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ABSTRACT
This study examines the dielectric, electrical, and impedance properties of ther-
moplastic polyurethane (TPU) composites enhanced with activated carbon (AC) 
at concentrations ranging from 0 to 10% over a frequency range of 1 kHz to 
10 MHz. The analysis includes capacitance, dielectric permittivity (ε′, ε′′), loss 
tangent (tanδ), alternating current conductivity (σac), electric modulus (M′, M′′), 
and impedance spectroscopy (Z, R, X, θ) to assess charge transport, polariza-
tion effects, and relaxation behavior. Results show that increasing AC content 
enhances interfacial polarization and charge mobility, improving dielectric per-
formance and influencing conductivity mechanisms. Among the investigated 
composites, AC7 achieved the best balance of properties, with a dielectric con-
stant of 54.47 at 10 kHz, an ac conductivity of 0.0169 μS/cm, and a loss tangent 
of 0.054 at the same frequency. This composition exhibited high charge storage 
capacity, stable impedance, and low dielectric losses, making it ideal for wearable 
technology, embedded capacitors, and supercapacitors. Its optimized electrical 
properties also support applications in flexible sensors and electronic packaging, 
where controlled impedance is crucial. This study highlights the importance of 
optimizing filler concentration to develop TPU-based composites with improved 
dielectric properties and minimal energy loss, making them suitable for high-
frequency and energy-efficient applications.  

1 Introduction

Thermoplastic polyurethane is widely used in flexible 
electronics and energy storage due to its excellent pro-
cessability and chemical resistance [1]. However, its 
low dielectric constant and high dielectric loss limit its 
potential for high-performance electronic applications. 
To address this, conductive fillers are incorporated to 
enhance charge transport and dielectric properties [2]. 

The presence of AC facilitates interfacial polarization, 
improving charge storage efficiency and dielectric 
response through the Maxwell–Wagner-Sillars (MWS) 
effect below 1 MHz [3]. Achieving an optimal balance 
between high dielectric permittivity (high-κ) and low 
dielectric loss is essential for TPU composites to func-
tion effectively across a wide frequency spectrum.

High-κ materials play a crucial role in embedded 
capacitors and miniaturized electronic components, 
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where high capacitance values are required. According 
to the 1998 National Electronics Manufacturing Initia-
tive (NEMI) roadmap, dielectric materials for embed-
ded capacitors should have a dielectric constant of at 
least 100, low dielectric loss (< 0.05), and high break-
down voltage to ensure stable and reliable operation 
[4, 5]. However, improving the dielectric properties of 
TPU while maintaining its flexibility remains a chal-
lenge, particularly for applications in wearable elec-
tronics and high-frequency circuits.

Beyond conventional capacitor applications, TPU-
conductive fillers composites are also gaining attention 
in flexible sensors and smart textiles, where stable die-
lectric behavior is critical [6, 7]. One of the main chal-
lenges in these applications is achieving high permit-
tivity while minimizing energy losses. Increasing the 
amount of dielectric fillers (e.g., ceramics) raises per-
mittivity but can also cause higher dielectric losses at 
certain frequencies. Conversely, conductive fillers like 
carbon nanotubes or graphene improve charge mobil-
ity, yet they may lower resistivity near the percolation 
threshold, leading to instability in electrical proper-
ties [8–12]. Addressing these challenges requires care-
ful optimization of TPU-AC formulations to ensure 
stable dielectric properties across different operating 
conditions.

To improve the dielectric and impedance proper-
ties of TPU-AC composites, this study systematically 
investigates the effect of different AC loadings (0%, 
3%, 5%, 7%, and 10%) on their dielectric constant, 
conductivity, and phase angle variations. The MWS 
effect plays a crucial role in charge accumulation at 
polymer-filler interfaces, improving permittivity at 
low frequencies but weakening at higher frequencies 
due to charge carrier relaxation [13]. By analyzing 
frequency-dependent dielectric behavior, this research 
provides a deeper understanding of TPU-AC compos-
ites’ structure–property relationships and their poten-
tial electronic applications.

2 �Materials and methods

2.1 �Sample preparation method

TPU composites were prepared using the solvent-
casting method, incorporating activated carbon (Tek-
kim Co. Ltd., Turkey) at different concentrations. 
The activated carbon used in this study has a surface 
area of ≥ 900 m2/g, which helps improve dispersion 

in the polymer matrix. A total of 5 g of TPU (Hunan 
Solar Chemical Co. Ltd., China) was dissolved in a 
40% N,N-Dimethylformamide (DMF)/60% Tetrahy-
drofuran (THF) solvent mixture (10 mL DMF / 15 mL 
THF) in glass beakers. Activated carbon was added at 
0%, 1%, 3%, 5%, 7%, and 10% by weight, and the mix-
tures were stirred at room temperature for 140 min. 
An additional 4 mL DMF/6 mL THF was added to 
maintain homogeneity, and stirring continued for 
another 40 min. The final solutions were poured into 
glass petri dishes and dried in an oven at 50 °C for 
17 h, forming flexible composite films. The prepared 
samples were labeled based on the activated carbon 
content as AC0 (0%), AC1 (1%), AC3 (3%), AC5 (5%), 
AC7 (7%), and AC10 (10%).

2.2 �Characterization

The dielectric properties of the TPU-AC films were 
analyzed using a Wayne Kerr 6500B impedance ana-
lyzer in the 1 kHz to 10 MHz frequency range at room 
temperature. The complex dielectric permittivity (ε*) 
describes the material’s response to an alternating 
electric field and consists of and imaginary compo-
nents. It is expressed as [5, 14]:

The dielectric constant (ε′) represents the material’s 
charge storage capacity, which is influenced by dipo-
lar and interfacial polarization, while the dielectric loss 
(ε″) quantifies energy dissipation, primarily caused by 
dielectric relaxation and charge carrier movement.

The dielectric loss tangent (tanδ), also known as the 
dissipation factor, quantifies the ratio of energy lost to 
energy stored and is given by [15]:

The alternating current conductivity (σac) describes 
the frequency-dependent charge transport behavior 
and is determined using [16]:

The angular frequency (ω) is defined as ω = 2πf, 
where f is the applied signal frequency, and ε₀ rep-
resents the permittivity of free space, with a constant 
value of 8.854 × 10–12 F/m.

To reduce the impact of DC conductivity and 
achieve a clearer understanding of electrical relaxation 
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phenomena, the dielectric data, originally represented 
by the ε′ and ε″ of ε*, are transformed into the electric 
modulus (M*), enabling a more effective analysis of 
charge carrier dynamics and interfacial polarization 
[17].

where M′ and M″ represent the real and imaginary 
components of the electric modulus, respectively. 
These components can be expressed in terms of com-
plex dielectric permittivity as follows:

The complex impedance (Z*) is used to analyze die-
lectric relaxation and electrical resistance. It consists 
of real and imaginary components and is expressed 
as [18]:

The real part of impedance (Z′) corresponds to the 
resistive behavior of the material, indicating how 
charge carriers encounter opposition to their move-
ment. The imaginary part (Z″) is associated with 
capacitive and inductive contributions, reflecting 
energy storage and dissipation within the material.

3 �Results and discussion

Figure 1 illustrates the frequency-dependent dielectric 
behavior of composites containing different concen-
trations of AC (0–10%). Capacitance measurements 
reveal that composites exhibit higher capacitance at 
low frequencies, particularly for AC10, which reaches 
approximately 0.36 nF·cm−2 at 1 kHz. This enhance-
ment is primarily due to interfacial polarization, where 
the conductive carbon network facilitates localized 
charge accumulation, improving the overall charge 
storage capacity. The inset graph highlights that com-
posites with lower AC content show minimal capaci-
tance changes, reinforcing that higher filler loading 
plays a key role in enhancing the dielectric response. 
As frequency increases beyond 1 MHz, capacitance 
decreases across all samples, as dipoles and charge 
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carriers struggle to realign with the rapidly oscillat-
ing electric field. This behavior indicates that while 
high AC concentrations enhance low-frequency charge 
storage, their effectiveness diminishes in the high-fre-
quency region, where dipolar relaxation mechanisms 
dominate (Table 1).

The ε′ follows a similar trend, showing a notable 
increase for AC10, reaching 202 at 1 kHz. This increase 
is attributed to microcapacitive network formation 
within the polymer matrix, supported by the conduc-
tive nature of activated carbon. Higher filler concen-
trations amplify polarization effects, enhancing the 
ability of the composite to store electric energy. In con-
trast, samples with lower AC content exhibit relatively 
low ε′ values, indicating weaker interfacial polariza-
tion effects. As frequency increases, all samples show 
a gradual decline in ε′, with AC10 experiencing the 
steepest reduction. This drop is characteristic of die-
lectric relaxation, where charge carriers fail to keep 
up with fast-changing electric fields, leading to lower 
permittivity. The inset graph reveals that samples with 
lower filler concentrations maintain a relatively sta-
ble ε′, indicating a more uniform dielectric response 
across the frequency range [19, 20].

The ε′′ represents dielectric losses caused by polari-
zation relaxation and charge mobility limitations. A 
distinct peak at ~ 110 kHz is observed for AC10, con-
firming the MWS interfacial polarization effect. This 
peak corresponds to the frequency range where accu-
mulated charge carriers at the polymer-filler interface 
can no longer sustain polarization alignment, lead-
ing to significant dielectric losses [21]. In contrast, 
AC0 and AC1 show much lower ε′′ values, indicating 
minimal interfacial polarization effects due to their 
lower conductive filler content. Beyond 110 kHz, ε′′ 
sharply decreases, suggesting that at higher frequen-
cies, charge carriers contribute less effectively to polar-
ization mechanisms. These results confirm that while 
higher AC concentrations are beneficial at specific 
frequencies, excessive AC content can lead to signifi-
cant dielectric losses, which may limit the material’s 
suitability for high-frequency electronic applications. 
The broad relaxation peak observed in AC10 suggests 
a heterogeneous distribution of relaxation times, likely 
due to the complex interactions between dispersed 
filler particles and the polymer matrix.

The tanδ is a crucial parameter for evaluating die-
lectric energy dissipation relative to stored energy. 
AC10 exhibits a pronounced peak near 110 kHz, 
aligning with the ε′′ peak, reinforcing the dominance 
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of interfacial polarization at this frequency. This 
peak indicates substantial energy loss, caused by 
rapid polarization-depolarization cycles within the 
composite. Meanwhile, samples with lower AC con-
tent exhibit consistently low and stable tanδ values, 

suggesting a more efficient dielectric response with 
minimal energy dissipation. As frequency surpasses 
1 MHz, tanδ decreases across all samples, reflecting 
the reduced influence of interfacial polarization on 
dielectric dissipation at higher frequencies. Notably, 

Fig. 1   Frequency-dependent 
dielectric properties. a C, b 
ε′, c ε′′, d tanδ, e comparison 
of ε′ and tanδ, and f compari-
son of ε′′ and tanδ 

Table 1   Dielectric properties of TPU-AC composites at different frequencies

Sample εʹ, εʺ, tanδ

1 kHz 10 kHz 100 kHz 1 MHz 10 MHz

AC0 28.3, 0.05, 0.031 28.07, 0.90, 0.032 26.91, 0.443, 0.016 25.94, 0.85, 0.033 12.99, 2.87, 0.221
AC1 34.6, 0.31, 0.010 31.54, 2.76, 0.087 31.10, 0.721, 0.023 29.57, 1.18, 0.040 14.41, 3.56, 0.247
AC3 25.7, 1.13, 0.005 25.67, 1.6, 0.062 24.60, 0.55, 0.022 24.07, 0.73, 0.030 12.69, 4.56, 0.359
AC5 24.9, 0.17, 0.021 24.69, 0.69, 0.028 23.75, 0.34, 0.014 23.18, 0.38, 0.016 10.57, 4.8, 0.454
AC7 61.9, 0.83, 0.013 54.47, 3.03, 0.054 51.17, 4.22, 0.076 51.42, 2.97, 0.058 33.95, 0.33, 0.010
AC10 202,0 7.55, 0.037 194.98, 13.2, 0.068 153.53, 56.6, 0.369 76.89, 21.9, 0.285 45.69, 3.81, 0.083
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AC5 and AC7 display a well-balanced tanδ, maintain-
ing low dielectric losses while preserving adequate 
charge storage capacity.

The relationship between ε′ and tanδ is evident 
across different frequency ranges (Fig. 1e). At low fre-
quencies, AC10 exhibits the highest ε′ (202 at 1 kHz), 
highlighting strong interfacial polarization driven 
by the MWS effect. This effect arises due to charge 
accumulation at polymer-filler interfaces, leading to 
the formation of localized capacitive structures. In 
contrast, samples with lower AC content display rela-
tively stable but lower ε′ values, indicating limited 
interfacial charge storage capacity.

Beyond 100 kHz, ε′ decreases significantly for all 
samples, with AC10 showing the steepest decline. This 
drop reflects the reduced ability of dipoles and interfa-
cial charges to realign with the high-frequency electric 
field. However, AC5 and AC7 maintain more stable 
ε′ values, suggesting that an optimal filler concentra-
tion balances charge storage efficiency and frequency 
stability. Meanwhile, tanδ peaks at 110 kHz for AC10, 
indicating higher dielectric losses due to relaxation 
processes at this frequency. While higher filler loading 
enhances ε′ at low frequencies, it also causes greater 
energy dissipation, making moderate AC concentra-
tions more suitable for practical applications.

The ε′′ provides insights into dielectric losses 
caused by charge carrier mobility constraints and 
polarization relaxation (Fig. 1f). AC10 exhibits a strong 
peak near 110 kHz, confirming the presence of MWS 
interfacial polarization and associated energy dissipa-
tion effects. This peak represents the frequency range 
where accumulated charge carriers lose their ability 
to sustain polarization alignment, leading to a sharp 
increase in dielectric loss. As the frequency increases 
further, ε′′ declines across all samples, suggesting a 
transition from a polarization-dominated regime to a 

conduction-limited response. AC0 and AC1 maintain 
consistently low ε′′ values across the entire frequency 
spectrum, reinforcing the minimal impact of interfacial 
polarization in these composites. Interestingly, AC5 
and AC7 exhibit a more balanced distribution of ε′′ 
and tanδ, indicating that these compositions are well-
optimized for minimizing energy losses while main-
taining sufficient dielectric performance.

The σac strongly depends on both frequency and 
activated carbon concentration, exhibiting distinct 
charge transport mechanisms at different frequency 
ranges (Fig. 2). At low frequencies (1 kHz–10 kHz), 
the σac remains relatively low across all samples, indi-
cating that charge transport is primarily confined to 
localized carrier movement with limited conduction 
pathways. This behavior suggests that interfacial 
polarization dominates, and free charge carriers are 
not sufficiently activated for efficient conduction.

As the frequency increases beyond 10 kHz, a signifi-
cant rise in σac is observed, particularly for AC7 and 
AC10. This trend signifies a transition from interfacial 
polarization-driven transport to hopping conduction, 
where charge carriers gain enough energy to move 
between conductive sites. The sharp increase in σac 
aligns with percolation theory, which predicts that 
conductivity undergoes a drastic rise once a critical 
filler concentration is reached, leading to the formation 
of continuous conductive pathways within the poly-
mer matrix [8, 9]. This behavior is further supported 
by the more gradual increase in σac for moderate filler 
concentrations, suggesting the development of partial 
percolation networks. The inset graph highlights that 
lower filler concentrations exhibit minimal changes 
in conductivity with increasing frequency, reinforc-
ing that these composites lack sufficient conductive 
networks to support free charge carrier transport. The 
presence of a critical percolation threshold is crucial 

Fig. 2   Frequency-dependent 
ac conductivity. a σac, b σac 
on a logaritmic scale
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for achieving high conductivity in polymer compos-
ites, as it dictates the transition from an insulating to a 
semi-conductive or conductive state [22–24].

Figure 2b, which presents the σac on a logarithmic 
scale, further illustrates the increase in conductivity 
with both frequency and filler content (Table 2). The 
separation between the curves at higher frequencies 
confirms that enhanced charge carrier mobility in AC-
rich composites enables more efficient conduction at 
elevated frequencies. However, excessive carbon load-
ing may lead to agglomeration effects, potentially dis-
rupting uniform charge transport and slightly reduc-
ing overall conductivity gains [21].

Figure  3 presents the electrical properties of 
polyurethane composites with varying AC concen-
trations over a frequency range of 1 kHz–10 MHz. 
The M′ provides a measure of charge carrier con-
finement and energy storage efficiency (Fig. 3a). At 
low frequencies, M′ values remain minimal across all 
samples, suggesting highly mobile charge carriers 
with weak confinement. As frequency increases, M′ 
gradually rises, with a more pronounced increase 
in higher AC content. This suggests that increased 
interactions between the polymer and conductive 
fillers restrict charge carrier movement. The noticea-
ble increase in M′ for the AC10 sample reflects strong 

MWS polarization effects, where charge accumulates 
at the interfaces between the filler and polymer, lead-
ing to higher resistance to electric flow. In contrast, 
AC5 and AC7 samples show a moderate and steady 
rise in M′, indicating a balanced behavior suitable for 
high-frequency dielectric applications.

The M′′ relates to energy loss and how the mate-
rial responds to changing electric fields. In Fig. 3b, 
AC10 shows a clear peak between 100 kHz and 1 
MHz, confirming that interfacial polarization and 
charge movement between sites are prominent. This 
peak indicates a shift where charge carriers move 
from localized areas to broader pathways, leading 
to increased energy loss. In contrast, samples with 
lower AC content do not exhibit such peaks, suggest-
ing their response is mainly due to dipolar relaxa-
tion rather than interfacial effects. The broad peak 
for AC10 implies a wide range of relaxation times, 
common in conductive polymer composites due to 
uneven filler distribution. At frequencies above 1 
MHz, M′′ decreases for all samples, showing that 
interfacial polarization becomes less significant as 
charge carriers cannot keep up with the rapidly 
changing electric field [25].

Figure 4 presents the frequency-dependent imped-
ance characteristics. In Fig. 4a, the Z decreases as fre-
quency increases for all samples, a typical behavior 
in conductive polymer composites. At low frequen-
cies (1 kHz–10 kHz), samples with low AC content 
(AC0, AC1) exhibit higher impedance, indicating 
limited charge transport. In contrast, the AC10 sam-
ple shows the lowest impedance, suggesting the 
formation of continuous conductive pathways. This 
trend aligns with percolation theory, where a critical 
filler concentration facilitates the transition from an 
insulating to a conductive state. [24, 26, 27].

Table 2   The σac (μS/cm) at different frequencies

Sample 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz

AC0 0.00003 0.0050 0.0247 0.480 16.0
AC1 0.00017 0.0154 0.0403 0.665 19.8
AC3 0.00063 0.0089 0.0305 0.410 25.3
AC5 0.00010 0.0039 0.0190 0.212 26.7
AC7 0.00046 0.0169 0.2360 1.670 1.84
AC10 0.00420 0.0736 3.1600 12.30 21.2

Fig. 3   Frequency-dependent 
electrical modulus. a M′, b 
M′′ 
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The resistance (R) follows a similar pattern, decreas-
ing with increasing frequency (Fig. 4b). The AC10 
sample consistently exhibits the lowest resistance, 
confirming that higher filler content enhances charge 
transport. Samples with lower AC content maintain 
relatively high resistance across all frequencies, indi-
cating poor formation of conductive networks. At fre-
quencies above 1 MHz, resistance stabilizes, suggest-
ing a shift from interfacial charge trapping to uniform 
charge transport mechanisms.

The reactance (|X|) provides insights into the 
capacitive and inductive contributions to impedance 
(Fig. 4c). At low frequencies, the AC10 sample shows 
the highest reactance, indicating strong capacitive 
energy storage due to interfacial polarization. As fre-
quency increases, |X| decreases sharply, suggesting 
that dipoles and interfacial charges cannot realign 
with the rapidly oscillating electric field. Beyond 1 
MHz, all samples exhibit similar reactance values, 
implying that charge transport is now dominated by 
conduction rather than polarization effects.

The phase angle (θ) reveals the nature of the 
composites’ electrical response (Fig. 4d). At low fre-
quencies, θ is close to −90° for all samples, indicat-
ing dominant capacitive behavior. However, the 
AC10 sample displays a distinct peak near 100 kHz, 

reaching approximately -65°, marking the transition 
from capacitive to conductive behavior. This peak is 
associated with MWS polarization, where charge car-
riers accumulate at polymer-filler interfaces before 
transitioning to a conduction-dominated regime. At 
frequencies above 1 MHz, all samples return to around 
-90°, reflecting a predominantly dielectric response.

4 �Conclusion

In this study, the dielectric, electrical, and impedance 
properties of polyurethane composites with varying 
activated carbon concentrations (0–10%) were investi-
gated over a broad frequency range (1 kHz–10 MHz). 
The results demonstrated that filler concentration 
significantly influences charge transport, interfacial 
polarization, and dielectric relaxation mechanisms. 
A comprehensive analysis was conducted, covering 
capacitance, dielectric permittivity, loss tangent, AC 
conductivity, electric modulus, and impedance spec-
troscopy to evaluate the electrical behavior of TPU-AC 
composites.

The findings indicate that higher activated car-
bon content (AC10) enhances charge storage and 
interfacial polarization, but it also leads to greater 

Fig. 4   Frequency-dependent 
impedance characteristics of 
composites with varying acti-
vated carbon concentrations: 
a Z, b R, c |X|, and d θ 
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dielectric losses, particularly at mid-to-high frequen-
cies. Conversely, low-filler-content samples (AC0, 
AC1) exhibited limited charge transport and weak 
polarization effects, making them less suitable for 
advanced electronic applications. Among all compo-
sitions, AC7 emerged as the most optimized mate-
rial, demonstrating a balanced combination of high 
dielectric permittivity, moderate conductivity, and 
stable impedance behavior. Its ability to minimize 
dielectric losses while maintaining efficient charge 
storage makes it a strong candidate for high-fre-
quency capacitors, supercapacitors, and embedded 
energy storage devices. Additionally, the imped-
ance and electric modulus analysis revealed that 
AC7 maintains a well-regulated charge transport 
network, ensuring controlled relaxation dynamics 
and low-energy dissipation. The phase angle analy-
sis further confirmed that AC7 exhibits an optimal 
transition between capacitive and conductive behav-
ior, highlighting its potential for high-efficiency elec-
tronic and energy storage applications.

Overall, the study underscores the significance 
of precise filler concentration tuning to enhance 
the electrical performance of TPU composites. The 
results suggest that moderate activated carbon 
loading can effectively improve dielectric efficiency, 
reduce energy losses, and optimize charge transport, 
making these composites highly suitable for next-
generation high-frequency, energy-efficient, and flex-
ible electronic applications.
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