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Abstract

The demand for advanced radar absorbing materials (RAMSs) in stealth technology and electromagnetic
interference (EMI) shielding necessitates the development of lightweight, highly efficient polymer
composites. This work investigates the frequency and temperature dependent dielectric properties of
polyvinylidene fluoride (PVDF) and (G4/T10/PVDF). Utilizing the Debye relaxation model, a
computational framework was developed using Maple 18 to simulate the dielectric constant and loss factor
across the microwave frequency range of 0.50 to 21.0 GHz and temperatures from 20 °C to 100 °C. Results
indicate that the dielectric constant of both materials exhibits typical dispersion behavior, decreasing with
increasing frequency. However, the G4/T10/PVDF composite demonstrates significantly enhanced
dielectric properties, with a dielectric constant of 42.0 compared to 20.5 for PVDF at 0.5 GHz. This
behaviour exhibited by G4/T10/PVDF showed that even as the frequency and temperature become very
high G4/T10/PVDF does not produce too much heat which may be the reason for reducing object
detectability and electromagnetic interference (EMI) by radar.
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1. Introduction

The increased interest in radar absorber materials (RAMs) has been driven by the rapid advancement of
radar technology in communication systems and microwave frequency which has driven the need for
advanced RAMs. These materials are designed to attenuate electromagnetic waves (EMW) by converting
it energy to thermal energy, thereby reducing electromagnetic interference (EMI) and objects detectability
by radar [1]. As modern electronic systems demand highly sensitive and wider frequency, particularly for
5G and 6G technologies, the development of lightweight, flexible, and highly effective RAMs has become
a focal point in materials science [2, 3].

Polyvinylidene fluoride (PVDF) is a semi-crystalline fluoropolymer widely used for its excellent chemical
resistance, thermal stability, mechanical flexibility, and inherent piezoelectric properties [4]. However,
the practical application of pure PVDF as a RAM is limited by its relatively low dielectric constant and
intrinsic electrical conductivity, which restrict its electromagnetic wave absorption [5]. These limitations
can be overcome through incorporation of conductive and dielectric nanofillers into the PVDF dielectric
matrix emerging as a highly effective technique. PVDF is called a dielectric matrix because it is an
insulating material that stores electrical energy, support dipole polarization and holds graphene and titania
fillers together. Currently research of hybrid fillers has highlighted its efficiency as in graphene combined
with metal oxides and in generating effective synergy that increase impedance matching and attenuation
capabilities [6, 7].

Carbon-based RAMs, especially graphene is highly electrically conductive and has large surface area
which makes them suitable for enhancing dielectric loss i.e. the actual physical energy dissipated as heat
through conduction loss and polarization mechanisms [8]. The dielectric ceramic like titania when
incorporated with graphene and PVDF forms interfaces between them which is called interfacial
polarization to improve electromagnetic wave absorption [9]. In this work, the G4/T10/PVDF composite-
comprising a PVDF matrix reinforced exhibit a promising alternative for next-generation RAMs [10].

Despite the excellent quality of such composites, a comprehensive understanding of their dielectric
relaxation behavior across wide microwave frequency region and varying thermal conditions remains
limited. Experimental characterization of these parameters is often complex, time-consuming, and costly
[11]. Therefore, this study provides an adaptative computational framework based on the Debye relaxation
model and its related formulations to systematically investigate and compare the dielectric properties
(dielectric constant and loss factor) of PVDF and G4/T10/PVDF. By simulating the material response
from 0.50 GHz to 21.0 GHz and 20 °C to 100 °C, this research aims to showcase the underlying
polarization mechanisms and identify the optimal performance for advanced microwave absorption
applications, addressing the gap in theoretical validation for hybrid carbon-ceramic polymer composites
[12, 13].
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2. Theoretical Framework

The dielectric material is fundamentally governed by its complex permittivity (&*) through the interaction
of electromagnetic waves, which describes the material's ability to store and dissipate electrical energy
when subjected to an electric field is expressed in equation (1):

e =& —je" €))
where the complex permittivity is *which is a combination of both the real part (¢') known as the

dielectric constant, representing energy storage, and the imaginary part (¢'") known as the dielectric loss
factor, representing energy dissipation [14].

2.1 The Cole-Cole Relaxation Model

The presence of filler-matrix interfaces in composite materials such as G4/T10/PVDF, varying with
applied electric fields and structural heterogeneity which result in a relaxation times distribution rather
than a single relaxation time. The Cole-Cole model modifies the Debye equation by introducing a
broadening parameter & (0< & <1) in other to account for symmetric broadening of the relaxation
spectrum:
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Equation (5) reduces to the ideal Debye relaxation model only when « = 0. If @ > 0 for G4/T10/PVDF
composite is utilized to capture the non-ideal and distributed relaxation dynamics arising from interfacial
(Maxwell-Wagner-Sillars) polarization [16].

Recall from equation (1) that * = &’ — je"’

g (es—em)[l +(wn)l-® sin(“”/z)] ] (Es—Ex)(WT)1 ™ cos(““/z) 3
T sin(@7/, )+(wn2(1- ) T 2ot sin(7/, )+(wn)21-0 (3)
The real and imaginary components of the Cole-Cole relaxation model is given by:
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e'(w) = ex + 14+2(w)1~%sin(*7/, ) +(w7)2(1-D) )
and the imaginary component is:
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e (w) = 1+2(wt) 1~ sin(%7/, ) +(w1) 20~ ()

2.2 The Debye Relaxation Model

The Debye relaxation model is used to described the dielectric relaxation behaviour of a material, and it
assumes that all dipoles in the material relax independently with a single relaxation time. The complex
permittivity (£*) of a dielectric material is given by:
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* __ (es—€c0)
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where the static permittivity at low frequency is &, the high-frequency permittivity is &g, angular
frequency w, and 7 is the relaxation time which separate both the real and imaginary parts:

r__ (es—€c0)

E = Exp Tt (Lraie?) (7
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& = (1+w?72) (8)

While the Debye model accurately describes the dipolar relaxations in PVDF, it often explained the
behavior of heterogeneous nanocomposites [15]. The Debye model parameters of PVDF and
G4/T10/PVDF composites were written in the interactive environment of maple-18 [13].

3. Methodology

In this part under the methodology, the physical parameters required for the simulating static permittivity,
high-frequency permittivity, electrical conductivity, and relaxation time, were adapted from literature [ 18—
20]. This radar absorber materials (RAMs) was chosen because the are applicable for communication
devices and defense system in both communication and stealth technologies.

3.2 Computational Method

The computational framework was developed and executed using Maple-18, a symbolic and numerical
computing environment. The simulation covered a microwave frequency range of 0.50 GHz to 21.0 GHz
and a temperature range of 20 °C to 100 °C. An algorithm was designed to systematically calculate the
dielectric parameters of PVDF and the Debye model was applied. For the G4/T10/PVDF composite was
utilized to account for the distribution of relaxation times. The algorithm computed the real and imaginary
parts of the complex permittivity, from which the loss tangent and attenuation constants were subsequently
derived. The resulting data were visualized to analyze dielectric dispersion, loss mechanisms, and
attenuation behavior under varying thermal and electromagnetic conditions.

Therefore, the dielectric response of PVDF and G4/T10/PVDF in the gigahertz frequency and temperature
ranges were fitted with theoretical models based on the Debye model were compared to evaluate their
suitability in describing dielectric behaviour. The comparison provides insight into the influence of
distributed relaxation processes on the dielectric response of PVDF and G4/T10/PVDF shows that both
models can be utilized for high-frequency dielectric characterization. Results generated from maple-18
was copy and pasted into origin to plot graphs for dielectric constant and loss factor. This result was
obtained using equations (7) and (8) shown in the Tables below:
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Table 1: Dielectric constant and loss factor of PVDF at different temperatures

20°C 40°C 60°C 80°C
F(GHZ) gl SII EI SII 8, 8” <c',I 8”
0.5 2049  0.37 20.5 0.19 20.5 0.12 20.5 0.09
0.75 20.39 1.49 20.47 0.75 2049 0.5 20.49 0.37
1.5 20.17  2.58 20.41 1.31 2046  0.87 20.48 0.66
2.25 19.84  3.63 20.33 1.86 20.42 1.24 20.46 0.94
3 19.4 4.61 20.21 24 20.37 1.61 20.43 1.21
3.75 18.88  5.52 20.07 2.94 20.31 1.98 20.39 1.49
4.5 18.29  6.36 19.9 3.46 2023 234 20.34 1.77
5.25 17.64 7.1 19.7 3.96 20.14 2.7 20.29 2.04
6 16.96  7.75 19.48 4.45 20.03 3.05 20.24 231
6.75 16.24 832 19.24 4.92 1992 34 20.17 2.58
7.5 15.51 8.79 18.98 5.38 19.79  3.74 20.1 2.85
8.25 1478  9.19 18.69 5.81 19.66  4.07 20.01 3.11
9 14.06  9.51 18.39 6.22 19.51 4.4 19.93 3.37

9.75 13.35 9.77 18.08 6.61 19.35 4.72 19.84 3.63
10.5 12.67 9.96 17.76 6.98 19.18 5.03 19.74 3.88
11.25 12.01 10.1 17.42 7.33 19.01 5.33 19.63 4.13

12 11.37 10.19 17.07 7.65 18.82  5.62 19.52 4.37
12.75 10.77 10.24 16.72 7.95 18.63 59 19.4 4.61
13.5 10.19 10.25 16.36 8.23 18.43 6.18 19.28 4.85
14.25 9.65 10.23 16 8.48 18.22  6.44 19.15 5.08
15 9.13 10.19 15.64 8.72 18.01 6.7 19.02 53

15.75 8.65 10.12 15.27 8.94 1779  6.94 18.88 5.52
16.5 8.2 10.04 14.91 9.13 17.57 7.7 18.74 5.74
17.25 7.77 9.94 14.54 9.31 1734 7.4 18.6 5.95
18 7.37 9.84 14.18 9.47 17.11 7.61 18.45 6.16

18.75 6.99 9.72 13.82 9.61 16.88 7.82 18.29 6.36
19.5 6.64 9.59 13.47 9.73 16.64  8.01 18.13 6.55
20.25 6.31 9.46 13.12 9.84 16.4 8.2 17.97 6.74
21 6 9.33 12.78 9.93 16.16 8.37 17.81 6.92
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Table 2: Dielectric constant and loss factor of PVDF at temperatures 100 °C

F (GHz) g’ g"
0.5 20.5 0.09
0.75 2049 037
1.5 2048  0.66
2.25 20.46  0.94
3 2043  1.21
3.75 2039 149
4.5 2035 1.77
5.25 20.3 2.04
6 2024 231
6.75 20.17  2.58
7.5 20.1 2.85
8.25 20.02  3.11
9 19.93 337
9.75 19.84  3.63
10.5 19.74  3.88
11.25 19.63  4.13
12 19.53 437
12.75 19.4 4.61
13.5 19.28 485
14.25 19.15  5.08
15 19.02 53
15.75 18.88  5.52
16.5 18.74  5.74
17.25 18.6 5.95
18 1845  6.16
18.75 1829  6.35
19.5 18.13  6.55
20.25 1797  6.74
21 17.81  6.92
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Table 3: Dielectric constant and loss factor of G4/T10/PVDF at different temperatures

20°C 40°C 60°C 80°C
F(GHZ) gl SII EI SII 8, 8” <c',I 8”
0.5 42.04 0.74 42.05 0.37 42.05 0.25 42.05 0.19
0.75 41.844 295 42 1.48 42.03 0.99 42.04 0.74
1.5 41.42 5.16 41.89 2.59 41.98 1.73 42.01 1.3
2.25 40.78 7.2 41.73 3.68 41.9 247 42 1.85
3 39.95 9.16 41.5 4.76 41.81 32 41.91 2.4
3.75 38.94 11 41.22 5.82 41.68 3.92 41.84 2.95
4.5 37.8 12.67 40.9 6.86 41.53 4.64 41.76 3.5
5.25 36.54 14.19 40.52 7.87 41.36 5.35 41.66 4.04
6 35.2 15.53 40.1 8.86 41.16 6.05 41.54 4.58
6.75 33.8 16.7 39.63 9.79 40.94 6.74 41.42 5.12
7.5 32.36 17.71 39.12 10.7 40.7 7.42 41.28 5.65
8.25 3091 18.55 38.58 11.57 40.43 8.09 41.12 6.17
9 29.48 19.25 38 12.41 40.15 8.74 40.96 6.69
9.75 28.06 19.81 37.39 13.2 39.84 9.38 40.78 7.2
10.5 26.68 20.25 36.76 13.94 39.52 10 40.59 7.7
11.25 25.35 20.58 36.1 14.65 39.18 10.6 40.38 8.2
12 24.06 20.8 35.43 15.32 38.82 11.19 40.17 8.68
12.75 22.83 20.95 34.74 15.94 38.45 11.76 39.95 9.16
13.5 21.65 21.02 34.03 16.52 38.07 12.31 39.71 9.64
14.25 20.53 21.02 33.32 17.05 37.67 12.85 39.47 10.1
15 19.48 20.97 32.6 17.55 37.25 13.37 39.21 10.55
15.75 18.48 20.87 31.88 18.01 36.83 13.87 38.94 11
16.5 17.53 20.73 31.16 18.42 36.4 14.35 38.67 11.43
17.25 16.65 20.56 30.44 18.8 35.95 14.81 38.39 11.86
18 15.81 20.37 29.72 19.14 35.5 15.25 38.1 12.27
18.75 15.02 20.15 29.01 19.45 35.04 15.67 37.8 12.67
19.5 14.28 19.92 28.3 19.73 34.58 16.07 37.49 13.07
20.25 13.59 19.67 27.6 19.97 34.11 16.46 37.18 13.45
21 12.94 19.41 26.91 20.18 33.64 16.82 36.87 13.82
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Table 4: Dielectric constant and loss factor of G4/T10/PVDF at temperatures 100 °C

F (GHz) g’ g"
0.5 4205 0.15
0.75 42.04  0.59
1.5 4202 1.04
2.25 42 1.48
3 4196 1.93
3.75 4192 237
4.5 4186  2.81
5.25 41.8 3.25
6 4173 3.68
6.75 41.64  4.12
7.5 4155 455
8.25 4145 497
9 4134 54
9.75 4123  5.82
10.5 41.1 6.24
11.25 4097  6.65
12 40.83  7.06
12.75 40.67  7.47
13.5 40.52  7.87
14.25 4036  8.26
15 40.19  8.65
15.75 40.01  9.04
16.5 390.82  9.42
17.25 39.63  9.79
18 39.43  10.16
18.75 39.23  10.52
19.5 39.02  10.88
20.25 38.8 11.23
21 38.58  11.57
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4. Discussion
4.1 Variation of Dielectric Constant with Frequency for PVDF

Figure 1 illustrates the frequency-dependent dielectric dispersion behavior of the material at different
temperatures. At low frequencies (around 0.5 GHz), the dielectric constant exhibits a relatively high value
(= 20.49), which gradually decreases as the frequency increases. This trend is characteristic of dielectric
relaxation and is primarily attributed to the reduced ability of polarization mechanisms such as interfacial
(Maxwell-Wagner), dipolar, and space-charge polarization to follow the rapidly oscillating electric field
at higher frequencies. At low frequencies, these polarization processes have sufficient time to align with
the applied field, resulting in enhanced charge accumulation and a higher dielectric constant.

As the frequency continues to increase, the dielectric constant approaches a nearly constant value,
indicating the dominance of faster polarization mechanisms, particularly electronic polarization, which
can respond even at microwave frequencies. The observed stabilization of the dielectric constant at high
frequencies reflects the suppression of slower polarization processes and the intrinsic response of the
material’s electronic structure.

Temperature also plays a significant role in this dielectric behavior. At elevated temperatures, increased
thermal energy enhances charge carrier mobility and facilitates dipolar orientation within the PVDF
polymer matrix, contributing to higher dielectric values at lower frequencies. However, as frequency
increases, the influence of temperature diminishes because thermal activation cannot compensate for the
limited response time of slower polarization mechanisms. This combined frequency—temperature
dependence highlights the suitability of PVDF-based materials for microwave applications, where
controlled dielectric dispersion and stable high-frequency behavior are desirable.
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Figure 1: Variation of dielectric constant with frequency for PVDF over the temperature range of
20-100 °C
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4.2 Variation of Dielectric Constant with Frequency for G4/T10/PVDF

Figure 2 illustrates the frequency-dependent variation of the dielectric constant of G4/T10/PVDF over the
temperature range of 20 °C to 100 °C. At all investigated temperatures, the dielectric constant exhibits a
relatively high value (= 42.04) at low frequencies (around 0.5 GHz) and decreases progressively with
increasing frequency, which is a typical dielectric dispersion behavior.

At lower frequencies, dipolar entities and mobile charge carriers within the G4/T10/PVDF composite are
able to respond effectively to the applied alternating electric field, leading to enhanced polarization and a
correspondingly high dielectric constant. As the frequency increases, the response time of these
polarization mechanisms becomes insufficient to follow the rapidly oscillating field, resulting in reduced
dipolar alignment and interfacial polarization. Consequently, the dielectric constant decreases with
increasing frequency.

The observed dielectric response of G4/T10/PVDF can be attributed to the combined contributions of
dipolar orientation and interfacial (Maxwell-Wagner—Sillars) polarization arising from the heterogeneous
interfaces between PVDF, graphene, and titania. This behavior confirms the suitability of G4/T10/PVDF
for microwave applications, where controlled dielectric dispersion and enhanced polarization mechanisms
are desirable.
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Figure 2: Variation of dielectric constant with frequency for G4/T10/PVDF over the temperature
range of 20 -100 °C

4.3 Variation of Loss Factor with Frequency for PVDF

Figure 3 shows the frequency dependence of the dielectric loss factor (¢”) of PVDF at different
temperatures. For all temperatures, the loss factor increases with increasing frequency, indicating
enhanced dielectric losses at higher frequencies due to the growing phase lag between the applied
alternating electric field and the polarization response.

Within the frequency range of 0.5-21.0 GHz, the loss factor reaches a maximum value of approximately
9.33 at 20 °C and gradually decreases as the temperature increases beyond 40 °C. This behavior is
attributed to dielectric relaxation processes and variations in charge carrier mobility within the PVDF
polymer matrix, which influence energy dissipation through conduction and dipolar relaxation
mechanisms.

At higher frequencies, the separation between the loss factor curves becomes more pronounced, reflecting
the increased sensitivity of dielectric loss mechanisms to thermal activation in this frequency region. As
frequency increases, polarization processes struggle to follow the rapidly oscillating electric field,
resulting in greater energy dissipation and a stronger temperature-dependent response.
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Figure 3: Variation of dielectric constant with frequency for PVDF over the temperature range
0of 20 -100 °C

4.4 Variation of Loss Factor with Frequency for G4/T10/PVDF

Figure 4 illustrates the frequency-dependent variation of the dielectric loss factor (") for G4/T20/PVDF
over the temperature range of 20—100 °C. For all temperatures, the loss factor increases steadily with
increasing frequency, indicating that G4/T20/PVDF exhibits enhanced microwave energy dissipation at
higher frequencies. At the maximum frequency, the loss factor reaches approximately 32.49 at the lowest
temperature (20 °C) and gradually decreases as the temperature rises from 40 °C to 100 °C.

This trend suggests that at lower temperatures, polarization mechanisms particularly interfacial (Maxwell—
Wagner) and dipolar polarization are more effective, resulting in higher dielectric losses. As temperature
increases, thermal agitation disrupts the alignment of dipoles and reduces the efficiency of interfacial
charge accumulation, leading to lower loss factor values.

Overall, the data demonstrate that G4/T20/PVDF offers superior attenuation capability at higher
frequencies and lower operating temperatures, highlighting the synergistic effect of graphene oxide and
titanium dioxide fillers in enhancing dielectric loss and microwave energy dissipation in polymer
composites.
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Figure 4: Variation of dielectric constant with frequency for G4/T10/PVDF over the temperature
range of 20 -100 °C

5. Conclusion

The work successfully developed and executed a computational framework using Maple-18 to investigate
the dielectric properties of pure PVDF and its composites has been computed using Debye relaxation
model. The result from our computation showed that PVDF has a dielectric constant of 20.5 and loss
factor of 0.19 while G4/T10/PVDF has higher dielectric constant of 42.05 and loss factor of 0.37 at low
frequencies of 0.5GHz and temperatures of 40 °C. This higher dielectric constant at low frequencies and
temperatures may be the reason why the composite of the radar absorbs more electromagnetic wave
absorption. The value of the loss factor for material at those frequencies and temperatures as shown in
Figure 4 simply mean G4/T10/PVDF does not generate too much heat when subjected to an applied
electric field. It can be said that the loss factor decreases continuously after attaining its maximum value
in Figure 4 above. This behaviour exhibited by G4/T10/PVDF showed that even as the frequency and
temperature become very high G4/T10/PVDF does not produce too much heat which may be the reason
for reducing object detectability and electromagnetic interference (EMI) by radar.
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