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ABSTRACT This study presents the influence of various types of nanoparticle (NP) fillers incorporated
into a polyurethane (PU) (VUKOL 022) matrix and its subsequent changes in complex permittivity. Two
types of surface modification of SiO» fillers were investigated. The frequency dependence of the real and
imaginary parts of complex permittivity was measured within the frequency range of 1 mHz to 1 MHz using
the capacitance method. The 1 wt.% NPs in PU caused an increase (MgO, TiO», n-SiO», and f-SiO;) or a
decrease (d-SiO) in the real permittivity. The «-relaxation and intermediate dipolar effect were observed
at the temperature dependence of the imaginary permittivity. The change in permittivity by various surface
modifications of SiO, and other nanofillers was discussed based on the multi-core model. Moreover, the
NPs caused a shift in the local maximum of the permittivity, which was a result of the interfacial polarisation

and a charge multiplication of the «-relaxation process.

INDEX TERMS Polyurethane, nanoparticles, relaxation methods, nanocomposites.

I. INTRODUCTION

Each high voltage insulation system is a complex system
fulfilling various requirements. In the case of transformers,
it can be a solid or a combination of solid and liquid insulating
components. There are various materials available for trans-
former insulation. However, the commonly used materials
are cellulose paper and mineral oil systems in the case of
cast-resin dry-type transformers (polyurethane [PU], epoxy,
and silicone resin). The electrical insulation is an important
part of transformers, helping both to withstand the high elec-
tric fields and ensure the loss of heat dissipation. In the case of
paper-oil transformers also helps the liquid component to dis-
sipate the heat, but at the same time, it creates a potential fire
risk. The cast-resin dry-type of transformers is one of the most
used types of small transformers, exhibiting good mechanical
properties, dielectric strength, and moisture tolerance, as well
as decreased fire risk, compared to oil-filled transformers
[1]. On the other hand, the low thermal conductivity of the
electric insulating system of the dry-type transformers creates
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an upper power limit. However, in the case of synthetic cast
resin, the operational temperature is significantly higher than
in the case of cellulose and mineral oil. The final thermal
class of this type of transformer is related to the type of resin
used [2].

Insulation systems of modern electrical equipment are
exposed to operational and environmental stress during oper-
ation [3], [4]. The technical lifetime of the transformer mainly
depends on the thermal aging of its electric insulation system.
The higher the temperature, the higher the aging rate [5].
From the available statistics [6], [7], it has been shown that
due to failure their lifetime is not even 18 years, even though
75 % of all collapses were caused by dielectric insulation
issues [8]. Today, polymers are most widely adopted as the
main insulating materials in the power engineering industry.
In comparison with other types of insulating materials, poly-
mers are maintenance free, with higher stability and a low
dissipation factor [9], [10].

Epoxy resins (ERs) and PU substances are of interest
to academic and industrial research due to their excellent
mechanical, electrical, and thermal properties. They have
various applications in industry due to their high adhesive
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strength and their excellent dielectric and mechanical prop-
erties. Due to their excellent dielectric properties, they are
widely used as electrical insulation materials, and due to their
adhesive properties, they are used as a binder for compos-
ites [11]-[15]. Today, polymer-based nanodielectric systems
are more frequently investigated for their electrical prop-
erties because the introduction of nanofillers has indicated
several advantages when compared with the similar prop-
erties obtained with pure epoxy systems without any par-
ticles or with epoxy systems with micrometre-sized fillers.
A lot of studies have shown the effect of different types
of nanofillers dispersed in polymer composites, which have
exhibited markedly improved mechanical [16], [17], thermal
[18], [19], optical, and physico-chemical properties due to
the nanometre-sized particles obtained by dispersion, when
compared with the pure polymers [20], [21]. In the last two
decades, the dielectric properties (relative permittivity - &,
and dielectric loss - tan §) of polymer nano-composites have
been evaluated. They values were lower than in pure poly-
mers and microcomposites when insulating oxides were used
as fillers [22]-[26]. Many studies have clearly shown that
adding some volume of nanoparticles (NPs) to ERs improves
several characteristics, such as the dimensional stability,
dielectric properties, energy dissipation capabilities, and the
high-performance stiffness of polymer composites. The mod-
ification of polymers by NPs is one method of acquiring bet-
ter flexibility and better mechanical or electrical properties.
The development of PU-based nanocomposites (NCs) has
opened up new possibilities in the field of nanotechnology to
obtain new features suitable for industry [12], [13]. The main
effect of changes in the dielectric properties of NCs is in the
interfacial regions surrounding the NPs [27], [28]. Studies of
the complex permittivity of NCs as a function of temperature,
electric field intensity, or frequency are fundamental in the
characterisation of dielectrics [20], [29].

Il. DIELECTRIC SPECTROSCOPY

Polymers consist of various chains, structures, or other seg-
ments, which have various charges; therefore, they create
permanent or induced dipoles by an electric field. In the AC
electric field, these dipoles are caused by various processes,
such as y-, B- and «-relaxations; interfacial polarisation (IP)
relaxation or the Maxwell-Wagner—Sillars (MWS) effect; the
intermediate dipolar effect (IDE); and DC conductivity [21],
[30], [31]. The fastest y-relaxation is readily perturbed at low
thermal energy (low temperatures) by small entities of phenyl
rings and C-H units [32]. The localized fluctuations and the
mobility of the side groups of a polymer, or the rotation of
polar groups around C-C bonds, are the main parts of S-
relaxation [21], [30], [32], [33]. @-Relaxation is the result
of micro-scaled Brownian motion of the whole chain, and
for sub-Hertz frequencies DC conductivity can sometimes
overshadow this relaxation. With increasing temperature, the
IDE is observed with medium relaxation times. This mech-
anism has been previously observed in TiO; or ZnO resin
micro-composites [31], [33]-[36]. location is intermediate in
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the dielectric spectra, lying between the fast and the slow
(x-relaxation and MWS effect) processes; therefore, it is
referred to as the IDE.

The addition of NPs to resins has an impact on the polar-
isation mechanism, which results in a change in the com-
plex permittivity of the NCs. The interactions between NPs
and polymer chains lead to the formation of layers in the
interfacial region around the NPs. The space charges accu-
mulated at these layers create large dipoles that are able to
follow the changes in the external electric field. These dipoles
influence on the IP, which is observed at the low-frequency
and high-temperature region [37], [38]. The layers around
the NPs also have different properties for both phases and
can be described by the multi-core model from Tanaka
[27], Tanaka et al. [40]. From the model results, two facts
should be considered for the reduction in relative permittivity.
The first one is the reduction of the mobility of dipoles in
the polymer is given layers [21], [30], [39] bounded, and
bound layers, which are the closest to the surface of the
NPs. The reduction in the outer or loose layer is a sec-
ondary effect. With a restriction in polymer chain mobility,
the material loses its freedom to relax at the applied stress,
which causes a decrease in the electrical polarisation and
thus the permittivity. With an increasing filler concentration,
the higher relative permittivity has a dominant effect, and
higher relative permittivity of the NC compared to that of the
pure PU [20], [21], [40] is observed. The dominance of the
individual impacts mentioned above results from the types
of NPs, their surface modification, and their concentration
in the NC.

lll. MATERIALS AND METHODS

The samples of NCs were prepared under laboratory condi-
tions using the method of direct dispersion in compliance
with the technological procedures described in other work
[41]-[44]. This method guarantees the dispersion of NPs in
the polymer matrix, even at very low concentrations. The
use of ultrasound provides an efficient, clean, and rapid
technological procedure for the synthesis of various PUs.
Most of the presented articles [20], [24], [25], [29], [22],
[33], [41], [45]-[49] prefer this mechanism with ultrasound
for the preparation of NCs from different kinds of NPs in
polymers. These processing methods are widely used and
preferred because they are not very complicated from a
laboratory equipment point of view and allow the available
commercially preparation of NCs.

For sample preparation, a two-component PU (the
VUKOL 022 and hardener agent Vukit M from VUKI a.s.
[50]) potting compound has been used. These two compo-
nents were mixed in a ratio of 100:37. This type of polyol base
is used in industry for filling cavities of all kinds and in the
construction of electrical equipment. The final NCs consist of
PU with 1 wt.% of NPs: titanium dioxide (TiO;), magnesium
oxide (MgO), and silicon dioxide (SiO,) NPs with various
surface treatments [51]. The basic parameters of used NPs
are listed in Table 1.
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TABLE 1. Purity, average size, and surface treatment information for the
nanoparticles (NPs) used.

Name Purity (%) Radius (nm)  Surface treatment

MgO  >99 20 -
TiO2 >96 20 SiOs + C19H3602
n-Si02  >99 20 -
d-Si0p  >98 20 C2HgCl2Si
£-Si0O9 >98 20 C10H2005Si

polyurethane Mixingefpol th Vacuuming

= B

nanoparticles
Curing of samples <:I ofcsaasrtrilr;‘zlges <:| Mixing with hardener

FIGURE 1. Process of the preparation of polyurethane (PU)
nanocomposites (NCs).

The following describes the fabrication procedure for the
test samples. The individual particles were dried in a labora-
tory hot air oven for 24 h to remove their surface moisture
before their incorporation into the polymer. The process of
preparing the samples is shown in Fig. 1. The pure PU was
then heated to a higher temperature, i.e., 45°C to obtain a
lower viscosity, which is better for the direct mixing proce-
dure. After incorporation of the NPs into the PU, the mixture
was mixed for 5 h with a magnetic stirrer (700 rpm/min).
Furthermore, the vacuuming (8 mbar) process was com-
bined with magnetic stirring and simultaneous heating (50°C,
300 rpm, 4 h). Immediately after completing these processes,
the ultrasound needle combined with the vacuuming process
for an additional provision of dispersion control was used
for 1 h. Then, the hardener agent was added to our mixture
in the recommended ratio. In the final step the mixture was
poured into the flat form with a dimension 100 x 100x1.1 mm
was created. From each prepared concentration of the NCs,
four pieces of samples were made for repeated measurement
and confirmation of the measured results. The final samples
were cured under laboratory conditions (23°C, 53% RH)
for 48 hours.

The verifications of particle dispersion were performed
with the desktop SEM microscope Phenom ProX (Ther-
moFisher Scientific, Breda, The Netherlands), which was
equipped with a backscattered electron detector. Observa-
tions were made in charge reduction mode via an optional
low vacuum sample holder and with an applied acceleration
voltage of 15 kV. The particle distribution in PU is presented
for selected samples (Fig. 2) after additional adjustment in
graphical software to highlight the MgO, TiO,, and SiO;
NPs where the PU is ideally displayed as a black area. From
this image, it is visible that the micrometric agglomerates
are present regardless of whether the particles are surface
treated. Nevertheless, their distribution within the volume
of the material is uniform. This is due to the relatively
high viscosity of the polyol base material that was used
(n > 900 mPa.s [50]).
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FIGURE 2. SEM images of nanoparticles distributed in polyurethane:
(a) Magnesium oxide, (b) Titanium dioxide treated with Si0, + C;gH360,,
and (c) Silicon dioxide treated with C;gH,(05Si.

A three-electrode system with a diameter of 38 mm
was used for frequency dielectric spectroscopy measure-
ments. Using an LCR Meter OT 7600 Plus at frequencies
from 100 Hz to 1 MHz, dielectric parameters such as the
real capacitance and resistivity were measured. For the lower
frequency range from 1 mHz to 10 kHz, the complex capac-
itance and dissipation factor were measured by IDAX 350.
Tettex 2840 High Precision C and Tan D Measuring Bridge
were used for the study of the effect of temperature on the
real capacitance and dissipation factor at a frequency 50 Hz.

IV. EXPERIMENTAL RESULTS

Since surfaces of NPs are highly active, a significant change
in the electrical properties of the NCs can also occur at low
nanofiller concentrations. For better characterisation of the
influence of NPs on the dielectric properties of the pure PU,
we first describe the frequency characteristics of its com-
plex permittivity. The frequency dependence of its relative
real and imaginary components for the temperature range of
20-100 °C is depicted in Fig. 3. Within the studied fre-
quency range, the change in complex permittivity was
strongly dependent on the frequency and the temperature.
The relative real component of the complex permittivity
(¢re) of pure PU was of 4.3 at 20°C and the frequencies
above 10 kHz (Fig. 3a). With a decrease in frequency,
&re gradual increased, and for frequencies below 10 mHz
it was almost frequency-independent with a value of 6.6
(a frequency-independent area). The whole evolution of ¢,
shifted to higher frequencies with temperature. This shift is
caused by an increase in the rotational and vibrational motion
of PU chains with increasing temperature. At temperatures
of 60°C and higher, two local maxima were observed, which
moved to higher frequencies with temperature, where their
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FIGURE 3. The frequency dependence of the real (a) and the imaginary
(b) part of the complex permittivity for pure PU at various temperatures.

peak values decreased. The increase in &, for frequencies
below 10 mHz is caused by the influence of DC conductivity
or electrode polarization [52].

For better determination of individual polarization
processes, Fig. 3b) shows the frequency dependence of the
imaginary component of the complex permittivity (e;,) on
temperature. At 20 °C, we observed two significant effects:
a rapid increase in &, at sub-Hertz frequencies, which
was caused by DC conductivity, together with electrode
polarisation and a local maximum around 80 Hz, which is
characterised by the eigenfrequency f>. [fe = 1/(2 7 19), 7o iS
a characteristic time of relaxation process]. Based on the liter-
ature [30], [31], [33], [34], we can assign this local maximum
to the IDE relaxation process (the internal dipolar effect of
polymer chains). With increasing temperature, we observed
the local maximum significant shift to higher frequencies
(indicated by an arrow) and a slight decrease in its amplitude.
At temperatures above 40 °C, another local maximum due to
«-relaxation at the eigenfrequency fi, was created [33], [34],
[47]. With increasing temperature, the mobility of the chains
increases, and, thus, there is a decrease in the corresponding
relaxation times, which is reflected in the increase in their
eigenfrequencies.

The NPs have a significant influence on the dielectric
properties of NCs, and from a practical point of view, their
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FIGURE 4. Temperature dependence of the real part of the complex
permittivity (a) and tg § (b) for PU and its various mixtures with 1 wt.%
NPs measured at a frequency of 50 Hz.

effects on ¢, and tg 6 at only a single frequency (50
Hz) depending on temperature were first studied (Fig. 4).
In this type of measurement, the temperature was varied from
25-110°C. The &, of the pure PU at the studied temperature
range was almost constant (Fig. 4a). From this measurement
is evident that d-SiO filler caused significant decrease of &,.
The lower value of ¢, also guarantees a lower level of local
stress inside the electrical insulation system. Other fillers had
the same or higher value of ¢,, for temperatures below 70°C.
The &, increased due to «-relaxation at higher temperatures
in all NCs. tg § of pure PU decreases at temperatures 25
- 40°C. At 40 °C, it reached a local minimum and then it
increases with temperature (Fig. 4b). This local minimum
moves to higher temperatures only for n-SiO, and MgO
fillers. At temperatures above 70°C, a gradual increase in tan
8 can be seen in all NCs.

Fig. 5 shows the frequency dependence of the complex
permittivity of PU with 1 wt.% of the n-SiO, filler as a
function of temperature. The extreme increase in &, at low
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FIGURE 5. The frequency dependence of the real (a) and the imaginary
(b) part of the complex permittivity for PU with 1 wt.% n-SiO,
nanoparticles.

frequencies is the main effect, which can be seen in Fig. 5a).
In the case of pure PU (Fig. 3a), at all frequencies &, was
less than 10. This increase is caused by IP around NPs,
and with temperature it moves to higher frequencies. This
effect was also observed in other works [22], [33], [53]. The
frequency-independent area of &, at 20°C was in the fre-
quency range of 100 mHz to 10 Hz, then gradually decreased
with frequency and from 100 kHz ¢,, had a value 3. As tem-
perature increased, the frequency-independent area shifted
to higher frequencies and its values decreased. At 20°C,
&im had a local maximum at a frequency of around 300 Hz
(IDE relaxation process), and it increased with temperature
to higher frequencies Fig. 5b). The effect of the -relaxation
process is highlighted by IP and ¢;;,, extremely increased for
low frequencies. For other surface modifications and fillers,
similar characteristics have been observed [54], [55] and the
comparisons are shown in Figs. 6, 7.

Fig. 6 shows the frequency dependence of the complex
permittivity of pure PU and with 1 wt.% of SiO; of various
surface modification (Table 1), and their dielectric parameters
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FIGURE 6. The frequency dependence of the real (a) and the imaginary
(b) part of the complex permittivity for PU and its mixture of 1 wt.% of
Si0, NPs with various surface modifications at the temperature 60°C.

obtained from the Cole-Cole model (Eq. 1) are listed in
Table 2. The &, of the mixture of PU and n-SiO, (without
surface modification) was almost the same as for pure PU
in the frequency range from 10 Hz to 10 kHz and then
decreased. In the case of d-SiO, (surface modification with
dimethyldichlorosilane), there is a marked decrease of &
for frequencies above 4 Hz. The ¢, of the NC with f-SiO;
(second surface modification with 3-(Trimethoxysilyl)propyl
methacrylate) was similar to that of n-SiO;. For lower fre-
quencies, higher values were observed due to IP, as for
other NPs (Fig. 7). The development of ¢;,, for pure PU has
two local maxima (Fig. 3b). As can be seen from Fig. 6b),
the SiO; filler and its surface modification had some effect
on the position of the second maximum (Table 2). In the
case of d-SiO;, an important decrease according to pure
PU was observed. For the first maximum, the situation was
different: there was a significant shift to higher frequencies
(Table 2).

However, real dielectrics have several variations of dipole
molecules in different configurations; their relaxation times
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TABLE 2. Parameters obtained from the fit by the Cole-Cole model for pure PU and its various types of NPs at 60°C [e is the high-frequency limit of the
permittivity, opc is the DC conductivity (10-12 S/m), 7 is the relaxation time, and « is the shape parameter].

Parameter  unit pure PU  +n-SiO2  +d-SiO2  +f-SiO2  +MgO  +TiO2
€00 43 3.6 2.7 3.2 3.0 4.0
opc 10-28/m 027 372 283 510 2.39 88.6
1 s 2.87 0.80 0.94 1.12 23.4 1.84
fie mHz 60 200 210 220 9 100
a1l 0 0.02 0.23 0.05 0.05 0.6
T2 us 59 6.7 3.0 33 6.1 2.5
fae kHz 276 23 54 48 26 64
az 0.05 0.35 0.2 0.38 0.4 0.4
24 ~_ where € is the high-frequency limit of the permittivity, opc
21 \ IP is the DC conductivity, w represents the angular frequency,
18 \ \ - EuTrieOPU go is the permittivity of a vacuum, Aeg is the difference
15 \ \ " 5 of the low- and high-frequency limit of the permittivity,
—— + . . . . . .
12 \ \ N n-gSiO T is the relaxation time, a represents the dispersion index
\ \ 2 of the relaxation time, and the subscripts 1 and 2 represent
9 = the «-relaxation and IDE relaxation processes, respectively.
o \ The calculated parameters for the studied NCs are listed
© g \ in Table 2. The bond and loose layers of the NPs caused
6 —~ - an extension of the second peak, which corresponds to an
increase in ap.
The next type of measurement was focused on the influ-
(a) ence of various NPs on the complex permittivity of pure
3 PU. Its frequency dependence 60°C is shown in Fig. 7, and
Tm  10m 100m 1 10 100 1k 10k 100k 1M the parameters obtained from the Cole—Cole model (Eq. 1)
f(Hz) are in Table 2. Within the frequency range, the changes in
100 the complex permittivity depend on the type of NP. In the
P PU frequency range from 8 Hz to 1 kHz, ¢, of all NCs was
—a—
. . pzr% 0 almost the same as pure PU. The &, oof the NCs for sub-Hertz
\\\ \\ M é frequencies increased. This increase was caused by IP in the
o ’\ + n-%ioz layers around the NPs, where the bound charges increased a

10 \
A
L°§1 \ \ \ y j""m"“"-.__ﬂ
NN

)

"

0.1 S
0.05
im 10m 100m 1 10 100 1k 10k 100k 1M

f(Hz)

FIGURE 7. The frequency dependence of the real (a) and the imaginary
(b) part of the complex permittivity for PU and its mixtures of 1 wt.% with
various NPs at 60°C.

have some distribution. Parameters that characterise PU and
NCs can be obtained from the fits of the complex permittivity.
We used the Cole—Cole model, which has been widely used
by other authors [32], [33], [47]. The resulting relation for the
complex permittivity according to the Cole—Cole distribution
with two relaxation process has the following form:

opc n Aegg n Agy
gow 1+ (ot 1+ (jor)l-®

ey

e" = e
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local electric field and «-relaxation process was enhanced.
This effect was named as a charge multiplication of «-
relaxation process. NCs with TiO, and n-SiO; fillers had
higher values of ¢;,,, across the whole frequency range. Their
next effect is a slight shift in the first local maximum of
&im to higher frequencies (Table 2). In the case of MgO, the
conductivity was one order of magnitude lower than in other
NC:s. This caused a shift of the first low-frequency maximum
to lower frequencies and a significant decrease in &;,, to pure
PU, except for the sub-Hertz frequencies. The position and
the value of the second local maximum corresponding to
the IDE relaxation process were also influenced by the type
of NPs.

V. DISCUSSION

Our measurements show several results. Firstly, the addition
of NPs in a commercially used resin, PU VUKOL 022, caused
a significant increase in the relative permittivity for frequen-
cies below 10 Hz. Secondly, the relative permittivity of the
NC (PU + 1 wt.% d-SiO;) was lower than pure PU at all tem-
peratures at the basic operating frequency of 50 Hz (Fig. 3a)
and for frequencies of over 10 Hz at the temperature of 60°C
(Fig. 6a). The second surface modification of f-SiO, and other
NPs in the frequency range from 50 Hz to 1 kHz have a
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similar &, or slightly higher than pure PU (Figs. 6a, 7a)).
Si0, and its surface modifications caused a more pronounced
shift of the eigenfrequency of the «-relaxation process to
higher frequencies (Fig. 6b), while at the MgO filler it was
shifted to a lower frequency (Table 2, Fig. 7b). Based on
a-relaxation and IDE relaxation processes and experimental
and theoretical studies of other authors, the influence of
NPs and their surface treatments on the studied dielectric
parameters are described in the following sections.

From a practical point of view in the next step, we focused
on the change of ¢,, and tg § with temperature in the studied
NCs for the frequency of 50 Hz (Fig. 4). Up to 70°C, the
&re of the NCs was slightly higher compared to pure PU; it
was smaller only for the d-SiO; filler. This observed differ-
ence can be explained by the multi-core model described by
Tanaka [27], Tanaka et al. [56]. Surface modification of SiO;
by dimethyldichlorosilane caused a better connection with
PU chains; therefore, they were more strongly bound in the
bounded layer around the NP than for n-SiO; (without surface
modification). The presence of these highly immobile PU
chains in the interfacial (bounded and bound layers) regions
[21] caused the observed decrease of &,. This effect was
observed in NCs with a concentration of filler below 1 wt.%
[54] when a bounded movement of chains was more pro-
nounced than the NP permittivity. For the other types of
studied NPs, the bound effect of chains was not so significant.
In these cases the influence of permittivity of NPs was more
noticeable and NCs had a similar permittivity as pure PU.
The increase in &, for pure PU and the NCs from 70°C
was caused by the a-relaxation process; for temperatures
higher than 90°C, this was caused by y-conductivity [21].
The position of the local minimum of tg § was dependent on
the type of filler in the NC, and it was at higher temperature
for MgO fillers. This effect was connected with the shift of
the a-relaxation process to lower frequencies (Figs. 6, 7) [49].

Fig. 6 shown the effect of surface treatment of SiO, NPs
(Table 1) on the complex permittivity of the NCs. From Fig. 4,
it is evident that each surface treatment had a different effect
on permittivity value. Firstly, we can see that &,, of the NC
with n-SiOy at 50 Hz was higher than that of pure PU for
the studied temperatures. This increase is the result of the
higher relative permittivity of the n-SiO; filler than that of
pure PU. In the studied frequency range at 60 °C (Fig. 6),the
situation was different for frequencies below 10 Hz. A large
increase is the influence of the charge multiplication of «-
relaxation processes due to IP at the surface of the NPs [57].
Due to the binding of PU chains on the NPs, they appear to
have a larger radius. This effect increased the impact of IP
around each NP, and a visible increase in ¢, at frequencies
below 5 Hz was measured. The larger radius and surface mod-
ification accelerated the -relaxation process, and a decrease
of relaxation time (t1) and a shift of ¢;, to higher frequencies
(Fig. 6b, Table 2) were observed. The IDE relaxation process
or the positions of the second local maximum were slightly
affected, but in the case of d-SiO; ¢;,, dropped significantly
for frequencies over 500 Hz (Fig. 6b).
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The d-SiO; had the most striking effect on the decrease
of g, for frequencies above 4 Hz. This decrease meant that
this surface modification was very effective for the bonding
of PU chains to the surface of NPs and changes in the degree
of crosslinking due to the reaction of polymeric groups. They
react with the coupling agent molecules on the NP surface
and form a linear polymer chain in the interphase region [21],
[49]. A higher bonding effect is connected with a decrease in
the mobility of PU chains in the interfacial region (bounded
and bound layers) around the NPs. The f-SiO; filler caused a
slight decrease in ¢, in consideration of n-SiO» for frequen-
cies over 10 Hz; therefore, this surface modification had a
similar influence on the bonding effect of PU chains as n-
SiO,.

The last measurement was focused on the influence of
various types of NPs (Table 1) on the complex permittivity
of PU at 60 °C (Fig. 7). At sub-Hertz frequencies, there
was a significant increase in &, for all types of NPs by the
charge multiplication of «-relaxation process due to IP at
the NPs surface. The influence of NPs is also visible in the
development of ¢;,,,. There was a decrease for the MgO filler
and an increase for n-SiO, and TiO; fillers. The shift of the
position of the -relaxation process (1 in Table 2) depended
on the type of NPs. NCs are materials prone to IP; therefore,
space-charge build-up occurs at the macroscopic interfaces as
a result of the difference in conductivities and permittivities
of the constituents. These tapped charges (electrons and ions)
[49] at the interface of the NP and PU matrix (bound and
released layers) create a local electric field around the NP
(the charge multiplication). This field is higher than Lapla-
cian or geometric electric fields; therefore, it influences the
reorientation of the electric dipoles of PU chains bound in
layers around the NP. The higher electric field causes a faster
transfer of dipole charges, which is reflected by the shift of
the local maximum caused by the «-relaxation process to
higher frequencies, and ¢,, increases more markedly at low
frequencies. The decrease in the case of MgO is caused by an
increase in the energy levels of the electron traps [57], which
results in a higher resistance (low opc) to charge accumula-
tion in the inner structure of the material. The position of the
second local maximum, the IDE-relaxation process, was also
influenced by the fillers (Fig. 6b). For MgO, its value was
lower than for pure PU, while TiO, was around three times
higher due to its high permittivity.

VI. CONCLUSION

Dielectric spectroscopy for the study of PU NCs with various
surface modifications of SiO; and types of NPs as fillers was
used. This can help to understand basic issues related to the
role of additives, their surface modification, and interactions
with a two-component PU matrix. The values of the complex
permittivity of the NCs measured within the frequency range
of 1 mHz to 1 MHz and temperature were dependent on the
types of NPs and the surface modification. For a description
of the observed changes in the dielectric properties of PU
NCs, the multi-core model of the NCs and the influence of
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a local electric field on the trapped charges were used. In the
case of the d-SiO; filler, the complex permittivity was lower
than for other fillers. The decrease in the relative permittivity
was caused by the presence of highly immobile PU chains
in the interfacial regions around the NPs. The effects of the
a-relaxation and IDE relaxation processes were identified
with dielectric spectroscopy. The IP and charge multiplication
of a-relaxation process for all types of NPs caused the shifts
of the peak and a marked increase in the relative permittivity,
&re, for sub-Hertz frequencies.
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