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Abstract

This paper presents electromagnetic interference (EMI) shielding effectiveness (SE) and dielectric
response of Polyvinylidene Fluoride (PVDF) and PVDF-Titanium dioxide (nTiO2) nanocomposite thin
films. nTiO2 nanoparticles were synthesized by the combustion method using urea as fuel. PVDF and
PVDF-nTiOznanocomposite thin films of different wt% of TiO-as fillers in the PVDF matrix were prepared
using the solvent evaporation method. The synthesized nanocomposite thin films were characterized by
XRD, FTIR, and SEM. The EMI-SE was studied in the frequency range 0.5 - 8GHz and dielectric response
in 10Hz - 8MHz at room temperature. The EMI-SE shows up and down valleys in S-Band with an average
variation of ~28 and ~35 dB at 2 and 4GHz respectively and remains stable in C- Band agreeing with
existing literature. The dielectric constant of PVDF-nTiO, nanocomposite thin films decreases with an
increase in frequency and anomaly for 10wt% of nTiO fillers in the PVDF matrix at standard frequency.

Keywords: Ferroelectric polymer, PVDF-nTiO,, EMI shielding, Dielectric constant, Thin films,
Nanocomposite

Introduction

In today’s life, the use of electronic devices has increased enormously which absorb and radiate
electromagnetic waves affecting the performance of associated electronic circuits. Most of the
electromagnetic radiation absorbed by the human body leads to different health issues [1,2]. To minimize
these issues arising due to EMI, effective shielding materials need to protect the efficient operation of
electronic systems. Electromagnetic interference (EMI) shielding is defined as the attenuation of the
propagating electromagnetic waves produced by the shielding material [3]. The EMI-SE is based on 3
working principles viz, reflection, multiple reflections, and absorption [4]. For reflection, the material
should exhibit conducting properties with mobile charge carriers and for absorption, the material should
contain magnetic and/or electric diploes to produce a high dielectric constant for shielding effect under
electromagnetic irradiation.

The Effective EMI SE can be calculated by the formula;

EMISE = 10l0g:—; = 1010g% 1)

where Py and P represent the power of incident and transmitted wave respectively and for non-shielding
materials P, and Pt are Eq. (1). The total EMI SE (SEvow) in a material is a consequence of absorption
(SEa), reflection (SEr), and multiple reflections (SEwm) as represented by the equation;

SEtotal = SEa+ SEr +SEm @
The SEw is usually neglected when the total SE is beyond 10 dB and depends only on SEa and SEkg.

The SEa loss occurs due to currents induced in the medium to produce ohmic losses and heating of the
material. It increases with an increase in frequency. Good absorbing material possesses high conductivity
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and sufficient permeability to achieve the required number of skin depths in the material even at the lowest
frequency. SEr is related to the relative impedance mismatch between the shielding surface and propagating
wave. It is also determined in terms of a ratio of conductivity and permeability of shielding material and it
decreases with increasing frequency. Finally, the SEm occurs due to multiple reflections of the already
reflected waves at the boundary. The multiple internal losses occur due to porous material structure and are
related to absorption loss [5].

One of the established solutions in the elimination of EMI is the optimized use of lossy dielectric
materials and magnetic materials as they shield the electronic devices from unwanted EM radiation by
absorption and reflection. Generally, absorption dominant shielding materials are suitable for devices rather
than reflection, since reflection again may lead to further interference effects to nearby devices. So the good
absorbing material should possess the criteria of thin, lightweight, less dense, wide-range frequency
bandwidth, and robust absorption capability [6]. It should also exhibit a high dielectric constant. Because
of the high dielectric constant, the absorption loss may take place due to the polarization of electric and
magnetic dipoles moment inside the material [7].

PVDF is a semi-crystalline polymer with different crystalline forms [8] that has attracted many
researchers as it possesses simple chemical formula —CH2-CF»- and exhibits a variety of characteristics
such as mechanical, electrical properties, non-linear optical properties, memory devices, photovoltaic
applications, and battery applications. The application of a high electric field produces the polarization of
the PVDF film due to the alignment of hydrogen and fluorine ions according to their respective electrical
polarities. The formation of these aligned dipoles can account quite well for the observed piezoelectric and
pyroelectric behavior of this polymer [9].

The B phase PVDF was widely investigated for its interesting properties of pyro-, piezo-, and
ferroelectricity and its inherent properties of lightweight, mechanical flexibility, and easy processing [10].
However, it has a high dielectric constant but there are no reports on the use of PVDF-based nTiO;
nanocomposites thin film for EMI-SE.

This paper describes the preparation and characterization techniques of PVDF-nTiO; nanocomposite
thin films. The EMI-SE and dielectric properties of these composites measured as a function of frequency
were reported.

Materials and methods

PVDF granules with a molecular weight of 534,000 were procured from Sigma Aldrich, India. To
synthesize TiO; nanoparticles, we used AR-grade bulk TiO, procured from SD fine-chem. Ltd. Mumbai,
India, Urea by Fisher Scientific India Pvt. Ltd., Mumbai, and N N-Dimethylacetamide (DMAC) used as
solvent was procured from Spectrochem Pvt. Ltd., Mumbai, India.

Preparation of nTiOznanoparticles

A known quantity of solid urea used as fuel was ground for 20 min and added to a known quantity of
bulk TiO, and mixed well. The combustion process was then performed on a hot plate at about 300 °C for
10 min. The produced yellowish precursor was grounded and calcined in a muffle furnace at 500 °C for an
hour to give white color TiO, nanoparticles [11]. Figure 1 shows the flowchart representing the steps of
the combustion method used to prepare nTiO; nanoparticles.

[ Bulk Ti0; ] [ Urea ]
\ \

[ Combustion ]

V

[ Calcination @ 500°C for 1hr ]

A

[ T10; Nanoparticles ]

Figure 1 Flowchart representation of combustion method.
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Figure 2 Solvent evaporation technique.

Preparation of PVDF and PVDF-nTiOznanocomposite thin films

Pristine PVDF and PVDF- nTiO; composite thin films were blended by a simple solution mixing
method. 3gm of PVDF granules was dissolved in 30 mL of DMAC solvent and heat-treated at 50 °C using
a magnetic stirrer to get a homogenous solution [12]. A standardized PVDF- nTiO; solution was obtained
by adding nTiO; particles in the wt% ratio of 2, 4, 6, 8, and 10 % into the PVDF solution. To uniformly
disperse the particles in the polymer matrix, the solution was sonicated for an hour and the solution was
poured into the petri dish and placed under an incandescent bulb (40 Watt) for 2- 4 h so that the solvent
gets completely evaporated. After drying, the PVDF film was peeled-off from the petri dish as shown in
Figure 2. The prepared PVDF-nTiO2 nanocomposite thin films are flexible with thicknesses ranging
between 140 - 150 um and were used for further studies.

Results and discussions

XRD Analysis

The X-ray diffraction study was carried out using Bruker, AXS D8 Advance X-ray diffractometer
using Cu-Ko radiation (A) = 1.5418 A and data recorded for the 20 ranging from 5 - 90 ° with steps 0.2107
°. Figures3 and 4 show the XRD pattern of the synthesized nTiO, nanoparticles and PVDF -nTiO;
nanocomposites of different wt.% of nTiO; in PVDF respectively. From Figure 3, it is observed that the
20 peaks at 25.33 ° (101), 36.98 ° (103), 37.81 ° (004), 38.61 ° (112), 48.10 ° (200), 53.92 ° (105), 55.13 °
(211), 62.18 ° (213) and 62.75 ° (204) defines the TiO.anatase structure.The size of the nanoparticles was
found to be 59.13nm estimated using the Debye-Scherer Egs. (13) - (16). In Figure 4, the 20 peaks at 18.46
°(020) and 20.16 °(110) confirm the presence of o and B phases of pure PVDF. An increase in the intensity
of prominent peaks of nTiO; particles is observed when the concentration of the composition varies from
2 - 10 wt.%. The peak value corresponding to B-phase PVDF remains prominent at 26= 20.16 ° and there
is no observed shift in peak as nTiO, particles are immersed but intensity drops abruptly at 10 wt.% of
nTiO. in PVDF. The crystallinity of the composites is enhanced due to the formation of cationic complexes
with the functional group of PVDF, which confirms the intercalation of nTiO, with the PVDF polymer
system.

4000

{10)

3500

3000

2500

2000

Intensity

1500 |-

(200)

1000 |-

=

=
500 |- g
o\\—‘*J

Figure 3 XRD pattern of nTiO.
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Figure 4 XRD pattern of pristine PVDF, nTiO, and PVDF-nTiO, composites.

FTIR spectra analyses

Fourier transform infrared spectrophotometer (Perkin Elmer Spectrum Two L160000U) was used to
study bonding interactions in the nanocomposite of varied filler concentrations in the wavelength range
between 400 - 4,000 cm™!. Figure 5 shows a strong absorption band corresponding to the unequal and equal
stretching vibrations of the CH; group in the PVDF matrix observed at 3,025 and 2,985 cm™. The region
1,450 to 1,000 cm™ represents the continuous band absorption region which corresponds to fluorocarbon
absorption (C - F). The entire characteristic vibrational bands (480, 510,840, 882, 1,071, 1,401 cm™) are in
agreement with existing literature [17,18]. This shows that the PVDF is of p-form in the polymer matrix.
This report is in agreement with XRD results. The broadest band is observed at 3,500 cm™, corresponding
to the stretching vibration of the hydroxyl group O-H of the nTiO; nanoparticles. The band observed around
1,630 cm™, corresponding to bending modes of Ti-OH; the prominent peak at 1,383 cm™' related to Ti-O

modes [4,17,18].
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Figure 5 FTIR spectra of a) Pristine PVDF, and b) PVDF-nTiO,.

SEM micrographs analysis

Surface morphology was recorded using a scanning electron microscope (Carle Zeiss Pvt Ltd,
Germany; model: EVO 18). SEM images of pristine PVDF, nTiO. particles, PVDF-nTiO, (6wt%) and
PVDF-nTiO; (10wt%) are shown in Figures 6(a) - 6(d), respectively. Figures 6(c) and 6(d) exhibit uniform
distribution of nTiO; particles in the PVDF matrix. The images show the variation of pore size with 2
different wt% (6 and 10) of nTiO2 in the PVDF matrix i.e. size of the pores condenses as the nTiO; particles
start occupying the pores. This represents, that the addition of nTiO; in the PVDF matrix increases the
structural density and affects the surface morphology of the composite films which leads to the variation of
dependent parameters of different properties of PVDF nanocomposite thin films.

EHT = 1000kV Signal A= SE1 Date 25 Apr 2022
WD =10.5 mm Mag= 1000KX  Time:14:47:26

1 pm EHT = 10,00 kY e—— Date 25 Apr 2022 1 pm EHT = 10.00 KV Signal A= SE1 Date 25 Apr 2022
— WD = 9.0 mm Mag= 1000KX  Time 14:07:46 H WD =100 mm Mag= 10.00KX  Time :13:18:18

Figure 6 SEM images of a) pristine PVDF, b) nTiOzc) PVDF-nTiO, (6wt%), and d) PVDF-nTiO,
(10wt%).
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EMI-shielding effectiveness studies

The EMI shielding effectiveness (EMI-SE) of the prepared nanocomposite thin films was measured
using Vector Network Analyzer (Copper Mountain Technologies, USA; model: 804/1) in the frequency
range between 300 kHz - 8 GHz. The EMI-SE of PVDF and PVDF-TiO, nanocomposite thin films for
frequency and different wt% for selected frequencies are shown in Figures 7 and 8 respectively. The EMI-
SE of PVDF-nTiO, nanocomposite films is dependent on frequency mainly due to absorption. On
incorporation of nTiO- in the PVDF matrix, the EMI shielding value increases to a maximum of 35.31 dB
at a frequency of 4.58 GHz for 2wt%. The increase in wt% of the nanoparticles to the PVDF matrix has
varied the EMI shielding of nanocomposite thin films. The EMI-SE shows up and down valleys in S-
Band(in the range 2-4GHz) with an average variation of ~28 and ~35% around 2 and 4GHz respectively
and stable in C- Band(4-8GHz) agreeing with existing literature [19,20]. Further, the results show the
decreasing trend of EMI-SE with an increase in wt% of nTiO; fillers in the PVDF matrix due to frozen in
polarization.
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Figure 7 Variation of EMI-SE with Frequency for PVDF and nTiO, composites.
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Figure 8 Variation of EMI-SE with Wt% for different frequencies.
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Dielectric studies

The dielectric constant and dielectric loss of the prepared PVDF nanocomposite thin films were
estimated [21] using the values of parallel capacitance measured using an LCR meter (HIOKI Japan, model-
IM3536) in the frequency range between 50 Hz - 8 MHz at room temperature. Figures 9 and 10 show the
variation of dielectric constant and dielectric loss for pristine PVDF, and PVDF-nTiO; (2, 4, 6, 8, and 10
wt%) nanocomposite thin films with frequency respectively. The dielectric constant of all PVDF-nTiO;
nanocomposite thin films decreases with an increase in frequency in the range between 50 Hz - 8MHz (in
VLF to ~HF range). At low frequency (< 100 Hz) the dielectric constant increases with an increase in wt%
of nTiO; in the PVDF matrix and anomaly at 10 wt% of nTiO- fillers and later remains constant at a higher
frequency. The increase in the dielectric constant of PVDF-nTiO, (10wt%) is due to the collective effect
and harmonization of space charge polarisation due to uniform dispersion of nTiO; in PVDF as depicted in
the SEM micrograph (Figures 6(c) and 6(d)). Whereas the decrease in the dielectric constant at higher
frequencies is contributed to the increase in the density of the dipoles and that may hinder the orientation
polarization. The dielectric loss plots follow similar behavior as that of the dielectric constant without any
correlation with filler composition. The dielectric loss decreases in the low-frequency region and follows a
downward falling trend in the high-frequency region. Thus, the broadband dielectric measurements
provided evidence of interfacial polarization in the thin films, and the decrease in the dielectric constant
with increasing frequency is due to the constraints of orientation polarization, which confirmed the dipole-
dipole interaction in hybrid polymer PVDF-nTiO, nanocomposite thin films.

300
== Pristine PVDF
~—8—PVDFnTiO2(2wt%)
250 + —h— PVDF+nTiO2(4wt%)
%= PVDF+nTiO2(6wt%)
~{=PVDF+nTiO2(8wt%)
—4—PVDF+nTiO2(10wt%)
200 F ! )
w
=
S
o 150
=
-
o
2
2100
=
50
0F
1 1 I 1 1

0.0 2.0x10*  4.0x10*  6.0x10* 8.0x10° 1.0x10°
Frequency (Hz)

Figure 9 Variation of dielectric constant with frequency for PVDF and nTiO, composites.
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Figure 10 Variation of dielectric loss with frequency for PVDF and nTiO, composites.
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Conclusions

PVDF and PVDF-TiO, nanocomposite thin films of different stoichiometric ratios were prepared by
a simple solvent evaporation method. XRD and SEM confirm the uniform dispersion of nTiO fillers in the
PVDF matrix. The size of the synthesized nTiO, nanoparticles is 59.14nm and p-phase confirmation of
PVDF and nTiO; in the anatase phase. The Uniform dispersion of nanofillers that increases the structural
density is depicted by an SEM micrograph. FTIR spectrum confirmed the chemical composition of the thin
films. The incorporation of nanoparticles in the PVDF matrix enhanced the dielectric properties with the
dielectric constant of 155.437 for 8wt% and 152,450.12 an anomaly at 10wt% with minimum dielectric
loss. The incorporation of nanofillers also resulted in a higher EMI-SE of 27.42 dB at 2.2 GHz and 35.31
dB at 4.58 GHz for 2wt%. A wide range of frequency band dielectric spectroscopy and EMI-SE
measurements provided evidence of interfacial polarization in the films, and the decrease in the dielectric
constant with increasing frequency is associated with restrictions on orientation polarization, which
confirms the presence of dipoles in hybrid composite films that forms a better EMI-SE material.
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