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Abstract

In this study, starch-graft-poly (methyl methacrylate) (starch-g-PMMA) compos-
ites doped with different amounts (5, 10, and 15 wt%) of cadmium sulfide (CdS)
particles were fabricated for electrical measurements using in-situ polymerization
technique. The structural characterization of the samples was studied. The dielectric
and conductivity properties of the composites were investigated using impedance
analyzer depending on the frequency (100 Hz-20 kHz) at room temperature. Spec-
troscopy revealed that the dielectric constant (¢'), dielectric loss (¢”), and real (Z)
components of impedance are found to decrease with increasing frequency for both
starch-g-PMMA and starch-g-PMMA (5, 10, and 15 wt%) composites. On the con-
trary, the AC conductivity (o,.) of samples increased with increasing frequency. In
addition, &' and " values of starch-g-PMMA were lower than composites that added
CdS. When the CdS content increased from O to 15%, €' increased from 5.62 to
15.10 at 100 Hz. AC conductivity was improved after adding the CdS particles. The
maximum conductivity value for starch-g-PMMA'3%C% is found to be 3.07 x 10~ at
100 Hz. When the dielectric properties of composites are evaluated, it is concluded
that it is an exciting material for electronic applications in technology.
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Introduction

Research on polymers is becoming a major field due to their simple preparation
and widespread use. Blends prepared with compatible polymers become very
important because they are cheap, simple to prepare and can be used in different
applications [1]. The processability and affordability of polymers are the domi-
nant factors in their use in daily life [2].

Starch is abundant and biodegradable polymer. It has been used as many indus-
trial products. Among the many natural raw resources, starch is considered one of
the most important and promising candidates because it is abundant, renewable,
low-cost, and completely biodegradable. Starch has limited functionality for use
in various applications due to its poor physical properties, high hydrophilicity,
high recrystallization behavior, and low decomposition temperature. For this pur-
pose, chemical and physical modification processes are carried out. The modi-
fication provides a viable way to combine the advantages of both natural poly-
saccharides and synthetic polymers. Chemical modification and methods such
as acetylation and acid hydrolysis have been applied. Physical modifications are
conditions such as electrical conductivity, ultrasound, heat-humidity, and anneal-
ing [3-6]. Starch has a strong intermolecular hydrogen bond structure consist-
ing of amylopectin and amylose in a supramolecular and semi-granular structure.
Grafting is a modification method to change the properties of polymers and thus
enables the polymers to be bonded to each other [7]. Natural polymers are fre-
quently provided as flocculants in surface waters and industrial wastewater treat-
ment. Grafting is a method used to change the chemical and physical properties
of natural and synthetic polymers. Grafting has been used as both recovery appli-
cations and flocculant agents. Chemical modification of starch through vinyl graft
copolymerization establishes a potential way to improve starch properties and
thus expand its range of uses. Grafting is generally regarded to result from the
spread of radical sites created on the polymer substrate [§]. PMMA is a cheaper
alternative according to many compounds in applications such as tensile strength,
flexural strength, transparency, polishability, and UV tolerance. Thus, the PMMA
is selected.

Starch’s rich content, abundance, edibility, biodegradability, and electrical
properties have engaged attention of researchers [9, 10]. Starch has a strong inter-
molecular hydrogen bond structure consisting of amylopectin (a-(1-4)-bonded
D-glucose backbone and about 5% a-(1-6)-bonded branches) and amylose
(a-(1-4)-bonded D-glucose units) in a supramolecular and semi-granular struc-
ture. To obtain starch as a conductive material, heat treatment in an ionic solvent
or ionically conductive materials can be used [11, 12, 65, 66].

Electrical conductivity is expressed as the increase in water and moisture con-
tent of a sample during the heating process. Electrical conductivity is a function
of time and temperature [13]. As a result of their significant electrical conductiv-
ity, polymers are used in many electronic fields [14-16].

Gelatinization is the disruption of molecular order as a result of heating
starch in an aqueous environment. In a similar situation, it was noticed that
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the conductivity increased linearly with the increase in temperature and also
increased at the maximum level with the increase in water content [17]. Bauner
and Knor [18] reported that the electrical conductivity and degree of gelatiniza-
tion of wheat starch and tapioca starch suspensions increased significantly after
530 MPa, and the electrical conductivity and degree of gelatinization increased
linearly with increasing pressure. In another study, Wang et al. [19] reported that,
as a result of ohmic heating, electrical conductivity increased with temperature,
but the gelation degree decreased. Chaiwanichsiri et al. [20] studied the electrical
conductivity of 12 different starch sources and reported that their electrical con-
ductivity increased with temperature.

El-Gamal studied the mechanical, optical, and electrical properties by adding
PMMA, a compatible polymer, to polystyrene (PS), and the results reported that
PMMA both reduced the cost and increased its optical and electrical properties
[21]. Poly methyl methacrylate (PMMA), polyvinyl alcohol (PVA), polyaniline
(PANI), and polyindole (PIN) are good polymeric materials with their durabil-
ity, easy synthesis, cheapness, reprocessability, flexibility, resistance to corrosion,
and excellent physical and optical properties. Among these, PMMA is widely
used in lenses, light pipes, skylights, inorganic glass industry, and light-emitting
devices due to its lightness, corrosion resistance, transparency, and electrical
properties [21-26]. In a study, it was reported that PMMA improved both the
mechanical and optical properties of polyaniline (PANI) film [27, 62—-64].

By adding inorganic materials to the polymer matrix, it provides the opportunity
to use optoelectronic or microelectronic devices as a result of physical and chemical
interactions [28]. Among II-VI semiconductor nanomaterials, crystalline cadmium
sulfide has attracted attention due to its electrical properties [29, 30]. The aim of
this study is to examine the electrical properties of the composite with CdS doped
on starch-g-PMMA polymer after being characterized by X-ray diffraction (X-ray),
scanning electron microscopy-energy-dispersive spectroscopy (SEM-EDS), and
Fourier transform infrared spectroscopy (FTIR). The effects of CdS in the polymer
matrix on dielectric constant, dielectric loss, and conductivity at different frequen-
cies were examined. It is to prove that dielectric properties increase as the amount
of additive increases. CdS is a semiconductor substance. It was aimed to emphasize
how the polymer, which has insulating properties, affects the conductivity behavior.
In addition, the electrical applicability of this biodegradable and environmentally
friendly polymer using CdS has not been studied before.

Materials and methods

Starch (Mw: 162 g/mol) and methyl methacrylate (MMA) monomer were purchased
from Acros (Mw: 100.12 g/mol). Ethanol, azobisisobutyronitrile (AIBN), and dime-
thyl formamide were obtained from Sigma—Aldrich. Acetone was supplied by Merck
firm. Semiconductor cadmium sulfide (Mw: 112.41 g/mol) was provided from Bos-
ton company. All chemicals were used without any purification process.
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Polymer composites

CdS

Scheme 1 Experiment illustration for polymer composite

Preparation of cadmium sulfur-added starch-graft-poly (methyl methacrylate)
composites

First of all, as the first step, 2 g of starch was dissolved at 40 °C for 30 min. Then,
4-g MMA and AIBN dissolved in 1-ml acetone at 60 °C for 24 h were added to
the mixture. Ethanol was added to the mixture, precipitated, and dried, resulting in
starch-g-PMMA. In the second stage, 0.5 g of starch-g-PMMA and CdS at differ-
ent ratio were added and dissolved in dimethyl formamide for 1 h. Then the solu-
tions were precipitated and dried at 50 °C. The preparation of polymer composite is
shown in Scheme 1.

Structural characterizations

Fourier transform infrared spectroscopy (FTIR) spectra were utilized to iden-
tify chemical groups. FTIR spectra of the samples were carried out with a Jasco
6700 instrument in the 4004000 wavelength range and 32 scans. X-ray diffrac-
tion spectroscopy (Rigaku MiniFlex X-ray) was accomplished with Cu-Ka radia-
tion (A=1.5406 A) to determine the crystal structure of the sample. XRD spectra
were scanned from 10° to 80°. The topographic features of the sample surface were
imaged with scanning electron microscopy (SEM). Then, the sample was studied
with an energy-dispersive spectroscopy (EDS) analyzer to explain the composition
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of the elements. Hitachi S-3500 SEM-EDS instrument was used to perform these
analyses.

Dielectric properties of the starch-g-PMMA composites

The dielectric properties of the starch-g-PMMA and its composites were studied
as a function of frequency at room temperature using a Novocontrol Technologies
(Alpha-AN) impedance analyzer specifications 100 Hz to 20 kHz. The composites
whose dielectric and conductivity properties were examined are in the solid phase.
Pellets were prepared by taking 0.2 g of these composites under 5 tons of pressure.
Disk-shaped specimens had a diameter of about 50 mm and a thickness of about
5 mm. The dielectric constant ('), dielectric loss (¢"), and AC conductivities (o,.)
were calculated using Egs. (1), (2), and (3) [50, 51]. The real (Z') components of
impedance were measured by impedance analyzer.

. Cpd
€= £0A O
e =¢ xDp 2
Gd
o= 3)

where C is the capacitance of the composites measured from 100 to 20 kHz, d is the
thickness, A is the area, g, is the permittivity of free space permittivity (8.854 X 10712
F/m), Dy is the dissipation factor, and G is the conductance. The impedance was
measured by impedance analyzer.

Results and discussion
FTIR spectra

Figure 1 depicts FTIR spectra of starch-g-PMMA and doped CdS in polymer
matrix. The presence of functional groups in the polymer matrix is verified by FTIR
spectroscopy. The wide and broad band between 3100 and 3600 cm™" ascribes to the
absorption peak of starch due to OH stretching. The bands at 2997 and 2952 cm™!
are C—H stretching vibrations. The band at 1723 cm™' belongs to the grafted car-
bonyl group (C=0) stretching in the structure of PMMA [7]. The peak at 1435 cm™!
can be referred to the asymmetric stretching of PMMA responsible for CH;. The
stretchings at 1239 and 838 cm™! are responsible for the C—-O and C-O-C stretch-
ing, respectively. The characteristic peak at 1386 cm™! can be mentioned as the
OCHj; deformation stress of PMMA [8, 21]. The 407 cm™! stretching is the CdS
absorption band [31]. The vibrational stretching between 400 and 700 cm™' repre-
sents the metal sulfide region [32]. With the addition of CdS, a small absorption
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Fig. 1 FTIR spectra of starch-g-PMMA (green line) and starch—g—PMMAlS%CdS (color figure online)

peak was observed at 3437 cm™!, and as a result, the intensity and width of the peak
decreased.

XRD

Figure 2 presents the XRD patterns of samples with and without CdS addition to the
polymer matrix. 14.81° and 21.80° pertain to the XRD pattern of starch in amor-
phous structure. In Fig. 2b, sharp peaks are seen in many different crystalline struc-
tures. In particular, the diffractions corresponding to 26.22° (1, 1, 0), 44.55° (2, 2,
0), and 52.37° (3, 1, 1) indicate the presence of CdS and that it represents the hexag-
onal structure. Peaks with a wide diffraction structure, particle size decreases when
the peak width increases, and this provides information about the crystal structure.
Similar situations were expressed in previous studies [29, 31-34]. As a result of CdS
loading, a distinct pattern was observed compared to the pattern of starch-PMMA.
Starch is an amorphous polymer. In starch-g-PMMA, the XRD pattern of the peaks
is crystalline. An increase in crystalline structure is observed with the addition of
CdS [61].

SEM-EDS
The surface morphology and EDS of samples doped with different amounts of
CdS and the composition of the elements in the polymer are given in Fig. 3. As

can be seen from the images, agglomeration is observed in all proportions of CdS.
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Fig.2 XRD patterns a starch-g-PMMA, b starch-g-PMMA 13%Cd5

Agglomeration of CdS constitutes larger masses with increasing concentration, as
seen in Fig. 3b—d. The agglomerations appear porous and needle-shaped. Previ-
ous work stated that agglomerations occurred when CdS was included in the PVA
matrix [31]. The surface of starch-g-poly(methacrylate) without CdS is rough and
has crystalline flakes. With the addition of CdS, changes occurred on the sample
surface. If the SEM images of the polymer composite are examined, the surface
roughness decreases when CdS is incorporated to starch-g-poly(methacrylate). With
increasing CdS ratio, crystalline flakes in the starch-g-poly(methacrylate) structure
disappeared. This explains the distribution of CdS within the polymer network.
The distribution of atoms in the polymer and CdS-containing samples is mapped
in Fig. 4. EDS results are presented in Table 1. Starch-g-PMMA sample is 54.7%
carbon (C) and 45.3% oxygen. The cadmium metal contents of starch-g-PMMA
containing 5, 10, and 15% CdS are 3.3, 6.2, and 13.8%, respectively. According to
the EDS results, it was observed that the CdS in the polymer matrix increased in
elemental percentage.

Dielectric constant

The visual regarding the application area of the CdS-doped polymer matrix is illus-
trated in Scheme 2. A material is classified as a "dielectric" if it has the ability to
store energy when an external electric field is applied. The dielectric constant (€)
shows how much energy is stored in the outer electric region and how much energy
is lost in the material under the influence of a field [35]. Based on the physics the-
ory, it can be said that the main factor affecting the ¢ of the material is polarization.
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Fig.3 SEM-EDS images of a starch-g-PMMA, b starch-g-PMMA>*®%, ¢ starch-g-PMMA %€ and d
starch-g-PMMA '3%CdS

¢ is affected by factors such as atomic polarization, electron polarization, dipole
polarization, and interfacial polarization [36, 37]. Compared to others, dipole polari-
zation occurs in the low frequency and takes longer. Another important factor affect-
ing the € of a material is its polarity. The higher the polarity of the substance, the
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8891

Fig.4 EDS mapping images of starch-g-PMMA 13%CdS

Table 1 Proportions of elements
in the polymer composite

Samples Elemental percentages (weight %)

C 0 Cd S
Starch-g-PMMA 547 453 - -
Starch-g-PMMA>%CdS 71.5 243 33 0.9
Starch-g-PMMA !0%CdS 66.7 25.3 6.2 1.9
Starch-g-PMMA 15%Cds 62.7 20.1 13.8 3.4

wire

Device storage

Scheme 2 Visual design

Conductive plate
(CdS doped conductive polymer)

Dielectric

higher its dielectric constant. This is why polymers containing many polar groups
are chosen in polymer composites when high ¢ is desired [38]. In this study, the
effect of CdS on the ¢ of starch-g-PMMA was examined depending on frequency
at room temperature and is shown in Fig. 5. As seen in the figure, for each sam-
ple, the ¢ decreased with increasing frequency. This may be due to the limitation
of dipole mobility at high frequencies. Additionally, this phenomenon is attributed
to the slower response of the dipoles due to their large moment of inertia. So they
are not able to follow the rapidly varying electric field, and their contribution to
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Fig.5 Frequency dependence of dielectric constant of starch-g-PMMA composites with different content
of CdS (5, 10, 15%)

polarization ceases. Damping of these dipoles accounts for the decrease in dielectric
constant at higher frequencies. With an increase in frequency, the dielectric constant
further decreases and reaches a constant value of about 500 Hz. As seen in Fig. 5,
& of composites is higher than pure polymer, and it increased with increasing filler
content. At a frequency of 100 Hz, with a CdS content of 15 wt%, the ¢ value of
the polymer increase from 5.62 to 15.10. The increase in ¢ with increase in dopant
amount is a result of the interfacial polarization effect between the starch-g-PMMA
and CdS particles [39-41]. This result is compatible with many studies. In a study
conducted by Mondal et al., CdS nanocomposites have been grown in a polymer
(polyvinyl alcohol). The nanocomposites show an enormous enhancement of dielec-
tric constant in polyvinyl alcohol matrix over a frequency range of 40 Hz—10 MHz
[52]. A distinct interphase region surrounds the conducting phase embedded in the
polymer. This interphase region is formed due to strong interactions between func-
tional groups of the polymer and the surface of the nanoclusters through covalent
or hydrogen bonds. In a study presented by Kalandaragh, dielectric properties of
pure PVA and CdS-PVA nanocomposite are characterized in temperature range of
298 to 498 K and frequency range from 200 Hz to 1 MHz. The dielectric constant
decreases with increase in frequency at all temperatures for both pure PVA and CdS-
PVA nanocomposite. The values of dielectric constant in CdS-PVA nanocomposite
are large, and this is connected with small size of CdS particles [53]. Bhunia et al.
prepared free-standing flexible composite films of nanocrystalline cadmium sulfide-
impregnated poly(vinylidene fluoride) (nano-CdS/PVDF) using a sol—gel technique.
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Table 2 Dielectric properties of starch-g-PMMA composites at room temperature

Samples Dielectric Dielectric Dielectric loss (¢”) Dielectric loss (¢”)
constant (€) constant (€)
100 Hz 10 kHz 100 Hz 10 kHz
Starch-g-PMMA 5.62 5.44 1.65x 107! 9.99x 1072
Starch-g-PMMA>%CdS 6.51 6.22 2.79x 107 1.52x 107
Starch-g-PMMA 10%CdS 6.80 6.45 3.32x107! 1.87x10™
Starch-g-PMMA 13%CdS 15.10 14.63 1.05 2.70x 107!
1,2 4 —®— Starch-g-PMMA™!5C3S
—w Starch-g-PMMA%10CdS
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Fig. 6 Frequency dependence of dielectric loss of starch-g-PMMA composites with different content of
CdS (5, 10, 15%)

The effect of CdS loading, in the PVDF host matrix, on the dielectric properties was
studied. An increase in dielectric constant (more than 10 times) was observed in the
films when poled under an electric field [54]. € values are summarized in Table 2.

Dielectricloss

Dielectric loss (e”), which is an important parameter in material selection, is a
parameter that shows how much of the energy given to the material is consumed as
heat within the material. [42, 43]. Figure 6 shows the decrease in ¢” with increasing
frequency of composites prepared with different content of CdS and pure polymer
at room temperature. It is clearly seen that ¢” values decrease with increasing fre-
quency and remains constant at high frequencies for all samples. The higher value
of ¢” at low frequency is due to free charge movement within the polymer [44].
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In addition, the ¢” increases with the increase in filler amount, which is attributed
to interfacial polarization mechanisms in a heterogeneous system. The &” values
for starch-g-PMMA, starch-g-PMMA’%®S " starch-g-PMMA9%C4S " and starch-g-
PMMA %C4S composites were found to be 1.65x 107!, 2.79x 107!, 3.32x 107!, 1.05
at 100-Hz frequency, respectively. Due to their good conductivity, the conductive
fillers easily form conductive paths by contacting each other, which causes current
leakage and increases the dielectric loss of the samples. Khurana and Jaggi reported
that dielectric constant, dielectric loss, and AC conductivity of CdS nanostructures
were carried out in frequency range 1 kHz to 5 MHz at different temperatures. Die-
lectric loss decreased as frequencies increased. This low value of dielectric loss at
high frequency relates to the purity of the nanoparticles, having lesser defects and
good optical quality which is further useful in enhanced optical devices [55]. It is
observed that the dielectric constant and dielectric loss have low values at high-
frequency region and are independent of temperature. This behavior of dielectric
at high frequency confirms the sample owns the optical quality with lesser defects.
The nanocomposite samples of polyaniline (PANI) and lead sulfide nanoparticles
(PbSNPs) were prepared by Althubiti et al. The induced changes in the dielectric
properties and structural characteristics of the PANI/PbS samples were determined.
They reported that the dielectric constant, dielectric loss, and the electrical conduc-
tivity were improved by enhancing the fluence to 15X 10'® ions.cm™2 [56]. Althubiti
et al. synthesized the flexible polymeric composite films composed of polyaniline
(PANID), silver nanoparticles (AgNPs), and methylcellulose (MC) using solution cast
preparation method. They reported that, after bombarding the original film with an
ion beam, other optical parameters, such as dielectric loss and optical conductivity,
were modified, while the relaxation time was reduced [57]. €” values are summa-
rized in Table 2.

Conductivity

Figure 7 shows the change of electrical conductivities of pure starch-g-PMMA
and its composites which were prepared with different content of CdS depending
on frequency at room temperature. It is clear that the o, increases linearly with
increasing the frequency. The conductivity value increased from 2.57 x 107! S/cm
to 2.66x 10~ S/cm and 4.80x 10~ S/cm for starch-g-PMMA at 100 Hz, 1000 Hz,
and 20 kHz, respectively. In addition, in Fig. 7, the variations in conductivity of
starch-g-PMMA/CdS composites with different content of CdS are shown. When
Fig. 7 is examined, it was determined that the conductivity of composites improved
due to increasing CdS. The electrical conductivity of the composites increased
from 2.66x 10~ to 3.27x 10 S/cm when the amount of CdS was increased from
5 to 15 wt% at 1-kHz frequency. This increase in conductivity, even at low con-
centrations, attributed to the enhanced interfacial polarization or the Maxwell-Wag-
ner—Sillars effect [45, 46]. This effect occurs on heterogeneous surfaces with dif-
ferent conductivities due to charge accumulation at the interfaces. When the CdS
content in the polymer is low, there is no interaction between the metal particles,
and they are well dispersed. Since the CdS particles are well separated, there will be
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Fig.7 Frequency dependence of conductivity of starch-g-PMMA composites with different content of
CdS (5, 10, 15%)

no coupling between them under the applied electric field. As a result, the probabil-
ity of electrons jumping to adjacent molecule electrons will be very low [45]. As the
CdS content increases, the number of particles per unit volume and the interfacial
area increase, while the interparticle distance (IPD) decreases. This increases the
average polarization associated with the particles and the coupling between adjacent
grains [46, 47] and contributes more to the conductivity of the composites. Many
studies have been conducted investigating the effect of CdS on the electrical conduc-
tivity of polymers. Our results appear to be in agreement with these studies. Sheng
et al. prepared cadmium sulfide/poly(methyl methacrylate) (CdS/PMMA) nanocom-
posite films with different content of CdS by a new solution casting method. The
conductivity result showed that increasing quantity of CdS in PMMA matrix has
resulted in the increasing of electrical conductivity, which can be associated to the
increased contact and Cd** ion transference between the CdS particles [48]. Hmar
et al. noted that, although pure PVA behaves like an insulating polymer with con-
ductivity 1071°-107!! S/cm, CdS-PVA nanocomposite shows n-type semiconduct-
ing nature due to the presence of interconnected CdS nanostructures [58-60]. o,
values are summarized in Table 3.

Impedance
Impedance (Z) is the measure of internal resistance, alternating current resist-

ance and the resistance of the circuit to the passage of current when voltage
is applied to a system. This value emerges from the response of materials to
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Table 3 Electrical properties of starch-g-PMMA composites at room temperature

Samples Conductivity (o,.) Conductivity (o,.) Impedance (2) Impedance (2)
100 Hz 10 kHz 100 Hz 10 kHz
Starch-g-PMMA 7.92x1071° 7.53%x1078 6.40%10° 2.32%10°
Starch-g-PMMA’#®S 128 x107° 1.21x107 1.09% 10" 1.68x10°
Starch-g-PMMA!0%C3S 3 0751077 2.83x1077 7.66x 10° 1.3x10°
Starch-g-PMMA %S 975107 1.01x107° 6.07x10° 1.00x10°

alternating electric current stimulation [48]. Z measurement is one of the power-
ful techniques used to perform and characterize charge transfer in complex mate-
rials [49]. Z measurements of the starch-g-PMMA and its composites were taken
between 100 Hz and 20 kHz. These values were plotted as a function of frequency
and is shown in Fig. 8. Z decreases with frequency up to ~6 kHz, at frequencies
above this frequency, dependence decreases and values remain almost constant.
The decrease in Z may be due to increased segmental mobility due to reasons
such as bond rupturing in the molecule or increase in free volume [49]. It can be
seen that Z is lower for the composites which contain CdS than starch-g-PMMA.
The impedance results of the composites are given in Table 3.
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—m— Starch-g-PMMA™5¢4S
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Fig.8 Frequency dependence of impedance of starch-g-PMMA composites with different content of
CdS (5, 10, 15%)
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Conclusions

Starch-g-PMMA/CdS polymer composite was successfully synthesized and pro-
duced. According to X-ray diffraction patterns and energy-dispersive spectroscopy
results, the presence of metal in the polymer composite was confirmed. The dielec-
tric and electrical properties of the composites containing CdS at different content
for electronic applications were investigated. The obtained values of the dielectric
constant (¢') of the prepared samples were shifted from 5.44 (starch-g-PMMA) to
14.63 (starch-g-PMMA 13%C95) at 10-kHz frequency. The AC conductivity of the
composites increased with an increase in the CdS amount, which can be assigned to
the production of charge transfer complexes. The maximum conductivity was found
to be 8.87x 107 for starch-g-PMMA 3%C3S composite at 10 kHz. Additionally, the
addition of CdS also improved the dielectric loss of the composites. The impedance
of composites were evaluated from the dielectric data. Since CdS provides a signifi-
cant improvement in the dielectric properties of starch-g-PMMA, it has given this
polymer new properties and increased their usage areas. Such materials have a wide
range of applications, from dielectric capacitors to parts of mobile phones, satellite
communication systems, and microwave devices.
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