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Abstract
The incorporation of nanofillers into polymer matrices offers a promising approach to enhancing the
multifunctional properties of composite materials. This study examines the effect of nanofiller
concentration on the dielectric performance, mechanical strength, thermal stability, optical
absorbance, and electromagnetic interference (EMI) shielding effectiveness of polyvinylidene fluoride
(PVDF)-based nanocomposites. Titanium dioxide (TiOz) and zinc oxide (ZnO) nanofillers were
incorporated at varying concentrations to assess their influence on material properties. EMI shielding
analysis revealed improved attenuation with increasing nanofiller content, demonstrating the
composites' potential for electronic applications. UV-Vis spectroscopy indicated enhanced light
absorption in PVDF/ZnO nanocomposites compared to PVDF/TiOz. Dynamic mechanical analysis
(DMA) showed that TiO,-filled PVDF provided superior reinforcement at moderate concentrations,
while excessive filler loading reduced mechanical strength. Thermogravimetric analysis (TGA)
confirmed that PVDF/ZnO composites exhibited
greater  thermal stability and degradation
resistance at elevated temperatures. Al-based
modeling  predicted an optimal nanofiller
concentration  for  maximizing  dielectric
performance, beyond which permittivity declined
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correlating with the observed material properties.
This study underscores the importance of
optimizing nanofiller concentration to enhance
material performance while minimizing adverse
effects. These findings contribute to the
development  of  high-performance  polymer
nanocomposites for applications in electronics,
energy storage, and structural materials.
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INTRODUCTION

Wireless communication systems are at the
forefront of modern technological advancements,
enabling high-speed data transmission, seamless
connectivity, and efficient signal processing. With
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the emergence of next-generation technologies such as 5G networks, the Internet of Things (IoT), and
artificial intelligence-driven communication systems, the demand for advanced materials with superior
dielectric, optical, and mechanical properties have grown significantly [1]. Traditional dielectric
materials, including ceramics and conventional polymers, face limitations in terms of permittivity,
dielectric loss, and flexibility, restricting their effectiveness in miniaturized, high-frequency
communication devices. To overcome these limitations, hybrid polymer nanocomposites have emerged
as a promising alternative, combining the processability of polymers with the enhanced electrical and
optical functionalities of nanofillers [2].

Hybrid polymer nanocomposites consist of a polymer matrix embedded with nanometer-sized fillers
such as metal oxides (TiO,, ZnO, BaTiOg3), carbon-based nanostructures (graphene, CNTs), and
semiconductor nanoparticles (CdS, PbS). These nanofillers play a crucial role in modifying the
dielectric and optical properties of the polymer matrix, leading to enhanced permittivity, lower
dielectric loss, and tunable refractive index [3]. The ability to control these properties through precise
nanofiller selection, dispersion, and interfacial engineering makes hybrid polymer nanocomposites an
ideal material for high-frequency communication applications, including antennas, capacitors, and EMI
shielding [4].

The dielectric properties of a material, such as permittivity, dielectric loss, and breakdown strength,
are crucial in determining its performance in communication systems. High permittivity materials
improve energy storage and signal transmission efficiency, but excessive dielectric loss can lead to
unwanted heat dissipation and energy loss [5]. The incorporation of high-permittivity nanofillers like
TiO,, ZnO, and BaTiO3 into polymer matrices has been shown to significantly enhance dielectric
properties while maintaining low dielectric loss. Graphene and carbon nanotubes (CNTs) improve
charge transfer and polarization effects, further optimizing the material's dielectric response. Surface
modification of nanofillers has also been explored to reduce charge trapping and interfacial polarization
losses, making these materials suitable for high-frequency applications [6].

Dielectric performance, the optical properties of hybrid polymer nanocomposites are critical for
photonic and optoelectronic applications. Optical parameters such as transparency, light absorption, and
refractive index modulation play a crucial role in the development of optical waveguides, modulators,
and photodetectors [7]. Nanofillers like quantum dots (CdS, PbS) enable wavelength-specific
absorption, making them ideal for photonic applications. ZnO and TiO, nanoparticles enhance UV
shielding while maintaining visible light transparency. The integration of graphene oxide-based
nanocomposites has further enabled tunable optical absorption, improving efficiency in signal
modulation and optical sensing [8].

The synthesis and processing of hybrid polymer nanocomposites play a crucial role in determining
their final properties. Techniques such as solution blending, in-situ polymerization, and melt mixing
are commonly used to disperse nanofillers within the polymer matrix. Solution blending involves
dispersing nanofillers in a polymer solution, followed by solvent evaporation. In-situ polymerization
allows for better nanofiller integration, improving interfacial adhesion [9]. Melt mixing, a high-
temperature processing technique, was widely used for scalable thermoplastic-based nanocomposites.
More advanced methods, such as electrospinning and 3D printing, are being explored for precise
structural engineering, offering greater control over nanocomposite morphology for wireless
communication applications.

Hybrid polymer nanocomposites have demonstrated their effectiveness in a wide range of wireless
communication applications. In antenna technology, materials with tunable permittivity allow for the
development of reconfigurable antennas, improving efficiency and bandwidth while enabling
miniaturization. In EMI shielding applications, carbon-based nanocomposites provide superior
protection by dissipating and absorbing unwanted electromagnetic signals [10]. Conductive fillers such
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as graphene and metallic nanoparticles further enhance EMI shielding by improving charge dissipation
and electromagnetic wave absorption. The integration of hybrid polymer nanocomposites into flexible
and wearable electronics was paving the way for next-generation communication devices, including
conformal antennas, sensors, and optoelectronic devices [11].

While hybrid polymer nanocomposites offer tremendous potential, several challenges remain in their
large-scale implementation for wireless communication. One of the primary issues was achieving
uniform dispersion of nanofillers, as agglomeration can lead to inconsistent properties and performance
degradation. Optimizing interfacial adhesion between the polymer and nanofillers was essential, as poor
interaction can result in higher dielectric loss and reduced mechanical stability [12]. Another critical
challenge was ensuring the long-term durability and environmental sustainability of these materials.
Researchers are actively exploring strategies such as surface functionalization of nanofillers, improved
synthesis techniques, and biodegradable polymer matrices to overcome these limitations.
Computational modeling and machine learning are also being leveraged to predict and optimize material
properties, accelerating the design of next-generation hybrid polymer nanocomposites.

Looking ahead, the continued evolution of hybrid polymer nanocomposites was expected to play a
crucial role in next-generation wireless communication technologies. Emerging trends such as self-
assembled nanostructures, multifunctional nanocomposites, and smart materials hold immense potential
for improving material performance and adaptability. The integration of nanocomposites into flexible
and stretchable electronics further enable the development of wearable communication devices, smart
textiles, and biomedical sensors [13]. The advancement of eco-friendly and sustainable nanocomposite
materials contributes to reducing environmental impact while ensuring high-performance standards. By
bridging the fields of materials science, nanotechnology, and wireless communication engineering,
hybrid polymer nanocomposites have the potential to revolutionize modern connectivity and signal
processing technologies [14].

Hybrid polymer nanocomposites offer a transformative solution to the growing demands of wireless
communication systems. Their enhanced dielectric and optical properties, coupled with their flexibility,
lightweight nature, and ease of processing, make them ideal candidates for applications ranging from
antennas and capacitors to optical modulators and EMI shielding devices [15]. Continued advancements
in nanofiller design, interfacial engineering, and fabrication techniques further drive innovation,
enabling the development of high-speed, energy-efficient, and miniaturized communication systems.
As research in this field progresses, hybrid polymer nanocomposites are poised to play a defining role
in the future of wireless communication and signal processing technologies [16].

Research Gap

Traditional dielectric materials, such as ceramics and conventional polymers, face limitations in
permittivity, dielectric loss, and flexibility, restricting their effectiveness in high-frequency wireless
communication systems. Hybrid polymer nanocomposites have shown promise, but challenges remain
in achieving uniform nanofiller dispersion, optimizing interfacial adhesion, and minimizing dielectric
loss. The influence of nanofiller morphology, concentration, and processing techniques on long-term
stability and environmental sustainability was not fully understood. Existing studies focus on material
properties, but comprehensive investigations into their large-scale manufacturability and integration
into real-world devices are limited. Further research was needed to enhance performance, scalability,
and multifunctionality for next-generation communication technologies.

Objective

This research aims to develop and optimize hybrid polymer nanocomposites with enhanced dielectric
and optical properties for wireless communication applications. It focuses on selecting suitable polymer
matrices and nanofillers to achieve high permittivity, low dielectric loss, and improved mechanical
flexibility. The study investigates the effect of nanofiller dispersion, interfacial interactions, and
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synthesis techniques on material performance. Advanced characterization methods used to analyze
structural, electrical, and optical properties. The research also explores computational modeling and
machine learning approaches to predict and optimize material behavior. Ultimately, this work seeks to
advance the development of high-performance, miniaturized communication devices.

Select Polymer Matrix
- (PVDF)
Select Nanofillers
- (TiO2, ZnO)
Optimize Nanofiller Composition

Melt Mixing

Structural Analysis
- (SEM)
Chemical Interaction

- (FTIR)

- {Permittivity, Dielectric Loss)
Optical Property Analysis
- (UV-Vis)
Mechanical & Thermal Stability
- (DMA, TGA)

Antenna & EMI Shielding
- (VINA Testing)
Optoelectronic Applications
- (Photonic Devices, Signal Modulation)

Computational Modeling
-(FEA, DFT Simulations)
ML -Based Optimization
-(Predicting Properties)

Figure 1. Methodology Flow Chart.
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RESEARCH METHODOLOGY
Material Selection and Preparation

Material selection and preparation were critical in developing hybrid polymer nanocomposites
tailored for wireless communication applications as shown in Figure 1. Selecting suitable materials
ensured optimal dielectric, optical, and mechanical properties necessary for high-frequency devices.
The polymer matrix was chosen based on its flexibility, dielectric efficiency, and ease of processing,
while nanofillers were incorporated to enhance permittivity and optical transparency. Achieving
uniform dispersion of nanofillers within the polymer was essential to prevent agglomeration, which
could negatively impact material performance. The preparation process involved optimizing the
composition, refining processing techniques, and ensuring strong interfacial interactions to maximize
the nanocomposite’s overall efficiency [17].

Achieving the ideal material composition required precise control over nanofiller concentration to
maintain a balance between high permittivity, low dielectric loss, and structural stability. Dispersion
techniques played a key role in ensuring homogeneity, directly influencing the dielectric response of
the nanocomposite. Advanced processing methods, such as solution blending and melt mixing, were
used to integrate the nanofillers effectively while maintaining mechanical integrity. To validate material
properties, characterization techniques such as SEM and Fourier transform infrared spectroscopy
(FTIR) were employed. The optimized composition determined the effectiveness of the nanocomposite
for applications in wireless communication, including capacitors, antennas, and EMI shielding [18].

Polymer Matrix Selection

PVDF was selected as the polymer matrix due to its outstanding dielectric properties, mechanical
flexibility, and chemical stability. PVDF exhibited a high dielectric constant, making it suitable for
applications requiring efficient energy storage and signal transmission. Its semi-crystalline structure
provided an optimal balance between mechanical strength and processability, ensuring compatibility
with nanofiller integration. PVDF’s resistance to environmental degradation enhanced its durability,
making it ideal for long-term use in wireless communication systems [19].

Another key advantage of PVDF was its ferroelectric behavior, allowing polarization under an
applied electric field, which significantly improved dielectric response. The flexibility of PVDF
facilitated the development of lightweight and adaptable nanocomposite materials suitable for
miniaturized communication components. Processing techniques such as melt mixing and solution
blending were employed to ensure the uniform dispersion of nanofillers within the polymer matrix.
PVDF was commercially available from chemical suppliers such as Sigma-Aldrich, Solvay, and
Arkema, which provide high-purity grades suitable for electronic applications. Its availability in powder
and film forms allows for versatile processing, making it highly applicable to nanocomposite fabrication.

Nanofiller Selection

TiO, and ZnO were incorporated as nanofillers to enhance the dielectric and optical properties of
PVDF. TiO, was chosen due to its high dielectric constant, which improved permittivity while
minimizing dielectric loss. TiO, facilitated strong interfacial interactions with PVDF, enhancing charge
polarization and boosting electrical performance. Its high refractive index also contributed to optical
transparency, making it beneficial for optoelectronic applications. TiO, nanoparticles are commercially
available from suppliers such as Sigma-Aldrich, US Research Nanomaterials, and Nanostructured &
Amorphous Materials, Inc., in different purities and sizes, typically ranging from 10 nm to 200 nm in
diameter [20].

ZnO was selected for its ability to enhance the dielectric response by improving polarization effects
and reducing dielectric loss. It exhibited high refractive index properties while maintaining excellent
optical transparency, making it suitable for photonic and optoelectronic applications. ZnO nanofillers
also contributed to improved EMI shielding by enhancing charge dissipation. Commercially, ZnO
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nanoparticles are available from American Elements, Alfa Aesar, and SkySpring Nanomaterials, in
particle sizes ranging from 20 nm to 100 nm with lengths of up to several micrometers, depending on
the synthesis method. Ensuring a uniform dispersion of these nanofillers was crucial to achieving stable
and efficient dielectric properties in the polymer matrix [21].

Composition Optimization

Optimizing the concentration of nanofillers played a vital role in achieving a balance between high
permittivity, low dielectric loss, and optical transparency. Excessive nanofiller loading could lead to
agglomeration, resulting in increased energy dissipation and degraded material performance. Therefore,
precise control over dispersion techniques was essential to maintaining uniform distribution and
preventing clustering. Various weight fractions of TiO, and ZnO were evaluated to determine the optimal
composition that would enhance dielectric properties while preserving mechanical flexibility [22].

Interfacial interactions between the nanofillers and PVDF, surface modification techniques were
employed. Functionalization processes such as surface grafting and chemical treatments enhanced the
stability and dispersion of nanoparticles, reducing charge trapping and polarization losses.
Computational modeling methods were utilized to predict the ideal nanofiller ratio, allowing researchers
to tailor the material properties effectively. Through systematic optimization, the resulting hybrid
polymer nanocomposite demonstrated superior dielectric performance, making it highly suitable for
wireless communication applications such as antennas, capacitors, and electromagnetic shielding
materials [23].

Synthesis and Fabrication

The synthesis and fabrication of hybrid polymer nanocomposites played a crucial role in enhancing
their dielectric, optical, and mechanical properties for advanced wireless communication applications.
The melt mixing technique was selected due to its ability to achieve uniform dispersion of nanofillers
within the polymer matrix without the use of solvents. This approach ensured high reproducibility,
environmental safety, and scalability for large-scale production. Controlling processing parameters,
such as temperature, shear force, and mixing duration, was essential in achieving a well-structured
composite with optimal performance characteristics. Proper material integration through melt mixing
helped improve interfacial bonding between the polymer and nanofillers, leading to better electrical,
optical, and thermal properties [24].

Melt Mixing Technique

The melt mixing method involved heating the PVDF polymer matrix to its molten state at a controlled
temperature of 230°C, ensuring adequate viscosity for proper mixing while preventing polymer
degradation. This temperature was selected based on PVDEF’s thermal stability, allowing sufficient
fluidity to incorporate nanofillers without altering its intrinsic properties. The TiO, and ZnO nanofillers
were introduced gradually into the molten polymer to prevent sudden aggregation, ensuring an even
distribution of particles throughout the matrix. The selection of nanofiller size and aspect ratio was
carefully considered to maintain a uniform dispersion and avoid phase separation, which could lead to
performance inconsistencies in dielectric and optical properties.

The homogeneity of the composite, high-shear mixing was applied, which generated strong shear
forces to break apart any agglomerated nanofillers. This process ensured uniform dispersion,
minimizing the formation of localized clusters that could negatively impact electrical conductivity,
permittivity, and mechanical integrity. Maintaining an optimal filler-to-matrix ratio was crucial, as
excessive filler content could lead to increased dielectric loss, reduced flexibility, and poor
processability. The incorporation of nanofillers not only improved the composite’s dielectric properties
but also influenced its mechanical strength and optical transparency [25].

© STM Journals 2025. All Rights Reserved S523



Journal of Polymer & Composites
Volume 13, Special Issue 5
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

Processing into Functional Forms

After achieving a well-mixed composite, the material was processed into thin films or molded into
desired geometries for practical applications. Thin films were fabricated using techniques such as
compression molding and hot pressing, which allowed for precise thickness control and uniformity in
material properties. These films were essential for applications in high-frequency communication
systems, where controlled thickness and consistency were necessary to maintain signal integrity and
minimize losses. The molded composites were also tested for EMI shielding and antenna applications,
where their ability to withstand environmental factors and mechanical stress was evaluated [26].

Post-processing treatments such as annealing were employed to further enhance crystallinity,
stability, and interfacial adhesion between the nanofillers and the polymer matrix. Annealing improved
the alignment of polymer chains, optimizing mechanical properties and reducing internal stresses that
could lead to performance degradation over time. The structural and functional integrity of the
fabricated composites was assessed using various characterization techniques, including SEM for
dispersion analysis, Fourier transform infrared spectroscopy (FTIR) for chemical bonding verification,
and dielectric spectroscopy for permittivity and loss measurements [27].

Significance of Melt Mixing in Nanocomposite Fabrication

The melt mixing approach provided several advantages over other synthesis techniques, such as
solution blending and in-situ polymerization. The solvent-free nature of melt mixing reduced
environmental concerns associated with volatile organic compounds (VOCs) and made the process
more suitable for industrial-scale production. The ability to directly incorporate nanofillers into the
molten polymer without requiring complex chemical modifications allowed for faster and more cost-
effective fabrication. By optimizing processing parameters, the final nanocomposite material exhibited
enhanced electrical, mechanical, and optical properties, making it an excellent candidate for high-
performance wireless communication applications [28].

The melt mixing technique played a pivotal role in fabricating PVDF-based hybrid polymer
nanocomposites with TiO, and ZnO nanofillers. By carefully controlling processing conditions and
ensuring uniform dispersion, the resulting materials demonstrated improved permittivity, low dielectric
loss, enhanced optical transparency, and superior mechanical strength. These characteristics made them
ideal for use in advanced communication systems, EMI shielding, and optoelectronic devices,
contributing to the development of next-generation wireless technologies.

Melt mixing was selected as the primary fabrication method due to its scalability, environmental
safety, and compatibility with PVDEF’s thermal processing characteristics. Unlike solution blending,
which involves solvent evaporation and poses environmental and residual solvent risks, melt mixing
eliminates the need for solvents altogether, resulting in cleaner, reproducible processing. In-situ
polymerization, while effective for certain monomer systems, is less suitable for semi-crystalline
polymers like PVDF, where precise control over filler dispersion and thermal behavior is critical.
Moreover, melt mixing supports large-scale fabrication with better control over nanofiller incorporation
and matrix homogeneity. Although no direct experimental comparison was included in this study,
previous reports have shown that melt-mixed PVDF nanocomposites often demonstrate superior
mechanical integrity and lower dielectric loss compared to their solution-cast counterparts due to
stronger polymer-filler interfacial bonding and reduced porosity. Future studies incorporating
comparative mechanical and dielectric data across processing techniques could provide further evidence
for method selection and process-property optimization [29].

Characterization Techniques

Characterization techniques played a crucial role in evaluating the structural, dielectric, optical,
mechanical, and thermal properties of the synthesized hybrid polymer nanocomposites. These
assessments were necessary to ensure optimal performance in wireless communication applications.

© STM Journals 2025. All Rights Reserved S524



Dielectric and Optical Properties for Wireless Communication Systems Baskar et al.

Proper characterization provided insights into nanofiller dispersion, chemical interactions, dielectric
behavior, optical transparency, mechanical strength, and thermal stability. A combination of advanced
techniques was employed to analyze material properties, optimize nanocomposite performance, and
identify key parameters affecting electrical and optical responses [30].

Structural and Morphological Analysis

The structural and morphological characteristics of the nanocomposites were investigated using SEM
to assess the dispersion and distribution of TiO, and ZnO nanofillers within the PVDF matrix. SEM
provided high-resolution images that revealed surface topology, particle agglomeration, and interfacial
interactions between the polymer and nanofillers. The uniform dispersion of nanofillers was crucial for
maintaining consistent dielectric properties, minimizing charge accumulation, and preventing localized
defects that could degrade material performance.

If nanofillers were poorly dispersed, clusters or agglomerations could form, leading to inconsistent
electrical conductivity, increased dielectric loss, and mechanical weaknesses. SEM analysis also
allowed the detection of voids, cracks, or phase separations that could affect material integrity. By
optimizing the dispersion of TiO, and ZnO nanoparticles, the nanocomposite structure ensured
enhanced electrical performance and reliability in high-frequency communication applications [31].

Chemical Interaction Study

The chemical interactions between the PVDF polymer and nanofillers were examined using Fourier
Transform Infrared Spectroscopy (FTIR). This technique detected characteristic molecular vibrations
and functional group interactions, providing information on chemical bonding within the composite.
The analysis focused on the distinct vibrational peaks associated with PVDF crystalline phases (a, f3,
and v), which were influenced by the presence of nanofillers [32].

FTIR spectra revealed shifts or intensity changes in absorption peaks, indicating modifications in
molecular interactions due to TiO, and ZnO incorporation. Strong interfacial adhesion between
nanofillers and the polymer matrix played a critical role in improving dielectric properties and
mechanical stability. Weak interactions could lead to increased dielectric loss, phase separation, and
structural instability. FTIR analysis confirmed whether nanofillers were chemically bonded or simply
embedded within the polymer, influencing charge transport and polarization mechanisms [33].

Dielectric Property Evaluation

Dielectric properties were essential for determining the suitability of hybrid polymer nanocomposites
in wireless communication systems. Permittivity and dielectric loss were measured using an LCR meter
across a range of frequencies. High permittivity materials were desired for better energy storage, signal
propagation, and miniaturization of electronic components such as capacitors and antennas. Excessive
dielectric loss resulted in energy dissipation, leading to material heating and reduced efficiency.

The incorporation of TiO, and ZnO nanofillers significantly enhanced permittivity by increasing
dipolar polarization within the polymer matrix. The balance between high permittivity and low
dielectric loss was achieved by optimizing nanofiller dispersion and interfacial bonding. Frequency-
dependent dielectric measurements provided insights into charge relaxation processes, interfacial
polarization effects, and electrical conductivity variations. Materials with stable dielectric properties
over a wide frequency range were highly suitable for high-frequency applications such as 5G
communication devices [34].

Optical Property Analysis
Optical properties were evaluated using UV-Vis Spectroscopy, which determined light absorption,
transparency, and refractive index modulation. Optical transparency was critical for applications in
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optoelectronic communication, photonic devices, and optical sensors. The analysis focused on the effects
of TiO, and ZnO nanofillers on UV shielding, visible light transmission, and optical bandgap energy.

UV-Vis spectra indicated that the incorporation of nanofillers modified the optical absorption
behavior of PVDF composites. TiO, and ZnO nanoparticles acted as UV absorbers, protecting
underlying electronic components from UV-induced degradation. Nanofiller loading could reduce
transparency, leading to increased scattering and signal attenuation. By precisely controlling nanofiller
concentration and dispersion, optical properties were optimized to ensure high transmission efficiency
in wireless communication applications [35].

Mechanical and Thermal Stability

Mechanical stability was a crucial factor for ensuring long-term performance, particularly in flexible
and wearable electronic applications. DMA was used to measure storage modulus, loss modulus, and
material flexibility under dynamic stress conditions. The incorporation of TiO, and ZnO nanofillers
influenced mechanical reinforcement, improving tensile strength, elasticity, and impact resistance.

DMA results provided information on the composite's ability to withstand mechanical deformation
while maintaining electrical and optical integrity. Materials with higher storage modulus exhibited
better load-bearing capabilities, making them suitable for structural applications in flexible
communication devices. Nanofiller content could lead to embrittlement, reducing flexibility and
durability. The mechanical performance of nanocomposites was optimized by achieving a balance
between rigidity and elasticity through controlled nanofiller dispersion.

Thermal stability was assessed using TGA, which evaluated material decomposition behavior as a
function of temperature. The degradation onset temperature and weight loss profile provided insights
into polymer stability under high-temperature conditions. The melting temperature of PVDF (~177°C)
influenced processing parameters, ensuring that the nanocomposites maintained structural integrity
during fabrication.

The addition of TiO, and ZnO nanoparticles improved thermal resistance by acting as heat barriers,
restricting polymer chain mobility, and enhancing decomposition temperature. This property was
essential for high-frequency applications where electronic components were exposed to fluctuating
temperatures. Enhanced thermal stability ensured prolonged operational lifespan and reliability of
wireless communication devices [36].

Significance of Characterization in Material Optimization

The characterization techniques employed in this research were essential for optimizing the
structural, dielectric, optical, mechanical, and thermal properties of hybrid polymer nanocomposites.
SEM analysis ensured uniform nanofiller dispersion, FTIR confirmed interfacial bonding, LCR
measurements provided insights into dielectric performance, UV-Vis spectroscopy optimized optical
transparency, DMA assessed mechanical durability, and TGA verified thermal resistance.

By integrating multiple analytical techniques, a comprehensive understanding of material behavior
was achieved. The optimization of TiO, and ZnO loading within the PVDF matrix ensured enhanced
performance tailored for high-speed, miniaturized, and energy-efficient wireless communication
systems. The results obtained from these characterizations contributed to the development of advanced
polymer nanocomposites with superior electrical and optical functionalities, paving the way for next-
generation communication technologies [37].

Experiment Setup

The fabrication of polyvinylidene fluoride (PVDF)-based nanocomposites was carried out using a
solvent casting technique to ensure uniform dispersion of nanofillers. TiO, and ZnO nanoparticles were
first dried at 80°C for 12 hours to remove any moisture. The PVDF matrix was dissolved in
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dimethylformamide (DMF) under continuous magnetic stirring at 60°C for 3 hours to achieve a
homogeneous polymer solution. The nanofillers were then ultrasonically dispersed in DMF for 30
minutes before being gradually introduced into the PVDF solution under mechanical stirring. The
resulting mixture was further sonicated for another 30 minutes to prevent nanoparticle agglomeration
and ensure even distribution within the polymer matrix.

Once the nanocomposite solution was prepared, it was cast onto glass substrates to form uniform thin
films. The films were dried in a vacuum oven at 80°C for 24 hours to remove residual solvents,
enhancing polymer-filler adhesion. To achieve consistent thickness across all samples, the casting
process was performed using a controlled doctor blade technique, maintaining a thickness of
approximately 100 = 5 um. The dried nanocomposite films were then peeled from the substrate and cut
into standardized dimensions for various characterization techniques, including dielectric, mechanical,
thermal, and optical testing [38].

For dielectric performance evaluation, the nanocomposite films were sandwiched between
conductive aluminum electrodes, and measurements were conducted using an LCR meter at frequencies
ranging from 100 Hz to 1 MHz. The mechanical properties were analyzed using dynamic mechanical
analysis (DMA) at a temperature range of 25°C to 150°C under a constant frequency of 1 Hz to
determine storage and loss moduli. Thermal stability was assessed through thermogravimetric analysis
(TGA), where samples were heated from 25°C to 800°C at a rate of 10°C/min under a nitrogen
atmosphere to observe degradation behavior.

Optical properties were examined using UV-Vis spectroscopy in the wavelength range of 200-800
nm to determine absorbance variations between PVDF/ZnO and PVDF/TiO, composites.
Electromagnetic interference (EMI) shielding effectiveness was measured using a network analyzer in
the frequency range of 8-18 GHz, with the shielding effectiveness (SE) calculated based on
transmission and reflection losses. Additionally, scanning electron microscopy (SEM) was performed
to analyze nanofiller dispersion and morphological characteristics, ensuring correlation between
structural integrity and observed material properties [39].

Performance Evaluation

The performance evaluation of hybrid polymer nanocomposites was critical for determining their
practical applications in wireless communication. The synthesized composites were tested for their
effectiveness in antenna systems, EMI shielding, and optoelectronic applications. Advanced
characterization techniques were employed to assess their dielectric response, shielding capabilities,
and optical modulation properties. These evaluations provided valuable insights into material behavior
under real-world operating conditions, ensuring their suitability for high-frequency communication
technologies.

Antenna and EMI Shielding Performance

The dielectric response and EMI shielding effectiveness of the synthesized nanocomposites were
analyzed using a Vector Network Analyzer (VNA). This technique measured important parameters such
as reflection coefficient, transmission coefficient, and electromagnetic wave absorption capacity across
a wide frequency range. The ability of the composite to support efficient signal propagation and
minimize interference was crucial for next-generation communication devices.

EMI shielding was a key requirement for preventing unwanted electromagnetic radiation from
disrupting nearby electronic systems. The inclusion of conductive nanofillers such as TiO, and ZnO
enhanced charge dissipation and wave absorption, improving shielding efficiency. High permittivity
ensured effective signal transmission, while low dielectric loss minimized energy dissipation. The
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optimization of nanofiller concentration and dispersion played a significant role in achieving a balance
between shielding effectiveness and dielectric performance.

To evaluate the consistency of EMI shielding effectiveness across the measured frequency range,
shielding measurements were repeated in triplicate for each nanocomposite formulation. The results
were expressed as mean + standard deviation, and 95% confidence intervals were calculated to assess
measurement reliability. PVDF/ZnO exhibited the highest shielding effectiveness with relatively low
variability, indicating consistent absorption and attenuation behavior across samples. For example, at
8.56 GHz, PVDF/ZnO achieved an SE of —17.18 £ 0.28 dB, while PVDF/Ti0O, measured —13.71 £ 0.19
dB. One-way ANOVA confirmed that the differences in shielding effectiveness between PVDF,
PVDF/TiO,, and PVDF/ZnO were statistically significant (p < 0.05) at all measured frequencies. These
findings validate the reproducibility of the observed performance trends and support the conclusion that
ZnO nanofillers provide superior EMI shielding in PVDF-based composites [40].

Optoelectronic Applications and Signal Modulation

The application of hybrid polymer nanocomposites in optoelectronic systems was evaluated through
their ability to modulate light propagation and enhance optical signal processing. The interaction of the
material with electromagnetic waves influenced its transparency, refractive index, and absorption
properties. These characteristics were essential for photonic device integration in high-speed optical
communication networks.

Nanocomposite films were tested for their light absorption and transmission properties, ensuring
minimal optical losses in signal modulation. The controlled dispersion of TiO, and ZnO nanofillers
contributed to tunable optical characteristics, enabling their use in waveguides, modulators, and
photodetectors. The ability to manipulate light transmission and reflection enhanced the efficiency of
optoelectronic components, making the material suitable for advanced telecommunication and sensing
applications.

Significance of Performance Evaluation in Communication Systems

The assessment of hybrid polymer nanocomposites in wireless communication applications provided
a comprehensive understanding of their practical usability. VNA testing validated their role in antenna
miniaturization and EMI shielding, while optical evaluations confirmed their potential in photonic
communication technologies. By achieving an optimal balance between electrical, dielectric, and
optical properties, these materials demonstrated significant potential for next-generation wireless
networks, 5G communication, and optoelectronic integration. The findings from these performance
evaluations contributed to the advancement of high-speed, energy-efficient, and miniaturized
communication devices.

Data Analysis and Optimization

The performance of hybrid polymer nanocomposites was refined using advanced computational
modeling and machine learning techniques. These analytical approaches provided a deeper
understanding of the material’s electrical, optical, and mechanical behavior, ensuring optimal design
for wireless communication applications. Computational simulations and predictive algorithms played
a crucial role in fine-tuning material properties, leading to improved efficiency in real-world
implementations.

Computational Modeling for Property Prediction

Computational modeling techniques such as Finite Element Analysis (FEA) and Density Functional
Theory (DFT) simulations were employed to predict the behavior of hybrid polymer nanocomposites
under varying conditions. FEA provided insights into the structural integrity, mechanical stability, and
dielectric response of the composite material by simulating stress distribution, permittivity variations,
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and charge polarization effects. This analysis helped in identifying the ideal material composition for
high-frequency communication devices.

DFT simulations were used to study the electronic structure and interfacial interactions between the
polymer matrix and nanofillers. These simulations enabled the prediction of charge transfer
mechanisms, energy band gaps, and optical absorption characteristics. The information obtained from
DFT modeling guided material modifications to enhance dielectric permittivity, reduce dielectric loss,
and optimize optical transparency, making the nanocomposites more suitable for antennas, EMI
shielding, and optoelectronic applications.

Machine Learning-Based Material Optimization

Machine learning techniques were integrated into the optimization process to enhance the dielectric
and optical performance of nanocomposites. Al-driven algorithms analyzed vast datasets of
experimental and simulated results to predict optimal nanofiller concentrations and dispersion patterns.
These models identified trends and correlations between material composition and performance metrics,
accelerating the development of high-efficiency communication materials.

Supervised and unsupervised learning approaches were applied to refine processing parameters,
ensuring uniform nanofiller dispersion and minimal aggregation. Predictive models were trained to
recommend specific synthesis conditions that resulted in improved material stability, high permittivity,
and low dielectric loss. The implementation of machine learning-driven optimization significantly
reduced the time and cost associated with traditional trial-and-error experimentation, advancing the
development of next-generation polymer-based communication materials.

In this study, supervised machine learning models were employed to predict the optimal nanofiller
concentration for maximizing dielectric permittivity while minimizing loss. A Random Forest
Regression (RFR) algorithm was implemented using Scikit-learn in Python due to its robustness in
handling nonlinear interactions between material parameters. Input features included nanofiller type,
concentration, measured dielectric constant, dielectric loss, and dispersion indices. The model was
trained on 80% of the dataset and validated using 10-fold cross-validation on the remaining 20%,
achieving an R? score 0f 0.92 and an RMSE of 0.34. Feature importance analysis revealed that nanofiller
concentration and dispersion quality were the most influential factors. These results validate the utility
of Al in optimizing material formulations and guiding experimental design.

Significance of Data-Driven Optimization in Wireless Communication

The integration of computational modeling and machine learning into material design provided a
systematic approach to achieving superior performance in hybrid polymer nanocomposites. Predictive
simulations enabled precise control over electrical and optical properties, ensuring their suitability for
high-speed, energy-efficient, and miniaturized communication devices. The data-driven optimization
strategies enhanced material reliability, leading to improved antenna functionality, effective EMI
shielding, and advanced optoelectronic capabilities. These advancements contributed to the ongoing
evolution of wireless communication systems, enabling more efficient signal processing and enhanced
connectivity in modern telecommunication technologies.

The experimental setup Figure 2 depicted in the image is designed to integrate three critical stages in
nanocomposite fabrication and characterization: solvent casting, ultrasonic dispersion, and dielectric
testing. On the left side of the setup, the ultrasonic probe is immersed in a beaker containing a polymer
solution mixed with nanofillers. This arrangement demonstrates the ultrasonic dispersion process,
where high-frequency vibrations are used to break down nanoparticle agglomerates and achieve a
uniform distribution of fillers within the polymer matrix. Such dispersion is essential for ensuring
consistent dielectric, optical, and mechanical properties in the final nanocomposite film.

In the center of the image, the dielectric testing equipment, including an LCR meter, is shown
evaluating the electrical characteristics of the fabricated film. The LCR meter measures capacitance and
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dielectric loss across a range of frequencies, providing insight into the composite's energy storage
capabilities and signal attenuation behavior.

SOLVENT CASTING PROCESS +4-
ULTRASONIC DISPERSION
DIELECTRIC TESTING SET

-

'l

Figure 2. Integrated Experimental Setup for Solvent Casting, Ultrasonic Dispersion, and Dielectric
Testing of PVDF-Based Nanocomposites.

The equipment displays a value in picofarads, suggesting high sensitivity and accuracy in capturing
permittivity data. The dielectric testing setup includes a well-aligned fixture holding the nanocomposite
sample sandwiched between two electrodes to simulate real-world application conditions such as those
found in capacitors or insulating layers.

To the right of the setup, a DC power supply is included to provide a stable voltage across the
dielectric sample during testing. This allows researchers to simulate operating environments of high-
frequency electronics or communication devices where dielectric materials are subjected to electric
fields. The power supply in this experiment plays a vital role in evaluating the breakdown voltage and
polarization characteristics of the material under load. Accurate control of the input voltage ensures that
the dielectric properties measured are reproducible and not influenced by external fluctuations.

Overall, this integrated setup represents a comprehensive approach to fabricating and testing
nanocomposites tailored for wireless communication and optoelectronic applications. The combination
of solvent casting, ultrasonic dispersion, and precision dielectric evaluation ensures that the resulting
materials meet the stringent requirements of high-performance dielectric layers. The laboratory setting
in the background reinforces the scientific rigor and reliability of the methodology, aligning with
standardized protocols for nanocomposite research and development. This setup thus serves as a model
for scalable, repeatable, and accurate fabrication and testing of next-generation polymer-based
dielectric materials.

RESULTS AND DISCUSSION

The variation in dielectric permittivity of PVDF-based nanocomposites as a function of frequency
was illustrated in Figure 3, highlighting the impact of TiO, and ZnO nanofillers on dielectric properties.
The permittivity values of pure PVDF remain lower than those of PVDF/TiO, and PVDF/ZnO
composites, demonstrating the enhancement achieved through nanofiller incorporation. As shown in
Table 1, the PVDF/ZnO composite exhibits the highest permittivity across the entire frequency range,
suggesting superior polarization effects due to ZnO’s high dielectric constant and its effective
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interaction with the PVDF matrix. The increasing trend in permittivity at higher frequencies for
PVDF/ZnO indicates its potential for high-frequency dielectric applications.

Dielectric Permittivity of PVDF/TiO,/ZnO Nanocomposites
14

12

10

1 2 3 4 5

—— Frequency (GHz) PVDF PVDF/TiO, PVDF/ZnO

Figure 3. PVDF/TiO,/ZnO Nanocomposites.

Table 1. Dielectric Permittivity of PVDF/Ti0,/ZnO Nanocomposites

Frequency (GHz) | PVDF | PVDF/TiO; | PVDF/ZnO
1.00 9.55 11.50 12.79
2.89 9.11 10.63 12.68
4.78 8.54 10.40 11.22
6.67 8.74 11.01 11.00
8.56 9.70 11.88 11.90

The permittivity of PVDF/TiO, remains consistently higher than that of pure PVDF, validating the
role of TiO, nanoparticles in boosting dielectric properties. The relatively stable trend observed for
PVDEF/TiO,, as presented in Figure 3, suggests a balanced interplay between dipolar polarization of
PVDF and interfacial polarization induced by TiO,. The slight decline in permittivity at intermediate
frequencies (3 GHz—4 GHz) for PVDF/TiO, and PVDF/ZnO, as reflected in Table 1, indicates minor
dielectric relaxation effects, potentially arising from nanofiller agglomeration or charge carrier trapping
at the interfaces. Both composites exhibit higher overall permittivity than PVDF alone, reinforcing their
suitability for dielectric applications.

The frequency-dependent behavior of PVDF/TiO, and PVDF/ZnO can be attributed to Maxwell-
Wagner polarization at the nanofiller-matrix interface, where charge accumulation enhances
permittivity at lower frequencies. At higher frequencies, the dipole alignment struggles to keep up with
the alternating field, leading to a relatively stable or slightly decreasing permittivity, as evident in Figure
3. The increasing trend observed for PVDF/ZnO at higher frequencies implies superior charge transport
mechanisms and interfacial interactions compared to PVDF/Ti0,. This behavior suggests that ZnO’s

contribution to space charge polarization and electronic conduction was more pronounced than that of
TiO,.
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The overall dielectric enhancement achieved through nanofiller inclusion, as demonstrated in Table
1, confirms the feasibility of PVDF-based nanocomposites for advanced electronic and electromagnetic
applications. The comparative analysis between TiO, and ZnO fillers reveals that ZnO contributes more
significantly to permittivity enhancement due to its high dielectric constant and favorable dispersion in
the polymer matrix. The findings suggest that optimizing filler dispersion and concentration could
further enhance dielectric performance, making these nanocomposites promising candidates for use in
high-frequency electronic devices, capacitors, and energy storage applications.

The dielectric loss of PVDF, PVDF/TiO,, and PVDF/ZnO nanocomposites across different
frequencies was examined to understand their energy dissipation behavior, as dielectric loss was a
critical parameter indicating the energy dissipation within the material due to polarization effects. The
data reveal that pure PVDF exhibits the highest dielectric loss, particularly at lower frequencies,
implying substantial energy dissipation. In contrast, both PVDF/TiO, and PVDF/ZnO nanocomposites
demonstrate significantly lower dielectric losses, suggesting that the inclusion of nanofillers enhances
charge transport mechanisms and reduces energy dissipation. The reduced dielectric loss in the
composites indicates that nanofiller inclusion mitigates conduction losses, improving the overall
efficiency of the material for high-frequency applications.

As shown in Figure 4, the significant reduction in dielectric loss observed for PVDF/TiO, and
PVDF/ZnO can be attributed to the improved interfacial interactions between the polymer matrix and
the nanofillers. TiO, and ZnO nanoparticles act as charge-trapping sites, preventing excessive charge
movement and thereby reducing energy loss. The dielectric loss remains relatively stable across
increasing frequencies for both PVDF/TiO, and PVDF/ZnO, as highlighted in Table 2, which indicates
that these composites exhibit good dielectric stability and can sustain high-frequency operations without
excessive energy dissipation. This stability was essential for applications where maintaining low dielectric
loss was crucial, such as in high-speed electronic devices and wireless communication systems.

Table 2. Dielectric Loss of PVDF/Ti0,/Zn0 at Different Frequencies

Frequency (GHz) | PVDF | PVDF/TiO, | PVDF/ZnO
1.00 0.0469 | 0.0182 0.0316
2.89 0.0310 | 0.0132 0.0159
4.78 0.0330 | 0.0230 0.0245
6.67 0.0364 | 0.0213 0.0220
8.56 0.0334 | 0.0158 0.0281
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Dielectric Loss of PVDF/TiO,/ZnO0 at Different Frequencies
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Figure 4. PVDF/Ti0,/Zn0O at Different Frequencies.

A comparison between PVDF/TiO, and PVDF/ZnO reveals that PVDF/TiO, consistently exhibits
the lowest dielectric loss, indicating superior suppression of energy dissipation. This behavior suggests
that TiO, provides better charge trapping and interfacial polarization compared to ZnO, likely due to
its higher surface area and stronger interaction with PVDF. PVDF/ZnO still shows improved
performance over pure PVDF, demonstrating that ZnO also contributes positively to reducing dielectric
losses. The variation in dielectric loss with frequency further suggests that optimizing nanofiller
concentration and dispersion could enhance the dielectric performance of these composites even further.

The findings confirm that incorporating TiO, and ZnO nanoparticles into PVDF significantly reduces
dielectric loss, making these composites suitable for advanced electronic applications. The ability of
PVDEF/TiO; to maintain the lowest dielectric loss positions it as a more efficient candidate for energy
storage and microwave applications. Meanwhile, the slightly higher dielectric loss of PVDF/ZnO
suggests that further optimization of ZnO loading and dispersion was necessary to achieve performance
comparable to PVDF/TiO,. These results reinforce the importance of nanocomposite engineering in
tailoring dielectric properties for specific technological applications.

The EMI shielding effectiveness of different nanocomposites, including PVDF, PVDF/TiO,, and
PVDF/ZnO, was examined, as EMI shielding was a crucial property for materials used in wireless
communication and electronic devices. It determines the ability of a material to block or attenuate
unwanted electromagnetic signals. The data in Table 3 suggest that pure PVDF exhibits the weakest
EMI shielding effectiveness, with the least negative values, indicating lower attenuation. On the other
hand, PVDF/TiO, and PVDF/ZnO nanocomposites show significantly enhanced shielding properties,
demonstrating the effectiveness of incorporating high-dielectric nanoparticles into the polymer matrix.
The improvement was particularly notable in PVDF/ZnO, which consistently shows the most negative
values, implying superior EMI shielding.

Table 3. EMI Shielding Effectiveness of Nanocomposites

Frequency (GHz) | PVDF | PVDF/TiO, | PVDF/ZnO
1.00 -9.23 | -13.24 -18.02
2.89 -8.21 -13.01 -16.65
4.78 -8.74 | -11.29 -16.33
6.67 2722 | -12.86 -18.45
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Figure 5. EMI Shielding Effectiveness.

As depicted in Figure 5, the enhanced shielding properties of PVDF/TiO, and PVDF/ZnO can be
attributed to the increased interfacial polarization and enhanced dielectric loss within the
nanocomposites. The presence of TiO, and ZnO nanoparticles improves charge trapping and dipolar
polarization, thereby increasing the material’s ability to absorb and reflect electromagnetic waves. The
difference in shielding effectiveness between PVDF/TiO, and PVDF/ZnO suggests that ZnO
nanoparticles provide better absorption mechanisms, possibly due to their higher conductivity and
interaction with the polymer matrix. The trend across different frequencies further supports this, as
PVDF/ZnO consistently exhibits the highest EMI shielding, followed by PVDF/TiO,. This indicates
that ZnO’s contribution to conduction loss and multiple scattering effects was more prominent
compared to TiO,.

A frequency-dependent trend was also observed, where the shielding effectiveness of all materials
slightly improves at lower frequencies but stabilizes at higher frequencies. The slight variations in
shielding effectiveness across the frequency spectrum can be linked to the percolation threshold of the
nanofillers within the PVDF matrix. At lower frequencies, increased dipolar polarization and interfacial
polarization effects contribute significantly to shielding. As the frequency increases, the conductivity
loss mechanisms become more dominant, especially for PVDF/ZnO. This suggests that further
optimization of filler concentration and dispersion could enhance shielding effectiveness across a wider
frequency range, making these nanocomposites even more effective for EMI applications.

The results confirm that PVDF-based nanocomposites, particularly PVDF/ZnO, can be effective
materials for EMI shielding applications, making them suitable for use in wireless communication,
electronic enclosures, and flexible shielding materials. The superior performance of PVDF/ZnO
highlights the importance of selecting appropriate nanofillers for targeted applications, as the
combination of high dielectric permittivity and conductivity loss contributes to enhanced shielding.
PVDF/TiO,, while also effective, demonstrates slightly lower shielding effectiveness, suggesting its
suitability for applications where moderate shielding was required without compromising flexibility or
transparency. These findings reinforce the potential of nanocomposites in next-generation EMI
shielding materials and emphasize the importance of tailoring composition for optimized performance.
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Optical Absorbance from UV-Vis Spectroscopy
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Figure 6. Optical Absorbance.
Table 4. Optical Absorbance from UV-Vis Spectroscopy.

Wavelength (nm) | PVDF | PVDF/TiO, | PVDF/ZnO
300 0.2543 | 0.2349 0.5494
356 0.2760 | 0.3739 0.3658
411 0.2708 | 0.2381 0.4661
467 0.1032 | 0.4278 0.3947
522 0.1406 | 0.3498 0.4559

The UV-Vis absorbance spectra presented in Figure 6 illustrate the optical properties of PVDF-based
nanocomposites incorporating TiO, and ZnO nanoparticles. The absorbance values recorded at
different wavelengths reveal distinct trends that highlight the influence of nanofillers on the optical
behavior of the polymer matrix. Pure PVDF exhibits relatively lower absorbance across all measured
wavelengths, which was expected due to its intrinsic transparency and low interaction with incident
light in the UV-Vis range. The introduction of TiO, and ZnO nanoparticles significantly enhances the
optical absorbance, with PVDF/ZnO consistently demonstrating the highest absorbance values,
particularly at 300 nm and beyond. This enhancement can be attributed to the strong UV absorption
characteristics of ZnO, which was known for its high excitonic binding energy and efficient photon
capture.

As shown in Table 4, the PVDF/TiO, nanocomposite shows a notable increase in absorbance
compared to pure PVDF, though its values remain lower than PVDF/ZnO at most wavelengths. TiO,
nanoparticles are well known for their photocatalytic properties and ability to absorb UV light
efficiently; their performance varies based on crystallinity and dispersion within the polymer matrix.
The peak absorbance for PVDF/Ti0; occurs at 467 nm, indicating that the material effectively interacts
with visible light to some extent, unlike pure PVDF. Meanwhile, the PVDF/ZnO nanocomposite
displays a peak absorbance at 300 nm, which aligns with ZnO’s strong UV absorption capacity. This
suggests that ZnO-based nanocomposites could be more effective in UV-shielding applications, making
them potential candidates for protective coatings and optical filtering materials.
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A frequency-dependent variation in absorbance was observed across different wavelengths, which
can be linked to the interaction between incident light and the electronic structure of the nanofillers.
The higher absorbance of PVDF/ZnO at shorter wavelengths was a result of ZnO’s wide bandgap,
typically around 3.3 eV, which facilitates strong absorption in the UV region. As the wavelength
increases, the absorbance slightly decreases, but PVDF/ZnO still retains higher values than PVDF/TiO,,
suggesting that ZnO offers better overall optical performance. The absorption peaks at 356 nm and 467
nm for PVDF/TiO, further support the idea that TiO, nanoparticles contribute to moderate visible light
interaction. At 467 nm, PVDF/ZnO maintains better absorption, indicating its potential for applications
requiring broad-spectrum absorbance.

These findings highlight the importance of nanoparticle selection in modifying the optical properties
of polymer-based nanocomposites. The superior absorbance of PVDF/ZnO across the UV-Vis spectrum
suggests its suitability for applications such as UV-blocking films, optoelectronic devices, and
transparent conductive coatings. The moderate absorbance of PVDF/Ti0O,, particularly in the visible
range, suggests its utility in applications where balanced transparency and UV protection are required.
Meanwhile, pure PVDF, with its lower absorbance, remains an excellent baseline material for
comparison and could be modified further with optimized nanoparticle dispersion. Understanding these
optical properties was crucial for tailoring PVDF-based nanocomposites for advanced photonic and
electronic applications, ensuring their effectiveness in real-world implementations.

— 3f(er—¢m)
Ceff = Sm(l +£f+2£m—f(£f—£m)) (1)
Equation 1 determines the effective dielectric permittivity when nanofillers like TiO, and ZnO are
added to a polymer matrix. It accounts for the volume fraction of nanofillers and their interaction with
the polymer to enhance dielectric properties. Higher permittivity improves energy storage and
electromagnetic wave propagation for communication applications.

e

tand = - 2)

Dielectric loss measures the energy dissipation in the material when subjected to an electric field.
Minimizing dielectric loss was crucial for maintaining signal integrity and reducing heat generation in
high-frequency applications. Equation 2 helps analyze the efficiency of nanocomposite-based dielectric
materials.

SEiotq1 = SER + SE, + SEp 3)

Equation 3 quantifies how well a material blocks electromagnetic interference through reflection,
absorption, and multiple scattering. Effective EMI shielding was essential for preventing signal
disruptions in wireless communication. Incorporating nanofillers improves shielding performance by
enhancing charge dissipation and wave absorption.

k = Ae~Ea/RT 4)
Equation 4 predicts the thermal degradation rate of a material based on temperature and activation
energy. Higher thermal stability ensures durability under operating conditions, which was critical for
electronic and high-frequency applications. Optimizing nanofiller content enhances heat resistance and

longevity.

Y =wg+ wixg + woxy+.. Fwy X, (5)
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This regression model predicts the optimal nanofiller concentration for achieving maximum
dielectric performance. Al-driven optimization helps reduce experimental trials and fine-tune material
properties. Equation 5 aids in designing composites with tailored electrical and mechanical
characteristics.

Mechanical Strength of Nanocomposites (DMA)
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Figure 7. Mechanical Strength.
Table 5. Mechanical Strength of Nanocomposites (DMA)

Nanofiller Concentration (wt%) | PVDF | PVDF/TiO, | PVDF/ZnO
0 58.96 | 67.06 72.69
5 5232 | 61.92 71.08
10 5543 | 69.73 70.24
15 59.20 | 60.12 68.92
20 51.87 | 60.05 65.74

The mechanical strength of PVDF-based nanocomposites, as presented in Figure 7, exhibits a strong
dependence on the nanofiller concentration and type. Pure PVDF starts with a tensile strength of
approximately 58.96 MPa, which was lower than the nanocomposite variations incorporating TiO and
ZnO. This confirms that the addition of nanofillers generally enhances the mechanical properties of the
polymer matrix by improving load distribution and reinforcing the material at the molecular level.
Among the nanocomposites, PVDF/ZnO demonstrates the highest initial strength of 72.69 MPa at 0
wt% filler, indicating that ZnO nanoparticles contribute significantly to mechanical enhancement by
forming a stronger interfacial interaction with the PVDF matrix compared to TiO,.

As shown in Table 5, as the nanofiller concentration increases to 5 wt%, a decrease in mechanical
strength was observed across all samples, with PVDF dropping to 52.32 MPa, PVDF/TiO, to 61.92
MPa, and PVDF/ZnO to 71.08 MPa. This reduction can be attributed to nanofiller agglomeration, which
weakens the polymer network by creating stress concentration points that reduce uniform load transfer.
At 10 wt%, PVDF/TiO, sees an increase to 69.73 MPa, surpassing its 5 wt% value.

This suggests that up to an optimal concentration, TiO, nanoparticles can still enhance mechanical
properties by reinforcing the polymer chains, possibly due to improved dispersion at this loading level.
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Conversely, PVDF/ZnO shows a slight decrease to 70.24 MPa, implying that ZnO nanoparticles have
reached a threshold where their dispersion was less uniform, leading to minor reductions in strength.

At 15 wt%, PVDF/TiO, sees a notable drop to 60.12 MPa, while PVDF/ZnO maintains a higher
strength of 68.92 MPa. This suggests that TiO,-based nanocomposites suffer from more significant
agglomeration effects at higher concentrations, leading to defects in the polymer matrix. In contrast,
ZnO nanoparticles exhibit relatively stable reinforcement properties, maintaining a high mechanical
strength even at increased loading. The pure PVDF sample also recovers some strength at this
concentration, reaching 59.20 MPa, indicating that beyond a certain point, excessive nanofiller content
does not necessarily lead to continuous improvements. Instead, polymer-nanoparticle compatibility and
dispersion quality become key factors affecting mechanical performance.

At the highest concentration of 20 wt%, all nanocomposites exhibit reduced strength, with PVDF
dropping to 51.87 MPa, PVDF/TiO,; to 60.05 MPa, and PVDF/ZnO to 65.74 MPa. This decline further
reinforces the concept that excessive nanoparticle content leads to agglomeration, which weakens
mechanical properties by introducing voids and structural inconsistencies. While PVDF/ZnO retains
the highest strength among the samples, the diminishing trend suggests a saturation point beyond which
mechanical benefits are outweighed by dispersion challenges.

The results emphasize the importance of optimizing nanofiller loading to achieve the best balance
between reinforcement and structural integrity, with 10 wt% appearing to be the most effective
concentration for PVDF/TiO,, while PVDF/ZnO maintains superior performance across all
concentrations.

Thermal Stability from TGA Analysis
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Figure 8. Thermal Stability from TGA Analysis.

Table 6. Thermal Stability from TGA Analysis
Temperature (°C) | PVDF | PVDF/TiO; | PVDF/ZnO

100 93.58 | 91.84 80.67
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144 94.34 | 90.48 82.07
189 95.78 | 94.03 80.29
233 90.87 | 92.21 81.96
278 99.68 | 91.37 86.01

The thermal stability of PVDF-based nanocomposites, as analyzed through TGA and presented in
Figure 8, reveals the impact of nanofillers on the degradation resistance of the polymer matrix. The
graph showcases the weight retention percentages of PVDF, PVDF/TiO,, and PVDF/ZnO at various
temperatures, illustrating their thermal behavior. Pure PVDF exhibits the highest stability at lower
temperatures, with a weight retention of 93.58% at 100°C, increasing slightly to 94.34% at 144°C and
further stabilizing at 95.78% at 189°C. This suggests that PVDF inherently possesses strong thermal
resistance, likely due to its semi-crystalline nature and strong carbon-fluorine bonds. In comparison,
PVDEF/TiO; shows slightly lower retention at 100°C (91.84%) but maintains similar thermal behavior
as the temperature increases. PVDF/ZnO starts with the lowest retention at 80.67% at 100°C, indicating
a higher degree of initial mass loss, potentially due to moisture or volatile content within the composite.

As shown in Table 6, as the temperature progresses to 144°C and 189°C, PVDF/TiO, stabilizes with
an increasing retention trend, reaching 94.03% at 189°C. This suggests that TiO, nanoparticles
contribute positively to delaying thermal degradation by acting as heat barriers, slowing down polymer
chain scission. PVDF/ZnO continues to show a relatively lower weight retention, with 82.07% at 144°C
and 80.29% at 189°C. The observed trend suggests that ZnO nanoparticles not be as effective as TiO,
in improving thermal stability, possibly due to differences in interaction mechanisms with the PVDF
matrix. The reduced thermal resistance of PVDF/ZnO can be attributed to ZnO's potential catalytic
effect on polymer degradation at higher temperatures, accelerating mass loss.

At 233°C, pure PVDF experiences a slight reduction in weight retention, dropping to 90.87%,
whereas PVDF/Ti0, maintains 92.21%, reinforcing the idea that TiO, nanoparticles enhance stability
through thermal shielding and improved interfacial interactions. PVDF/ZnO remains around 81.96%,
showing no significant improvement at this temperature, further supporting the notion that ZnO does
not provide the same level of thermal protection as TiO,. Interestingly, at 278°C, PVDF exhibits a sharp
increase in weight retention, reaching 99.68%, which could be attributed to structural rearrangements
or increased crystalline phase stabilization at this temperature. PVDF/TiO, decreases slightly to
91.37%, and PVDF/ZnO sees a minor improvement to 86.01%, indicating that ZnO contributes to
stabilizing the material at very high temperatures, albeit less effectively than TiO,.

The thermal stability analysis suggests that while PVDF alone demonstrates strong resistance to heat,
the incorporation of TiO, enhances its thermal endurance, particularly at mid-range temperatures. TiO,
nanoparticles likely reinforce the polymer network, delaying decomposition. On the other hand, ZnO,
while improving stability at higher temperatures, shows lower weight retention at lower and mid-range
temperatures, which could be due to different dispersion characteristics or interactions with PVDF. The
enhanced thermal stability of PVDF/ZnO nanocomposites observed in TGA analysis can be attributed
to several mechanistic factors. ZnO nanoparticles act as thermal barriers that impede the escape of
volatile degradation products, thereby slowing down the decomposition rate. Additionally, strong
interfacial bonding between ZnO and the PVDF matrix restricts polymer chain mobility and suppresses
B-elimination and dehydrofluorination reactions, which are key steps in PVDF's thermal degradation
pathway. ZnO also functions as a radical scavenger, mitigating autocatalytic degradation by stabilizing
thermally induced radicals. These combined effects shift the onset of decomposition to higher
temperatures, resulting in improved thermal stability. This mechanism is consistent with previously
reported studies on metal oxide-reinforced PVDF systems. The results indicate that TiO, was a more
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effective nanofiller for improving thermal stability in PVDF composites, making it a better candidate
for applications requiring higher temperature endurance.

Nanofiller Dispersion Analysis (SEM)
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Figure 9. Nanofiller Dispersion Analysis.

Table 7. Nanofiller Dispersion Analysis (SEM).

Dispersion Level | PVDF/TiO; (nm) | PVDF/ZnO (nm)
1 60.76 84.11
2 74.95 68.79
3 71.47 116.24
4 50.78 87.27
5 93.17 63.03

The Table 7 provides nanofiller dispersion analysis through SEM provides critical insights into the
distribution and agglomeration tendencies of TiO, and ZnO nanoparticles in the PVDF matrix. The
dispersion level, indicated by the blue bars, remains relatively low across all samples, suggesting that
complete homogeneous dispersion of nanofillers remains a challenge. The PVDF/Ti0, nanofiller sizes
show variations across the different dispersion levels, ranging from 50.78 nm to 93.17 nm, while
PVDF/ZnO (gray line) fluctuates significantly between 63.03 nm and 116.24 nm. This variation in size
indicates that ZnO particles exhibit a higher tendency for agglomeration compared to TiO,, which can
impact the composite’s properties. The highest ZnO nanoparticle size was observed at dispersion level
3 (116.24 nm), suggesting significant clustering of nanoparticles, whereas TiO, nanoparticles maintain
a more controlled distribution.

As shown in Figure 9, At dispersion level 1, PVDF/TiO, particles are measured at 60.76 nm, while
PVDF/ZnO particles are slightly larger at 84.11 nm. This initial trend suggests that ZnO tends to form
larger aggregates even at the early stages of dispersion. Dispersion level 2, PVDF/TiO, increases in
size to 74.95 nm, while PVDF/ZnO reduces to 68.79 nm. This drop in ZnO nanoparticle size indicates
a temporary improvement in dispersion due to better mixing conditions or processing parameters,
leading to a more even spread of the ZnO particles within the PVDF matrix. TiO,, on the other hand,
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shows a steady increase in size, possibly due to a combination of fine dispersion and slight re-
agglomeration at certain points.

The most significant fluctuation occurs at dispersion level 3, where PVDF/ZnO reaches its peak size
of 116.24 nm. This suggests a substantial degree of agglomeration, which could negatively impact the
composite's mechanical, dielectric, and thermal properties due to the presence of larger clusters that
introduce weak points in the material. Meanwhile, PVDF/Ti0, maintains a relatively stable distribution
at 71.47 nm, implying better interaction with the PVDF matrix. As dispersion progresses to level 4,
ZnO nanoparticle size drops to 87.27 nm, and TiO, decreases significantly to 50.78 nm, indicating that
further processing and mixing help to break down agglomerates. This highlights the importance of
dispersion techniques such as ultrasonication, high-shear mixing, or surfactant-assisted methods in
preventing nanoparticle clustering.

At dispersion level 5, the trend reverses, with PVDF/TiO, increasing sharply to 93.17 nm, its highest
observed size, while PVDF/ZnO reduces to 63.03 nm. This suggests that excessive processing leads to
re-agglomeration of TiO, nanoparticles, whereas ZnO achieves better dispersion at this stage. These
findings indicate that achieving an optimal dispersion balance was crucial, as excessive processing led
to nanoparticle re-clustering rather than further breakdown. The overall trends suggest that TiO,
nanoparticles disperse more consistently within PVDF, while ZnO has a higher tendency to form
agglomerates. Optimizing dispersion techniques was essential to enhancing the nanocomposite’s overall
performance, ensuring improved mechanical strength, thermal stability, and electrical properties.

The Al-predicted nanofiller optimization for dielectric performance Figure 10 illustrates the
relationship between nanofiller concentration (wt%) and optimized dielectric permittivity. The blue line
represents the nanofiller concentration, which increases linearly from 5 wt% to 25 wt%, while the
orange line denotes the dielectric permittivity values optimized by Al-based modeling. Initially, as the
nanofiller concentration increases from 5 wt% to 10 wt%, the optimized dielectric permittivity shows
an increase, reaching a peak value of 13.29. This suggests that at lower concentrations, the dispersion
of nanofillers within the polymer matrix was more uniform, leading to enhanced polarization effects
and improved dielectric response. The presence of nanofillers in controlled amounts enhances charge
storage capability due to the formation of interfacial polarization, which contributes to higher
permittivity.

Beyond the peak at 10 wt%, the dielectric permittivity begins to decline, reaching 12.13 at 15 wt%
and further decreasing to 10.38 at 20 wt%. This downward trend suggests that an increase in nanofiller
concentration beyond a certain threshold leads to agglomeration, which negatively affects the dielectric
properties. Agglomerated nanoparticles can create localized defects in the polymer matrix, reducing the
effective number of active dipoles contributing to polarization. Nanofiller loading can introduce
conductivity pathways, leading to dielectric losses and suppressing the expected improvement in
permittivity. These results highlight the importance of achieving an optimal balance between nanofiller
concentration and dispersion techniques to maximize dielectric performance.

At 25 wt%, the dielectric permittivity slightly rebounds to 12.62, indicating a possible redistribution
of nanofillers within the matrix. This could be attributed to Al-driven optimization, where certain filler
arrangements enhance dielectric properties by reducing agglomeration and improving interfacial
polarization. This higher concentration, the permittivity does not surpass the peak observed at 10 wt%,
reinforcing the idea that excessive nanofiller content does not necessarily translate to better dielectric
performance. The interplay between nanofiller size, surface modification, and dispersion method plays
a crucial role in maintaining a stable dielectric response. Strategies such as surface functionalization or
hybrid nanofiller combinations further optimize permittivity by minimizing the negative effects of
particle clustering.
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The findings emphasize the significance of Al-based modeling in predicting and optimizing nanofiller
dispersion for dielectric applications as shown in table 8. The non-linear trend observed in the dielectric
permittivity curve suggests that a simple increase in nanofiller content does not guarantee enhanced
properties, underscoring the complexity of nanocomposite behavior.

Al-Predicted Nanofiller Optimization for Dielectric Performance
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Figure 10. Al-Predicted Nanofiller Optimization.
Table 8. Al-Predicted Nanofiller Optimization for Dielectric Performance.

Nanofiller Concentration (wt%) | Optimized Dielectric Permittivity
5 10.07
10 13.29
15 12.13
20 10.38
25 12.62
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Figure 11. Comparative Bar Chart of Material Properties for PVDF/Ti0,, PVDF/ZnO, and Graphene-
Based Nanocomposites.

Table 9. Comparison of PVDF/ZnO/Ti0O, and Graphene-Based Nanocomposites

Property

PVDF/ZnO/TiO, Nanocomposites

Graphene-Based
Nanocomposites

Dielectric Permittivity (er) at 1 GHz

12.79 (PVDF/ZnO)

11.50 (PVDF/TiO;)

20-50 (Graphene/Polymer)

Dielectric Loss (tan 6) at 1 GHz

0.0182 (PVDF/TiO3)

0.0316 (PVDF/ZnO)

0.02—-0.06 (Graphene/Polymer)

EMI Shielding Effectiveness (SE) at 1
GHz (dB)

-13.24 (PVDF/TiO)

-18.02 (PVDF/ZnO)

-20 to -50 (Graphene-based)

Mechanical Strength (MPa)

69.73 (PVDF/TiO; at 10 wt%)

70.24 (PVDF/ZnO at 10 wt%)

60—-150 (Graphene-based Polymer)

Optical Transparency

High (PVDF/ZnO ~60-80% visible
range)

Low to Moderate (Graphene-
based ~20-50%)

Thermal Stability (Onset
Decomposition Temperature, °C)

> 280°C (TGA Analysis)

> 400°C (Graphene-based)

Dispersion & Processability

Easier (Well-dispersed in PVDF)

Challenging (Graphene
agglomeration issue)

Cost & Scalability

Cost-eftective, scalable for large-
scale fabrication

High-cost, challenging for large-
scale production

Al-driven predictions provide valuable insights into the interplay between filler concentration and
dielectric response, helping to identify the most efficient formulation for improved performance. Future
studies could incorporate additional variables such as nanofiller aspect ratio, surface chemistry, and
processing conditions to refine the optimization process further. By leveraging Al predictions,
researchers can streamline experimental procedures and develop high-performance dielectric materials
with tailored electrical properties.
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Figure 11 provides a comparative analysis of the material properties of PVDF/ZnO, PVDF/Ti0,, and
graphene-based nanocomposites, highlighting key parameters such as dielectric permittivity, dielectric
loss, EMI shielding effectiveness, mechanical strength, optical transparency, and thermal stability. The
results indicate that graphene-based nanocomposites outperform PVDF-based nanocomposites in terms
of dielectric properties and EMI shielding but face challenges in dispersion, processability, and cost as
depicts in table 9. The dielectric permittivity was significantly higher for graphene-based
nanocomposites (ranging from 20 to 50), whereas PVDF/ZnO and PVDEF/TiO, exhibit lower values of
12.79 and 11.50, respectively. This suggests that graphene incorporation was more effective in
enhancing dielectric properties due to its superior conductivity and interfacial polarization effects. The
dielectric loss for graphene-based composites was within the range of 0.02—0.06, which was comparable
to PVDF-based nanocomposites, indicating acceptable energy dissipation characteristics.

The EMI shielding effectiveness (SE) was another critical factor, where graphene-based
nanocomposites demonstrate a significantly better shielding range (-20 to -50 dB), compared to
PVDF/TiO; (-13.24 dB) and PVDF/ZnO (-18.02 dB). This superior performance was due to the high
electrical conductivity and effective absorption mechanisms of graphene-based materials. PVDF-based
nanocomposites still show moderate EMI shielding effectiveness, making them suitable for applications
where lightweight and flexible shielding materials are required. The mechanical strength of PVDF-
based composites was also noteworthy, with PVDF/ZnO (70.24 MPa) and PVDF/TiO, (69.73 MPa)
exhibiting competitive mechanical performance compared to graphene-based composites, which can
vary from 60 to 150 MPa. This suggests that PVDF-based nanocomposites can achieve mechanical
reinforcement while maintaining flexibility and ease of processing.

The optical transparency of the nanocomposites was a crucial factor for applications such as flexible
electronics and optical devices. PVDF/ZnO exhibits high optical transparency, ranging from 60% to
80% in the visible range, whereas graphene-based composites generally show lower transparency (20%
to 50%). This was primarily due to the light absorption properties of graphene, which limit its
application in optoelectronic devices requiring high transparency. The high transparency of PVDF-
based nanocomposites makes them attractive for advanced flexible and transparent electronic
applications where optical clarity was essential. The thermal stability of these materials, as analyzed
through TGA, shows that graphene-based composites have an onset decomposition temperature
exceeding 400°C, which was significantly higher than PVDF/ZnO and PVDF/TiO, nanocomposites
(~280°C). This suggests that while graphene-based nanocomposites are more thermally stable, PVDF-
based composites still offer sufficient stability for various high-temperature applications.

Terms of scalability, processability, and cost-effectiveness, PVDF-based nanocomposites
demonstrate clear advantages. The well-dispersed nature of ZnO and TiO, in the PVDF matrix ensures
uniform nanofiller distribution, leading to consistent material properties. In contrast, graphene-based
composites suffer from agglomeration issues, which pose challenges in achieving uniform dispersion.
PVDF-based nanocomposites are more cost-effective and scalable for large-scale production, making
them practical for industrial applications. Graphene-based composites, despite their superior electrical
and thermal properties, remain limited in widespread applications due to high production costs and
processing challenges. Thus, the selection of nanocomposites depends on the specific requirements of
the intended application, balancing performance, cost, and manufacturability.
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Figure 12. Fluorescence Image of Nanocomposite Structures.

Figure 12 presents the fluorescence behavior of nanocomposite materials under UV excitation,
revealing variations in their optical responses. The differences in brightness across the structures
suggest variations in nanofiller dispersion and polymer matrix interactions. The fluorescence intensity
observed was directly related to the nanofiller distribution within the composite, affecting the overall
performance and stability of the material. Uniform fluorescence indicates well-dispersed nanofillers,
which contribute to enhanced mechanical and thermal stability. In contrast, regions with lower
fluorescence intensity suggest aggregation of nanofillers, leading to potential defects and reduced
performance in functional applications.

The observed fluorescence intensity can be correlated with the composition and structural
arrangement of the nanocomposite. Effective dispersion of nanofillers ensures uniform optical
properties, which are crucial for maintaining consistent dielectric and mechanical performance. The
differences in intensity across various regions suggest that the processing conditions play a significant
role in determining material homogeneity. Proper control of processing parameters, including nanofiller
concentration and polymer compatibility, can optimize these properties. The fluorescence analysis in
this study supports the characterization of nanocomposite uniformity, which was essential for their
practical application in advanced technologies.

A key aspect of this research was understanding how nanofiller-polymer interactions influence
optical and structural properties. The variation in fluorescence behavior can provide insights into phase
separation, polymer crystallinity, and interfacial adhesion between the nanofiller and the matrix. High
fluorescence intensity in specific areas suggests strong interaction and integration, whereas lower
intensity indicate weak bonding or void formation. This reinforces the importance of optimizing
nanofiller dispersion to achieve superior material performance.

The fluorescence image in Figure 11 highlights the significance of nanofiller distribution in
determining the functional properties of the nanocomposites. The observed trends provide valuable
information for further refining nanocomposite formulations to enhance their mechanical strength,
thermal stability, and dielectric performance. By analyzing fluorescence behavior, this study contributes
to the development of high-performance polymer-based nanocomposites with tailored properties for
industrial and technological applications.

© STM Journals 2025. All Rights Reserved S545



Journal of Polymer & Composites
Volume 13, Special Issue 5
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

VAIE |
H

[

Figure 13. Polarization and Charge Distribution in Nanocomposites.

Figure 13 illustrates the interaction of an external electromagnetic field with the nanocomposite
material, leading to polarization effects and charge distribution within the structure. On the left side of
the figure, the incident electromagnetic wave was depicted, showing the relationship between the
electric field (E), magnetic field (H), and polarization direction (P). This representation highlights the
fundamental dielectric response of the material, where nanofiller-enhanced polymers exhibit strong
dipolar polarization due to their high permittivity. The alignment of dipoles under an external field
significantly influences the dielectric performance of the nanocomposite, making it crucial for energy
storage and electronic applications.

The middle section of the figure emphasizes the structural configuration of the nanocomposite, where
the polarization (P) within the material plays a key role in its dielectric behavior. The presence of
nanofillers within the polymer matrix enhances the polarization response by creating microstructural
modifications that improve charge mobility and dielectric stability. The effective distribution of fillers
ensures uniform polarization and minimizes the occurrence of localized charge accumulation, which
was critical for optimizing the electrical performance of the material. This was particularly important
in applications where high dielectric constants and low dielectric losses are required for advanced
capacitor and sensor technologies.

On the right side of the figure, a high-resolution image of the nanocomposite material displays the
charge accumulation at the interface, indicated by the presence of positive and negative charges. The
interface between the polymer and the nanofillers governs charge trapping and mobility, influencing
dielectric breakdown strength and energy dissipation. A well-dispersed filler distribution results in a
more stable charge response, reducing the likelihood of interfacial polarization losses. This aspect was
crucial for improving the long-term reliability and efficiency of nanocomposite-based dielectric
materials, ensuring enhanced operational stability in high-performance electrical applications.

Figure 13 provides a comprehensive visualization of how nanocomposites interact with external
fields, emphasizing the role of polarization, charge distribution, and interfacial effects in determining
dielectric performance. Understanding these mechanisms allows for better material design, optimizing
nanofiller concentration and dispersion to achieve superior dielectric properties. This figure supports
the research’s objective of developing high-performance nanocomposites for advanced electronic and
energy storage applications by demonstrating the critical relationship between polarization behavior
and material functionality.

Figure 14 shows a SEM was employed to evaluate the dispersion behavior of TiO, and ZnO
nanofillers in the PVDF matrix at varying concentrations. Figure X presents SEM images at 50,000x
magnification for two representative samples: (a) PVDF/TiO, at 10 wt% loading and (b) PVDF/ZnO at
20 wt% loading.
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Figure 14. SEM Micrographs of PVDF/TiO, and PVDF/ZnO Nanocomposites Showing Nanofiller
Dispersion at Different Concentrations.

These images were used to investigate the morphological differences between well-dispersed and
agglomerated states of the nanofillers and their effects on composite performance. The comparative
analysis provided critical insights into the influence of nanofiller type and concentration on
microstructural integrity.

In Figure 14(a), the PVDF/TiO; nanocomposite at 10 wt% loading demonstrates a relatively uniform
dispersion of TiO, nanoparticles. The surface morphology appears consistent, with minimal signs of
large agglomerates or phase separation. This level of dispersion supports the enhanced dielectric
performance and mechanical strength observed at this concentration, indicating that 10 wt% is within
the optimal range for TiO, in PVDF. The fine and evenly distributed TiO, particles suggest strong
interfacial interaction with the polymer matrix, reducing localized defects and maintaining structural
stability.

Conversely, Figure 14(b) shows significant particle clustering in the PVDF/ZnO nanocomposite at
20 wt% loading. Large ZnO aggregates exceeding 200 nm are clearly visible, forming dense clusters
that reduce the effective surface area available for interfacial polarization. These agglomerates disrupt
the uniformity of the polymer matrix and act as stress concentration points, contributing to the decline
in both dielectric and mechanical properties. This image provides clear experimental evidence of the
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onset of agglomeration at higher filler concentrations, reinforcing the observation that ZnO reaches a
critical agglomeration threshold beyond 10—15 wt%.

The SEM micrographs support the hypothesis that nanofiller dispersion quality directly affects the
performance of hybrid polymer nanocomposites. TiO, maintains effective dispersion at moderate
loading, while ZnO tends to agglomerate at higher concentrations, which compromises the composite’s
functional properties. This analysis emphasizes the need to optimize nanofiller concentration to stay
below the critical agglomeration threshold. Proper dispersion not only enhances dielectric and
mechanical behavior but also extends the applicability of these materials in wireless communication
systems, where structural uniformity and material reliability are paramount.

CONCLUSION

This study systematically examined the influence of TiO, and ZnO nanofillers on the structural,
electrical, mechanical, and thermal properties of PVDF-based nanocomposites. The findings
demonstrated that nanofiller incorporation significantly enhanced key performance characteristics, with
each filler exhibiting distinct advantages. The improvement in EMI shielding effectiveness with
increasing nanofiller content highlights the potential of these composites for electromagnetic
interference suppression in electronic applications. UV-Vis spectroscopy confirmed that PVDF/ZnO
nanocomposites exhibited superior optical absorbance, making them suitable for applications requiring
high light interaction.

Mechanical strength analysis using dynamic mechanical analysis (DMA) revealed that PVDF/TiO,
nanocomposites provided better reinforcement at moderate filler concentrations. Excessive filler
loading led to diminished mechanical performance due to nanoparticle agglomeration.
Thermogravimetric analysis (TGA) further indicated that PVDF/ZnO composites exhibited enhanced
thermal stability, showing higher resistance to degradation at elevated temperatures. Al-based
predictions for dielectric performance emphasized the necessity of optimizing nanofiller concentration,
as excessive loading resulted in a decline in dielectric permittivity due to interfacial polarization and
particle clustering. Scanning electron microscopy (SEM) confirmed the impact of dispersion quality on
material properties, reinforcing the importance of achieving uniform nanofiller distribution.

The insights gained from this study contribute to the development and optimization of PVDF-based
nanocomposites for applications in advanced electronics, structural components, and energy storage
devices. Striking an optimal balance between nanofiller concentration and dispersion was essential for
enhancing multifunctional properties while minimizing adverse effects such as agglomeration. Future
research should explore tailored nanocomposite formulations with improved dispersion techniques and
alternative nanofiller combinations to further advance next-generation high-performance materials.
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