaining the low
dielectric losses.

There has been a lot of research on dielectric and electrical properties of inorganic
fillers in polypropylene matrices, such as nano-fillers, carbon nanofiber, layered silicate,
core in shell nanoparticles, carbon black and glass beads [26–33].

Adding inorganic fillers to polymers usually leads to deterioration of mechanical
properties and loss of processing capacity. A small number of inorganic fillers in polymer
composite can reduce mechanical properties’ deterioration but it will do little to improve
dielectric properties [21]. Carbon-based fillers, including carbon nanotubes (CNTs), carbon
black (CB) and graphene, attract a lot of attention of researchers because they exhibit
excellent electrical properties and can improve dielectric constant of the polymer compos-
ites with relatively low concentration [34]. However, it is worth noting that the dielectric
loss of these composites will also increase at the same time. This is mainly related to the
formation of the electrically conductive pathway in the composites resulting in the leakage
current [35].

Carbon-based fillers are usually conductive materials, to prevent the formation of
the electrically conductive pathway on fillers surface in the composites, some methods
have been developed, such as coating another polymer on carbon-based fillers surface [36].
Graphene is a single layer of carbon atoms arranged in a two-dimensional honeycomb lat-
tice. Graphene oxide (GO) is graphene with many oxygen-containing groups on the surface
and/or edges of the stacked graphene layers. There are many carboxyl and/or hydroxyl
groups at the edges of graphene oxide platelets and on the surface of the platelets, there
are some epoxy groups [37]. The presence of such oxygen-containing groups deteriorates
the SP2 bonding orbitals and introduces the SP3 defect sites into graphene oxide and con-
sequently, the electrical conductivity is greatly decreased compared with the graphene [38].
Because of the presence of oxygen-containing groups, graphene oxide usually exhibits
high surface-to-surface interaction with polymer matrix through hydrogen bonds [39–41].
Oxygen-containing groups expand the interlayer distance what makes the layers hy-
drophilic, which provides favorable sites for bonding the foreign molecules [42–44]. Those
suggest that graphene oxide can be used to enhance the mechanical properties of polymer
composites.
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The plane of carbon atoms of graphene oxide is modified by a large number of oxygen-
containing groups, which may make interfacial polarization between graphene oxide and
polymer. Interfacial polarization is possibly favorable for the enhancement of dielectric
constant of polymer composites. Many studies have investigated the effects of graphene
oxide on polymer composites’ dielectric properties [45–47].

Recently, graphene oxide has attracted significant attention due to its large surface area,
porous structure and chemical stability, providing a platform for anchoring nanoparticles
to enhance the performance of nanocomposite structures [48,49].

In this study, mica/graphene oxide platelet was used as the composite filler to increase
polypropylene’s dielectric properties. The graphene oxide attached to the mica surface to
form a sandwich structure, adding mica can help augment dielectric strength and graphene
oxide with the high surface area, increasing the composite’s dielectric constant. The only
small amount of mica/graphene oxide fillers was used in polypropylene to avoid increased
dielectric loss, reduced mechanical strength and poor processability.

2. Materials and Methods
2.1. Materials

The mica platelets were prepared by ball milling and microwave-assisted hydrother-
mal method. The starting materials were natural mica film and they were milled by a
planetary mill (Deco, Changsha, China) at 730 rpm for 1 h. The milling was conducted in
a zirconia jar with zirconia balls. The milled powders were mixed with 0.9 M potassium
hydroxide solution in an autoclave and then heated at 260 ◦C for 3 h to make potassium
ions inserted into the mica layers. The mica powders were removed from solution to a
microwave oven to heat in 600 W for 10 min. After microwave treatment, ultrasonicator
and centrifuge were used to obtain mica platelets.

pH adjustment of methanol was made using acetate to pH 5 in a reflux device. About
1% Vinyltrimethoxysilane (VTS) (Sigma-Aldrich, St. Louis, United States, H2C-CHSi
(OCH3)3) is added to the methanol solution for silane hydroxylation at 65 ◦C for 1 h. The
mica platelets mixed with VTS solution and kept the temperature at 65 ◦C to enable the
mica surface-functionalized. The graphene oxide gel (Angstron Materials, Dayton, OH,
USA) mixed with methanol, ultrasonic for 1 h and then the graphene oxide solution added
to the reflux device with mica/VTS solution, the weight ratio of mica and graphene oxide
is 50:1, 50:3, 50:5, respectively. The mica surface with silane-functionalization makes it easy
to attach graphene oxide forming graphene oxide/mica composite platelets.

The composite platelets were dried in a vacuum oven after silane-functionalization
for 2 h and then mixed with PPgMA (Du Pont, Fusabond P613, Wilmington, NC, USA)
at 1:3 weight ratio. The mica/graphene oxide/PPgMA and the PP (Japan Polypropylene
Corporation EA9, Tokyo, Japan) particles were mixed and added to the twin-screw mixer
together. The temperature was at 200 ◦C and the rotation rate was 70 rpm. Two kinds of the
sample, PP/mica and PP/mica/ graphene oxide, had been prepared. The final weight ratio
of PP/mica is 99.9:0.1, 99:1, for PP/mica/graphene oxide is 99.49:0.5:0.01, 99.47:0.5:0.05
and 99.45:0.5:0.05. Polypropylene composite is extruded and moved to an automatic press
to hot press into a thin film at 215 ◦C. The complete production process shows in Figure 1.
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Figure 1. Mica/graphene oxide/polypropylene composite production process.

2.2. Characterization

The mica platelet, silane-functionalized mica, mica/ graphene oxide platelets and PP
composite was observed and evaluated.

The platelets and polymer film morphologies were observed by scanning electron
microscopy (SEM, S-3500, Hitachi, Tokyo, Japan) and transmission electron microscopy
(TEM JEM2010, JEOL, Tokyo, Japan).

Differential Scanning Calorimeters (DSC, Q2000, TA Instruments, New Castle, DE,
USA) and Thermal Gravimetric Analyzer (TGA, Q500 TA Instruments) were applied to
test thermostability of PP composites at a rate of 10 ◦C/min from 100 ◦C to 200 ◦C for
DSC and from 200 ◦C to 500 ◦C for TGA, both in the nitrogen atmosphere. The Fourier
transform infrared (FTIR) analysis of the mica/graphene oxide composites was carried out
using a spectroscopy (IS10, Thermo Fisher Nicolet, Waltham, MA, USA) to characterize the
interaction between mica and graphene oxide. The X-Ray Diffractometer (XRD, D8A25,
Bruker, Cu Kα1 radiation, λ = 1.5418 Å) with a range from 14◦ to 60◦ was carried out to
investigate the crystal phase of mica/graphene and PP before and from 10◦ to 25◦ for PP
composites. Surface areas were obtained by applying the Brunauer-Emmett-Teller (BET,
ASAP 2020, Micromeritics, New Taipei City, Taiwan) equation on the BET plot’s linear
zone, using nitrogen gas as an adsorbate at liquid nitrogen temperature.

The capacitance of PP composite film with parallel silver paste electrodes is directly
measured using LCR meter (6370, Microtest) at 1 kHz by the following equation:

C = εrε0A/d (1)

where ε0 is the dielectric permittivity in vacuum and is 8.854 pF/m, εr is the relative
permittivity, A is the area of parallel electrodes, d is the thickness of dielectric material, C is
the electrical capacity.

The measurement of dielectric strength was following ASTM D149 standard. The
alternating voltage at a commercial power frequency (60 Hz) is applied to a test specimen.
The voltage is increased from zero until the dielectric failure of the test specimen occurs.
The specimen size is about 11.5 × 11.5 × 1.2 mm. ASTM D149 [50] used a large area
of samples to measure dielectric strength, so it is susceptible to small defects inside the
specimen, resulting in low dielectric strength.

The tensile tests were conducted using 3 samples for each composition with the tensile
testing machine (HT-2402, Hungta, Taichung, Taiwan) at room temperature. Tensile test for
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films is according to ASTM D882 standard, the thickness and width of the film are about 0.1
to 0.2 mm and 25 mm, gauge length is about 100 mm, the crosshead speed is 25 mm/min.

3. Results and Discussion
3.1. Mica/Graphene Oxide Composite Platelets

Mica is the group of sheet silicate (phyllosilicate) minerals that have a layered or platy
texture. The crystalline structure of mica forms layers that can be split or delaminated
into thin sheets. These sheets are dielectric, flexible, hydrophilic and insulating. Mica is
stable when exposed to electricity and extreme temperatures. It has superior electrical
properties as an insulator. As a dielectric, adding mica to the polymer can increase the
polymer’s dielectric and mechanical properties. Mica can be split as very thin platelets
while maintaining high dielectric breakdown, thermally stable and resistant to the corona
discharge.

The mica layer’s exfoliation is made by potassium ions inserted into the mica and
expanded using the microwave. Figure 2 shows electron microscopes’ observation in
the various production stages of mica/graphene oxide composite platelets. Figure 2a is
the SEM image of mica after the hydrothermal process and microwave expansion, flaky
mica particles and many flat holes in bulk mica can be observed, representing that the
hydrothermal and microwave method can exfoliate mica layer. Figure 2b is the BF TEM
image of the mica platelet after centrifugation, we can see the flaky structure in the figure
and the edge of the mica is barely visible. The mica’s superimposed layers can also be
observed, indicating that the mica platelets’ thickness is quietly thin.

Figure 2. (a) Scanning electron microscopy (SEM) image of mica after microwave process (b) trans-
mission electron microscopy (TEM) image of mica after the centrifugal procedure (c) SEM image
of silane-functionalized mica platelet (d) TEM image of silane-functionalized mica/graphene ox-
ide platelet.

Figure 2c is the SEM image of silane-functionalized mica and we can observe that
stacking of mica layers. Each platelet’s size is less than 1 micron because the silane-
functionalization on mica surface, so it can be observed that the interface between the mica
layer and layer is not fully attached. Figure 2d is a BF TEM photo of mica sheets with
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graphene oxide, also can be observed in a layered structure, because graphene oxide is
attached, make the edges are not as sharp as mica. Mica is a brittle material; the edge is
more prone to produce sharp appearance. Graphene oxide attachment allows the mica’s
sharp edge to be smoother and can reduce the defects caused by the pointed mica tip in
the Polypropylene composite.

The mismatch between the organic and inorganic phases makes it challenging to
attach completely. Surface modifications for inorganic fillers were commonly employed
in organic-inorganic composites to improve the interfacial compatibility to achieve de-
sired performances [51]. Mica is an inorganic material and the surface is with polarity.
Polypropylene is an organic material with nonpolar; if the two are not modified, in the
mixing process will cause mica and polypropylene cannot be evenly mixed [52]. Therefore,
we used the silane coupling agent VTS to help the combination of mica, graphene oxide and
polypropylene. Silane needs to hydrolyze itself first; the speed of hydrolyzing is related
to solvent, temperature and chemical structure. The mica surface partially absorbs the
hydrolyzed silane to enhance mica surface wetting.

Figure 3 shows Fourier transform infrared (FTIR) spectra of mica and mica/graphene
oxide before and after functionalization with silane. The results showed that the original
mica and hydrothermal expansion mica both in the wavenumber 1640 and 3620 cm−1

have absorption peak corresponding to O-H group, indicating that after hydrothermal
expansion, the number of mica layer decreased but the structure remains the same.

Figure 3. Fourier transform infrared (FTIR) spectra of mica and mica/graphene oxide before and
after functionalization with silane.

The FTIR spectra of silane-functionalized mica show that Si-O absorption peaks at
wavenumbers 684, 765, 784, 1250 cm−1, C-H absorption peaks at 2972, 2964 cm−1 and
C=O at 1635 cm−1, 1729 cm−1. C=C absorption peaks at wavenumbers 1615 cm−1, N-H
absorption peaks at wavenumbers 1455 cm−1, -Si-O-CH3 characteristic absorption peak
appears in 1192 cm−1. The absorption peaks mentioned above can directly prove the
success of silane-functionalization on mica surface. C-C absorption peaks at wavenumbers
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2350 cm−1 appeared in silane-functionalized mica mixed with different graphene oxide
proportions, indicating that graphene oxide has successfully cross-linked with mica.

Figure 4 shows XRD patterns of silane-functionalized mica and mica mixed with
different proportions of graphene oxide. The XRD pattern of silane-functionalized mica
shows low crystallization and therefore, cannot get significant peaks. The results of mica
with different ratios graphene oxide both show that (002) peak of graphene oxide in the
patterns. Peak intensity is weak and broader, so it can be estimated that the thickness of
graphene oxide attached to the mica platelets is very small and cross-linked together well
by silane.

Figure 4. X-ray diffraction (XRD) patterns of silane-functionalized mica and mica/graphene oxide.

In dielectric composite, the energy density is positively related to the surface area of
the addition. Table 1 shows the BET surface area of mica before and after functionalization
and mixed with graphene oxide. The results show that the surface area reaches 3.18 m2/g
after hydrothermal and microwave-assisted exfoliation. The surface area is increased to
16.2 m2/g after the silane functionalization. The surface area increasing may be due to the
silane functionalization on the mica surface, which causes mica platelets not to stack and
combine firmly, thus expanding the mica’s surface area.

Table 1. Brunauer-Emmett-Teller (BET) surface area of mica before and after functionalization and
mixed with graphene oxide.

Sample BET Surface Area(m2/g)

Mica 3.18
Mica+silane 16.2

0.5% mica + 0.05% GO + silane 22.42

After the mica and graphene oxide are mixed in a ratio of 10:1, the surface area is
increased to 22.42 m2/g. Graphene oxide and mica will begin to stack after the solvent is
removed. The silane-functionalized mica platelets will be sandwiched with the graphene
oxide, creating a gap between the mica platelets, resulting in an increase in the surface area.
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The graphene oxide has a BET surface area of about 700 m2/g [53], enhancing the mica/
graphene oxide composite’s surface area.

3.2. Graphene Oxide/Mica/Polypropylene Composites

The XRD pattern of the original PP and PP composites films (Figure 5) shows that
the effects of different contents of mica and mica/graphene oxide on polypropylene on
crystalline properties. For PP film, there are three diffraction peaks, 2θ = 14.1◦, 16.9◦,
18.5◦, corresponding to the crystal face of (110), (040), (130), respectively, which belong
to the characteristic diffraction peaks of α-crystalline type. The diffraction peaks at 21.0◦

and 21.8◦ combined make independent peaks cannot be separated. For PP + 0.1%mica,
PP + 1%mica, PP + 0.5%mica + 0.01%GO, PP + 0.5%mica + 0.03%GO and PP + 0.5%mica
+ 0.05%GO composite films, two diffraction peaks, 2θ = 21.2◦ and 21.8◦ can be found,
corresponding to the crystal face of (111) and (131). It can be observed that with the
increasing of the content of mica and mica/ graphene oxide, the degree of crystallinity
of PP composite increases. Higher crystallization can improve the dielectric strength but
it may also increase the dielectric loss of PP composite. The PP composites also exhibit
improved thermal stability and higher crystallinity due to that the fillers hinders the
mobility of the polymer chains [54].

Figure 5. The X-ray diffraction patterns of polypropylene, mica/polypropylene and graphene
oxide/mica/polypropylene films.

The SEM observation of the hot-pressed PP composite after mixing is shown in
Figure 6. Figure 6a shows the surface of the 0.1 wt% mica/polypropylene composite,
which shows the flow of the polymer at high temperature after heating and the surface is
not smooth. Figure 6b is the surface of 1 wt% mica/polypropylene composite and we can
find that the holes at the surface increased significantly. The holes may mainly due to the
increase in mica volume at PP composite, increasing polypropylene’s viscosity.
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Figure 6. (a) The surface of the 0.1 wt% mica/polypropylene composite, (b) the surface of the 1 wt% mica/polypropylene
composite (c) 0.5 wt% mica/0.01 wt% graphene oxide (GO)/polypropylene (PP) and (d) 0.5 wt% mica/0.05 wt% GO/PP
SEM observation.

Figure 6c,d was 0.5 wt% mica/0.01 wt% GO/PP and 0.5 wt% mica/0.05 wt% GO/PP
SEM observation, it can be seen that the surface appearance is relatively flat after adding
graphene oxide, the hole at the surface is reduced. Adding graphene oxide can avoid the
increase of PP composite viscosity and small inorganic particles can be observed in the
polypropylene substrate.

Figure 7a is the DSC result of PP and PP composite with different mica addition
proportions. PP has a heating peak at 160.23 ◦C while adding different mica content results
shows that the heating peak is 159.36 ◦C. Figure 7b shows DSC results of PP with varying
proportions of graphene oxide in the same mica weight ratio. The results show that whether
the addition of mica or graphene oxide, the results of DSC did not change much, the main
reason is that the amount of addition is so tiny.

Figure 7c is the TGA results of PP and PP composite with different proportions of
mica addition, the TGA curve is similar and the remaining weight of PP composites is
proportional to the content of mica addition. Figure 7d shows TGA results of PP added
different proportions of graphene oxide in the same mica weight ratio and the results show
that the TGA curve is almost the same and the more graphene oxide added, the more
weight remaining.
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Figure 7. Differential scanning calorimetry (DSC) heating curves of (a) polypropylene (PP) and the PP/mica composites.
(b) PP/mica/graphene oxide composites. And Thermogravimetric analysis (TGA) curves of (c) polypropylene (PP) and the
PP/mica composites. (d) PP/mica/graphene oxide composites.

3.3. Dielectric Properties of Graphene Oxide/Mica/Polypropylene Composites

Figure 8a shows the relative dielectric constant of PP film with different proportions
of mica addition, the relative dielectric constant is measured at AC 1 kHz. The results show
that the average relative dielectric constant of PP film is about 2.36, after adding 0.1 wt%
mica the result raised to 2.84 and the relative dielectric constant for 1 wt% mica adding is
3.423. The results show that only a small amount of mica adding can significantly increase
PP’s dielectric constant value.

Figure 8. Cont.
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Figure 8. (a) the relative dielectric constant of PP film with different proportions of mica addition,
(b) shows the relative dielectric constant and dielectric loss of 0.5 wt% mica with varying proportions
of graphene oxide added to the PP matrix.

Parallel and series models are simplified models to estimate the dielectric properties
of a mixture consisting of two different dielectric materials, shown in Equation (2) [55]. The
effective dielectric constant “eff ” of the mixture can be simply written as

εn
e f f = ϕ1εn

1 + ϕ2εn
2 (2)

where ϕ is the volume fractions of two dielectrics respectively, ε is the relative dielectric
constant of dielectric and the n is either +1 for a parallel case or −1 for a series case.

The relative dielectric constant of mica and polypropylene from the literature were
used to fit Equation (2) to calculate the effective dielectric constant of the composite;
we found that we could not correctly match the experiment results. There may be two
possible reasons: first, after mica exfoliation and stacked during drying, mica’s density has
changed, so it is not possible to know the correct volume ratio. Second, mica’s surface has
functionalized by silane, forming an interfacial dielectric between mica and PP, significantly
increasing the dielectric constant of mica. It has been reported that there exist interface
regions at polymer-filler interfaces in particulate filled polymer composites [56]. The
interface region consists of polymer molecules which are bonded at the filler particle
interface giving rise to unique electrical and physical properties [8].

The parallel and series model is derived from experimental data and does not represent
all the components’ physical principles discussed. graphene oxide/mica added in this
study is different from the fillers added by the previous study, resulting in the inability
to use this model to infer the relationship between the addition and the composite’s
dielectric constant.

Chemical coupling agents (VTS) and surfactants (PPgMA) are used to enhance the
compatibility between the polypropylene and dispersed mica/graphene oxide. Thus, in
a PP-mica-graphene oxide interface region, polymer molecules bonded to the graphene
oxide and mica surface, creating a composite filler with different electrical characteristics
from constituent states. We can assume that the PP/mica composite’s dielectric constant is
significantly improved by interfacial capacitance.

Dielectric material with higher dielectric loss will be easier to cause the dissipation
of energy by generating waste heat and also decreases the discharged energy density and
the charge/discharge efficiency of the capacitors. Therefore, only increasing the dielectric
constant and reducing the dielectric loss of dielectric materials can effectively improve the
capacitor’s performance.

Generally speaking, in dielectric polymer composites, with the increase of dielectric
filler, the dielectric loss of composite will also raise due to the interface between polymer
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and filler. In this study, the dielectric loss did not increase much as the additions increased;
this may be due to the minimal amount of modified mica added.

Figure 8b shows relative dielectric constant and dielectric loss of 0.5 wt% mica with
different proportions of graphene oxide added to the PP matrix. The results show that the
relative dielectric constant increases with the addition of graphene oxide. After adding
0.05 wt% graphene oxide, the relative dielectric constant is 3.753, up 60% from PP and the
dielectric loss remains unchanged.

The amount of mica and mica/ graphene oxide added in this study is very tiny. Such a
low amount of addition can improve relative dielectric constant and retain the low dielectric
loss of polypropylene. Mica and graphene oxide composite platelets can be considered high
dielectric additions. These silane-functionalized platelets and polypropylene connected to
form more interfacial layers enhance the dielectric constant of the composite.

The main reason for testing the dielectric strength of mica/graphene oxide/polypropy-
lene composites following the ASTM D149 standard is that the material’s overall dielectric
strength can be obtained not just perfect areas without any defect been tested.

Because we cannot avoid generating some defects during polymer capacitors’ produc-
tion, these defects will cause a significant reduction in dielectric strength, especially for
composite polymer capacitors. Performance-enhancing fillers will import more defects
into polymer dielectric film, so to test the overall dielectric strength to meet the real needs
is more proper. For polypropylene, the dielectric strength obtained by ASTM D149 is
approximately 23.6 kV/mm [57].

In addition to the dielectric constant, breakdown strength is also an important param-
eter that determines polymer composites’ energy density. The maximum energy storage
density (wmax: Jm−3) of linear dielectrics is related to breakdown strength as follows [55,58],

wmax =
1
2

ε0εrE2
b (3)

where Eb is the breakdown strength of the medium, the material’s breakdown strength is
the maximum electric field that can be applied to a dielectric without making it conducting.
It can be known from the equation that increasing the value of relative dielectric constant
and dielectric strength can improve the theoretical energy density of dielectrics.

Fillers with an excellent dielectric constant are necessary to improve composites’
energy density but it should not lower breakdown strength at the same time. Moreover,
a large difference in dielectric constants between fillers and polymer matrix results in
inhomogeneity in the electric fields of polymers, which may lower the breakdown strength
and energy density.

Table 2 shows the sample size and dielectric strength of PP with different proportions
of mica and graphene oxide and Figure 9 shows the dielectric strength comparison of
all samples. The results show that the small number of mica platelets can increase the
dielectric strength. With the increase in the amount of mica addition, the dielectric strength
also gradually increases. The flat plate structure of mica platelets can increase dielectric
strength, mainly because it increases the electrically conductive path’s distance. 0.5%
mica/0.01% GO/PP achieve the highest dielectric strength value 38.5 KV/mm, however,
with the increase of graphene oxide, dielectric strength has decreased significantly.

For a composite, the electric field is not uniform under an electric field and its distri-
bution depends on each ingredient’s dielectric property. Although mica/graphene oxide
platelets’ addition can significantly improve dielectric constants also help enhance the
density of electrical energy. Still, the inhomogeneity of the electric field in the polymers
is more and more serious. Furthermore, it is possible to peel off graphene oxide from the
mica during the twin-screw mixing and mixed graphene oxide into the polypropylene
matrix, increasing interface defects in the composite and increased conductivity. These
defects may make a decrease in the dielectric strength of the dielectric polymer film.
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Table 2. Dielectric strength of PP with different proportions of mica and graphene oxide.

Sample Area (cm2) Thickness (mm) Breakdown Voltage
(KV)

Dielectric Strength
(KV/mm)

PP 133.0 1.25 40 32.1
0.1% mica/PP 133.2 1.18 38.4 32.5
1% mica/PP 133.0 1.18 43.2 36.3

0.5% mica/0.01% GO/PP 133.4 1.17 45.1 38.5
0.5% mica/0.03% GO/PP 133.3 1.19 41.7 35
0.5% mica/0.05% GO/PP 133.3 1.13 32.6 28.8

Figure 9. Dielectric strength comparison of all samples (a) the PP film with different proportions of mica addition, (b) 0.5 wt%
mica with varying proportions of graphene oxide added to the polypropylene.

Results obtained by ASTM D149 method can seldom be used directly to determine
the dielectric behavior of a material in an actual application. In most cases, these results
need to be evaluated by comparing the test results with other materials. It can be found
that the addition of mica and a small amount of graphene oxide increases the dielectric
strength of polypropylene compared to the result of PP raw materials.

3.4. Tensile Test of Graphene Oxide/Mica/Polypropylene Films

In addition to dielectric properties, mechanical properties are also a critical factor
for polymer capacitors, as they affect the yield and reliability of the final product. The
engineering tensile stress-strain curves of PP, mica/PP and mica/graphene oxide/PP films
are shown in Figure 10, from which the elongation of polypropylene is over 50% and the
ultimate tensile strength (UTS) is 17.8 MPa.

The experimental data show that the tiny amount of mica mixed with PP will increase
the PP composite’s tensile strength but the elongation is significantly reduced. The tensile
elongation of 0.1% mica/PP can reach 50% but 1% mica/PP only 25% left.

Adding a small number of fillers in the matrix increases polypropylene’s mechanical
properties, whether tensile strength or elongation. As the number of fillers increases, the
mechanical properties begin to decrease significantly. With the rise of inorganic brittle
mica in polypropylene resulting in a decrease in tensile elongation. Dual screw mixing was
used to stir mica, graphene oxide and PP, that will cause layered mica and graphene oxide
de-layering and produce defects in polypropylene matrix and these internal defects make
the tensile strength decreased.

When mica and graphene oxide disperse into the PP matrix separately, it can improve
dielectric constant but often results in an augmentation in dielectric loss and processing
performance reduction. Adding a small amount of mica/graphene oxide platelets to
polypropylene seems to get the optimal results. The reasons for this are not fully understood
and more research is needed.
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Figure 10. Tensile stress-strain curves of polypropylene, mica/polypropylene and graphene ox-
ide/mica/polypropylene films.

4. Conclusions

The addition of a high permittivity non-conducting material to polymer capacitor
could increase the capacitor’s energy density and enhances the ability to resist the high
electric field. This study successfully prepared mica/graphene oxide composite platelet and
mixed it with polypropylene to produce mica/graphene oxide/polypropylene dielectric
film. The experimental results confirmed that a small amount of addition (less than 1 wt%)
could enhance the relative dielectric constant of polypropylene, without causing an increase
in dielectric loss. In a specific addition ratio, can also improve dielectric strength.

The increase of the amount of graphene oxide benefits to enhancing dielectric constants
is more significant than that of mica. Still, more graphene oxide will cause a decrease
in dielectric strength and mechanical properties. Too many additives will increase the
composite’s dielectric loss, decrease the dielectric strength and mechanical properties. The
functional groups on the surface of the graphene oxide can avoid reducing the influence
of the additives. The two-dimensional planar mica/graphene oxides can increase the
electrically conductive pathway’s length, thereby enhancing the ability to resist high
electric fields. This study confirmed that adding a small amount of mica/graphene oxide
composite can increase the energy density while maintaining the other electrical advantages
of polypropylene and maintaining sufficient mechanical processing performance.
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