Semiconductor Physics, Quantum Electronics & Optoelectronics, 2021. V. 24, No 4. P. 413-418.

Hetero- and low-dimensional structures

Dielectric properties of Shell transformer oil
with impurities of carbon nanotubes and fullerene Cg

0.V. Kovalchuk™?*” |I.P. Studenyakf*, T.M. Kovalchuk®, E.A. Ayryan®"® K. Paulovi¢ova®, M. Timko®,

P. Kop&ansky®

'Kyiv National University of Technologies and Design, 2, Nemirovich-Danchenko str., 01011 Kyiv, Ukraine
*National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”

37, prospect Peremohy, 03056 Kyiv, Ukraine

®Institute of Physics, NAS of Ukraine, 46, prospect Nauky, 03680 Kyiv, Ukraine

*Uzhhorod National University, 46, Pidgirna str., 88000 Uzhhorod, Ukraine

*V. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, 41, prospect Nauky, 03680 Kyiv, Ukraine
®Meshcheryakov Laboratory of Information Technology, JINR,

Joliot-Curie str. 6, 141980 Dubna, Moscow region, Russia

"Dubna State University, Universitetskaya str. 19, 141980 Dubna, Moscow region, Russia

8Alikhanyan National Science Laboratory (Yerevan Physics Institute),

Alikhanian Brothers str. 2, 0036 Yerevan, Armenia

*Institute of Experimental Physics, Slovak Academy of Sciences

47, Watsonova str., 04001 Kosice, Slovakia

1. Introduction

Abstract. At the temperature 293 K, the influence of two types of nanoimpurities (carbon
multiwall nanotubes and Cgq fullerene) both separately and together on the dielectric
properties of Shell transformer oil has been studied. It has been shown that these impurities
do not significantly effect on the value of the dielectric permittivity of Shell oil, but more
significantly increase its conductivity. It has been found that in the presence of nanotubes
inside Shell oil, the dependence of its electrical conductivity on the fullerene concentration
is nonmonotonic. The samples with the fullerene concentration 100 ppm have the highest
conductivity. At the fullerene concentration 300 ppm, the conductivity of Shell oil with the
impurities of carbon nanotube and Cg, fullerene becomes almost equal to the electrical
conductivity of Shell oil only with the impurities of carbon nanotubes. It has been
suggested that Cgo fullerene can be used to reduce the electrical conductivity of Shell oil
with magnetic nanoparticles required to increase the cooling efficiency of transformers
under the action of their own magnetic field.
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Especially, transformer oil-based ferrofluids in
consequence of their enhanced thermal properties and

It is known that when transmitting electrical energy over
long distances, transformers are used. When an electric
current passes through the windings of transformers,
Joule heat is released, which must be transferred to the
environment with a maximum efficiency to avoid the
effect of overheating the transformers. Overheating of
transformer windings can significantly reduce their
service life.

Physical properties of the magnetic fluids
(ferrofluids) have been studied by numerous research
groups as many technical applications were uncovered.

higher breakdown voltage, as compared to pure oil,
induced very intensive study of these materials. The
magneto-dielectric effect what means the dependence
dielectric permittivity on the applied magnetic field was
studied by various authors [1]. The dispersion of
magneto-dielectric anisotropy as a function of the electric
field frequency and its dependence on the value of the
magnetic field strength were presented in [2, 3]. To
explain the low frequency relaxation process, the
Schwarz model was applied [4], where the fact that
colloidal nanoparticles are electrically charged by fixed
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or adsorbed ions and surrounded by counterions. So, they
form a double electric layer on the surface of each
particle, and it is under consideration. On the other hand,
the position of frequency relaxation maximum shifts
towards higher frequencies with increasing the magnetic
volume of nanoparticles and the corresponding number
of double layers. It was also proved [5, 6] that the low
frequency relaxation process is slowed down, when
direct current bias field is applied to the sample, which
was related to formation of aggregates. In earlier studies
[3, 7] on transformer oil based ferrofluids, the low-
frequency relaxation process was assigned to double
electric layer polarization on the particle surfaces.

To increase the cooling efficiency of transformer
windings produced by industry, they are placed inside
transformer oil [8]. In this case, cooling the windings
occurs due to the presence of convection flows in this
liquid.

To accelerate the flow rate of the liquid and thus
increase the cooling efficiency of the transformer
windings, in [9] it was proposed to add magnetic
nanoparticles to the transformer oil. As we showed in
[10], magnetic impurities significantly increase the
electrical conductivity of transformer oil. This effect
largely depends on the presence of various types of
impurities in the transformer oil. Increasing the electrical
conductivity of transformer oil due to introduction of
conductive impurities together with the magnetic
nanoparticles can lead to a decrease in the efficiency of
the transformer due to the transfer of currents through the
transformer oil. In addition, the presence of these
currents can lead to additional (as compared to the
existing one) heating the transformer oil and reduce the
efficiency of its cooling caused by more intense fluid
flows stimulated by the action of a magnetic field.

Therefore, the urgent problem is to find such
impurities (of a separate type or several types together)
that would be introduced into the transformer oil to
reduce its electrical conductivity. As we have shown in
[11, 12], a particular type of nanoparticles can reduce the
electrical conductivity of liquid crystal due to adsorption
properties. The task, from the practical and scientific
viewpoint, is to investigate whether it is possible to
reduce the electrical conductivity of transformer oil by
adding nanoparticles of not one type, but at least two
types. At the initial stage of these studies, it was decided
to use multilayer carbon nanotubes as an active impurity
instead of magnetic nanoparticles.

The aim of this work was to investigate the effect of
Cgo fullerene on the dielectric properties of transformer
oil with impurities of carbon nanotubes.

2. Materials and methods of research

As in [10], we used transformer oil by the firm Shell for
research. In addition to the Shell oil without impurities,
Shell oil with impurity of fullerene Cg, (the impurity
concentration was 100 ppm), Shell oil with impurity of
multilayer carbon nanotubes (MNTs) with the
concentration 0.01 wt.%. Shell oil with the impurity of

MNTs with the concentration 0.01 wt.% and impurity of
fullerene Cgy was investigated, too. In these studies, the
concentration of Cg, fullerene varied within the range
from 0 up to 300 ppm.

To research dielectric properties, we used the same
type of measuring cells as in [10]. The thickness of the
cells was 20 pum. The cells were filled using capillary
forces, because the transformer oil without/with the
investigated nanoparticles well enough moistened the
glass plates, from which the measuring cells were made.
Measurements of the dielectric properties were
performed using the oscilloscopic method at the
temperature 293 K [13]. The amplitude of the measuring
signal with sinusoidal shape was 5 V. The frequency
range, at which the measurements were carried out, was
from 6 to 5-10° Hz.

In the analysis of the obtained oscillograms, taking
the resistance R and capacitance C connected in parallel
as the sample scheme, we determined the values of
resistance and capacitance of the tested samples,
respectively. The value of conductivity for the alternating
current oac Was determined using the R-value and known
cell sizes, while the dielectric permittivities € of Shell oil
without/with impurities of fullerene as well as multiwall
nanotubes were determined by the value of capacitance
and known values of geometric dimensions of the
measuring cell.

3. Results and discussion

Analysis of the obtained data showed that within the
frequency range from 6 to 5-10° Hz, the e-value did not
depend on frequency. The values of ¢ for both pure Shell
oil and Shell oil with impurities of MNTs and fullerene
Ceo both separately and together are listed in the table.

As can be seen from the table, Cq nanoparticles
have virtually no effect on the g-value of Shell oil. A
very small increase in the g-value for the Cg
concentrations 200 and 300 ppm practically does not
exceed the measurement error of this value (0.01). More
significantly (as follows from the table) the nanotubes
influence on the e-value. From geometric considerations,
this is understandable, because fullerenes are spherically
symmetrical, and nanotubes, on the contrary, have no
spherical symmetry.

Table. Influence of multiwall carbon nanotubes and fullerene
Cgo On the electrical properties of Shell transformer oil.

Gac, Ohm*m?
Sample | (f=1500 Ha)
Shell oil 1.91 2.610°
Shell oil+ 0.01 wt.% MNTSs 2.20 4610°
Shell oil + 100 ppm Cqo 1.91 2.7-10°
Shell oil + 0.01 wt.% MNTSs 8
+ 100 ppm Ceg 2.20 4.4-10
Shell oil +0.01 wt.% MNTSs 8
+ 200 ppm Cap 2.21 4.0-10
Shell oil + 0.01 wt.% MNTSs s
+ 300 ppm Cop 2.22 2.8-10
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Fig. 1. Frequency dependences of conductivity for the
alternating current oac describing Shell oil (1), Shell oil +
100 ppm Cgo (2) and Shell oil + 0.01 wt.% MNTs (3) at the
temperature 293 K. The sample thickness is 20 pm.

As our studies have shown, in contrast to the
dielectric permittivity, the electrical conductivity of Shell
oil depends much more on the presence of the
nanoparticles of fullerene and multiwall carbon
nanotubes than the dielectric permittivity €. Another
important difference was that, in contrast to the e-value,
the conductivity of both pure Shell oil and that with
impurities of carbon nanotubes and fullerene Cgq depends
on frequency of the measuring signal.

Fig. 1 shows the frequency dependences of the
conductivity for the alternating current oac for Shell oil
(curve 1), Shell oil + 100 ppm Cg, (curve 2) and Shell oil
+ 0.01 wt.% MNTs (curve 3). For a more unambiguous
analysis, the obtained frequency dependences are
separated into 3 sections by vertical arrows. The most
significant difference for the conductivity of these
samples is observed (as shown in Fig.1) for the
frequencies f < 100 Hz. As we showed in [14], at these
frequencies the influence of near-electrode processes is
significant. To analyze these processes in detail, it is
necessary to perform measurements at lower frequencies.
This may be the purpose of our further research.

From Fig. 1, we can also draw an important
conclusion that the conductivity cac on the second
(by the f-value) section of the frequency range
10% <f < 10° Hz in the double-logarithmic scale increases
linearly with increasing the frequency. This means that
the value of conductivity is a power function of
frequency, i.e., is described by the relationship:

GAC:kfnl

where n is the exponent and k — parameter.

From the performed analysis of the frequency
dependences on oxc, it follows that for the frequency
dependences related to Shell oil, Shell oil + 100 ppm Cg
and Shell oil + 0.01 wt% MNTs the value n=1.
It means that the conductivity increases linearly with
increasing the frequency of the measuring signal.
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Fig. 2. Frequency dependences of conductivity for the
alternating current o related to Shell oil + 0.01 wt.% MNTSs at
the various concentrations of Cgy nanoparticles: 0 (1), 100 (2),
200 (3) and 300 ppm (4). Temperature 293 K. The thickness of
the samples is 20 um.

As it follows from Fig. 1, for f > 10° Hz the
frequency dependence of conductivity differs from that
observed for the section 10°<f<10°Hz. It may be
caused by the fact that this is the area of frequencies
where there is a transition to a purely electronic
component of electrical conductivity (dipoles of
molecules have no time to return during a change in the
electric field strength that is equal to Y period of
alternating electric field). With regard to the research
performed in this paper, it is important to ascertain how
the frequency dependences of the conductivity inherent
to Shell oil will change in the presence of two types of
impurities (fullerene and nanotubes). The frequency
dependences of the conductivity for the alternating
current oac for Shell oil + 0.01 wt.% MNTs at different
concentrations of nanoparticles Cg are shown in Fig. 2.
Like to the case of the data shown in Fig. 1, there are 3
sections (in Fig. 2 they are marked with vertical arrows).

Since above we did not analyze in detail the
frequency sections for f<100Hz and f>10°Hz,
indicating only the mechanisms by which they are
caused, it makes no sense to do so for the data shown in
Fig. 2. Therefore, we will analyze in more detail the
results for the frequency range 10°<f<10°Hz. As
follows from our analysis, the frequency dependence of
the conductivity in this section is described by the same
relation (cac = k f") like to the data shown in Fig. 1.

Whereas this frequency dependence of conductivity
is also characteristic for Shell oil without impurities, it
can be concluded that the conductivity mechanism is set
by Shell oil, and the introduced impurities only slightly
affect its parameters. It is known from [15] that in single-
component liquids the electrical conductivity does not
depend on frequency. Even very well-purified Shell oil is
not a single-component liquid [16]. This is the main
reason that in this liquid the conductivity depends on
frequency, which is characteristic for hop-like charge
transfer in chemically heterogeneous media.
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Fig. 3. Dependence of the electrical conductivity of Shell oil +
0.01 wt.% MNTSs on the concentration of fullerene Cg, for the
frequency of the measuring signal 1500 Hz.

A detailed analysis of the data in Fig. 2 shows that
the electrical conductivity of Shell oil + 0.01 wt.% MNTSs
is not a linear function of the fullerene Cg concentration.
The dependence of the electrical conductivity of Shell oil
+ 0.01 wt.% MNTSs on the concentration of fullerene Cg
is shown in Fig. 3. From the obtained data, it is possible
to draw a quite important conclusion that at the lowest of
the selected fullerene concentrations (100 ppm), the
electrical conductivity of the mixture Shell oil +
0.01 wt.% MNTs + 100 ppm Cg, becomes higher than
that of Shell oil + 0.01 wt.% MNTSs, and then with
increasing the concentration of Cg it begins to decrease,
so that at the maximum (for research data) concentration
of Cg it becomes almost equal to the electrical
conductivity of Shell oil + 0.01 wt.% MNTSs.

This can be explained by the presence of two
mechanisms of the fullerene Cg, influence on the
electrical conductivity of Shell oil + 0.01 wt.% MNTSs,
namely: an increase in electrical conductivity due to
introduction of new charge carriers (additionally to the
existing ones in Shell oil + 0.01 wt.% MNTSs) and a
decrease in electrical conductivity due to their adsorption
by fullerene Cgo. At the concentrations of fullerene Cg
less than 100 ppm, the first process prevails, and at the
concentrations higher than 100 ppm — the second one
does.

Being based on the obtained data, we can conclude
that by varying the type of nanoparticles and their
concentration, for Shell oil one can select such impurities
that it would be possible to reduce the electrical
conductivity of this liquid with magnetic nanoparticles
and thus enhance the cooling effect of transformers due
to additional flows to the convective ones in Shell oil
owing to action of a magnetic field.

4. Conclusions

At the temperature 293 K, the effect of two different
types of impurities (multiwall carbon nanotubes (MNTSs)
with the concentration 0.01 wt.% and fullerene Cgq, the
concentration of which varied within the range of 100 to
300 ppm) on the dielectric properties of Shell transformer
oil has been studied.

1. It has been shown that only fullerene Cg, with the
concentration 100 ppm does not effect on the dielectric
permittivity of Shell oil and increases its conductivity by
only 4%.

2. Only MNTs with the concentration 0.01 wt.%
increase the dielectric permittivity of Shell oil by 15%,
and the electrical conductivity by 1.8 times.

3. It has been found that, within the frequency range
10% to 10° Hz, the electrical conductivity of Shell oil
without/with impurities of fullerene and nanotubes varies
according to the linear law of frequency. It has been
assumed that such a conduction mechanism is caused by
the properties of Shell oil and can be explained by the
complex chemical composition of this liquid, since the
most single-component liquids are characterized by the
independence of electrical conductivity on frequency.

4. It has been shown that the electrical conductivity of
Shell oil + 0.01 wt.% MNTs with fullerene nonmono-
tonically depends on the concentration of fullerene Cgp.
The maximum increase in conductivity by 1.7 times is
observed at the concentration of fullerene Cg, 100 ppm
and further decreases with increasing the fullerene
concentration, so that at its concentration 300 ppm the
conductivity of Shell oil + 0.01 wt.% MNPs + 300 ppm
fullerene Cg becomes almost equal to the electrical
conductivity of Shell oil + 0.01 wt.% MNTSs.

It has been assumed that this dependence of

conductivity is caused by two types of competing
processes concerning the effect of fullerene Cgy on the
electrical conductivity of Shell oil + 0.01 wt.% MNTSs.
At the fullerene concentrations less than 100 ppm,
the process of increasing the electrical conductivity due
to introduction into Shell oil + 0.01 wt.% MNTs of
additional charge carriers to the existing ones prevails in
this liquid. At the fullerene concentrations higher than
100 ppm, the process of reducing the electrical
conductivity due to adsorption of charge carriers by
fullerene Cgo, which are contained in Shell oil, prevails.
5. It has been proposed to use the mechanism of
reducing the conductivity due to adsorption of charge
carriers on the introduced impurities to reduce the
conductivity of Shell oil with magnetic nanoparticles.

Acknowledgements

This work was supported by the Slovak Academy of
Sciences and Ministry of Education in the framework of
project VEGA 0043 and 0011, Slovak Research and Deve-
lopment Agency under the Contract No. APVV-18-0160,
project COST NANOConVEX CIG-15119 and project
Structural Funds of EU MODEX “Modified (nano)textile
materials for health technologies” as well as by SAIA.

References

1. Spanoudaki A. and Pelster R. Frequency depen-
dence of dielectric anisotropy in ferrofluids. J.
Magn. Magn. Mater. 2002. 252. P. 71-73.
https://doi.org/10.1016/S0304-8853(02)00718-7.

Cotae C. Dielectric anisotropy in ferrofluids. J.
Magn. Magn. Mater. 1983. 39. P. 85-87.

10.1016/0304-8853(83)90405-5.

Kovalchuk O.V., |Studenyak I.P., Kovalchuk T.M. et al. Dielectric properties of Shell transformer oil ...

416


https://doi.org/10.1016/S0304-8853(02)00718-7
https://ui.adsabs.harvard.edu/link_gateway/1983JMMM...39...85C/doi:10.1016/0304-8853(83)90405-5

SPQEO, 2021. V. 24, No 4. P. 413-418.

10.

11.

12.

13.

14.

15.

16.

Rajnak M., Kurimsky J., Dolnik B. et al. Dielectric
response of transformer oil based ferrofluid in low
frequency range. J. Appl. Phys. 2013. 114,
P. 034313. https://doi.org/10.1063/1.4816012.
Malaescu L. and Marin C.N. Dielectric behavior of
some ferrofluids in low-frequency fields. J. Colloid
Interface Sci. 2002. 251, lIssue 1. P. 73-77.
https://doi.org/10.1006/jcis.2002.8342.

Rajnak M., Kurimsky J., Dolnik B. et al. Dielectric-
spectroscopy approach to ferrofluid nanoparticles
clustering induced by an external electric field.
Phys. Rev. E. 2014. 90. P. 032310.
https://doi.org/10.1103/PhysRevE.90.032310.
Hwang J.G., Zahn M., O’Sullivan F.M. etal.
Effects of nanoparticle charging on streamer
development in transformer oil-based nanofluids. J.
Appl.  Phys. 2010. 107. P.  014310.
https://doi.org/10.1063/1.3267474.

Rajnak M., Petrenko V.l., Avdeev M.V. etal.
Direct observation of electric field induced pattern
formation and particle aggregation, in ferrofluids.
Appl. Phys. Lett. 2015. 107. P. 073108.
https://doi.org/10.1063/1.4929342.

Heathcote M. The J&P Transformer Book. A
Practical Technology of the Power Transformer.
13th Edition. Elsevier, 2007.

Kurimsky J., Rajiiadk M., Cimbala R. et al. Effect of
magnetic nanoparticles on partial discharges in trans-
former oil. J. Magn. Magn. Mater. 2020. 496. P.
165923. https://doi.org/10.1016/j.jmmm.2019.165923.
Kovalchuk O.V., Nesterenko O.B., Kotovskyi
V.Yo. et al. Influence of magnetic nanoparticles on
dielectric properties of Shell oil transformer oil.
SPQEO. 2021. 24, No 2. P. 154-159.
https://doi.org/10.15407/spge024.02.154.
Studenyak I.P., Kovalchuk O.V., Poberezhets S.I.,
etal. Influence of anion substitution on electrical
conductivity of composites based on liquid crystal
with CugPSsX (X= 1, Br) nanoparticles. SPQEO.
2019. 22, No 4. P. 387-390.
https://doi.org/10.15407/spge022.04.387.

Tomylko S., Yaroshchuk O., Kovalchuk O.,
Mashke U. Dielectric properties of nematic liquid
crystal modified with diamond nanoparticles. Ukr.
J. Phys. 2012. 57, No 2. P. 239-243.

Twarowski A.J., Albrecht A.C. Depletion layer in
organic films: Low frequency measurements in
polycrystalline tetracene. J. Chem. Phys. 1979. 70.
P. 2255-2261. https://doi.org/10.1063/1.437729.
Koval’chuk A. V. Generation of charge carriers and
formation of antisymmetric double electric layers in
glycerine. J. Chem. Phys. 1998. 108. P. 8190-8194.
https://doi.org/10.1063/1.476174.

Adamchevskiy I. Electrical Conductivity of Liquid
Dielectrics. Publ. House “Energiia”, Leningrad.
Department, 1972 (in Russian).

Martinez-Vega J. Dielectric Materials for Electrical
Engineering. John Wiley & Sons, Inc., 2010.
https://doi.org/10.1002/9781118557419.

Authors and CV

Oleksandr V. Kovalchuk, Doctor
of Science in Physics and Mathema-
tics, senior scientific researcher at the
Molecular Photoelectronics Depart-
ment, Institute of Physics, NASU;
professor of Department of Applied
Physics and High Mathematics, Kyiv
National University of Technologies
and Design as well as professor at the National Technical
University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”. Authored over 150 articles, 8 patents, 1 mono-
graph. The area of his scientific interests is dielectric
spectroscopy of liquid crystals and composites.
https://orcid.org/0000-0002-9404-5853

llhor P. Studenyak|

12.01.1960 — 25.10.2021

Doctor of Sciences in Physics and
Mathematics, Professor, Honored
Worker of Science and Technology,
Vice-rector for research of the
Uzhhorod  National  University,
Ukraine. Authored over 270 publi-
cations, 170 patents, 28 text-books, 8 monographs. The
area of his scientific interests — physical properties of
semiconductors, ferroics and superionic conductors.
https://orcid.org/0000-0001-9871-5773

Edik Ayryan, PhD in Computatio-
nal Mathematics. Assistant Director
of Meshcheryakov Laboratory of
Information Technologies of Joint
Institute for Nuclear Research. The
area of his scientific interests includes
computational mathematics, parallel
algorithms, mathematical modeling
of physical phenomena. E-mail:
ayrjan@jinr.ru, https://orcid.org/0000-0001-6478-4041

Katarina Paulovi¢ova, PhD, is
working as a young scientific
researcher at the Department of
Magnetism of Institute of Experi-
mental Physics, Slovak Academy of
Sciences since July 2018. She
received her PhD at the Department
of Physics, Faculty of Electrical
Engineering and Informatics at the

Technical University of KoSice on the thesis
“Rheological ~ properties of  fluids  containing
nanoparticles”. Her interest in the Department of

Magnetism is devoted to the synthesis and basic
characterization of magnetic nanoparticles and magnetic
nanofluids for electrical insulating fluids for electrical
engineering applications.

E-mail: paulovic@saske.sk,
https://orcid.org/0000-0001-7772-2077

Kovalchuk O.V., |Studenyak I.P., Kovalchuk T.M. et al. Dielectric properties of Shell transformer oil ...

417


https://doi.org/10.1063/1.4816012
https://doi.org/10.1006/jcis.2002.8342
http://dx.doi.org/10.1103/PhysRevE.90.032310
https://doi.org/10.1063/1.3267474
http://dx.doi.org/10.1063/1.4929342
https://www.amazon.com/s/ref=dp_byline_sr_ebooks_1?ie=UTF8&field-author=Martin+Heathcote&text=Martin+Heathcote&sort=relevancerank&search-alias=digital-text
https://doi.org/10.1016/j.jmmm.2019.165923
https://doi.org/10.15407/spqeo24.02.154
https://doi.org/10.15407/spqeo22.04.387
https://doi.org/10.1063/1.437729
https://doi.org/10.1063/1.476174
https://orcid.org/0000-0001-9871-5773
mailto:ayrjan@jinr.ru
https://orcid.org/0000-0001-6478-4041
mailto:paulovic@saske.sk
https://orcid.org/0000-0001-7772-2077?lang=en

SPQEO, 2021. V. 24, No 4. P. 413-418.

Milan Timko, PhD, Senior Research
Scientist at the Institute of Experi-

= mental Physics, Slovak Academy of physics. Leading scientist of Institute
\ - e i} Sciences. Authored over 240 articles,

A
g' of Experimental Physics, Slovak
e © 8 patents and 4 textbooks. The area & Q
'{

’ d A alftd & 187 i W Academy of Sciences. Authored over
= of his scientific interests includes b 300 articles, 10 patents, 1 mono-
solid state physics, magnetic fluids ‘ graph, 10 chapters in books. The area

angh thetlrr] r_nagnetlc,t_ d'EIeCtr.'I(_: of his scientific interests includes
and hyperthermia properties. - t-mart solid  state physics, especially

timko@saske.sk, https://orcid.org/0000-0002-2914-496 X magnetism, transport properties in disordered magnetic

Tetiana M. Kovalchuk, scientific systems, magnetic fluids, their magnetic and dielectric

researcher at the V. Lashkaryov properties, composite systems with liquid crystals and
Institute of Semiconductor Physics, technical as well as biomedical applications of magnetic

NAS of Ukraine. Authored over nanoparticles.

=
¢ ‘4 20 articles. The area of her scientific E-mail: kopcan@saske.sk,
‘ interests is dielectric spectroscopy. https://orcid.org/0000-0002-5278-9504

Peter Kopéansky, PhD, Research
Professor in condensed matter

-
s

https://orcid.org/0000-0002-1863-6416

HiesexrpuuHi BaacTuBocti TpancdopmaropHoi oJii Shell 3 nomimkaMmu ByrieneBux HaHOTPYOOK
Ta Qysaepeny Cgo

0.B. KoBanbuyk, , T.M. KoBaibuyk, E.A. Ayryan, K. Paulovifova, M. Timko, P. Kop¢ansky

Anoramnis. [Ipu temneparypi 293 K 1ocmijpkeHO BIUIMB JBOX THINIB HAHOJOMIIIOK (BYIJICIIEBHX OAaraTOCTIHHHX
HaHOTPYOOK Ta (hynmepeny Cgg) K OKPEeMO, TaK i pa3oM Ha JICJICKTPUYHI BIACTUBOCTI TpaHchopmaropHoi omii Shell.
ITokazaHo, 1m0 Taki AOMILIKK HECYTTEBO BIUIMBAIOTH HA BEJIMYMHY HICJIEKTPUYHOI MPOHUKHOCTI TpaHcdopmaTtopHOI
onil, a OLIBII CYTTEBO 30UIBLIYIOTH II MPOBIAHICTH. 3HAiJIEHO, II0 NPU HASBHOCTI y TpaHchOpPMATOpHIN ol
HAHOTPYOOK 3aJIeXHICTh TI eJIEKTPUYHOI IMPOBIIHOCTI BiJl KOHIEHTpauii QyliepeHy € HeMOHOTOHHOW. Haiibinbiry
BEJIMYMHY TPOBIHOCTI MalOTh 3pa3ku 3 KoHUeHTpalieo ¢ynepeny 100 ppm. [Ipu xoHuenrpauii ¢pysnepeny 300 ppm
MPOBIAHICTE TPaHC(HOPMATOPHOI Ol 3 JOMIMIKaMH BYTJICIICBIX HAHOTPYOOK Ta Qynepeny Cgy cTae Maixe PiBHOIO
€JIeKTPOIPOBIAHOCTI TPAHC(HOPMATOPHOT OJIii 3 TOMIMIKOK TUTHKH BYTJICIEBUX HAHOTPYOOK. 3pOOJICHO MPUIYIICHHS,
mo ¢ynepeH Cgy MOKHA BUKOPUCTATH JUI 3MCHIUCHHS SNEKTPONPOBIIHOCTI TpaHCHOPMATOPHOT OJii 3 MarHiTHUMH
HAaHOYACTUHKAMH, HEOOXITHUMHU [T 30UTBIICHHS €)EKTHBHOCTI OXOJIO/KEHHS TpaHC(OPMATOPIB IIif JIEF0 MATHITHOTO
noJist TpaHchopmaropa.

KarouoBi caoBa: Byrienesi OarartoctiHHi HaHOTPYOKH, ¢ynepeH Cgo, TpaHchOpMaTOpHa OJisl, IiETCKTPUYHA
MIPOHUKHICTH, €JICKTPOIIPOBIIHICTS.
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