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POLYMER COMPOSITES
WITH IMPROVED DIELECTRIC
PROPERTIES: A REVIEW

Materials exhibiting high dielectric constant (k) values find applications in capacitors, gate di-
electrics, dielectric elastomers, energy storage device, while materials with low dielectric con-
stant are required in electronic packaging and other such applications. Traditionally, high k
value materials are associated with high dielectric losses, frequency-dependent dielectric behav-
ior, and high loading of a filler. Materials with low k possess a low thermal conductivity. This
creates the new challenges in the development of dielectric materials in both kinds of applica-
tions. Use of high dielectric constant filler materials increases the dielectric constant. In this
study,the factors affecting the dielectric constant and the dielectric strength of polymer com-
posites are explored. The present work aims to study the effect of various parameters affecting
the dielectric properties of the materials. The factors selected in this study are the type of a
polymer, type of a filler material used, size, shape, loading level and surface modification of
a filler material, and method of preparation of the polymer composites. The study is focused
on the dielectric enhancement of polymer nanocomposites used in the field of energy storage
devices. The results show that the core-shell structured approach for high dielectric constant
materials incorporated in a polymer matriz improves the dielectric constant of the polymer
composite.

Keywords: polymer composites, dielectric constant, dielectric strength, ceramic filler, en-

ergy storage.

1. Introduction

Energy storage devices, bypass capacitors used in
microelectronics, electronic devices working at high
operating frequency widely use dielectric materials
with high dielectric constants [1-3]. Miniaturization
of electronic devices demands the low dielectric con-
stant material for the packaging and insulating ma-
terials [4, 5]. Therefore, the synthesis of both types
of materials has created a lot of interest among the
researchers today. The materials with high dielec-
tric constant should have high dielectric strength,
low dielectric losses, chemical resistance, frequency-
independent response, and good mechanical proper-
ties for its desired applications. It is hard to get the
unique combination of all properties in one compo-
nent material. Usually, ferroelectric ceramics show a
high dielectric constant and low losses, but these ma-
terials are generally brittle in nature. Due to their
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brittleness, it is difficult to fabricate a complex
shape. Even the processing of ceramic substrates dur-
ing the circuit fabrication [5] becomes difficult due to
their brittle character. In addition, ceramic materials
have poor dielectric strength. Polymers exhibit good
dielectric strength, stability in chemical attack, hy-
drophobic and restraint in temperature, and are also
easy to be treated, but have very small value of the
dielectric constant (k < 10), which limits the scope
of their application [1-3, 6, 7]. High dipole density
polymers can have high energy density [8]. In addi-
tion, they have a high dielectric strength. Therefore,
for high energy density capacitors, polymers are the
best suited dielectric materials. To meet desired di-
electric properties, composites of polymers with met-
als, semiconductors, metal oxides, and ceramics are
synthesized using a variety of filler materials.

To achieve the desired properties in dielectric com-
posites, the connectivity between filler and matrix
materials is very important. In a multiphase mate-
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rial, the interspatial relationships are described by
the concept of connectivity which affects all proper-
ties of the composites. The filler dimension, interfa-
cial properties, percolation threshold, and porosity
affect the properties of composites [5, 9, 10]. The-
refore, different factors are considered, while de-
signing the composite material such as a matrix
polymer, filler, size and shape of a filler, surface
treatment of filler, hybridization of a filler, synthe-
sis method, etc. [11]. This review article focuses on
the thermoset, thermoplastic materials both polar
and non-polar polymers like polyvinylidene fluoride
(PVDF), polyvinylidene fluoride trifluoro-ethylene
P(VDF-TrFe), cynoresin polymer, polypropylene
(PP), polystyrene (PS) etc.

2. Theoretical Models for Composites

The relative permittivity (dielectric constant) of a
material is related to its capacity of energy storage,
when a potential is applied across it. The energy den-
sity stored in a material is related to the macroscopic
property called the polarization [9]. The energy den-
sity (U) stored in a dielectric material is governed by
the applied electric field (F) and electric displacement
(D) as,

U= /EdD. (1)
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For linear dielectrics,

U= Lpp— 1g()/gEb?, (2)
2 2
where, Ey, k, and ¢y are the breakdown field strength,
effective permittivity (dielectric constant) of the com-
posite, and permittivity of vacuum, respectively. In
nanocomposite materials, the loading level of a na-
noparticle filler should be rationally chosen in such
a way that the combination of k& and FEj gives the
maximum energy density [7, 8, 12-17]. In dielectric
composites, especially those with the 0-3 connecti-
vity, the percolation level plays an important role.
The volume fraction of filler particles at which ini-
tially isolated inclusions get interconnected and dis-
tort the pure 0-3 connectivity called percolation
threshold [18]. Particles of certain size and shape
have clearance (matrix material) between neighbour-
ing particles below the percolation threshold. The
mean percolation threshold depends on the shape
and size distributions of particles [9]. For conduc-
tive fillers, the percolation is defined as a change
in the dispersion state of the conducting phase of
a composite. The percolation threshold is the mini-
mum volume content of the conducting filler, where
the drastic change in the electrical conductivity be-
gins [19]. Figure 1 shows changes in properties of
polymer composites at the percolation threshold. It
is clear from Fig. 1 that, as the volume fraction
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of filler particles increases, initially isolated inclu-
sions get interconnected with the polymer matrix
and significantly affect the conducting properties of
the matrix. Percolation theory of dielectric compos-
ite suggests,

fe — faller

. : ()

k= ko

where, k is the effective dielectric constant of a com-
posite, kg the dielectric constant of the matrix, f. the
percolation threshold, fgjer the volume fraction of a
filler, and g is the critical exponent [20].

For the mechanical flexibility of PVDF, a low per-
colation threshold is required. It is obtained by intro-
ducing graphene nanoparticles in PVDF with large k
(k > 200) at the percolation threshold f. [21]. The
research study reported on that, at a low percolation
threshold, £ up to 806 can be obtained by introducing
SiC-CNT in PVDF [22].

The effective dielectric constant of a composite ma-
terial is a function of the dielectric constant of in-
dividual constituents, filler loading level, size and
shape of filler particles, dispersion of filler particles,
dielectric displacement, etc. Various models are pro-
posed to explain the dielectric properties of com-
posites. Mixing equations proposed by theoretical
models are based on electrostatic theories. Moreover,
some mixing equations have a stronger empirical
background. When the effective dielectric constant
and volume fractions of individual constituents are
measurable, then the properties of the material com-
ponents can be derived using some mixing equations
[9, 23].

Dielectric properties are also influenced by the dis-
persion of a filler in the matrix, morphology, and in-
teractions between the two phases [5]. Many compos-
ites deviate from the ideal configuration due to the
clustering of a filler and an increase in the porosity
[23]. Theoretical models proposed to predict the di-
electric constant of a composite are as follows:

1) Average Mixing Model

k = vik1 + vako; (4)
2) Maxwell-Garnett

k1 — ko
; 5
k1 4 ko —v1(k1 — k2) 5)

k= kg + 21)1]62
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3) Lichtencher formula (Classical model of logarith-
mic mixing rule)

Ink =v;Inky + vy lnks; (6)
4) Power mixing rule
kﬂ = ’Ulklﬁ + 1}2/4325. (7)

By the Bitcher formula, 8 =
formula, g = %

Here, k is the effective dielectric constant of com-
posites, k1, ko, and vy, vg are the dielectric constants
and the volumes of a filler and a matrix polymer,
respectively [24]. Dielectric loss is a complicated phe-
nomenon. Therefore, a relatively few theoretical mod-
els are available for the prediction of a loss factor or
loss tangent. The general mixing model predicts the-
oretical values in good agreement with experimental
data. We have

(tand.)™ = > vyi(tand;)”, (8)

where tand., tand;, and vyi are the loss tangent of
the composite material, loss tangent of i;h material,
and volume fraction of the i;h material, and « is a
constant which determines the mixing rule.

The relation @ = —1 means the serial mixing,
a = +1 the parallel mixing, and o = 0 gives the loga-
rithmic mixing rule [5]. It is affected by the presence
of moisture or humidity. Dielectric losses in a material
may arise due to intrinsic or extrinsic imperfections
in the crystal lattice. The proper processing of mate-
rials minimizes the losses due to extrinsic imperfec-
tions. Dielectric losses due to different types of defects
show different temperature and frequency depen-
dences. A hydrophilic filler like Al adsorbing humid-
ity can affect dielectric losses [5, 9]. Dielectric proper-
ties of composites are frequency-dependent. Different
physical processes such as dielectric resonance, dielec-
tric relaxation, electrical conduction, and loss from
non-linear processes cause the dissipation of the elec-
trical energy leading to dielectric losses in materials
9, 25].

Generally, the theoretical models applicable for low
loading and increasing filler contents show diverse re-
sults. This occurs, because, at higher loadings, there
is an imperfect dispersion of ceramic filler particles
in the matrix and due to air trapped or the porosity
of the composite. Another reason for this deviation
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in results is due to the fact that a theoretical model
does not consider the matrix—filler interphase interac-
tions. These predictions are found to be in agreement
for composites which have nearly same relative per-
mittivity values for a filler material and the matrix
[5, 9, 10].

3. Factors Affecting
Dielectric Properties of Composites

3.1. Polymer material

Polymer composites show different properties, and
those properties depend on whether the polymer
used as a matrix is a thermoplastic polymer or ther-
moset polymer. Such property as the melting tem-
perature is associated with a thermoplastic poly-
mer, while the thermoset polymer shows a dimen-
sional behavior which is characterized by its glass
transition temperature (T};). Thermoplastic polymer
composites require no curing and show the un-
limited shelf life, reprocess ability, lower moisture
absorption, chemical inertness, higher service tem-
perature, and high environmental tolerance com-
pared to thermoset matrix composites, but show a
relatively high viscosity and processing difficulties
[26]. Even at a high filler loading (60 vol%), ther-
mosetting composites exhibit a low porosity, but a
high moisture absorption and low tensile strength.
It is difficult to use thermoset composites in ex-
treme chemical environments. Polyphenylene oxide
(PPO), poly(tetrafluoroethylene) (PTFE), polyether-
imide (PEI), etc., are the major thermoplastic poly-
mer matrices having frequency- independent dielec-
tric properties in the microwave frequency region
(9). A research study has reported on that composites
like Al;O3/PEI MgO/PEI, SiO,/PEI, BaTiO3/PEI,
BN/PEI polyethrmide(PEI) have dielectric constants
independent of the nanofiller type [27]. Polymetyl
methacrylate (PMMA) is good for low- k polymer
composites [28].

The polar polymer increases the dielectric constant
of a composite material at low frequencies, but has
hardly any effect at microwave frequencies [5]. PVDF
has low water absorption characteristics and, due
to the polar nature, exhibits a high & > 10 value
[8, 29]. Cynoresins have high polarity cyno groups
as side chains which exhibit the dielectric behav-
ior. Because of a polar backbone, the polar polymers
show a strong affinity for inorganic oxides [30, 31]. Tt
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was reported on the synthesis of low-k, low-density
Mg2SiO4 /PTFE composite, with &k value remaining
almost constant throughout the frequency spectrum
0.5 to 3 MHz [23].

3.2. Filler materials

Research studies have reported on the use of a con-
ductive or semiconductor filler which increases the
interfacial polarization between a filler and the poly-
mer matrix, thereby enhancing the dielectric constant
of the composite [19, 32]. The conducting filler dis-
persed in an insulating matrix exhibits a high per-
mittivity near the percolation point of the conduct-
ing phase [33]. A conductive or semiconductor filler
leads to large dielectric losses. The use of highly po-
larizable conjugated polymers enhances the dielec-
tric constant to a good extent, but the dielectric loss
also increases proportionally, as the conduction oc-
curs due to the formation of a conductive path [3,
20, 24]. Because of a conductive filler, the dielectric
constant increases, but the dielectric strength sig-
nificantly decreases [34]. For a conductive or semi-
conductor filler, the dielectric loss is large [9]. For a
conductive filler, the dielectric constant of a compos-
ite depends on the interparticle distance. A variation
in the critical value of the interparticle distance in
composites is found to depend on the conductivity
of the filler, nature of polymer used etc. [19]. With
the help of a small-size ferroelectric ceramic filler, the
high dielectric constant is obtained [1, 4, 35]. Cera-
mic nanofillers with large aspect ratio are preferred
to their spherical counterparts for the improvement
of Ejp of nanocomposites [36]. The dielectric strength
of SiO2/PE composites does not depend on the de-
gree of crystallinity [37]. K. Yang et al. reported di-
electric properties for ZnO/PVDF composites with
respect to the filler structure. For commercial ZnO,
k = 19.4, and the dielectric strength is equal to
45 kV /mm; for flower-like ZnO, k = 221.1, and the
dielectric strength is equal to 42 kV /mm; for walnut-
like ZnO, k = 104.9, and the dielectric strength is
equal to 40 kV/mm [32].

In PP/BaTiO3 and PP/TiOs composites, metal
oxide fillers do not affect the breakdown strength of
a filler [16, 38]. Another group of researchers investi-
gated transparent TiOs /polyvinyl-alcohol(PVA) and
TiO3/PMMA nanocomposites exhibiting high & val-
ues of 24.6 and 26.8, respectively [39]. The dielec-
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Fig. 2. Variation of the dielectric constant and dielectric losses
with the filler size

tric constant of polydimethylsiloxane (PDMS) was re-
ported to be improved by introducing graphene oxide
as a filler by a research study [40].

3.3. Dielectric and thermally
conducting fillers

The application of dielectric materials as fillers en-
hances the dielectric constant of a composite signif-
icantly. When a thermally conducting filler is used,
the dielectric constant increases considerably, but
the dielectric strength decreases drastically. The in-
troduction of high dielectric constant materials like
BaTiO3z, BST, BNNs enhances the dielectric con-
stant, dielectric strength and gives a superior power
density at very low volume [7, 12, 41]. S.H. Yao et al.
showed that the addition of the thermally conduct-
ing filler Al,O3 decreased the dielectric strength of
Al,03/BaTiO3 /PP, while the addition of a high di-
electric constant filler material increased the dielec-
tric strength in AloO3/BaTiO3/PP [35].

3.4. Filler size and shape

The dielectric constant of a material mainly depends
on the interfacial polarization. As the size of filler
particles decreases, the effective surface area of a
filler in contact with the matrix polymer increases
leading to an increase in the interfacial polarization
which further enhances the dielectric constant, but
decreases the dielectric strength [6, 19]. N. Guo et al.
synthesized nanocomposites and observed that rod-
shaped nanofillers exhibited a higher dielectric con-
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stant than the nanocomposite prepared using spheri-
cal nanofillers [16]. A research study has reported on
that needle-shaped TiO fillers increased the dielec-
tric constant more than the spherically shaped TiO4
fillers, when composed with polymeric cholesteric lig-
uid crystals at a lower volume than spherical ones
[42]. Another investigation reported on that, as the
filler size was reduced to the nano scale, the dielec-
tric loss increased effectively as nanoparticles exhib-
ited a tendency to agglomerate. Nanocomposites pos-
sessed a higher dielectric loss than microcomposites,
higher moisture absorption and porosity [23]. Nano-
composites were observed to enhance the dielectric
response by the addition of a very small amount of
an inorganic filler, whose k is almost equal to that
of a polymer [27]. For a polymer matrix, the perco-
lation threshold was found to depend mainly on the
filler shape and dimension [43]. Studies have reported
on that nanorod composites could easily achieve the
percolation threshold [20]. The nanofiller approach
increases the k value of polymer composites, but it
affects the dielectric strength Ej of a composite ma-
terial. The existence of an inhomogeneous field dis-
tribution owing to the large difference in k values of
a ceramic nanofiller and the polymer matrix which
yielded sharply decreasing Ej of the nanocomposites
[7]. BaTiO3/PP and TiOs/PP achieved a high en-
ergy density of 9.4 J/cm3. Rod-shaped TiO, exhib-
ited a high k and a low breakdown strength than
spherical ones [16, 38]. It was observed that spher-
ical nanoparticles of BaTiO3 could be used for en-
hancing the electrical polarization, while hexagonal
boron nitride nanosheets and MMT nanoplatelets
were more suitable for increasing the dielectric break-
down strength [31]. M. Chun reported on that, as the
size of BaNdsTisO42 filler decreases from 2.45 mm
to 0.69 pm, the dielectric constant and tand de-
crease from 7.2 to 4.8 and 0.0068 to 0.0052, re-
spectively. This variation of the dielectric constant
and dielectric losses with the filler size is plotted in
Fig. 2 [31].

3.5. Filler loading

An increase in the filler content greatly increases the
dielectric constant. But the large content of a ce-
ramic filler makes the composite bulky and increases
the loss of flexibility and results in the poor disper-
sion of a filler [3, 24]. The loading of a filler affects
the dielectric loss and strength of a composite as
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well. B.K. Sharma et al. showed that the loss factor
decreased with the addition of ZnO in the polyaniline
(PANI) matrix [46]. Y. Deng et al. reported on that
the dielectric loss increased with the loading of BiyS3,
as BizS3 is a semiconductor [20]. At a low filler load-
ing, the composites exhibited high £ and a high dielec-
tric strength. Incorporating metal oxide BaTiOs and
TiOq, the high energy composite (U = 9 J/cm?) was
obtained with no influence on the dielectric strength
of PP [47]. Figure 3 shows a variation of the dielectric
constant with the filler loading with reference to the
theoretical model.

Table 1 shows the effect of filler loading on different
polymer composites:

3.6. Composite microstructure

High dielectric constant can be achieved by reinforc-
ing the polymer matrix by a filler with high dielectric
constant or by a higher loading of the filler. A re-
duction in the size of a filler improves the dielectric
constant of composites. But it comes with associated
problems such as: at a higher loading, the material
becomes bulky, and there occurs a derioration of me-
chanical properties. Nanoparticles have a tendency to
agglomerate. In addition, due to the formation of a lo-
cal field, the dielectric strength of a composite reduces
significantly. Nanocomposites possess high moisture
absorption and porosity resulting in high dielectric
losses. The large interface volume of a nanocompos-
ite causes an increase in the loss factor and a decrease
in the dielectric strength [9]. With the objective of
designing a composite at a lower loading with maxi-
mum extractable energy, a hybrid composite can be
produced with a proper core-shell structure. Results
have been reported with high &, low loss and high en-
ergy density with hybrid composite approach. M. Roy
et al. showed that, for microfilled composites, the di-
electric strength is less than for a nanofilled composite
in polyethylene/SiO5 [37]. T.S. Sasikala et al. showed
that nanocomposites exhibites higher loss as com-
pared with microcomposites in MgsSiO4/PTFE [23].

3.7. Surface treatment

Interface compatibility of an inorganic filler and an
organic polymer is very weak, since their proper-
ties are completely different, which affects the dis-
persion of a filler in the matrix. The surface treat-
ment of filler particles or the core-shell structured
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approach significantly enhances the dielectric con-
stant, reduces the loss factor, and decreases the fre-
quency dependence [32]. The homogeneous disper-
sion of a nanofiller can be achieved even at a high
loading. Simultaneously, the dielectric constant of a
composite can be effectively enhanced with a re-
duction in the dielectric loss and maintaining the
dielectric strength at the same time [58, 59|. Zhou
showed that the dielectric constant of AIN can be
improved with surface treatment [29]. Cheng Yang
et al. reported on that multi-walled carbon nan-
otubes (MWCNT) treated with polypropylene show
a good dispersion in polystyrene and a reduced leak-
age current [53]. In PS/MWCNT composite, bare
carbon nanotubes (CNT) lead to a huge dielectric
loss. MWCNT treated with polypropylene show a
good dispersion in polystyrene and a reduced leak-
age current [53|. Ceramic fillers increase the density
and porosity of composites with loading. At a low
porosity, the uniform dispersion and good adhesion
are observed between a ceramic filler and the poly-
mer matrix. T.S. Sasikala and M.T. Sebastian re-
ported on that silane-treated composites showed a
lower porosity [23]. The silane treatment and the cou-
pling agent formed a strong bond between the or-
ganic and inorganic phases. K.S. Shah et al. showed
that the silane-treated montmorillonite clay compos-
ite not only showed a higher &k value, but also a higher
dielectric strength [55]. Three-phase composites re-
stricted a decrease in the dielectric strength due to
the addition of nanofillers [6]. Another study reported
on that the Al,Ogs shell layer reduced the interfacial
polarization, electrical conduction, and electric field
concentration which, in turn, enhances the dielectric
strength and decreases the loss factor [59].

3.8. Methods of experimentation

Three general methods are used to disperse a
nanofiller in the polymer matrix. A) direct mixing
B) in situ polymerization in the presence of nanopar-
ticles, and C) in situ formation of nanoparticles with
simultaneous polymerization [3, 28]. In the conven-
tional blending of the two components, the method
raises the issues of inhomogeneity and aggregation
[60]. In first two methods, filler particles do not dis-
perse uniformly in the matrix polymer, as the poly-
merization of organic monomers and the formation of
guest particles are separately carried out [28]. The
in situ formation limits the size of nanoparticles
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Table 1. Effects of filler loading on polymer composites

Sr. No.

Polymer

Filler

Feature

10

11

12

13

14

15

16

17

18

19

Silicon

Polyaniline (PANT)

Polymethyl vinyl
siloxane (VMQ)

UHMWPE/LLDPE
blend

Polyvinylidine
difluoride (PVDF)

Polystyrene (PS)
PS

Cyclic olefin
copolymer (COC)

PS
PVDF

PS

Polytetrafloroethylene
(PTFE)

Polypropylene (PP)

High Density
Polyethylene (HDPE)

Cynoresin (CRS)

PVDF

Cynoethylated
Cellulose (CRS)

PVDF-HFP

Benzocyclobutane
(BCB)

Polyethyline glycol
(PEG)

Fe3Oy4
Hexagonal boron
nitride(HBN)
Aly03/SisNy

Al

TiO2
BaTiOs3

BST
MWCNT@PPy
SiC-CNT

BaTiO3-PMMA

Mg2SiOy

BaTiOgz, TiO2
Montmorillonite clay
TiOq

Boron nitride
nanosheet (BNNS),
Barium Strontium
Titanate (BST)

Montmorillonite clay

PFBPA-BaTiO3
(Pentaflurobenzyl
phosponic acid
bounded on BaTiO3)

BNNS

Addition of filler content in matrix increased k value and loss
factor [24]

k value and loss factor both decreased with loading of Fe3O4 [48]

k value and loss factor improved with increasing HBN content [49]
k value and loss factor decreased with loading [50]

k value increased with loading and no variation was observed in
loss factor upto 60 wt% of filler [51]

With loading of filler, k value increased and loss factor decreased [43]

Addition of filler content in matrix increased both k value and
dielectric loss [32]

Gradual increase in k value and loss factor with BST loading was
observed [52]

Increasing wt% of MWCNT increased k and loss factor but
breakdown strength was decreased [53]

Loading of filler increased k value and loss factor. Highest value of
k = 8700 was obtained at 2.3 vol% of CNT [22]

k value increased with loading of BaTiOgz. Highest extractable energy
2 J/cm? was obtained at field strength Ej, 220 kV/mm for 22 vol%
BaTiOs3 [54]

k value and loss factor both were increased with loading of filler [23]

At low volume fraction of inorganic filler, k value of nanocomposite
moderately increased with loading [16, 38|

Increase in clay content increased the k value. Dielectric strength
increased upto 5 wt% filler content [55]

Nanocomposite showed ultrahigh k£ which was found to increase with
loading. Loss factor remained low <0.3 [30]

This is trilayered composite. Increase in BNNS content beyond
10 vol% resulted in systematic decrease in dielectric strength.
Both k and loss factor increased with loading of BST. Superior
power density 0.91 MW /cm?® more than BOPP [7]

Loading above 5 wt% showed that composite exhibited high &k value
but decreased with clay loading [56]

Increased filler content decreased the dielectric strength. k value
increased with loading and attained maximum at 50-60 vol% of filler.
Beyond this k value showed a decrease [12]

Dielectric strength of composites improved to 403 MV /m on addition
of 10 vol% BNNS in matrix [57]

and prevents their agglomeration [3]. In the recent
years, the third component in two-phase composite
systems is introduced. Y. Li et al. obtained a high
value of the dielectric constant by adding the third
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component in a two- phase PVDF composite, i.e.,
for PVDF/BT/B-SiC, k(high) = 325 with 40 vol%
BaTiO3 and 17.5 vol% B-SiC [34]. The dielectric con-
stant of PDMS(3.1) was improved to 5.5 at 1 GHz by
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introducing core shell Fe covered by SiOz(Fe-SiOs),
and k was increased to 9.8, when Fe was covered by
TiOQ(Fe*TiOQ) [61]

3.9. Porosity

Porosity is one of the prime factors affecting the di-
electric properties of inorganic and polymer-based
composites. In ceramics, the porosity is not desirable,
as usual. The porosity is minimized, and the permit-
tivity and dielectric losses of ideal fully dense ceramics
are estimated by the porosity. The porosity reduces
the breakdown voltage, by resulting in the degrada-
tion of the electrical reliability performance of a di-
electric material, but does not affect the leakage cur-
rent. It can be concluded that the use of the fillers
with a low dielectric constant or increased porosity of
a material lowers the dielectric constant of the com-
posite material [9].

3.10. Dielectric properties
of polymer composites

Most of the commercially available electrostatic ca-
pacitors possess energy densities in the range of 18
to 29 J/cm?®. Biaxially oriented stretched polypropy-
lene (BOPP) is the best dielectric material currently
used in electronic circuits due to its high dielec-
tric strength (>700 MV /m) and low dielectric losses
(<0.02%). BOPP possesses U = 2 J/cm® with k
value 2-3 [36]. Polypropylene is a tough, crystalline,
rigid, the lightest, and cheapest thermoplastic poly-
mer. It has excellent piezoelectricity [47]. It possesses
a high dielectric strength of ~200 MV /m [3]. N. Guo
et al. synthesized polyproylene (PP) composites with
BaTiO3, TiOs, ZrOs and showed that BaTiO3 com-
posite possesses the highest energy (U = 9.4 J/cm?)
at 13.6 vol% BaTiOsz [16]. But the use of PP is
limited due to a low dielectric constant [36]. High
dipole density polymers provide a potential to in-
crease the energy density. Poly(vinylidene fluoride)
(PVDF) and its copolymer trifluoroethylene (TrFE)
are polar-polymers, the best known ferroelectric poly-
mers. These polymers have been widely used in actu-
ators and electro-mechanical sensors [8]. PVDF is a
tough, stable, semicrystalline thermoplastic ferroelec-
tric polymer. PVDF has low density in comparison
with other fluro-polymers. PVDF exhibits the high
chemical resistance and compatibility among thermo-
plastic materials. PVDF has sturdy tensile strength
and contains two fluorine groups which show an in-

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 2

—— Maxwell Garnet Mixing Model /.
20 | ~®- Lichtenecker Mixing Model 7
--A - Birchak Miximg Model 7
--¥-- Looyenga Mixing Model 7
/

< ;

=

©

®

c

o

o

©

©

Q

2

(@]

; ; 7 : ’
0.1 0.2 0.3 0.4 0.5 0.6
Filler Volume fraction

Fig. 3. Variation of the dielectric constant with filler volume
fraction

tense polarity [47]. Zhou showed that the Al filler de-
creases the degree of crystallinity of composites. High
k value (k = 230) is obtained at 80 vol% of Al
[29]. The high breakdown strength of PVDF has
also been investigated by researchers introducing 3D
ZnO superstructure [52]. The large remnant polar-
ization in normal PVDF and PVDF-TrFE causes a
low energy density. A study reported on the modi-
fied PVDF-TrFEto ferroelectric relaxor in which rem-
nant polarization remained zero and acquired large
energy density > 9 J/cm? and high dielectric strength
400MV/m. PVDF-TrFE(91/9 mol%) shows U > >
17 J/em®. PVDF and its copolymers promise a high
energy density, but suffer from critical property de-
fects such as the high dielectric and hysteresis losses,
poor thermal stability, dielectric losses depending on
the frequency and temperature, etc., which limits
their use in industrial applications [17]. Composites of
polystyrene show the almost frequency-independent
dielectric behavior for BaTiO3, TiO2, and MWCNT-
PP fillers [43, 53, 54]. Polar polymers possess a good
affinity for inorganic oxide fillers. Researchers use also
cynoresin for the development of dielectric polymer
composites due to its polar backbone. N. Madusanka
et al. showed that TiO5/CRS possesses a high dielec-
tric constant of 207 at 30 vol% of TiO2 [56]. Mont-
morillonite clay which is non-toxic and cheap in-
creases the dielectric constant of CRS up to 10 vol%
of MMT(k = 49) [56]. Dielectric Properties of some
polymer composites are listed in Table 2.
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Table 2. Dielectric properties of polymer composites

Polymer Filler k/U value tand/Ey Ref.
PVDF SiC-CNT (2.3 vol%) k = 8700 tan§ = 286 (22)
Al (80 wt%) k = 230 tans = 0.25 (29)
BaTiO3 k = 400-450 - (41)
BaTiO3@Al,03 k> 10 tand = 0.02 (59)
zGnP (exfoliated Graphite
nanoplates) k > 200 tand = 229 (21)
ZnO (commercial) k=194 Ep = 45 kV/mm (50)
ZnO (flower like) k=221.1 Ep =42 kV/mm (50)
ZnO (walnut like) k=104.9 Ep =40 kV /mm (50)
Ba(Zro.3Tio.7)03(BZT) U =28 J/cm? E,, = 400 KV /mm (62)
PVP modified BZT U = 6.3 J/cm? Ep, = 380 kV/mm (62)
B-SiC k =260 tand = 1.46 (34)
BaTiO3/-SiC k = 325 tand = 0.36 (34)
BaTiO3@SiO2 k = 31.12-41.65 tand = 0.014-0.028 (63)
TiO2@BaTiO3 U =122 J/cm3 Ej, = 340 kV/mm (58)
BaTiO3@TiOy nfs k>41, U =20 J/cm3 Ep, = 650 KV/mm (44)
BaTiO3 k ~ 9.20-22.02 Ey ~ 174-240 kV /mm (15)
BNNS U~ 125 J/cm? E, =672 MV/m (7)
BST U ~ 10 J/cm? - (7)
Trilayered U ~ 20 J/cm3 E, =588 MV/m (7)
(PVDF-BST/PVDF-
BNNS/PVDF-BST) tand < 0.05 (7)
P(VDF-TrFE) CaCusTisO12 k = 245-362 tan§ = 0.32-0.42 (1)
P(VDF-HFP) (PFBPA-BT) U =32 J/cm? Ep > 164 kV/mm (12)
P(VDF-CTFE) BNNSs/BT k ~ 8.0-15.3 Ep ~ 649 KV/mm (13)
BST U=6.5J/cm3 Ey, > 200 kV/mm (14)
PP Al,03@Al U =13.4 J/cm? Ep = 75.8 kV/mm (58)
PVDF (blend) k=3 tand < 0.2 (47)
SMA/PVDF (blend) k=13 tan s < 0.03 (47)
Al;O3 k<5 tand < 0.040 (35)
BaTiOs (BT) k=20 tan s < 0.050 (35)
Al,O3/BT k=18 tan§ < 0.030 (35)
BaTiO3/TiO2 U=94J/cm3 Ey ~ 4 MV/cm (38)
TiO, k ~ 4.9 Ep > 2.8 MV/cm (16)
U~ 0228 J/cm?
BaTiO3 k~6.1 By > 5.9 MV /cm (16)
U=0941J/cm?
ZrO2 k~6.9 E, > 2.0 MV /cm (16)
U =1.02 J/cm3
PS BaTiO3 k ~ 2.76-24.51 tand ~ 0.013 (32)
TiOy (11.9 wt%) k ~ 10 tan§ < 0.05 (43)
TiO; (36.9 wt%) k ~ 80 tand < 0.15 (43)
TiOy (27 wt%) ki~ 6.4 tan & ~ 0.04 (60)
PMMA-BaTiOs U=21J/cm3 E, = 220 KV /mm (54)
MWCNT@PP(3%) k=43 tan s ~ 0.005 (53)
MWCNT@PP(3%) k=44 tan & ~ 0.02 (53)
LLDPE AIN (50 wt%) k=5 tand < 0.085 (29)
AIN (70 wt%) k=69 tans < 0.085 (29)
UHMWPE/LLDPE SigNy k=3.28 tand = 4.68 (50)
A1203/Si3N4 k=3.19 tand = 4.49 (50)
LDPE Bi»S3 k = 60 - (20)
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3.11. Application of dielectric
polymer composites

High dielectric constant materials are used to design
high energy storage capacitors, pulsed power capaci-
tors, gate dielectrics, epitaxial dielectrics, and dielec-
tric elastomers [3, 45, 64]. Low dielectric constant
polymer composites are used in the electrical insu-
lating and packaging materials [3, 11]. Microwave di-
electric materials have a wide range of applications
such as the satellite communication and straddling
terrestrial ones, including software radio, Global Po-
sitioning System (GPS), Direct Broadcast Satellite
(DBS) TV, Internet of Things (IoT), environmental
monitoring via satellites, dielectric resonators, sub-
strates for microwave integrated circuits, etc. Tunable
dielectric materials are used in antenna beam steering

[5, 9.

4. Conclusion

e Achieving a high dielectric strength with improved
dielectric constant is a major challenge.

e Inorganic ceramic fillers improve the dielectric
constant of polymer composites; however, they reduce
the dielectric strength and mechanical properties.

e The uniform dispersion of a filler and the low per-
colation threshold play a vital role in improving the
dielectric properties.

e Core-shell structured and multi-layered compos-
ites ensure the improvement of the dielectric constant
and a high dielectric strength at a low-level loading.

e To achieve a high energy density, materials should
possess high k and high dielectric strength values.
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ITOJIIMEPHI KOMITO3UTH 3 ITOJIIIIITEHNMN
JIEJJEKTPUYHUMUI BJIACTUBOCTAMM: OI'JIA

Marepiann 3 BHCOKMM 3HAYEHHSM [11€JIEKTPUYIHOI KOHCTAHTHA
(k) 3acTOCOBYIOTBCA B KOHJEHCATODPAX, fAK I30JI0I0YUil map
y 3aTBOpax, B JIE€JEKTPUYHHAX €JAaCTOMepax, aKyMyJIsSTopax
eHepril, Toji K MaTepiayu 3 MaJuM k OTPIOHI JIJIst €JIEKTPOH-
HOI'O MOHTaXKy 1 B 6araTbox iHIINX BUIaIKaX. 1pajguiiiino ma-
Tepiasin 3 BUCOKUM 3HATEHHAM k XapaKTePU3YIOTHCS 3SHATHIMUI
JieJIEKTPUYHIMU BTpaTaMU, 3aJI€2KHICTIO BJIACTUBOCTEH BiJL Ya-
CTOTH 1 BeJIMKKUM HABaHTAaXXEHHAM Ha HAIOBHIOBad. Marepiain
3 MaJIIM Kk MaloThb HU3bKY TEIIONpOBinHicThb. Bee 1e cTBOproe
HOBI 3aBJIaHHS y PO3POOII AiEJIEKTPUIHUX MaTEPIaTiB i 060X
BHJIB 3aCTOCyBaHHsI. BUKOpHCTAaHHS HAIIOBHIOBAYIB 3 BUCOKUM
3HAYEHHSM JieJIEKTPUYHOI KOHCTAHTU Ja€ 301/IbIIEeHHs cCyMap-
vol k. Mu BuBYaeMO BIINB PI3HHX IapaMeTpis i ¢pakTopiB Ha
JieJIeKTPUYHI BJIACTUBOCTI MaTepiaJsiiB, a caMme: THI II0JIiMepY,
MaTepiaj HAIOBHIOBada, po3Mip, ¢popMa, piBeHb HaBaHTAYKEH-
ue, Momudikallist noBepxHi MaTepiasy HamoBHIOBata i crocib
NIPUTOTYBaHHS II0JIIMEPHOI'O KoMIlo3uTa. PoboTy crpsiMOBaHO
Ha MOJIIIIEHHS [ieJIEKTPUYHUX XapPAKTEPUCTUK IIOJIMEPHUX
HAHOKOMIIO3UTIB, K1 3aCTOCOBYIOTbCS Y MPUCTPOSX JJIS HAKO-
NUYeHHs eHepril. Pe3ysbTaTn mokasymooTs, Mo miaxin 3i crpy-
KTYyPOBAaHUMHU SIPOM i OOOJIOHKOIO JIjIsi MaTepiaJiiB 3 BEJIMKUM
k, BBEIECHMH B IIOJIIMEPHY MaTPHIIO, JIO3BOJISIE€ TOKPAIIUTH JTi-
€JIEKTPUYHI BJIACTHBOCTI IOJIIMEPHUX KOMIIO3UTIB.

Katwwoei caoea: NOJNIMEPHI KOMIIO3UTH, JieJIEKTPUYHA
KOHCTAHTA, €JIEKTPUYHA MIIHICTb JdieJIeKTpUKa, KepaMidHui

HaIllOBHIOBaY, HAKOIIUYICHHA eHepri'l'.
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