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Abstract: The influence of different concentrations (0.5, 1.0, and 2.0 wt.%) of Zinc Oxide (ZnO) filler
on the dielectric properties of the cold-curing polyurethane (PU) resin is presented in this study. For
this purpose, the direct DC conductivity and the broadband dielectric spectroscopy measurements
were used to describe the changes in dielectric responses of PU/ZnO nanocomposites over the
frequency and temperature range, respectively. It can be stated that, the 1.0 wt.% nanoparticles
and lower caused a decrease in the real relative permittivity compared to the pure PU resin, while
the higher concentration of nanoparticles for frequencies above 1 Hz had the opposite effect. The
presence of nanoparticles in the polyurethane resin affected the segmental dynamics of the polymer
chain and changed a charge distribution in the given system. These changes caused a shift of local
relaxation peaks in the spectra of imaginary permittivity and dissipation factor of nanocomposites.
It is suggested that the temperature-dependent transition of the electric properties in the nano-
composite is closely associated with the a-relaxation and intermediate dipolar effects (IDE).

Keywords: broadband dielectric spectroscopy; dielectric relaxation; dry-type transformers; cold-
curing, nanocomposites; polyurethane; zinc oxide

1. Introduction

For the safe and reliable operation of any electrical device, it is necessary to set up spe-
cific dielectric, thermal, and mechanical parameters of the used electro-insulating materials.
Insulation systems of modern electrical equipment are exposed to higher operation and
environmental stresses than before [1], but at the same time, higher reliability and longer
technical lifetime are required. In the case of the transformers, many of the in-operation
transformers around the world are closed to, or beyond their designated technical life. Their
operational reliability and predicted lifetime is strongly dependent on the construction and
condition of their insulation system [2—4]. Their technical life is reduced by the current
higher loads and loads changes due to employing more and more distributed renewable
energy sources to the old power networks. The available transformer failure statistics are
showing, that the average age of the transformers, which fails due to insulation damage is
17.8 years; it is far below the expected lifetime of 35 to 40 years, and 75% of high voltage
transformers collapse due to dielectric insulation failures [5]. From this point of view,
electrical insulation is one of the most critical components of the transformer [6].

Current trends are showing a higher demand for the dry-type cast resin transform-
ers [7]. These transformers [8] are characterized by lower flammability, higher electrical and
thermal strength of the insulation, or higher compactness in comparison with oil-immersed
transformers. On the other hand, the solid insulation used leads to inferior heat transfer,
therefore these kinds of transformers are limited by the maximal dissipated heat in their
maximal output power. Although the used potting compounds have excellent electrical
and mechanical properties, there is still a place to explore ways how to improve them. One
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option is to decrease dielectric losses by reducing of the relative permittivity and/or the
internal conductivity of the insulation system. Since one of the known problems of these
transformers is the lower thermal conductivity of potting compounds [9,10] in comparison
with paper-oil insulation, reducing the heat loss in the insulation caused by polarization
mechanisms can be one of the steps to achieve higher effectivity of the whole system.

The main aim presented in this study is to achieve this goal by incorporation of
a nanostructured filler into the polymer matrix. Experimental use of nano-sized fillers
in three last decades [11] proved a positive impact on dielectric and other properties of
compounds. Many studies have shown the effect of different types of nano-fillers dispersed
in the polymer matrix [6,12-16]. They emphasize the improvements in the electrical,
thermal, optical, and physic-chemical properties compared with the pure polymers. These
improvements could be due to several factors [17], as: the large surface area of nanoparticles,
changes in the polymer morphology (impact of surfaces of particles), the space charge
distribution and others. Nanoparticles with diameter below 100 nm have high surface area
to volume ratio, which means that they a much greater greater interaction and interfacial
region than micro-composites. The interactions region has different properties from both
phases (nanoparticles and polymer chains) and can be described by the multi-core model
from Tanaka [18,19]. From the model results some facts that should be taken into account
for the change of permittivity value. One is the reduction of the mobility of chain dipoles
in given layers [15,20] and another is an influence of filler concentration [15,16].

The main aim of our investigation was focused on the doping of polyurethane (PU)
potting compound for dry-type cast resin transformers with Zinc oxide (ZnO) filler for
observation of the dielectric responses of the whole composite system. PU is a common
commercially available product and is used in industry for filling cavities of all kinds, espe-
cially in the construction of electrical equipment. Previous works dealing with PU/ZnO
composites were primarily focused, e.g., on coatings with superior thermal [21] or im-
proved UV absorbing [22] properties, membranes for gas separation [23], foams for sound
damping [24] or for their application in very specific areas such as in biosensors [25]. Ve-
layutham et al. present the detailed study [26] of PU/ZnO dielectric properties, but for
higher ZnO concentrations.

In this research, three different relaxations can be observed in the spectra of dissipa-
tion factor of all investigated nanocomposite structures as a function of frequency and
temperature. Specifically, it means a-relaxation, interfacial polarization (IP) or Maxwell-
Wagner-Sillars (MWS) effect and intermediate dipolar effect (IDE). IDE mechanism has
been previously observed in ZnO/resin systems [27,28] where it is more pronounced com-
pared to that in TiO; /resin micro-composites [29] or Fe3O,/epoxy composite [30]. This
process could be attributed to polarization effects taking place in parts of the ceramic ZnO,
which are relaxing under the influence of the AC electric field and is strongly affected by
the filler’s concentration [29]. Its location is intermediate in the dielectric spectra, lying
between the fast and the slow (a-relaxation and MWS effect) processes, so it is referred to
as the Intermediate dipolar effect.

2. Materials
2.1. Polyurethane Cold-Curing Matrix

Polyurethanes are one of the most versatile polymers that are on the reaction of a
polyol with a diisocyanate or polymeric isocyanate textcolorbluebasis while using suitable
catalysts and additives [31-33]. The versatility of this material predestines it for use in
many areas. In our case, we are focusing on the dielectric responses that are most important
for the application in the electrical engineering industry. One of the group of polyurethanes
available on the market are mixtures cured at room temperature (cold-cure [34]). Cold-
curing polyurethanes considerably meet the application requirements in this field (low
water absorption, low cure shrinkage, good insulation properties, etc.) [35].

A two-component PU (VUKI a.s.) potting compound has been used for our investiga-
tion. The Castor oil-based polyol is composed of Castor oil (CAS no.: 8001-79-4) and clinop-
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tilolite (CAS no.: 12173-10-3) [36]. Hardener is composed of Polymethylene polyphenyl
polyisocyanate (CAS no.: 9016-87-9), 4,4’-Diphenylmethane diisocyanate (CAS no.: 101-68-
8), Diphenylmethane-2,4’-diisocyanate (CAS no.: 5873-58-1) and Diphenylmethane-2,2’-
diisocyanate (CAS no.: 2536-05-2) [37]. Selected parameters from the material data sheet
are shown in Table 1.

Table 1. Technical parameters of main base and hardener [38].

Parameter Unit Castor Oil-Based Polyol Hardener
Viscosity at 25 °C mPa-s 900-1000 85-135
Viscosity of mixture mPa-s 700-1000 700-1000

Fire point °C >200 >200
Curing time h 24 -
Color green green
Mixing ration 100 37
Curing temperature room room

This type of PU is used in industry for filling cavities of all kinds, especially in the
construction of electrical equipment. It has good adhesion to PVC and rubber. A specific
use case may be, e.g., casting of transformers, small electrical components, cable terminals,
and connectors. Due to its high ductility, this material withstands thermal stresses and it
is possible to cast substances with the different thermal expansion with them. They can
withstand permanent loads up to 130 °C and to 27 kV/mm. It does not contain solvents or
other volatile substances and its curing is characterized by low exothermic temperature.
After curing, it can be characterized by the elasticity of a hard rubber [38].

2.2. Zinc Oxide Nanometric Filler

Zinc oxide is a unique material that belongs among the typical n-type piezoelectric
semiconductors with [39] with an energy gap of ~3.4 eV at room temperature [40]. Due
to its properties, it can be used in different areas, like photocatalysis, sensors, solar cells,
or supercapacitors [41]. ZnO crystallizes in the hexagonal system creating a polar crystal
structure along the c-axis [42]. Each of the Zn atoms is tetrahedrally coordinated to four O
atoms, resulting in the hybridization of the d electrons of Zn atoms with the p electrons of
the O atoms. Stoichiometric ZnO is an insulator. However, it usually contains excess Zn
atoms. Many of its physical properties, such as electrical conductivity and piezoelectricity,
are influenced by the amount of excess Zn and impurities [43,44].

The commercially available ZnO (Nanostructured & Amorphous Materials, Inc.) have
been chosen for our investigation. These nanoparticles have a wide range of applications
(flame retardants, gas sensors, UV protection, demilitarization of chemical and biological
warfare agents, cosmetics and cosmeceuticals, etc.) [45]. The purity of selected particles
ismore than 99%, the rest includes impurities (Cu, Cd, Mn, Pb, As) [45]. The parameters of
used particles are shown in Table 2.

Table 2. Technical parameters of ZnO nanoparticles [45].

Parameter Unit Value Parameter Unit Value
Size nm 20 Loss on drying wt.% <1(110°C/2h)
Bulk density  g/cm®  0.1-0.2 pH 6.5-7.5
SSA m?/g >40 Morphology spherical
Purity % 99+ Color white

2.3. Pu/Zno Preparation

The nanocomposites were prepared in laboratory conditions and fabricated by the
direct dispersion method [46]. The whole process is illustrated in Figure 1. The ZnO
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particles have been dried in laboratory hot air oven for 24 h to lose their surface moisture
before their incorporation into the polymer. The polyol base component was heated to
45 °C to obtain a lower viscosity for the direct mixing procedure. To get the optimal
concentration on nanoparticles, the exact weight of the ZnO fillers has been added (0,
0.5, 1.0, and 2.0 wt.%). The polyol base and ZnO nanoparticles were mixed for 5 h by
magnetic stirrer (700 rpm) and then combined with vacuuming process (8 mbar, 60 rpm).
During this time all air cavities in the sample were removed. Immediately after completion,
the ultrasound needle (20 kHz) was applied with simultaneous magnetic stirring (60 rpm)
for 60 min. This led to an additional controlled dispersion. This method well guarantees the
dispersion of nanoparticles in the polymer matrix, even at very low concentrations. Then
has the hardener been added to the mixture in the recommended ratio (1:0.37). The finished
mixture has been vacuumed and than has been poured into flat square-shaped molds
with dimensions 100 x 100 x 1.0 £ 0.2 mm. Than the samples were cured at laboratory
conditions (24 °C, 53% RH) for 48 h. Each set of prepared samples included five with a
specific concentration of nanoparticles for repetition and confirmation of measured results.
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=
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finishing curing mold
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Figure 1. Scheme of preparation of PU/ZnO nanocomposites.

The presence of ZnO has been indirectly [47] verified by differential scanning calorime-
try DSC (Figure 2). The glass transition temperature Tg was determined using the midpoint
inflection method from the obtained DSC thermograms.There is a relatively similar behav-
ior as presented in [48,49] for low filler loading in different polymers. The incorporation of
particles into polymeric matrix produce the interactions modifying the glass transition. It is
more likely due to their high molecular weight that induced a reduction of mobility of the
polymeric structure [50] and also percolation could play a role [49]. That is demonstrated
on correlation with real part of complex permittivity.
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Figure 2. DSC diagrams with determined glass transient temperatures and their changes compared with changes of the real
part of complex permittivity.
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3. Methods

For the dielectric response observation, different approaches have been carried out.
A detailed description of the method used in this experiment is mentioned in the text below.
All measurements have been performed at Standard Conditions according to the IEC 60212:
2010. The sample dimensions were 100 x 100 x 1.0 & 0.2 mm or 35 x 35 x 1.0 £ 0.2 mm.

3.1. Dissipation Factor and Relative Permittivity Measurements

Dissipation factor and relative permittivity are crucial parameters for evaluation of
the electrical insulation conditions and very well characterize the polarization responses of
the dielectric from a macroscopic point of view [51]. For this investigation, the precision oil
and solid dielectric analyzer 2830/2831 based on vector bridge principle with appropriate
test cell 2914 (both Tettex Instruments, Switzerland) have been used. All measurements
have been performed according to the standard IEC 62631-2-1:2018 (1000 V, 50 Hz) and the
temperature range was set from 23 £ 2 °C (room temperature) to 120 °C.

3.2. Real and Imaginary Parts of Complex Permittivity Measurements

The knowledge of the behavior of dielectric material in a wide frequency range is a
very useful added value. Individual contributions of polarization processes can be defined
from the changes caused by various factors (temperature, additional fillers, etc.) [52]. Four
devices have been used for this measurement. Tettex 2840 High Precision C and Tan D
Measuring Bridge were used for the study of the effect of temperature (22 °C < T <
120 °C) on the real capacitance and dissipation factor at frequency 50 Hz. To cover given
temperature range and a larger range of frequencies a combination of special devices was
used. The insulation diagnostic analyzer IDAX 350 (Group Limited, Dallas, TX, USA) and
QuadTech 7600+ Precision LCR meter (IET Labs, Inc., Boston, MA, USA) with the self-
constructed three-electrode system have been used for base measurement. The frequency
range for IDAX 350 was from 1 mHz to 10 kHz and for LCR meter was from 100 Hz to
2 MHz with temperature from 20 to 120 °C with temperature step 10 °C. The measuring
device Alpha-A (Novocontrol Technologies, Montabaur, Germany) with crucial ZGS type
electrode system has been used for verification measurements. The frequency range,
in this case, was set from 0.75 Hz to 1 MHz with temperature from —50 °C to 80 °C with
temperature step 5 °C.

3.3. Conductivity Measurements

One of the required properties of insulating materials is low conductivity, and high
volume resistivity. For this reason, the direct measurement of volume resistivity according
to the Standard IEC 62631-3-3:2015. The conductive current at quasi-steady-state (after
3600 s) has been measured. From it the proportional value of the volume resistivity was
determined. The 6517A with appropriate electrode system 8009 (both Keithley Instruments,
Cleveland, OH, USA) was used. The voltage level of 1000 V was set for all measurements.

4. Results

As expected nanoparticles and their various concentrations have a strong influence
on the dielectric parameters. Firstly, we studied their influence on the real (¢') part of
complex permittivity with the temperature only at the frequency of 50 Hz (Figure 3a) by
Tettex 2840. At this type of measurement, the temperature was varied from 25 °C to 120 °C.
The real permittivity of the pure PU in the given temperature range changed slightly
around value 5.5. The addition of 0.5 and 1.0 wt.% ZnO fillers make the evident decrease
of the real permittivity for all measured temperatures. The real permittivity of PU + 2.0
wt.% ZnO nanoparticles has higher values than pure PU. The temperature development of
the imaginary (¢”) part of complex permittivity for studied samples is shown in Figure 3b.
¢’ of the pure PU decreases from 25 °C to 60 °C and then it increases with temperature.
For other nanocomposites, the temperature development of ¢ is similar but with lower
values. € has the local minimum at 60 °C, while at PU + 2.0 wt.% ZnQ it is at 70 °C.
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Figure 3. Temperature dependence of (a) the real and (b) imaginary parts of the complex permittivity for polyurethane

resin and its various mixtures with ZnO nanoparticles measured at frequency 50 Hz.

The variations of real (¢') and imaginary (¢”) parts of complex permittivity of PU
with 0.5 wt.% ZnO nanoparticles as a function of frequency (1 mHz < f < 1 MHz) at
different temperatures (22 °C < T < 120 °C) are shown in Figure 4. Dielectric parameters
were measured by IDAX 350 and QuadTech 7600+ Precision LCR meter. At temperature
20 °C ¢ is almost constant for frequencies below 10 Hz (a frequency-independent area),
then slightly decreases with frequency, and from 100 kHz, it reaches a constant value: 2.8.
In the case of ZnO filler, we observe a significant decrease of ¢ in the whole frequency
range compared to pure PU (for 50 Hz at 25 °C the decrease from 5.6 to 4.3, see Figure 3a).
With increasing temperature, a significant increase in ¢ for the sub-hertz frequency (<1 Hz)
is observed, there is a multiplication of x-relaxation process due to IP at surface of nanopar-
ticles. Nanocomposites are materials prone to IP, so space-charge build-up occurs at the
macroscopic interfaces as a result of the difference in conductivities and permittivities of
the constituents. The accumulation of free charges increases a local electric field around the
NPs, so it influences the reorientation of electric dipoles of polyurethane chains bound in
layers around the NP. The higher electric field causes a faster transfer of dipole charges, so
the a-relaxation process is multiplied, and ¢’ increases more markedly at low frequencies.
Further with the temperature, we observe a decrease of the frequency-independent area
of ¢ and its subsequent shift to the higher frequencies. In order to better determine the
individual polarization processes, Figure 4b), the frequency dependence of the imaginary
part of the complex relative permittivity for different temperatures is shown. At 22 °C
we can observe a local maximum at the frequency around 100 Hz, which moves with
temperature to higher frequencies. This local maximum has low relaxation times so it
corresponds to the IDE relaxation [27,29]. At temperatures above 100 °C, the position of
this local maximum is above 1 MHz. At low frequencies and temperature 60 °C and above,
a second local maximum corresponding to the a-relaxation process appears [27] and it is
related to the glass rubber transition of the polymer matrix [29]. It also moves to higher
frequencies with temperature. Also, from Figure 4b) is observed that at frequencies below
100 mHz, the values of the ¢ component are high, in the order of tens at all temperatures.
These high values are the result of the effect of high DC conductivity of nanocomposites
and IP [53].

The electrical conductivity, opc, of the investigated nanocomposites was determined
by direct measurement at temperature 25 °C. Its value increases with the number of
nanoparticles in the PU resin: pure PU: 1.30713S/m, PU + 0.5%Zn0: 4.29 x 10713 S/m,
PU + 1%Zn0O: 4.4 x 10713 S/m and PU + 2%Zn0: 5.1 x 10~!® S/m. With increasing
temperature, o increased, indicating that the conduction process is thermally activated.
The high values of DC conductivity at the temperature of 80 °C, for 0.5 and 1.0% ZnO
concentration in PU, were obtained also from Cole-Cole model (1) (see Table 3). At sub-
Hetz frequencies the parameter j % becomes dominant and due to the high values of op¢

the ¢” reaches high values, too.
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Figure 4. The frequency dependence of (a) the real [54] and (b) imaginary parts of the complex permittivity for the PU + 0.5
wt.% ZnO at various temperatures.

Figure 5 presents, in a 3D appearance, the dependence of the real (correspond with
relative permittivity) and imaginary (correspond with loss factor) parts on temperature
and frequency for the pure PU resin and its mixture with 1.0 wt.% ZnO. The experimental
results obtained by device Alpha-A Novocontrol over the temperature region (—50 to 80 °C)
and the frequency region (0.75 Hz-1 MHz). The decrease of the relative permittivity of for
nanocomposite in consideration of pure PU is very clearly visible in low frequency and high-
temperature regions. In spectra of the imaginary part of complex permittivity, the striking
evolution of IDE relaxation is readily observed. IDE relaxation peak frequencies seem
to follow an Arrhenius-like behavior. The same relaxation modes are observed in other
nanocomposites with ZnO filler, not presented here for reasons of brevity. The frequency

dependence of complex permittivity and dissipation factor of the PU with different amount
of ZnO were presented in work [54].

Relative P°!
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|
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w00 J0 ped [eax
o o ~

©) faAmued ¥o\d
=
©) faApuied *2\dwoD 10 yed Qeuwbew)

Figure 5. The real (a) and imaginary (b) part of complex permittivity versus frequency and temperature for the pure PU
resin and its mixture with 1.0 wt.% ZnO.

Figure 6 shows the permittivity spectra at temperature 80 °C (a normal temperature
of a Cast Resin Dry Type Transformer) in the wide frequency range for pure PU and its
nanocomposites. At first, it can be seen that nanocomposite with 0.5 and 1.0 wt.% ZnO
nanoparticles have lower ¢’ as pure PU (Figure 3a) for frequencies above 20 mHz and 2 Hz,
respectively. For lower frequencies, higher values are observed due to IP. This effect was
also observed in other works [27,54,55]. In the case of 2.0 wt.% ZnO, the real permittivity
is higher than for pure PU for frequencies above 1 Hz. The imaginary permittivity for
all nanocomposites has smaller values than for pure PU, without sub-Hertz frequencies.
The next important factor is that the position of a-relaxation, the local maximum at low-

frequency, dependents on the concentration of nanoparticles in PU. For pure PU it has
lower frequency.
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Figure 6. The frequency dependence of (a) the real and (b) imaginary parts of the complex permittivity for polyurethane

resin and their various nanocomposites at temperature 80 °C.

The real dielectrics have several variations of dipole molecules in different configura-
tions, so their relaxation times have some distribution. Cole-Cole distribution is the most
use and the resulting relation for the complex permittivity with two relaxation processes

has the form:
% .0 ASl Agey

& = e _]eoiw * 14 (jwr )™ + 1+ (jor)l-—’

)

where e, is the high-frequency limit of the permittivity, o is the DC conductivity, w
represents the angular frequency, € is permittivity of vacuum, Ae is difference of the low-
and high-frequency limit of the permittivity, T is the relaxation time and « represents the
dispersion index of the relaxation time, the subscripts 1 and 2 represent the a-relaxation
and IDE relaxation processes, respectively.

The development of complex permittivity as a function of frequency had two local
maxima. Their positions were dependent on the temperature (Figures 4 and 6) and with
increasing temperature, they moved to higher frequencies. On the base of the Cole-
Cole model, which is widely used by other authors [15,27,54,56,57], we can determine
characteristic parameters of the dielectrics. The parameters in Equation (1) can be estimated
parameters using means of the least-squares techniques to obtain the best fit for dielectric
responses of complex permittivities and they are listed in Table 3 only for temperature
80 °C (2.83 K~1). The low-frequency maximum with relaxation time 7; corresponds to
«-relaxation and the high-frequency maximum with relaxation time 1, corresponds to
IDE relaxation.

Table 3. Parameters obtained from the fit by the Cole-Cole model for PU and its various nanocom-
posites at temperatures 80 °C, where £« is the high-frequency limit of the permittivity, op¢ is the DC
conductivity, T is the relaxation time, fo = 1/(27t7) and « is the shape parameter).

Parameter Units PU +0.5% +1.0% +2.0%
€co 47 35 2.8 5.3
Aeq 4.8 2.7 3.1 1.8
T s 0.44 0.14 0.16 0.2
for Hz 0.36 1.1 1.0 0.8
aq 0.42 0.54 0.81 0.9
opc 10713S/m 1.1 21.7 62.3 5.4
Agy 49 2.0 0.8 1.1

) s 0.32 0.2 0.4 0.35
foo kHz 510 800 400 450
ay 0.1 0.41 0.77 0.23

In Figure 7 is a relaxation map of pure PU and its nanocomposites based on measured
developments of complex permittivity and corresponding local maximum. Data only
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for temperature 80 °C can be see in Figure 6b) or in Table 3. Two processes can be seen:
a-relaxation, which were observed from 40 °C to 120 °C and IDE from 20 °C to 100 °C. Both
types of relaxation were approximately linear in the relaxation map, which corresponded to
the Vogel Tamann-Fulcher equation (x-mode) [56] and the Arrhenius type law (IDE) with a
thermal activation energy of approximately 1.4 eV not depending on the concentration.

M -
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10k N
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~ 1k
g
100 | ¢
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- o
— 10 O
c S A —=——0o— pure PU
1 B —e— —0— PU+0.5% ZnO
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Figure 7. The dependence of In(fp) of pure PU and their various nanocomposites as a function of
(1/T), obtained from experimental data.

5. Discussion

The dielectric frequency spectroscopy at different temperatures resulted that ZnO
nanoparticles influence the complex permittivity and dissipation factor of polyurethane
resin. The influence of ZnO filler on the relative permittivity of PU only at 50 Hz in
Figures 3a and 6 and the wide frequency range in Figure 5a are presented. From these
measurements can be seen that relative permittivity for ZnO filler with concentration 0.5
and 1.0 wt.%, was smaller as for pure PU. Similar observations have been reported for
polymer-based nanocomposites [27,28,54,56] . The decrease of relative permittivity can
be attributed to the effect of the interaction zone between the polymer matrix and the
nanoparticles. The interaction zone is a low-density region as well as a less stoichiometric
region, leading to an increase of free volume and the formation of traps. According to
the multi-core model consisting of a bonded region, a transition region and a normal
region [18,19,58], the nanoparticles at the slight filler loading can be regarded as isolated
particles. Restricting the movement of orientable dipoles along the direction of the electric
field, resulting in a decrease of relative permittivity. Higher (2.0 wt.%) concentration of
Zn0 filler loading that the distance between neighboring nano-particles becomes gradually
short or even the transition regions of neighboring nano-particles may overlap. In this case,
the nanoparticles begin to play an important role in the electrical properties of polymer-
based nanocomposites. As the relative permittivity of ZnO nanoparticles is 8.8 [59], what
is higher than PU, the relative permittivity of nanocomposite is higher.

The two relaxations modes become evident via loss peaks in the ¢’ spectra
(Figures 4b and 6b). The first one corresponds to a-relaxation. In these spectra, a-relaxation
is recorded in the middle of the frequency region forming a clear peak. This relaxation,
which is recorded for nanocomposites at higher frequency as in the case of the pure PU
(Figures 4 and 5), is related to the glass rubber transition of the polymer matrix. This is
an indication that the glass transition temperature of nanocomposites changes with filler
content [29].

Besides a-relaxation, IP can be detected in the low frequency and higher tempera-
tures [57]. This type of polarization catch up with the alternation of the applied electric
field which results in a rapid increase of complex permittivity in the low-frequency region
and shift of a-relaxation to higher frequencies. These effects are caused due to by capturing
of charge carriers in the interfacial region of nanoparticles and PU matrix. Charges increase
a local electric field that is higher as Laplacian or geometric electric field, so it influences



Polymers 2021, 13, 375 10 of 12

the quicker reorientation (decrease of relaxation time, Table 3) of electric dipoles of PU
chains bound in layers around nanoparticles.

The positions of the second local maximum corresponding to the IDE relaxation were
slightly influenced by the fillers (Figure 6b), except for PU + 0.5% ZnO. The fact that
the relaxation characteristic frequency is minimal affected by the nano-structuration (by
adding nanoparticles fillers to the PU matrix) suggests that the quasi-mobile charges in
the nanocomposites have the same movement limitations as those existing in pure PU
resin [27,29].

6. Conclusions

Polyurethane nanocomposites with various concentrations of ZnO nanoparticles were
studied by the broadband dielectric spectroscopy. The complex dielectric permittivity,
dissipation factor, and DC electrical conductivity of the nanocomposites were measured in
the temperature range from 20-120 °C. 0.5 and 1.0 wt.% nanoparticles caused a decrease
in the real permittivity as pure PU resin. This decrease was caused by the presence of
highly immobile PU chains in the interfacial regions around nanoparticles. The presence
of local relaxation peaks in the imaginary permittivity and dissipation factor spectra of
the nanocomposites confirms the absorption of energy given to the system by the chain
segmental dynamics of the polymer and nanoparticles. These peaks correspond to a-
relaxation and IDE relaxation and they were shifted to higher frequencies. The interfacial
polarization and charge multiplication of -relaxation caused a rapid increase of complex
permittivity in the low-frequency region.

Author Contributions: Conceptualization, ].K.; Data curation, S.H. and J.H.; Formal analysis, SH.
and ].H.; Investigation, ].K., SH.,OM.and JH,; Methodology, ] K., SH.,OM.and J.H,; Supervision,
J.K. and P.T.; Writing—original draft, ].K. and J.H.; Writing—review & editing, ].K. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by VISEGRAD FUND (Visegrad Scholarship Program, ID
52010598), (Visegrad Strategic Grants, ID 22010345); by Grant System of University of Zilina No.
1/2020. (7965); by Student Grant Agency of the University of West Bohemia in Pilsen, grant No.
SGS-2018-016 “Diagnostics and Materials in Electrical Engineering” and by the Ministry of Education,
Youth and Sports of the Czech Republic under the project OP VVV Electrical Engineering Technologies
with High-Level of Embedded Intelligence CZ.02.1.01/0.0/0.0/18_069/0009855.

Data Availability Statement: The raw /processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Tang, S.; Hale, C.; Thaker, H. Reliability modeling of power transformers with maintenance outage. Syst. Sci. Control. Eng. 2014,
2,316-324. [CrossRef]

2. Bartley, WH. Investigating transformer failure. In Proceedings of the Weidmann-ACTI 5th Annual Technical Conference on New
Diagnostic Concepts for Better Asset Management, Albuquerque, NM, USA, 13-15 November 2006.

3.  Chiesa, M,; Das, S.K. Experimental investigation of the dielectric and cooling performance of colloidal suspensions in insulating
media. Colloids Surf. 2009, 335, 88-97. [CrossRef]

4. Rajnak, M.; Timko, M.; Kopcansky, P.; Paulovicova, K.; Kuchta, J.; Franko, M.; Kurimsky, J.; Dolnik, B.; Cimbala, R. Transformer
oil-based magnetic nanofluid with high dielectric losses tested for cooling of a model transformer. IEEE Trans. Dielectr. Electr.
Insul. 2019, 26, 1343-1349. [CrossRef]

5. Rafiq, M,; Yuzhen, L.; Chengrong, L. A Review on Properties, Opportunities, and Challenges of Transformer Oil-Based Nanofluids.
J. Nanomater. 2016, 2016, 8371560. [CrossRef]

6. Saha, T.K.; Purkait, P. Monitoring and Estimation Techniques. In Transformer Ageing; Saha, T.K., Purkait, P., Eds.; JohnWiley &
Sons Singapore Pte. Ltd.: Hoboken, NJ, USA, 2017; pp. 1-35.

7. Wu, W,; Kern, J.A. Temperature rise prediction of a natural cooling dry-type transformer. In Proceedings of the SoutheastCon

2016, Norfolk, VA, USA, 30 March-3 April 2016.


http://doi.org/10.1080/21642583.2014.901930
http://dx.doi.org/10.1016/j.colsurfa.2008.10.044
http://dx.doi.org/10.1109/TDEI.2019.008047
http://dx.doi.org/10.1155/2016/8371560

Polymers 2021, 13, 375 11 of 12

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.
37.

Ding, X.; Ning, W. Analysis of the Dry-type Transformer Temperature Field Based on Fluid-solid Coupling. In Proceedings of the
Second International Conference on Instrumentation, Measurement, Computer, Communication and Control, Harbin, China,
8-10 December 2012; Volume 2, pp. 520-523.

Mafra, R.; Magalhaes, E.; Anselmo, B.; Belchior, F; Lima e Silva, S. Winding Hottest-Spot Temperature Analysis in Dry-Type
Transformer Using Numerical Simulation. Energies 2018, 12, 68. [CrossRef]

Pierce, L.W. Thermal considerations in specifying dry-type transformers. IEEE Trans. Ind. Appl. 1994, 30, 1090-1098. [CrossRef]
Kumar, S.K.; Benicewicz, B.C.; Vaia, R.A.; Winey, K.I. 50th Anniversary Perspective: Are Polymer Nanocomposites Practical for
Applications. Macromolecules 2017, 50, 714-731. [CrossRef]

Kim, M.L; Kim, S.; Kim, T.; Lee, D.K,; Seo, B.; Lim, C.-S. Mechanical and thermal properties of epoxy composites containing
zirconium oxide impregnated halloysite nanotubes. Coatings 2017, 7, 231.

Domun, N.; Paton, K.R.; Hadavinia, H.; Sainsbury, T.; Zhang, T.; Mohamud, H. Enhancement of fracture toughness of epoxy
nanocomposites by combining nanotubes and nanosheets as fillers. Materials 2017, 10, 1179. [CrossRef]

Zhang, X.; Wen, H.; Wu, Y. Computational thermomechanical properties of silica—epoxy nanocomposites by molecular dynamic
simulation. Polymers 2017, 9, 430. [CrossRef]

Kochetov, R. Thermal and Electrical Properties of Nanocomposites, Including Material Processing. Ph.D. Thesis, Wohrmann
Print Service, Zutphen, The Netherlands, 2012; pp. 16-27.

Singha, S.; Thomas, ].M. Dielectric Properties of Epoxy Nanocomposites. IEEE Trans. Dielectr. Electr. Insul. 2008, 15, 12-23.
[CrossRef]

Roy, M.; Nelson, ].K.; MacCrone, R K.; Schadler, L.S.; Reed, C.W.; Keefe, R.; Zenger, W. Polymer Nanocomposite Dielectrics-The
Role of the Interface. IEEE Trans. Dielectr. Electr. Insul. 2005, 12, 629-643. [CrossRef]

Tanaka, T.; Montanari, G.C.; Malhaupt, R. Process, understanding and challenges in the field of nanodielectrics. IEEE Trans.
Dielectr. Electr. Insul. 2004, 11, 763-784. [CrossRef]

Tanaka, T.; Kozako, M.; Fuse, N.; Ohki, Y. Proposal of a multi-core model for polymer nanocomposite dielectrics. IEEE Trans.
Dielectr. Electr. Insul. 2005, 12, 669—-681. [CrossRef]

Pissis, P. Molecular Dynamics of Thermoset Nanocomposites. In Thermoset Nanocomposites for Engineering Application; Smithers
Rapra Technology Ltd.: Shawbury, UK, 2007; pp. 143-206.

Siyanbola, T.O.; Sasidhar, K.; Rao, B.V.S.K,; Narayan, R.; Olaofe, O.; Akintayo, E.T.; Raju, K.V.S.N. Development of Functional
Polyurethane-ZnO Hybrid Nanocomposite Coatings from Thevetia peruviana Seed Oil. J. Am. Oil Chem. Soc. 2015, 92, 267-275.
[CrossRef]

Wang, H.; Qiu, X., Liu, W,, Fu, F; Yang, D. A Novel Lignin/ZnO Hybrid Nanocomposite with Excellent UV-Absorption Ability
and Its Application in Transparent Polyurethane Coating. Ind. Eng. Chem. Res. 2017, 56, 11133-11141. [CrossRef]

Soltani, B.; Asghari, M. Effects of ZnO Nanoparticle on the Gas Separation Performance of Polyurethane Mixed Matrix Membrane.
Membranes 2017, 7,43. [CrossRef]

El Mogy, S.A.; Youssef, R.S.; Abd El Megeed, A.A. Processing of Polyurethane Nanocomposite Reinforced with nanosized Zinc
Oxide: Effect on Mechanical and Acoustic Properties. Egypt J. Chem. 2019, 62, 333—341. [CrossRef]

Preety; Hooda, V. A novel polyurethane/nano ZnO matrix for immobilization of chitinolytic enzymes and optical sensing of
chitin. Egypt J. Chem. 2018, 106, 1173-1183.

Velayutham, T.S.; Abd Majid, WH.; Gan, W.C.; Khorsand Zak, A.; Gan S.N. Theoretical and experimental approach on dielectric
properties of ZnO nanoparticles and polyurethane/ZnO nanocomposites. J. Appl. Phys. 2012, 112, 054106. [CrossRef]
Soulintzis, A.; Kontos, G.; Karahaliou, P.; Psarras, G.C.; Georga, S.N.; Krontiras, C.A. Dielectric relaxation processes in epoxy
resin—ZnO composites. |. Polym. Sci. B Polym. Phys. 2009, 47, 445-454. [CrossRef]

Hernandez, M.; Ezquerra, T.A.; Verdejo, R.; Lopez-Manchado, M.A. Role of vulcanizing additives on the segmental dynamics of
natural rubber. Macromolecules 2012, 45, 1070-1075. [CrossRef]

Kontos, G.A.; Soulintzis, A.L.; Karahaliou, PK,; Psarras, G.C.; Georga, S.N.; Krontiras, C.A.; Pisanias, M.N. Electrical relaxation
dynamics in TiO;-polymer matrix composites. EXPRESS Polym. Lett. 2007, 1, 781-789. [CrossRef]

Ramajo, L.A.; Cristébal, A.A.; Botta, PM.; Porto Lépez, ].M.; Reboredo, M.M.; Castro, M.S. Dielectric and magnetic response of
Fe30y4/epoxy composites. Compos. Part A Appl. Sci. Manuf. 2009, 40, 388-393. [CrossRef]

Polyurethanes. Meyler’s Side Effects of Drugs; Aronson, J.K., Ed.; Elsevier: Amsterdam, The Netherlands, 2016; p. 874.

Vahabi, H.; Rastin, H.; Movahedifar, E.; Antoun, K.; Brosse, N.; Saeb, M.R. Flame Retardancy of Bio-Based Polyurethanes:
Opportunities and Challenges. Polymers 2020, 12, 1234. [CrossRef]

Fricova, O.; Hutnikova, M.; Kovalakova, M.; Baran, A. Influence of aging on molecular motion in PBAT-thermoplastic starch
blends studied using solid-state NMR. Int. J. Polym. Anal. Charact 2020, 25, 275-282. [CrossRef]

Knibbe, D.E. A Chemical and Physical Comparison of Polyurethane Hot Cure and Cold Cure Moulding. J. Cell. Plast. 1985, 21,
264-268. [CrossRef]

Montesano, L. Room Temperature-Curing Polyurethane Casting Compounds. Ind. Eng. Chem. Prod. Res. Dev. 1964, 3, 133-137.
[CrossRef]

VUKI a.s. VUKOL O22, Material Safety Data Sheet According to Requlation (EC) No 1907/2006; VUKI a.s.: Bratislava, Slovakia, 2018.
VUKI a.s. VUKIL M, Material Safety Data Sheet According to Regulation (EC) No 1907/2006 and Modified According to 2015/830/EU;
VUKI a.s.: Bratislava, Slovakia, 2020.


http://dx.doi.org/10.3390/en12010068
http://dx.doi.org/10.1109/28.297927
http://dx.doi.org/10.1021/acs.macromol.6b02330
http://dx.doi.org/10.3390/ma10101179
http://dx.doi.org/10.3390/polym9090430
http://dx.doi.org/10.1109/T-DEI.2008.4446732
http://dx.doi.org/10.1109/TDEI.2005.1511089
http://dx.doi.org/10.1109/TDEI.2004.1349782
http://dx.doi.org/10.1109/TDEI.2005.1511092
http://dx.doi.org/10.1007/s11746-014-2587-y
http://dx.doi.org/10.1021/acs.iecr.7b02425
http://dx.doi.org/10.3390/membranes7030043
http://dx.doi.org/10.21608/ejchem.2018.4655.1410
http://dx.doi.org/10.1063/1.4749414
http://dx.doi.org/10.1002/polb.21649
http://dx.doi.org/10.1021/ma202325k
http://dx.doi.org/10.3144/expresspolymlett.2007.108
http://dx.doi.org/10.1016/j.compositesa.2008.12.017
http://dx.doi.org/10.3390/polym12061234
http://dx.doi.org/10.1080/1023666X.2020.1783495
http://dx.doi.org/10.1177/0021955X8502100407
http://dx.doi.org/10.1021/i360010a015

Polymers 2021, 13, 375 12 of 12

38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

VUKI a.s. Impregnants, VUKUR OM 22, Material Data Sheet; VUKI a.s.: Bratislava, Slovakia, 2013.

Wang, Z.L. Nanostructures of zinc oxide. Mater. Today 2004, 7, 26-33. [CrossRef]

Galdédmez-Martinez, A.; Santana, G.; Giiell, F.; Martinez-Alanis, P.R.; Dutt, A. Photoluminescence of ZnO Nanowires: A Review.
Nanomaterials 2020, 10, 857. [CrossRef]

Wang, J.; Chen, R.; Xiang, L.; Komarneni, S. Synthesis, properties and applications of ZnO nanomaterials with oxygen vacancies:
A review. Ceram. Int. 2018, 44, 7357-7377. [CrossRef]

Abbas Shah, N.; Gul, M.; Abbas, M.; Amin, M. Synthesis of Metal Oxide Semiconductor Nanostructures for Gas Sensors. In Gas
Sensors; Khan, S.H., Ed.; IntechOpen Limited: London, UK, 2020; pp. 1-23.

Hahn, Y.-B. Zinc oxide nanostructures and their applications. Korean ]. Chem. Eng. 2011, 28, 1797-1813. [CrossRef]

Janotti, A.; Van de Walle, C.G. Fundamentals of zinc oxide as a semiconductor. Rep. Prog. Phys. 2009, 72, 126501. [CrossRef]
Nanostructured & Amorphous Materials, Inc. Zirconia Nanopowder, Calcia Doped (ZrO, /8 mol%CaO, 99.9%, 20-30 nm)
Available online: https://www.nanoamor.com/inc/sdetail /3261 (accessed on 10 October 2020).

Rahman, M.M. Polyurethane/Zinc Oxide (PU/Zn0O) Composite—Synthesis, Protective Property and Application. Polymers 2020,
12,1535. [CrossRef] [PubMed]

Gonzélez-Irtin Rodriguez, J.; Carreira, P.; Garcia-Diez, A.; Hui, D.; Artiaga, R.; Liz-Marzan, L.M. Nanofiller effect on the glass
transition of a polyurethane. J. Therm. Anal. Calorim. 2007, 87, 45-47. [CrossRef]

Rittigstein, P.; Torkelson, ].M. Polymer—nanoparticle interfacial interactions in polymer nanocomposites: Confinement effects on
glass transition temperature and suppression of physical aging. J. Polym. Sci. B Polym. Phys. 2006, 44, 2935-2943. [CrossRef]
Barrau, S.; Demont, P.; Maraval, C.; Bernes, A.; Lacabanne, C. Glass Transition Temperature Depression at the Percolation
Threshold in Carbon Nanotube-Epoxy Resin and Polypyrrole-Epoxy Resin Composites. Macromol. Rapid Commun. 2005, 25,
390-394. [CrossRef]

Stanzione, M.; Russo, V.; Oliviero, M.; Verdolotti, L.; Sorrentino, A.; Di Serio, M.; Tesser, R.; Iannace, S.; Lavorgna, M. Character-
ization of sustainable polyhydroxyls, produced from bio-based feedstock, and polyurethane and copolymer urethane-amide
foams. J. Data Brief 2018, 21, 269-275. [CrossRef]

Kao, K.C. Dielectric Phenomena in Solids with Emphasis on Physical Concepts of Electronic Processes; Elsevier Academic Press:
Amsterdam, The Netherlands, 2004.

Kremer, F.; Schonhals, A. (Eds.) Broadband Dielectric Spectroscopy; Springer: Heidelberg, Germany, 2003.

Maity, P.; Poovamma, P.K.; Basu, S.; Parameswaran, V.; Gupta, N. Dielectric spectroscopy of epoxy resin with and without
nanometric alumina fillers. IEEE Trans. Dielectr. Electr. Insul. 2009, 16, 1481-1488. [CrossRef]

Hardon, S.; Kudelcik, J.; Trnka, P.; Totzauer, P.; Hornak, J.; Michal, O. The influence of ZnO nanoparticles on the dielectric
properties of epoxy resin. In Proceedings of the Applied Physics of Condensed Matter (APCOM 2019), Strbske Pleso, Slovakia,
19-21 June 2019; Volume 2131, p. 020015.

Wang, X.; Chen, Q.; Yang, H.; Zhou, K.; Ning, X. Electrical properties of epoxy/ZnO nano-composite. J. Mater. Sci. Mater. Electron.
2018, 29, 12765-12770. [CrossRef]

Tomara, G.N.; Kerasidou, A.P; Patsidis, A.C.; Karahaliou, PK; Psarras, G.C.; Georga, S.N.; Krontiras, C.A. Dielectric response
and energy storage efficiency of low content TiO-polymer matrix nanocomposites. Compos. Part A Appl. Sci. Manuf. 2015, 71,
204-211. [CrossRef]

Wang, Z.; Zhou, W.; Dong, L.; Sui, X.; Zuo, J.; Cai, H.; Cai, J. Dielectric relaxation dynamics of Al/epoxy micro-composites. J.
Alloys Compd. 2016, 689, 342-349. [CrossRef]

Zhao, W.; Fan, Y.; Chen, H. Dielectric properties and corona resistance of Si-B/epoxy nano-composites. J. Mater. Sci. Mater.
Electron. 2019, 30, 16298-16307. [CrossRef]

Sun, X.W,; Yang, Y. Introduction. In ZnO Nanostructures and Their Applications; Sun, X.W., Yang, Y., Eds.; Taylor & Francis Group:
New York, NY, USA, 2012; pp. 1-14.


http://dx.doi.org/10.1016/S1369-7021(04)00286-X
http://dx.doi.org/10.3390/nano10050857
http://dx.doi.org/10.1016/j.ceramint.2018.02.013
http://dx.doi.org/10.1007/s11814-011-0213-3
http://dx.doi.org/10.1088/0034-4885/72/12/126501
https://www.nanoamor.com/inc/sdetail/3261
http://dx.doi.org/10.3390/polym12071535
http://www.ncbi.nlm.nih.gov/pubmed/32664589
http://dx.doi.org/10.1007/s10973-006-7805-x
http://dx.doi.org/10.1002/polb.20925
http://dx.doi.org/10.1002/marc.200400515
http://dx.doi.org/10.1016/j.dib.2018.09.077
http://dx.doi.org/10.1109/TDEI.2009.5293963
http://dx.doi.org/10.1007/s10854-018-9394-4
http://dx.doi.org/10.1016/j.compositesa.2015.01.017
http://dx.doi.org/10.1016/j.jallcom.2016.07.332
http://dx.doi.org/10.1007/s10854-019-02000-w

	Introduction
	Materials
	Polyurethane Cold-Curing Matrix
	Zinc Oxide Nanometric Filler
	 Pu/Zno Preparation

	Methods
	Dissipation Factor and Relative Permittivity Measurements
	Real and Imaginary Parts of Complex Permittivity Measurements
	Conductivity Measurements

	Results
	Discussion
	Conclusions
	References

