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ABSTRACT The aim of study is addressing the influence of nanoparticles (NPs) on the dielectric
properties of polyurethane. In this research, only investigated the effect of Al2O3, MgO and ZnO NPs
for concentrations up to 2 wt.% with the temperature range from 25 to 120 ◦C. During the preparation
of nanocomposites, polymer chains bind to NPs, which then limits their mobility. This effect results in a
decrease in real permittivity and the course of polarization mechanisms. An increase in permittivity over the
entire temperature range only for a 2 wt.% MgO concentration was observed. The decrease in the mobility
of polymer chains was confirmed by dynamic-mechanical analysis. This method also results in an increase
in the glass transition temperature depending on the type and concentration of NPs. The presence of NPs and
the limited mobility of the polymer chains results in a shift of the low-frequency local maximum to lower
frequencies.

INDEX TERMS Polyurethane, nanoparticles, dielectric spectroscopy, dielectric relaxation, DMA
measurements.

I. INTRODUCTION
From the onset of the 21st century, there has been growing
concern among scholars about nanocomposite materials.
This fascination stems from the potential these materials
hold for a wide array of applications. This is due to
their exceptional and distinctive optical [1], dielectric [2],
electrochemical [3], magnetic [4], mechanical properties [5]
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and biological [6], [7]. Furthermore, nanocomposite [8]
insulation materials have many benefits. These include the
absence of leaks, robust structural integrity, and thermal and
electrical stability [9]. Moreover, they exhibit outstanding
safety and compatibility with the life components of electric
devices and battery electrodes [10].
Polyurethanes (PURs) represent a category of segmented

copolymers comprising distinct soft and hard segments.
The pliable segment typically consists of a polyether or
polyester polyol, while the more rigid component consists
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of a diisocyanate and chain extender. Elasticity stems from
the soft segment, whereas strength and rigidity arise from the
hard segment, which forms physical cross-linking points [5],
[11]. Over the past few decades, polyurethanes (PURs)
have been extensively utilized across a wide range of
applications. These include foams, polyurethanes [12], [13],
elastomers [14], adhesives, paints, fibers (such as spandex),
and specialized coatings for various purposes such as
marine coatings, floor coatings, automotive coatings, aircraft
coatings, pipeline coatings, industrial equipment coatings,
medical device coatings, wood coatings, packaging coatings,
and textile coatings [12], [13]. For each specific application,
the chosen composition of polyurethanes confers essential
physical traits tailored to the unique requirements of that
application. Consequently, research concerning polyurethane
has remained a prominent theme within polymer studies.
Prior investigations have established that the interplay
between structure and properties in polyurethanes is signifi-
cantly influenced not only by the selection of initial materials
but also by the polymerization technique, degree of phase
separation, morphology, crystallization extent, and presence
of hydrogen bonding within the final polymer. Recently, there
has been a notable focus on modifying polyurethanes and
evaluating their long-term reliability [15], [16].
It has been demonstrated that polymer blends, which are

composed of a minimum of two distinct polymers, can be
used to produce materials with desirable physical properties.
One key benefit of polyurethanes is that, by making
straightforward adjustments to the composition, a vast range
of properties and characteristics can be achieved at an
affordable cost. Additionally, the polymerization process
typically takes place at ambient room temperatures. As a
result of their versatility and value, these polymeric blends
are widely used in a variety of industries. In practice,
both foam polyurethane (hard, e.g., for thermal insulation
in the construction industry, or soft for the production
of mattresses or seat fillings) and compact PUR (without
bubbles) are used, e.g., for the production of molded floors
(and generally in the construction industry - composites),
3D printers [18], and as electrical insulation materials [10],
[19], (encapsulation or waterproofing of transformers [4],
[20], terminals, capacitors, fragile electrical circuits, car
batteries [17], [21], etc.). A number of these characteristics
include strong compatibility, favorable moldability, and the
ability to adjust to meet specific performance and application
requirements.

PUR characteristics can be enhanced through the uti-
lization of nanoparticles, which possess distinctive qualities
in various respects. NPs can bring about alterations in the
physical and chemical attributes of the matrix. This primary
impact is also associated with several fundamental phenom-
ena, including their nanometer size [26], concentration [23],
[24], active surface area, quantum size effects, and specific
nature, among other factors [25].
Efforts to enhance PUR through nanoparticlemodification,

particularly focusing on alterations in dielectric properties,

have been briefly outlined in existing literature. Notably,
nanosilica [27], [28], [29], [30] and occasionally other oxides
like ZnO [23], [32], [33], Al2O3 [3], [47] and TiO2 [15],
[24], BaTiO3 [21], CeO2 [5], or nitrides like BN [34],
have been integrated into the pure resin. Consequently,
the dielectric properties of the investigated nanocomposites
are influenced by the nature of the polymer matrix and
particle size, thier content, morphology, and particle size
distribution of nanoparticles incorporated in a polymer
matrix. The ongoing research and development in polymer
nanocomposite materials open up novel prospects in nan-
otechnology, proving applicable to both industrial [35] and
medical applications [36]. However, the primary objective
of this study is to present fresh insights into the behavior
of nanocomposite materials derived from a commercially
utilized PUR containing dispersed nanoparticles of Al2O3,
MgO and ZnO, across broadband frequency and temperature
ranges. This exploration also encompasses additional find-
ings from dynamic mechanical thermal analysis (DMA).

II. INVESTIGATED MATERIALS
The primary aim of this study is to elucidate the impact
of incorporating filler materials such as magnesium oxide,
zinc oxide, and aluminum oxide nanoparticles on both
the dielectric characteristics and the structural attributes
of a novel type of two-component PUR manufactured
by VUKI a.s. under the name VUKOL N22 [37]. When
considering the incorporation of nanoparticles as dopants in
polymer matrices, it is imperative to address several critical
parameters to achieve the desired enhancements in material
properties. These parameters encompass particle size, surface
modification, concentration of nanoparticles, dispersion, and
the resultant effects on the polymer’s mechanical, thermal,
and electrical properties. The selection of nanofillers in this
study is grounded in prior our research [23], [38], [39] which
has demonstrated their efficacy in enhancing the insulating
and dielectric properties of nanocomposites.

A. POLYURETHANE VUKOL N22
VUKOL N22, currently produced by VUKI a.s., under
experimental examination, exhibits several distinctions from
its precursor, VUKOL 022. Unlike VUKOL 022, which
incorporates natural zeolite as a desiccant, VUKOL N22
utilizes synthetic zeolite powder in its production. Fur-
thermore, VUKOL 022 lacked fire resistance, causing the
PUR to ignite spontaneously upon exposure to flames.
In contrast, VUKOL N22 has been enhanced with a liquid
flame-retardant additive, allowing it to meet the V2/2 mm
flammability class, according to the UL94 standard. This
classification practically translates to a level of self-
extinguishing capability. Moreover, there are disparities in
the mechanical properties of these materials. VUKOL N22
includes additional crosslinkers, which facilitate the forma-
tion of amore densely crosslinked three-dimensional polymer
structure during the curing process. As a consequence, the
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newer PUR exhibits heightened mechanical strength and
hardness, measuring at 77-80 Shore A. Additionally, its low
initial viscosity makes it suitable for filling extremely narrow
gaps or cavities, primarily within the realm of electrical
insulation applications. This research presents an exceptional
and comprehensive investigation into the formulation and
analysis of nanocomposite materials from both a preparation
and dielectric perspective [40].The outcomes offer valuable
insights, particularly for customizing material properties to
suit diverse applications, extending beyond the realm of high-
voltage technology.

FIGURE 1. Polyurethanes are synthesized by reacting isocyanate groups
in the hardener molecule with hydroxyl groups in the polyol. [41].

Investigated PUR is a two-component (2C) polyurethane
potting compound with low initial viscosity, room temper-
ature curing, low solid filler content, and is solvent free
(volatile organic compounds < 1%). After curing, it resembles
hard rubber and belongs to the class of medium-hard PURs.
The studied PUR is suitable for potting or encapsulating
electrical equipment such as small or medium transformers,
capacitors, coils, electronics, and car batteries. Due to its high
ductility, it is suitable for potting materials with different
coefficients of thermal expansion. Free of abrasive fillers,
it is particularly suitable for continuous machining. Due to
the low initial viscosity of the mixture, it can also be used
for filling very narrow gaps or cavities. The temperature
resistance of this type of potting compound ranged from
− 40 ◦C to + 150 ◦C.
For 2-component (2C) systems, the initial element denoted

as A represents an organic polyol (a polyunsaturated alcohol,
usually with various additives), while the subsequent element
denoted as B stands for a hardener derived from isocyanate.
From a chemical standpoint, the fundamental curing process
involves the additive reaction between the isocyanate groups
within the hardener compound and the hydroxyl groups
present in the polyol compound. This reaction follows a
general equation, as illustrated in Fig. 1. The polyol also
comprises some solid additives (in a finely powdered form),
which tend to sediment over time. Prior to combining the A
and B elements of the 2C system, it is imperative to diligently
blend and make the polyol component (element A) uniform.
This step ensures the dispersion of any sediment throughout
the volume. Subsequently, the hardener is introduced (its
quantity determined by the mixing ratio, a parameter that
should be adhered to with high precision). Following this, the
entire reactive mixture undergoes a thorough homogenization

TABLE 1. Parameters of nanopatricles: Magnesium Oxide, Zinc Oxide and
Aluminium Oxide.

process. A more detailed description of the polyurethane
potting material is available [37].

B. NANOPARTICLES
The final nanocomposites are composed of PUR blended
with nanoparticles (NPs) having a spherical shape and an
average particle size of 20 nm at concentrations of 0.5 wt.%,
1 wt.% and 2 wt.% by weight (further than %). Selecting
the size of nanoparticles employed in these experiments
of nanocomposites is a critical decision that influences
the resulting material properties. or dielectric applications,
nanoparticles should be small enough to disperse uniformly
but large enough to prevent quantum size effects that might
alter electrical properties [42]. The selected nanoparticles,
aluminum oxide Al2O3 [43], magnesium oxide (MgO)
[44] and zinc oxide (ZnO) [45] were chosen based on
previous research [23], [38], [41], [46] demonstrating their
ability to enhance the insulating and dielectric properties
of the nanocomposite materials under investigation. The
fundamental characteristics of the nanoparticles employed
are detailed in Table 1 [43], [44], [45]. As a result of
the outcomes from their experiments, these nanocomposites
containing these nanoparticles have been tailored to meet the
stringent insulation standards needed by high-voltage power
equipment. This adaptation aligns with the increasing needs
stemming from the growing generation and consumption of
power.

Magnesium oxide, also known as magnesia or MgO,
garners significant attention for its remarkable attributes,
including non-toxicity, high thermal conductivity and stabil-
ity, low dielectric constant, exceptional corrosion resistance,
and a high modulus of rupture. It finds applications across
various industries such as wastewater treatment, ceramic
protection, optoelectronic materials, and as a fire retardant.
MgO, widely available as an alkaline earth material, is envi-
ronmentally benign, serving as an insulator with a band gap:
Eg = 7.8 eV [41] and a notable relative permittivity 9.9 [22].
The distinctive chemical properties and expansive surface

area of nanostructured MgO have expanded its usage in
diverse contemporary applications. In the medical realm,
MgO contributes to cancer treatment, exhibits antibacterial
properties, and aids in bone regeneration. Furthermore, MgO
nanoparticles (NPs) synthesized via sol-gel and flame spray
pyrolysis techniques have demonstrated remarkable efficacy
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in textile applications and the removal of methylene blue
dye [6].

In recent years, zinc oxide nanoparticles have gar-
nered increasing attention owing to their distinct physical
and chemical characteristics. These nanoparticles not only
demonstrate thermal stability but also boast appealing
antibacterial properties. Additionally, they are pose relatively
minimal risk to the environment. Incorporating zinc oxide
nanoparticles into polymers has shown notable benefits,
enhancing their properties for tasks like pollutant adsorption
or catalytic degradation. Moreover, this integration amplifies
their antibacterial efficacy, offering a multifaceted approach
to environmental and health-related challenges [23], [24],
[32], [33], [46].

Alumina nanoparticles Al2O3 are garnering increasing
attention across various industries due to their exceptional
properties and versatile applications. These nanoparticles,
composed of aluminum oxide, exhibit remarkable mechan-
ical strength, high thermal conductivity, and excellent
chemical stability. With a wide bandgap and electrical
insulation properties, alumina nanoparticles are utilized in
various fields, including electronics, ceramics, catalysis, and
biomedical applications. In electronics, alumina nanopar-
ticles serve as essential components in the fabrication of
insulating layers, interconnects, and dielectric materials due
to their excellent electrical insulation properties and high
thermal conductivity. In the ceramics industry, alumina
nanoparticles are utilized to enhance the mechanical strength,
hardness, and wear resistance of ceramic materials. Their
incorporation into ceramic composites improves their struc-
tural integrity and thermal stability, making them ideal for
high-temperature applications such as cutting tools, wear-
resistant coatings, and refractory materials. Furthermore,
in biomedical applications, alumina nanoparticles find use in
drug delivery systems, bioimaging, tissue engineering, and
medical diagnostics. Their biocompatibility, low toxicity, and
surface functionalization capabilities make them suitable for
targeted drug delivery and imaging contrast agents, as well as
scaffolds for tissue regeneration [46], [47], [48].

III. TECHNOLOGICAL PROCEDURE OF NANOCOMPOSITE
SAMPLES PREPARATION AND MEASUREMENT
TECHNIQUES
A. TECHNOLOGICAL PROCEDURE OF NANOCOMPOSITE
SAMPLES PREPARATION
As mentioned in our previous studies [23], [38], [41], [46],
in the preparation of nanocomposite dielectric materials
using a PUR potting compound matrix enhanced with
nanofillers, there are two fundamental mixing mechanisms.
The first method described earlier involves a straightforward
mixing process, wherein the initial components’ particles
are randomly dispersed in the mixture without altering
their physical characteristics, mingling with other random
particles. The second mechanism in this process is dispersive
mixing, which aims to reduce the clustering of solid particles

within the liquid polymer. This is carried out to ensure their
even distribution throughout the polymer’s volume.

Before mechanically blending the nanoparticles with
the 2-component (2C) system, the individual nanoparticles
underwent a 24-hour drying process in a laboratory vacuum
hot air dryer at a temperature of 40 ◦C and standard laboratory
air pressure to eliminate surface moisture. To achieve a more
favorable viscosity for mechanical mixing, the component
marked as A (organic polyol) was heated to 40 ◦C. To create
the necessary weight concentrations for the nanocomposite
samples (0.5, 1.0, and 2.0 %), it was essential to precisely
determine the weight of the dried NPs before adding
them to component A’s matrix. Subsequently, the matrix
of component A and the individual nanoparticles were
mechanically mixed for a duration of 5 hours at 40 ◦C
using a magnetic stirrer (500 rpm) in a laboratory vacuum
dryer. This was followed by additional mechanical mixing
involving an ultrasonic needle for 1 hour. The next step
was a vacuuming process for 3 hours at a pressure of
10 mbar with the magnetic stirrer running at 500 rpm. The
purpose of the vacuuming process is to eliminate all air
bubbles from the prepared suspension. NPs employed in
nanocomposite dielectric materials exhibit strong cohesive
forces. A critical factor that impacts the characteristics of the
ultimate nanocomposite material is the accurate dispersion
of these NPs. It is conceivable that aggregate formation
could not only diminish the overall dielectric properties
but also potentially affect space charge phenomena. Thus,
to prevent agglomeration, the ultrasonic needle appears to
be a very useful laboratory tool [26], [49], [50], [51].
Then, the hardener (marked as element B) was added
to the mixture at the recommended ratio (100:47) [37].
Utilizing this approach ensures the even distribution of the
nanofillers within the liquid polymer matrix, even when
the nanoparticle concentrations are extremely low. TThe
completed suspension mixture (consisting of element A,
element B, and nanoparticles) was poured into flat, circular
molds with a diameter of 90 mm and a final sample thickness
of 1.5 mm. The last step marked as Sample finishing includes
identification of produced samples by special pen marker.
Each set of prepared samples included five samples, each
with a particular nanoparticle concentration, to ensure that
the measured results could be replicated and verified. The
processes for creating the investigated nanocomposites are
illustrated in Fig. 2.

Only SEM photos and photos of the prepared samples
(PUR+MgO) are shown in Fig. 3 because, for other types of
nanocomposite samples with Al2O3 and ZnO nanoparticles
the photos are very similar. To verify particle dispersion,
a Phenom ProX desktop SEM microscope (Thermo Fisher
Scientific, Breda, The Netherlands) was equipped with a
backscattered electron detector. With an applied acceleration
voltage of 15 kV, observations were conducted in low
vacuum and charge reductionmode. An almost homogeneous
distribution of nanoparticles can be seen from the surface
analysis. In the photos of the samples, there is pure PUR and
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FIGURE 2. Technological procedures in the preparation of nanocomposites.

then successively the results of the nanocomposite with 0.5,
1.0 and 2.0 wt % MgO.

A polymer is composed of chains, structures, and other
segments with various charges, which produce permanent
or induced dipoles when placed in an electric field. With
the motion of dipoles in the AC electric field, a variety of
processes are connected, such as interfacial polarization (IP)
relaxation γ , β and α- relaxations, the Maxwell-Wagner-
Sillars (MWS) effect, the intermediate dipolar effect (IDE)
and DC conductivity [48], [51], [52]. The motion of phenyl
rings and C-H units is related to the fastest γ - relaxation at
low temperatures (low thermal energy). The rotation of polar
groups around C-C bonds or the mobility of the side groups
of a polymer are the main parts of β - relaxation [24], [52],
[53], [54]. IDE relaxation is associated with the local motion
of chain segments of the polar side groups around the C-C
bond. This is most likely attributed to the motion of the polar
carbonyl groups that form the structural base of PUR [55],
[56]. α- Relaxation relates to the glass transition temperature
Tg and occurs due to microscale Brownian motion, and DC
conductivity overshadows this relaxation at low frequencies.
These mechanisms were observed in TiO2 or ZnO resin
microcomposites [24], [53], [54].

B. MEASUREMENT TECHNIQUES
Dynamic-mechanical analysis (DMA) was performed on
a DMA Q800 (TA Instruments, New Castle, DE, USA)
analyzer with the gas cooling accessory (GCA) filled

FIGURE 3. Particle dispersion analysis of PUR doped with 2.0 wt % MgO
(left) and color change of the investigated PUR composites with different
concentrations of MgO with a real scale in cm (right).

with liquid nitrogen to provide sub-ambient temperatures.
The dual cantilever operational mode was used for all
experiments, and the sample length between the clamps
was approximately 13 mm. The sample was cooled quickly
to - 60 ◦C and maintained at this temperature for 3 min.
Consequently, the samples were heated to 90 ◦C at a heating
rate of 3 ◦C/min in a nitrogen atmosphere while displacement
with a frequency of 1 Hz and amplitude of 5 µmwas applied.

The capacitance method was employed to assess both
the real and imaginary components of complex permittivity
across a frequency spectrum spanning from 1 mHz to 1MHz.
Measurement of these parameters was carried out using a
precision LCR meter, specifically the QuadTech 7600+,
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covering frequencies from 100 Hz to 1 MHz, and the IDAX
350 for frequencies from 1 mHz to 10 kHz. Testing of a
flat circular sample (diameter 90 mm, thickness 1.5 mm)
across temperatures ranging from +20 ◦C to +120 ◦C was
conducted using a controlled oven, with measurements facil-
itated by a three-electrode system. Additionally, the impact
of temperature on the real capacitance and tangent loss factor
was examined using the 50 Hz Tettex 2840 High Precision
C and Tan D Measurement Bridge. The Alpha-A measuring
instrument, manufactured by Novocontrol Technologies in
Montabaur, Germany, equipped with the essential ZGS
electrode system, was employed for conducting validation
measurements.

TABLE 2. Glass transition temperatures (◦C) estimated as the peak
maxima of the tan δ curves for pure PUR and its nanocomposites with
different weight concentration (wt.%) of various nanoparticles.

IV. EXPERIMENTAL RESULTS
A. DYNAMIC-MECHANICAL ANALYSIS
As for DMA experiment, a harmonic force of constant
frequency is applied to the studied sample at a given temper-
ature, and the mechanical response to this force is measured.
The storage modulus, loss modulus and mechanical damping
factor are the main characteristics obtained from DMA
experiments. The storage modulus represents the energy
stored in the system, the lossmodulusmeasures the dissipated
energy in one cycle of deformation, and the ratio of loss and
storage moduli is called the mechanical damping factor tan
δ. The temperature associated with the peak magnitude of the
tan δ. temperature dependence of polymers is usually defined
as the glass transition temperature Tg. The Tg is a temperature
at which polymer chains in amorphous regions of a polymer
undergo a relaxation transition from a rigid structure to a
rubbery state. In addition to information concerning the glass
transition temperature, the intensity of molecular motion can
also be deduced from the results of DMA measurements.
The shift of the glass transition temperature to higher values
usually reflects the reduced mobility of chains present in the
amorphous phase of the polymer and vice versa.

The temperature dependence of tan δ in the range of
−60 ◦C to 90 ◦C for pure PUR and its nanocomposites
with Al2O3 NPs is shown in Fig. 4a). The values of the
glass transition temperature Tg (peak of tan δ in temperature
dependence) are listed in Table 2. For all nanocomposites
containing Al2O3, the Tg shift to higher values was observed,
which reveals a decrease in the segmental motion of polymer
chains due to the presence of nanoparticles in the polymer
matrix. This effect is more pronounced for the composite

with 1 wt.% of Al2O3, probably as a result of the uniform
dispersion of nanoparticles in the polymer matrix.
The influences of different types of nanoparticles on the

relaxation transition of PUR were also studied, and the tan δ

temperature dependences for composites with various wt.%
of Al2O3, ZnO and MgO are depicted in Fig. 4. As seen
from Fig. 4d), mixing MgO and Al2O3 nanoparticles to PUR
only slightly increased the Tg values in contrast to ZnO
NPs, where an increase in Tg of 10 ◦C compared to pure
PUR was observed. Lower polymer chain mobility in all
nanocomposites can be deduced from the increase in the
Tg value. This effect is most pronounced for the ZnO
NPs nanocomposites and could be explained by a stronger
interaction between the polymermatrix and the ZnONPs than
in the case of Al2O3 and MgO NPs.

B. FREQUENCY DIELECTRIC SPECTROSCOPY
1) THEORETICAL ANALYSIS OF THE INFLUENCE OF
POLARIZATIONS ON COMPLEX PERMITTIVITY
The complex permittivity, often denoted as ε∗(ω), is a
property of materials that describes their ability to respond
to an applied electric field at different frequencies. It is
a complex number because it has a real part (ε′) and an
imaginary part (ε′′) of the complex part. ε′′ indicates the
dielectric losses, occurring after an impact of AC, of factors
such as conductivity, various polarizations, and other factors.
The tangent loss factor (dissipation factor or simply as the
loss tangent) denoted as tg δ = ε′′/ε′, is a measure of the
energy loss in a dielectric material when it is subjected to an
alternating electric field, and it shows the lack of efficiency
in polarizing a material.

In weakly polar liquid dielectrics, the complex permittivity
is described through the Debye equation [58], [59] with one
relaxation time (τ0) or a eigenfrequency f0 = 1/(2πτ0).
The complex permittivity in polymers is influenced by more
factors, such as dipole molecules orientation in external
field, a magnitude of a electric filed, what result in varying
relaxation times (τ0i). For this case is better used the Cole-
Cole distribution [60], while the effects of the interface
between the NPs and the polymer matrix must also be
considered. In addition to the polarization processes taking
place in a real dielectric, there are also the conductivity losses
due to oscillating of free charge carriers near electrodes and
in polymer matrix with NPs. The complex permittivity with
losses by DC conductivity (σDC ) [46], [60] has the following
form:

ε∗
= ε∞ +

1ε1

1 + (jωτ1)1−a1
+

1ε2

1 + (jωτ2)1−a2
−j

σDC

ε0ω
(1)

where ε∞ is ‘‘infinite frequency’’ dielectric constants, 1εi
is the change of real part of complex permitivity, ai is the
distribution parameter (0 ≤ a ≤ 1). Dielectric relaxation can
also be modeled by several other empirical functions (Cole-
Davidson or Havriliak-Negami [61], [62], [64]).

An illustration of the impact of two polarization processes
and conduction losses on the complex permittivity in the
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FIGURE 4. Temperature dependence’s of the mechanical damping factor tan δ measured for pure PUR and its nanocomposites containing 0.5 wt.%,
1 wt.% and 2 wt.% of a) Al2O3, b) MgO and c) ZnO. d) Curves of the mechanical damping factor tan δ for composites with 2 wt.% of Al2O3, ZnO and MgO
nanoparticles.

double logarithmic coordinates is presented in Fig. 5. For
drawing this frequency development, the Cole-Cole model
with data from Table 3 for temperature at 60 ◦C was used.
Real part of complex permitivity (Fig. 5a) for frequency
below 2 mHz reaching maximum permittivity εs (the same as
for the static electric fields). With increasing frequency, the
real permittivity (green curve) begins to gradually decrease,
what relates to polarization process at eigenfrequency
f2 = 6 mHz (dark yellow curve). At eigenfrequency f1 =

718 Hz influence on the real permitivity the next polarization
process (purple curve). Furthermore, in case of higher
frequencies, the real permittivity decreases exponentially
asymptotic to the lowest theoretical value ε∞. High values
of the imaginary part of complex permitivity (Fig. 5b) at very
low frequencies is mainly caused by the conduction losses
(blue curve). The local maxima at eigenfrequencies (f1, f2)
caused by two polarization processes are more pronounced.
The process occurs at low frequencies (dark yellow curve)

has sharp maximum, related to the small value of the
a2 coefficient and the relaxation processes at eigenfrequency
f1 (purple curve) is in a wider range of frequencies.

C. INFLUENCE OF NANOPARTICLES ON THE COMPLEX
PERMITTIVITY
Frequency dependence’s of the complex permittivity of
PUR with 2 wt.% of Al2O3 NPs for different temperatures
(25 ◦C ≤ T ≤ 120 ◦C) are shown in Fig. 6. As the temper-
ature increases, we observe that the complex permittivity
curves shift from a lower to a higher frequency. The real part
of the complex permittivity (ε′ or real permitivity) at a tem-
perature of 25 ◦C changes only slightly (Fig. 6a); it increases
almost linearly from 3.8 (1 MHz) to 8 (1 mHz). With an
increase in temperature in the subhertz frequency range,
is observe a gradual increase up to 30 at a temperature of
60 ◦C. This increase was caused by an electrode polarization-
type effect, which can arising from the agglomeration of
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FIGURE 5. Frequency dependence of the real (a) and imaginary (b) part of
complex permitivity with two polarization processes and dc conductivity
losses drawn by Cole-Cole model (1) (εs = 17.3, ε∞ = 3.6, f01 = 718 Hz,
a1 = 0.63, f02 = 6 mHz, a2 = 0.12, σDC = 1.9 × 10−12 S/m).

charge carriers at the interface between the sample under
investigation and the electrodes [63]. For a temperature of
60 ◦C and higher a significant decrease in ε′ between 10 mHz
and 10 Hz is observe. In the case of higher frequencies
than 1 kHz, a local maximum is also less pronounced.
The development for the imaginary part of the complex
permittivity (ε′′) (Fig. 6b) is approximately the same with
two main different features. First, the imaginary part of
the complex permittivity at subhertz frequencies reaches
significantly higher values, and second, two local maxima
(f1, f2) are more visible.With an increase in temperature, their
positions shifted to higher frequencies. Nanocomposites are
complex systems containing polymer chains, nanoparticles,
connections between them through interphase layers and
other parts or processes. On this basis, to determine the
parameters of the relaxation processes and the dielectric
properties of the nanocomposite (Table 3), the Cole-Cole

FIGURE 6. The frequency dependence of the real part of (a) and
(b) imaginary part of the complex relative permittivity for PUR with
2 wt.% Al2O3 nanoparticles.

model (Eq. (1)) was used, which is widely used by other
authors [57], [65], [66].

A comparison of ε′ and tg δ at 60 ◦C for pure PUR
and nanocomposites with different Al2O3, MgO and ZnO
concentrations are shown in Fig. 7. The temperature of 60 ◦C
is interestingmainly for application purposes, as it is often the
working temperature of rotating and non-rotating machines
in electrical engineering area. For frequencies above 1 Hz, ε′

(Fig. 7a) of Al2O3 and (Fig. 7e) ZnO nanocomposite samples
was smaller than that of pure PUR [13, 43]. Only for 2 wt.%
MgO was observed an increase of ε′. In the case of the all
wt.% nanoparticles we observed themost significant decrease
in the nanocomposite’s permittivity between 1Hz to 100 kHz.
This relates to the biggest decrease in the segmental motion
of polymer chains. Generally, at frequencies below 100 mHz,
the effect of concentration is not as clear as it was at higher
frequencies. The influence of different nanocomposites only
at the frequency of 50 Hz as a function of temperature is
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TABLE 3. Parameters of the Cole-Cole model for PUR with 2 wt.%
Al2O3 at various temperatures, where ε∞ is the high-frequency limit of
the permittivity, σDC (10−12 S/m) is the DC conductivity, τ is the
relaxation time, f0i = 1/(2πτ ) and a is the shape parameter.

demonstrated in Fig. 9. The different concentrations caused
a shift in the local maxima of the tg δ (tangent loss factor)
(Fig. 7b,d,e), what could relate to measurement of the
mechanical damping factor tan δ (Fig. 4a). In case of the
2 wt.% Al2O3 and MgO and all wt.% ZnO, the α-process
shifted to a lower eigenfrequency f02 (Table 4), while only
0.5 and 1.0 wt.%MgOwas shift opposite. There was minimal
change of the other maxima of tg δ for all wt.% NPs to pure
PUR. 0.5 wt.% Al2O3 shifted maxima to higher frequence’s,
smaller values of tg δ at 60 ◦C. At the 1 wt.% Al2O3,
0.5 and 1.0 wt.% ZnO there was only a shift in the IDE
relaxation process to a lower eigenfrequency f01 (Table 4),
what relates to a decrease in the mobility of segmental parts
of the polymer chain in the free space around the NPs.
All Cole-Cole parameters of the complex permittivity at
studied concentrations only for temperature 60 ◦C are listed
in Table 4.

We also studied the effect of other nanoparticles, MgO
and ZnO, on complex permittivity in our experiments. From
the measured temperature-frequency dependence’s of the
complex permittivity, a similar conclusion of the influence
of NPs as was observed for Al2O3 emerged. There were
changes in permittivity and a shift in the infrequence’s of the
α and IDE relaxation processes dependent on the temperature
and concentration. At temperature 60 ◦C and in case of ZnO
NPs small decrease of real permitivity with concentration at
frequencies above 1 Hz was observed (Fig. 7e). Its lower
values relate to decrease of polymer chain mobility - shift of
tan δ to higher temperature (Fig. 4b), higher Tg values for
all studied concentrations (Table 2) except for the 2 wt.%
MgO. Admixture of MgO caused bigger changes on the real
permitivity of nanocomposite. At the 0.5 wt.% and 1 wt.%
a decrease of real permitivity at frequencies above 1 Hz was
observed (Fig. 7c), as for Al2O3 and ZnO NPs. The 2 wt.%
however, it causes an increase in real permittivity compared
to pure PUR. This effect is associated with its high real
permittivity of 7.8 and higher polymer chainmobility, smaller
values of tan δ at 60 ◦C (Fig. 4b).
For comparison of the effect of 2 wt.% of different NPs

on the real permittivity and tangent loss factor, was selected

a temperature of 60 ◦C (Fig. 8). The DMA measurements
(Fig. 4) showed that at 80 ◦C and higher, the polymer chains
already had a large degree of freedom, and the difference
between the effects of different NPs was minimal. This
effect was mainly due to strong thermal motions that disturb
the orientation of the individual dipoles in the material
structure [54]. The 0.5 wt.% and 1 wt.% of all studied NPs
caused a decrease or a small change in permittivity compared
to pure PUR (Fig. 7a,c,d). In Fig. 8, the influences of different
of NPs on the real permittivity can be clearly seen. For MgO,
an increase is observed, and for Al2O3 and ZnO, we observed
a decrease with respect to pure PUR.

The change in real permittivity only at the frequency of
50 Hz measured by Tettex 2840 but in the whole measured
temperature range is shown in Fig. 9. Pure PUR real
permittivity in the given temperature range changed between
4.7 and 7, with a maximum at 60 ◦C. For all NPs with 0.5 and
1 wt.% in PUR at temperatures below 80 ◦C (Fig. 9a, b)
and 2 wt.% Al2O3 and ZnO at temperatures below 70 ◦C
(Fig. 9c) the real permitivity was smaller, what was caused by
low concentration and mainly lower polymer chain mobility,
higher Tg values (Table 2). For all measured temperatures of
2 wt.%. MgO, there was an increase in real permittivity to
pure PUR (Fig. 9c). This increase is caused with its high real
permittivity of 7.8 and higher polymer chainmobility, smaller
values of tan δ at 60 ◦C (Fig. 4c). The decrease in the case of
all wt.% NPs at temperatures over 70 ◦C was also associated
with a more significant shift of tg δ to higher temperatures.
The increase at a temperature of 120 ◦C for 2 wt.% ZnO was
influenced by the strong influence of the α-process, the local
maximum of which at the given temperature was at 80 Hz.

V. DISCUSSION
Nanoparticles have a significant impact on the dielectric
properties (complex permittivity and tangent loss factor) of
PUR. The dynamic-mechanical analysis and the dielectric
frequency spectroscopy (DFS) were used to identify the
influence of NPs on the mobility of polymer chains and
polarization processes in nanocomposite materials. These
processes are temperature dependent, so measurements were
also performed at different temperatures. In all studied
nanocomposites, the Tg values increased, and polymer chain
segmental motion decreased due to NPs present in the matrix.
Realized experiments show that NPs have an influence on the
real permittivity of polyurethane at 50 Hz (Fig. 9) as well as
in a wider frequency range (Figs. 7, 8).

The real permittivity of nanocomposites is affected by NPs
and polymer chain, which is bound to them. The binding of
polymer chains to heavy NPs is associated with a decrease
in their mobility. The change in the mobility of the polymer
chains was confirmed by DMA measurements, where Tg
(Table 2) shift to higher values corresponds to a decrease in
the segmental motion of polymer chains due to the presence
of nanoparticles in the polymermatrix. Themobility of chains
and their arrangement in layers around NPs can be explained
using three layers of Tanaka’s model [57], [65]. They were
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FIGURE 7. The frequency dependence of the real part of the complex relative permittivity and tangent loss factor for PUR with various concentrations of
Al2O3 (a, b) MgO (c,d) and ZnO (e, f) nanoparticles at temperature 60 ◦C.

the significant reduction of the polymer chain mobility and
dipoles in bounded and bound layers, which are the closest to

the surface of the NPs [43, 47, 60]. The mobility reduction
in the outer or loose layer was a secondary effect. In the

114236 VOLUME 12, 2024



Š. Hardoň et al.: Fabrication and Broadband Dielectric Study

TABLE 4. Parameters of the Cole-Cole model for PUR and its mixture with Al2O3 and 2 wt.% MgO and ZnO at 60 ◦.

FIGURE 8. The frequency dependence of the real part of the complex
relative permittivity (a) and tangent loss factor (b) for PUR with 2 wt.%
concentrations of all investigated nanoparticles at 60 ◦C.

presence of a restriction in polymer chain mobility, a material
loses its ability to relax at a given stress, resulting in a
decrease in electrical polarization and permittivity (Fig. 7, 8).
In layers around NPs are also trapped free charges, which

caused an increase of a local electric field. This field reduced
the influence of the external electric field, and there was a
reduction in electric dipole motion in weaker field [39], [67],
[68], [69]. Immobilized polymer chains and dipoles in the
layers between the polymer matrix and the nanoparticles led
to a decrease in the real permittivity for all nanocomposite
except for the 2 wt.%. MgO. Only for the 2 wt.%. MgO
(Fig. 8a) the higher real permittivity to that of pure PUR [35],
[48] was observed, due to a dominant effect of MgO NPs
with high real permittivity and freedom of polymer chains,
tan δ was smaller than 0.2 (Fig 4b). Previous studies have
shown that other polymer-based nanocomposites have similar
properties.

From the DFS results, the tangent loss factor had two
local maxima (Fig. 7b,d, e). At temperature (40 ◦C), only
one maximum (f1) was observed, which corresponds to IDE
relaxation and is associated with bonding of polymer chains
on the nanoparticles. With temperature, the thermal energy
of the polymer chains increases, allowing them to oscillate
with a higher frequency, which cause a decrease in the
relaxation times (τ1, τ2) and therefore an increase in the
eigenfrequencies (Table 3). Only in case of the 0.5 wt.%
Al2O3 (Fig. 7b) the frequency shift to higher values was
observed. The shift to lower frequencies, higher relaxation
times, for 0.5 wt.% Al2O3, and 0.5 and 1.0 wt.% ZnO
(Fig. 7b,f, 8b, Table 4) were observed. This was associated
with a longer relaxation time due to generally lower polymer
chain mobility and the local motion of the chain segment
of the polar side groups around the C-C groups in the free
volume of the outer level around the NP.

The second local maximum (f2) was observable at
frequencies below 1 Hz up to 40 ◦C and was related to
α-relaxation relates to the glass transition temperature Tg
and occurs due to the micro-Brownian motion of the entire
polyurethane chains. The presence of 0.5 wt.% Al2O3 and
0.5 and 1.0 wt.% MgO NPs in nanocomposites caused its
shift to higher eigenfrequencies compared to PUR (Fig. 7a).
At 2.0 wt.% Al2O3 and MgO, all wt.% ZnO concentration
(Fig. 8) there were a shift to lower eigenfrequencies (Table 4)
what relate to the shift of tan δ to higher temperature
(Fig. 4b) and higher Tg values for given concentrations
(Table 4). Several previously published studies [70], [71],
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FIGURE 9. The temperature dependence of real part of the complex
permittivity at 50 Hz for pure PUR and its mixture with various
concentration of NPs.

[72], [73], [74] describe similar polyurethane’s behavior in a
temperature-frequency field, and the behavior was influenced
by a variety of factors, including polymer chain mobility [54].

VI. CONCLUSION
In this research, we studied the effect of NPs on the dielectric
properties of PUR. During the preparation of nanocompos-
ites, polymer chains are attached to NPs in several layers. Due
to these connections, their mobility changes significantly,
which was reflected in the values of real permittivity and
the development of polarization mechanisms (α, IDE). The
decrease in the mobility of the polymer chains, which was
confirmed by the DMAmeasurements up to a temperature of
60 ◦C, was also related to the measured decrease in the real
permittivity for almost all the measurements. We observed an
increase in the real permittivity over the whole temperature
range only for the 2 wt.% MgO NPs in PUR. The presence
of NPs and immobile polymers was also associated with
a shift of the low eigenfrequency local maxima to lower
frequencies at low concentrations and temperatures up to
60 ◦C.

Our future research efforts in this area will also focus
on the systematic optimization of improving the mechanical
and thermal properties of polymer nanocomposites in order
to maximize their utility benefits just by incorporating
nanoparticles.
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