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In this paper, we report on the temperature dependent broadband dielectric response of a ferrofluid based on
transformer oil and magnetite nanoparticles covered with oleic acid molecules. For that purpose the method of
dielectric spectroscopy has been chosen in the frequency range from 20 Hz up to 100 kHz. The experiments were
carried out on thin film ferrofluid samples confined in a glass plate capacitor containing indium tin oxide (ITO)
plate electrodes. The obtained complex permittivity spectrum shows a pronounced dielectric dispersion in the low
frequency range. Taking into account the ferrofluid composition we associate this relaxation with ion impurity
polarization at the nanoparticle—oil interface. The strong temperature dependence of the relaxation process has
been found when conducting the experiments in the temperature range from 298 K to 358 K. The relaxation time
of the revealed process exhibits a typical Arrhenius behavior. Based on the conducted experiments and analysis,
we propose some reasonable practical applications of the studied ferrofluid in the field of electrical engineering.
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1. Introduction

Transformer oils (TO) are a major part of the electrical
insulation system in many types of electrical equipment.
Besides the electrical insulation, they provide effective
heat transfer, acting as a coolant. To increase the life-
time and reliability of electrical equipment it is necessary
to decrease its operating temperature. For that purpose,
researchers look for additives enhancing the TO’s thermal
properties and retaining their excellent insulating charac-
teristics. The superparamagnetic nanoparticles (SNP) [1]
are promising additives, whose stable dispersions in TO
constitute ferrofluids with a potential application in elec-
trical engineering. The intuitively enhanced cooling abil-
ity of the resulting ferrofluid originates primarily in the
increased thermal conductivity due to the particles [2, 3].
Moreover, in such a liquid coolant the effect of thermo-
magnetic convection has been observed when exposed to
temperature and magnetic field gradients, which are in-
herently present around power transformers [4, 5]. These
thermal properties of transformer oil based ferrofluids can
thus enhance loadability of power and related transform-
ers. From the dielectric point of view, it is well known
that the presence of SNP in TO increases their dielec-
tric permittivity [6], and can even increase their dielec-
tric breakdown field strength [7]. As the former effect
is quite intuitive, the latter is paradoxical and requires
comprehensive experimental investigation of the ferroflu-
ids in both, high and low electric fields. Hence, the inves-
tigation of novel transformer oil-based ferrofluids has to
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involve the analysis of the ferrofluid dielectric response,
especially in a broad frequency range. The frequency re-
sponse of dielectric liquids is defined essentially by the
manner in which complex dielectric permittivity varies
with frequency, temperature, and applied electric field as
parameters [8]. Consequently, the permittivity behavior
permits to establish the character of the loss mechanism
under a given set of conditions. Also, the permittivity
spectrum allows some important deductions to be made
as regards the chemical and physical structure of the fer-
rofluid which can be essential for the streamer develop-
ment. Thus, even though power transformers operate at
50 or 60 Hz frequency, it is desirable to investigate the
ferrofluids’ dielectric properties in a broader frequency
range, too. Herein we present the temperature depen-
dent dielectric response of a thin layer of a transformer
oil-based ferrofluid within the frequency range from 20 Hz
up to 100 kHz, measured by an LCR meter.

2. Materials and methods

The investigated ferrofluid was prepared in a well
proven way [9]. Firstly, magnetite (Fe3O4) nanoparticles
were co-precipitated from aqueous solution of Fe?t and
Fe?* ions in the presence of NH,OH at 80-82°C. Then,
the nanoparticles were sterically stabilized with a sin-
gle vegetal oleic acid layer (C15H3402, 65-88%, Merck),
chemisorbed on the particle surfaces. The chemisorp-
tion was followed by washing with distilled water with
magnetic decantation to remove residual unreacted salts.
Then, the flocculation re-dispersion procedure was re-
peated several times to ensure a negligible presence of free
surfactant in the final solution. The purified magnetite
nanoparticles were dispersed in the inhibited mineral oil
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(MOGUL TRAFO CZ-A, PARAMO) with a particle vol-
ume fraction equaled to 6.6%. This value was determined
from magnetization measurements as a ratio of the fer-
rofluid magnetization of saturation (29.6 kA m~1) to the
domain magnetization of bulk magnetite (446 kA m~!).
To study the ferrofluid dielectric response we used the
LCR meter Agilent FE4980A with the frequency range
from 20 Hz up to 2 MHz. The sample was confined into
a gap of a small capacitor with ITO electrodes separated
1.9 pm apart. Measurements were performed with the
applied test voltage of 38 mV. To vary the sample tem-
perature the capacitor was inserted inside a temperature
controller (Linkam Scientific Instruments). The measure-
ments were performed at temperatures from 298 K to
358 K, stabilized within 0.1 K.

3. Results and discussion

By the above mentioned method we measured capaci-
tance (C) and dissipation factor (tand) of the sample in
the parallel-plate capacitor, which are defined as follows:

C (w) = goe’ (w)S/d, (1)

tan § (w) = "’ (w) /e’ (w), (2)
where S and d are the sample cross-sectional area and
thickness, respectively, and g¢ is the permittivity of vac-
uum. Such measurements make available the frequency
dependence of the parameters ¢’ and &”, which are, re-
spectively, the real and imaginary parts of the (relative)
complex dielectric permittivity function [8]:

e (w) =&’ (w) — ie"(w), 3)
where i2 = —1. The spectra of both parameters as func-
tions of the sample temperature are presented in Fig. 1.
As the finite ITO electrode resistance causes a spurious
signal emerging in the dielectric spectrum as dispersion
above 100 kHz, we present the data below this boundary,
so focusing on the real sample behavior. From the pre-
sented spectra one can see a pronounced low frequency
relaxation process. To analyze this spectrum we take into
account that the transformer oil shows constant permit-
tivity (¢ = 2.1) in the whole frequency range. As the
known conductivity and permittivity values of the sample
constituents determine the appearance of the Maxwell-
Wagner relaxation at much higher frequencies, we asso-
ciate the low frequency process with the ion impurity
polarization taking place on the SNP surfaces [10, 11|,
following the famous Schwarz polarization model.

Concerning the shape of the loss spectra one can con-
clude that the relaxation maximum resemble to a Debye-
like dielectric relaxation mode. The simple Debye-like di-
electric behavior can be also deduced from the Cole-Cole
presentation depicted from the permittivity values taken
at the highest temperature, which is shown in Fig. 2.
The experimental data tend to create a semicircle with
its centre on the horizontal axis. In general, the semicir-
cle character is considered as the main characteristic of
a Debye relaxation process. To verify the Debye-like re-
laxation behavior we applied the Debye fitting function:
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The resulting fitting parameters represent the static per-
mittivity g, and the high frequency limit of the real per-
mittivity e, with the found values of 141.58 and 4.32,
respectively. However, a small deviation in the experi-
mental data from the theoretical Debye fitting function
is observed especially in the low frequency region. This
deviation can be associated with the particle size distri-
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bution and the related distribution of relaxation times.
Moreover, the dielectric losses due to the space charge
relaxation (migration) in the sample and a small contri-
bution from the DC conductivity may slightly influence
the low frequency dielectric response.

From Fig. 1 it can be noticed that the relaxation max-
imum moves towards higher frequencies with increasing
temperature. Thus, the relaxation time of the related
process decreases with increasing temperature. We ob-
tained the particular relaxation times of the considered
process from the Havriliak—Negami fitting function
88T fe (5)
1+ (iwr)?)”
where a and 3 are empirical exponents and 7 is the re-
laxation time. The fitting of the dielectric spectra at
constant temperature yielded the relaxation time values,
which are depicted in the Arrhenius plot in Fig. 3. From
this figure it is clearly seen that the logarithm of the
relaxation time linearly decreases with increase of tem-
perature. Therefore, the relaxation time decreases expo-
nentially with temperature in accordance to the famous
Arrhenius law

Ex
| T)=1 —_—
nt(T) nT0+RT, (6)

where 7( is a pre-exponential factor, R is the universal
gas constant, T' is the absolute temperature and E,4 is
the activation energy. From the fit it follows that the
value of the activation energy E 4 is 27.833 kJ mol~'.
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Fig. 3. Arrhenius plot of the temperature dependent
low frequency relaxation process in the studied fer-
rofluid.

4. Conclusions

Spectroscopic measurements of the complex dielectric
permittivity of the ferrofluid based on the transformer oil
Mogul revealed the Debye-like relaxation process. This
relaxation has been associated with the ionic impurities
polarization on the particle surfaces. Nearly Debye-like
behavior has been confirmed by fitting the complex plane
permittivity data. The analysis of the temperature de-
pendence of the detected low frequency relaxation follows
the Arrhenius law. From the practical application point

of view, the highest dielectric losses observed around
commonly operating frequencies (50 Hz) could signify a
possible drawback when applying this ferrofluid in high
voltage power transformers. On the other hand, this fer-
rofluid can find potentially reliable use as an insulating
medium in pulsed power systems or in high voltage direct
current transmission systems.
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