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The rheological properties of nonpolar ferrofluids have been often studied under the action of an external
magnetic or electric field. In this paper, we approach the problem conversely, and we aim to answer whether
the ferrofluid shear flow affects the dielectric response. The ferrofluids are based on transformer oil and iron
oxide nanoparticles stabilized with oleic acid. Basic physical characterization of the ferrofluids with three
different nanoparticle concentrations is followed by experimental investigation of flow curves. Newtonian
behavior of the ferrofluids is confirmed. The key experiment of this study consists of complex dielectric
permittivity measurements in the frequency range from 20 Hz to 100 kHz at three different temperatures.
In these measurements, the ferrofluids are sandwiched between two disk electrodes of a modular rheometer
under the shear rates of 0, 10, 100, 500, and 1000s~'. It is found that the low-frequency dielectric spectra
of the ferrofluids exhibit a remarkable conductivity contribution leading to electrode polarization. Additional
measurements of electrical conductivity and qualitative analysis of charge mobility in the ferrofluids are provided
to understand the low-frequency dielectric relaxation. The results reveal that the slow dielectric relaxation is shear
rate independent. The low-frequency dielectric spectra measured under the various shear rates exhibit constant
behavior. The electric charge migrates across the shear flow velocity in the shear rate direction and the given
rheological conditions do not affect its behavior. It is concluded that the electrical forces dominate the charge
motion in the ferrofluids over the shear forces. The finding of the stable dielectric response of ferrofluids under
the shear flow conditions supports the application of ferrofluids as dielectric media in electrical equipment with

the presence of forced or natural convection.
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I. INTRODUCTION

Magnetic nanofluids, also called ferrofluids, are colloidal
suspensions of magnetic nanoparticles in aqueous or nonaque-
ous liquids [1]. Owing to their strong magnetic properties,
they find various applications, including heat transfer, mag-
netic resonance imaging, dynamic loudspeakers, and others
[2]. Even though the ferrofluids have been of scientific interest
already for several decades, there are still new research oppor-
tunities regarding the methods of ferrofluid preparation, along
the study of physical properties and applications of ferrofluids
in biomedicine and engineering fields [3]. As the ferrofluids
are susceptible to external magnetic fields, various properties
and phenomena have been investigated experimentally and
theoretically in dependence on a magnetic field. For instance,
the translational dynamics of maghemite nanoparticles in de-
cane was found to be dependent on magnetic field, as observed
by dynamic light scattering study [4]. An external magnetic
field can also reduce or enhance the adhesive strength of a
high-viscosity ferrofluid [5]. In literature, one finds that it
is the viscosity that has been intensively studied on various
types of ferrofluids because it plays a crucial role in ferrofluid
applications. It is well-known that the rheological behavior
of a typical ferrofluid is essentially Newtonian. However, in
magnetic fields, the ferrofluids’ viscosity depends not only
on the magnitude of the magnetic field but also on its rela-
tive orientation to the flow geometry [6]. This phenomenon
is known as anisotropy of the magnetoviscous effect, and it
is related to the underlying change in the microstructure of
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ferrofluids [7]. It has been studied experimentally [8] and
several theoretical models of the viscoelastic properties of
ferrofluids considering various structural changes in mag-
netic fields have been proposed [9-11]. A magneto-viscosity
expression coming from the effective-field method and shear-
thinning non-Newtonian behavior was described by Weng
et al. [12]. The magnetorheological response of ferrofluids is
remarkably given by the nanoparticle morphology [13], and
the magnetoviscous effect can be enhanced by increasing the
magnetic field inclination [14]. It was shown that the friction
between the anisotropic particles decreases with an increase in
nanoparticle concentration [15]. Recently, a hysteresis effect
between viscosity and magnetic field was studied and inverse
associations between them were attributed to the combined in-
fluence of thixotropy and magnetic field [16]. The ferrofluids
undergoing unsteady shear flows in the presence of a magnetic
field become viscoelastic liquids [17]. Among other fascinat-
ing physical phenomena revealed in relation to the ferrofluid
viscosity one can mention the rotational viscosity and negative
viscosity effects [18,19]. Nonlinear rheology was applied in
the study of microstructural changes in magnetically modified
crude oils [20].

It is therefore evident that the rheological behavior of
ferrofluids is intensively studied under the action of a mag-
netic field. However, there is a class of ferrofluids based
on transformer oils investigated for electrical engineering
applications, mostly as smart insulating and cooling liquids
[21-24]. In this field, the ferrofluids’ physical properties must
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be studied also in electric fields. It was found that, analogously
to the magnetic field effect, the electric field also induces
structural changes in ferrofluids [25,26]. As a result, the fer-
rofluid’s viscosity increases with increasing electric field [27].
Thus, the electric field influences the flow behavior of the
ferrofluids. But does it work vice versa? Can the ferrofluid
flow influence the electric behavior of ferrofluids? Does the
ferrofluid flow influence the dielectric response of the fer-
rofluid constituents and their interface with electrodes? It is
important to address that problem especially when consider-
ing the ferrofluids for applications in equipment like electrical
transformers. There, the ferrofluid undergoes natural or even
forced convection and simultaneously is exposed to an al-
ternating electric field. To answer the above questions, one
must undertake an experimental research on the rheodielectric
response of ferrofluids. To the best of our knowledge, such a
study has not been reported yet.

On the other hand, the topic of the dielectric response
of ferrofluids is of immense scientific interest. Special at-
tention has been paid to a low frequency dielectric response
of ferrofluids exhibiting low-frequency dielectric relaxations
[28-30]. For instance, the Schwarz model of electric double-
layer polarization was used to explain the low-frequency
dielectric relaxation in ferrofluids [31,32]. Recently, a thermal
aging study of transformer oil-based ferrofluids found that
the effect of electric double-layer polarization disappears after
500 h of thermal aging [33]. Clearly, the dielectric response of
ferrofluids is affected by external magnetic fields [34], but it
is also evident that the dielectric spectrum of a ferrofluid is
controllable by means of a static electric field generated by
a direct current (dc) bias voltage [35]. Moreover, the acting
DC bias electric field causes the permittivity sign switching
at low frequencies [36]. The phenomenon was explained via
nanoparticle assembly and conductive percolative paths as key
mechanisms leading to the transition from capacitive to induc-
tive reactance. Batalioto et al. analyzed an electric response
of ferrofluid cells containing different concentrations of mag-
netic nanoparticles in kerosene, limited by different types of
electrodes. Their experimental data are well fitted by a sim-
ple model based on lumped elements [37]. The impedance
spectroscopy was also used by Batalioto et al. to investi-
gate the influence of the free ions and the electrode material
on the electric response of a kerosene-based ferrofluid cell
with the application of Poisson-Nernst-Planck (PNP) model
[38]. They showed that the electric response of the ferrofluid
cell at low frequencies (below 10 mHz) can be interpreted
by means of the model based on the adsorption of ions from
limiting surfaces — the generalized PNP model containing
surface capacitance [39]. The free ions considered in their
measurements originate from the ferrofluid preparation pro-
cess, released by the stabilization layer around the magnetic
nanoparticles [40]. Another study of the impedance spectra of
a kerosene based ferrofluid revealed that even a low sinusoidal
voltage of 80 mV can give rise to nonlinear effects at frequen-
cies lower than 100 mHz [41].

While the low-frequency dielectric response of nonpolar
ferrofluids in electric, magnetic, and thermal fields has been
studied extensively, the effects of applied shear stress on di-
electric spectra of ferrofluids have received far less attention.
Simultaneous rheology and dielectric experiments are

reported rarely. For instance, the rheodielectric technique,
which involves the study of the dielectric response of a ma-
terial in the presence of shear forces, has been applied to
determine how shear-induced structural changes alter charge
distributions and polarization fluctuations in liquid crys-
tals, polymers or carbon black suspensions [42-45]. Misra
et al. studied the dielectric behavior of strongly sheared
aqueous suspensions of thermoreversible hydrogel poly(/N-
isopropylacrylamide) particles at different temperatures [46].
In ferrofluid research, the rheological and dielectric measure-
ments have been conducted independently, and rheodielectric
studies focusing on the low-frequency dielectric response of
transformer oil-based ferrofluids under applied strains have
not been reported, to the best of our knowledge. In this paper,
we attempt to bridge this gap by performing rheodielectric
experiments on transformer oil-based ferrofluids with three
different nanoparticle concentrations. In this way, we want
to find out if there is any effect of the ferrofluid flow on the
dielectric response. This question is of importance especially
when considering the potential application of ferrofluids as
dielectric liquids undergoing natural or forced convection in
electrical equipment. The paper is organized as follows. In
the following Sec. II, we briefly introduce basic technical
terms and definitions used throughout the study. In Sec. III,
we describe the studied materials and experimental methods
employed in the presented study. The results and discussion
are presented in the last Sec. IV.

II. DEFINITION OF BASIC TERMS

In this study, the dielectric spectroscopy method is ap-
plied to transformer oil-based ferrofluids under shear flow
conditions. The dielectric spectroscopy measures the response
of the material under an applied alternating electric field.
The external electric field induces displacements of electric
charges within the material, resulting in macroscopic polar-
ization of the sample. There are several types of dielectric
polarizations, e.g., ionic, interfacial, and atomic polarization
[47]. The response from electric charge displacement is of-
ten characterized by means of frequency-dependent complex
dielectric permittivity given by its real ¢ (w) and imaginary
&”(w) component as follows:

e*(w) = &'(w) — i’ (w). (1

The complex permittivity is connected with complex con-
ductivity by a simple relationship

¥ (w) = iwepe™ (), 2)

where ¢gp is the vacuum permittivity and w = 2w f is the
angular frequency. The real conductivity is proportional to
the imaginary permittivity, while the imaginary conductivity
is proportional to the real permittivity

o'(w) = wepe" (w), (3)
o"(w) = weps’(w). 4)

In the simplest case, the dielectric relaxation is of Debye
type with a single relaxation time and it is described by the
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TABLE I. The selected characteristics of the base insulating oil
as provided by the manufacturer.

Properties Typical values
Density at 15°C (g/cm?) 0.865
Kinematic viscosity at 20°C 22

(mm?*/s)

Kinematic viscosity at 40°C 9.3

(mm?/s)

Pour point (°C) —45

Flash point (°C) 155
Breakdown voltage (kV) 60

Dielectric dissipation factor at 0.0006

90°C, at 40 Hz to 60 Hz

following formula:

Ag
1+ iwt’
where 7 is the relaxation time and Ace is called dielectric relax-
ation strength given as the difference between the permittivity
values at a low and a high frequency limit [48].

Herein, we attempt to find out whether the above-listed
dielectric parameters reflecting the charge displacement in the
ferrofluids are dependent on the applied shear stress or not.
The shear stress 7 is defined according to the two-plates-
model as a shear force divided by a shear area

T =F/A. (6)

The unit is 1 N/m? = 1 Pa. The shear rate y (also defor-
mation rate or shear gradient) is defined as the flow velocity
divided by the gap width.

S

e*(w) = &'(w) —ie" (@) = g0 +

y =v/h (7)

The unit for shear rate is the reciprocal second (1 s7h.
Then, viscosity is defined as the shear stress divided by the
shear rate

n=rt/y. (8)

This is the well-known Law of viscosity or Newton’s law. 1
is sometimes termed dynamic viscosity. The unit of viscosity
is Pa s [49].

III. MATERIALS AND METHODS

The carrier liquid used in the present study is an inhibited
insulating transformer oil MOL TO 40A. It contains naph-
thenic base oils and additives that inhibit oxidation. The basic
physical parameters provided by the manufacturer are listed
in Table I.

The transformer oil has been nanofunctionalized by iron
oxide magnetic nanoparticles (MNP). The MNP were syn-
thesized by the chemical coprecipitation method, by using
iron (II) sulfate heptahydrate (FeSO,4 - 7TH,0), iron (III) chlo-
ride hexahydrate (FeCl; - 6H,O) and ammonium hydroxide
solution (NH4OH). Oleic acid (C;7H33COOH) was used as
a surfactant to stabilize the MNP [50]. All raw materials
were of analytical reagent grade without any additional pu-
rification. The preparation of the basic ferrofluid consisted

_I—I—I—I—I—I—I—I—J

Magnetic field (T)

FIG. 1. Specific magnetization curves measured on the ferrofluid
samples at 5 K (a) and 300 K (b).

of two steps. First, the MNP were obtained by the chemical
coprecipitation of the ferrous and ferric salts in the molar
rate 1:2 in an alkali medium at the temperature of 353 K.
Then, MNP were sterically stabilized and coated by a single
layer of oleic acid at the temperature range (353 — 355) K.
The coated MNP with hydrophobic character were dispersed
in the transformer oil MOL and a stable suspension without
any phase separation and sedimentation was achieved. The
basic ferrofluid was finally diluted by the transformer oil
MOL and three ferrofluid samples were prepared with the
magnetic mass fraction 12%, 8%, and 2%, labeled as MOL1,
MOLZ2, and MOL3, respectively. The magnetic mass fraction
was determined as a ratio of the ferrofluid magnetization of
saturation to the magnetization of saturation of the powder
MNP (73 Am?/kg). The ferrofluids and MNP powder mag-
netizations were measured by means of a vibrating sample
magnetometer installed on a cryogen-free superconducting
magnet system from Cryogenic Limited (UK). The obtained
magnetization curves measured at 5 and 300 K temperatures
are presented in Figs. 1(a) and 1(b). The magnetizations of
saturation at 300 K found for MOL1, MOL2, and MOL3
are 8.9 Am?/kg, 5.9 Am?/kg, and 1.7 Am?/kg, respectively.
These values reflect the above-determined magnetic mass
fractions. The magnetization curves of all samples exhibit a
typical superparamagnetic behavior at 300 K with the char-
acteristic zero hysteresis. This is well visible in the inset of
Fig. 1(b). The experimental confirmation of the superparam-
agnetic state of the ferrofluids at room temperature is crucial
for the rheodielectric experiments presented herein. In this
state, the MNP are noninteracting, and therefore any MNP
structures induced by spontaneous magnetic interactions are
not considered to influence the rheological response. On the
other hand, the low-temperature magnetization curves show
remarkable hysteresis pointing to the blocked state of the
MNP magnetic moments [the inset of Fig. 1(a)].

To reveal the temperature area of the transition from
the blocked to the superparamagnetic state, we performed
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FIG. 2. Specific magnetizations of the ferrofluids measured in
zero-field-cooling (ZFC — the lower curves) and field-cooling (FC
— the upper curves) regime.

the zero-field-cooling (ZFC) and field-cooling (FC) magne-
tization measurements. The measurements were conducted
in a static magnetic field of 10 mT. Figure 2 shows the
temperature-dependent behavior of the specific magnetization
of the ferrofluid samples. Each ZFC curve (the lower curve)
exhibits a shoulder below 50 K temperature. The shoulder
is associated with the transition of the magnetic moments
from the superparamagnetic to the blocked state. The shoulder
shape, instead of a sharp transition, reflects the MNP size
distribution, which is connected with the distribution of the
blocking temperatures (approximately below 50 K). The fur-
ther kink on the ZFC curves around 200 K reveals the phase
transition of the base liquid from solid to liquid state (lig-
uefaction/freezing). The magnetizations measured at the FC
regime (upper curves) decrease with increasing temperature
confirming the typical pyromagnetic effect in ferrofluid MNP.
The different magnitudes in both ZFC and FC magnetization
curves reflect the different magnetic mass fraction (MNP con-
centration) in the measured ferrofluids.

From the locations of the ZFC shoulders around 50 K, it is
estimated that the MNP size is around 10 nm. To determine the
MNP size distribution experimentally, we prefer to analyze
the magnetization curve measured at room temperature. We
have applied the superposition of Langevin fitting functions
on the magnetization curves [S1]. With this method, one
should bear in mind that the resulting sizes reflect the sizes of
the magnetic cores without dead layers and surfactants. Thus,
the mean magnetic diameter of MNP in the ferrofluids IMOL,
2MOL, and 3MOL is found to be 11.1, 10.5, and 10.6 nm,
respectively. Figure 3 shows the obtained nanoparticle size
distribution for IMOL ferrofluid.

The above-determined nanoparticle size distribution can
be also deduced from the performed alternating current (ac)
magnetic susceptibility measurements by Imego Dynomag,
susceptometer, SE. The spectra of real and imaginary AC
magnetic susceptibility are shown in Fig. 4. The imaginary
susceptibility of each ferrofluid sample is near zero (overlap-
ping curves) in the frequency range from 1 Hz to 100 kHz,
meaning zero magnetic losses due to magnetic relaxations.
The real parts of magnetic susceptibility exhibit quasiconstant
behavior without observable dispersions in these frequencies.
This behavior is a solid evidence of the well-relaxed nanopar-
ticles in the oil with relaxation times (Brownian or Néel)
occurring at frequencies above the high-frequency limit of the
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FIG. 3. Particle size distribution function obtained from the mea-
sured magnetization curve (1IMOL).

experiment. In general, the fast relaxation dynamics is the ev-
idence of the individual nanoparticles of the above-presented
size distribution with the absence of the MNP clusters.

The main experimental study reported herein was per-
formed using MCR-502 rheometer from Physica Anton Paar
GmbH equipped with the dielectric rheological device. The
rheometer itself was first used to obtain viscosity and flow
curves for each ferrofluid at three different temperatures. The
shear rate-controlled tests were carried out with ascending
steps from 1s~! to 1000s~'. Dielectric measurements of the
ferrofluids were conducted using Agilent E4980A Precision
LCR Meter with the basic impedance accuracy of 0.05%.
Open and short corrections were performed before the mea-
surements of the ferrofluids. The LCR meter with shielded
wires was connected to the rheometer with the measuring
system consisting of the dielectric cell P-PTD/DI and par-
allel plates PP/25/DI/TI with isolated geometry. A principal
schematic representation of such a rheodielectric setup is
published in Ref. [46]. The diameter of the circular plates is
25 mm and a measuring gap was set to 1 mm. The ferrofluid
samples were sandwiched between the two plates simultane-
ously serving as a capacitor and a shearing geometry. The
capacity of this plate capacitor with air is Cy = 9.9 pF. An
alternating electrical voltage of amplitude 20 Vrms over a
frequency range from 20 Hz to 100 kHz was applied on the
plates. The highest possible voltage amplitude was selected
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FIG. 4. Real (x’) and imaginary (x”’) magnetic susceptibility
spectra of the ferrofluids reflecting the small nanoparticle size with
fast relaxation dynamics.
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FIG. 5. The flow curves of the studied liquids measured at temperatures of 293, 313, and 333 K. The shown legend belongs to each graph.

purposely to get electric field intensity close to those present
in electric power engineering electrical equipment. Then, di-
electric spectra were recorded under the action of the top plate
rotation, resulting in constant shear rates of 0, 10, 100, 500,
and 1000s~'. With these shear rates, the measurements are
conducted under laminar flow conditions. The rheodielectric
measurements were performed at temperatures of 293, 313,
and 333 K.

IV. RESULTS AND DISCUSSION

The obtained flow curves for the pure MOL oil and the
three ferrofluid samples are presented in Fig. 5. There, the
linear dependence of the shear stress on the shear rate shows
that the viscosity of the oil and the ferrofluids remain con-
stant across the entire measuring range, thus showing ideally
viscous behavior (Newtonian behavior). It is clear that the
viscosity increases with increasing MNP concentration and
decreases with temperature. The particular viscosity values
Navg determined according to Eq. (8) are listed in Table II. The
calculations were performed over the entire shear stress and
shear rate range with subsequent averaging of the obtained
viscosity values.

Figure 6 shows the cumulative representation of the real
part of the dielectric permittivity of the three ferrofluids ver-
sus the frequency of the applied alternating electric voltage
under the action of the set shear rates (0, 10 100, 500, and
1000s™1). At each temperature, the permittivity spectra have
a plateau at the middle-frequency range, while at higher
frequencies one observes a moderate permittivity decrease.
A remarkable permittivity upturn (dielectric dispersion) ap-
pears at the low-frequency limit, below 100 Hz. This kind
of permittivity behavior is a typical spectrum of a dielectric
liquid containing conductive species (ions) [36,38—40]. As
already reported in the literature, the source of the conductive
species in the oil-based ferrofluid is associated with specific
features of production and surface modification of MNP. The

stabilization of MNP by oleic acid/oleate leads to differ-
ent forms of interactions between the MNP surface ion and
the carboxylic/carboxylate groups [38]. Moreover, a small
amount of nonbonded oleic acid species is also present in
the ferrofluid. Clearly, with increasing concentration of MNP
one increases the polarizable and conductive species in the
ferrofluid. As a result, the level of the permittivity spectrum
shifts to higher values with increasing MNP concentration. On
the other hand, with increasing temperature, the permittivity
spectrum shifts to higher frequencies reflecting the shorter
relaxation times due to the higher thermal energy and lower
ferrofluid viscosity. This temperature-induced increase in the
characteristic frequencies is better seen in dielectric spec-
tra measured on ferrofluid thin layers [52]. Interestingly, the
key message from Fig. 6 is that the spectra measured at the
different shear rates overlap in a curve. Clearly, there is no
measurable effect of the shear rate on the real permittivity
spectrum. The detected deviations are observed only within
an experimental error. This finding holds for measurements at
each temperature.

The solid evidence of the dominating conductivity char-
acter of the ferrofluids’ dielectric spectra is provided in the
imaginary part of the complex permittivity in Fig. 7. This
evidence is connected with Eq. (3) expressing the linear rela-
tion between the imaginary permittivity and DC conductivity,
and the decreasing imaginary permittivity varying with f~!.
The linear fit with the slope of —1 is found for the spectrum
of each ferrofluid. To keep the graph curves clear, we show
the —1 slope only for 3MOL ferrofluid. From the presented
imaginary permittivity spectra, one again observes that the
spectra are shear rate independent.

Before discussing the shear rate independence of the
low-frequency dielectric response of the ferrofluids, it is valu-
able to provide an insight into the ferrofluid’s conductivity,
which constitutes the dominating contribution to the re-
vealed spectra. Firstly, we measured the ferrofluids’ resistivity

TABLE II. The calculated dynamic viscosities of the studied liquids.

Sample Nave @ 293 K (mPa s) Nave @313 K (mPa s) Navg @333 K (mPa s)
IMOL 21.2 9.7 5.4

2MOL 19.5 8.9 5.1

3MOL 18.1 8.6 4.5

MOL oil 17.6 8.2 4.5
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FIG. 6. The dielectric spectra of the real part of complex permit-
tivity of the ferrofluids measured at three different temperatures and
shear rates of 0, 10, 100, 500, and 1000s~". The experimental data
points are coincident for various shear rates. The spectra measured at
the different shear rates overlap in a single curve.

experimentally (Eltel ADTR-2K Plus) and then we took the
inverse of the resistivity values to obtain the DC conductivity.
The resistivity of the ferrofluids and the pure oil at the three
temperatures is shown in Fig. 8(a). The DC conductivity of
the liquids is presented in Fig. 8(b).

As Fig. 8(a) shows, the resistivity of ferrofluid samples
(light Y axis) is four orders of magnitude lower than the
resistivity of the oil (right Y axis). The resistivity of each
sample decreases with increasing temperature. Moreover, the
ferrofluid with the highest MNP concentration (IMOL) has
such a low resistivity at 330 K that it is beyond the available
measuring range of the employed device. In the inverse repre-
sentation, one understands that the ferrofluid DC conductivity
increases with temperature and it is four orders of magnitude
greater than that of the transformer oil [Fig. 8(b)]. The in-
crease in conductivity with temperature reflects the motion
of ions through the viscous transformer oil of viscosity n. It
is well-known that the electric force exerted by the applied
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FIG. 7. The dielectric spectra of the imaginary part of complex
permittivity of the ferrofluids measured at three different tempera-
tures and shear rates of 0, 10, 100, 500, and 1000s~!. The spectra
measured at the different shear rates overlap in a single curve. The
line with the slope —1 emphasizes the conductivity contribution.

electric field between the two disk electrodes is balanced by a
viscous force (Stokes law) and it can be written as
gE = 67 nRvy, ©
where ¢ is the ion charge, E is the field intensity, R is the
ion radius, and v, is the ion drift velocity. Then, according to
Walden’s rule, the ion mobility is defined as follows:
Mion = q/67NR. (10)
The temperature dependence of ionic mobilities in nonpo-
lar liquids follows an Arrhenius-type dependence

[ion = poe VKT (11)

with W and kT denoting the activation and thermal energy,
respectively, and the DC conductivity is in linear relation with
the ionic mobility

o = nqflion (12)

where n denotes the concentration of ions [53]. As mentioned
above, the concentration of ions increases with increasing
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FIG. 8. Resistivity of ferrofluids (left Y axis) and the pure transformer oil (right Y axis) measured at three different temperatures (a). Direct
current (DC) conductivity of ferrofluids (left Y axis) and the pure transformer oil (right Y axis) at three different temperatures (b).

MNP concentration and that is why the DC conductivity in-
creases with MNP concentration. Our further discussion of
the shear-independent dielectric response (Figs. 6 and 7), with
the dominating conductivity contribution is based on the given
general considerations on ion mobility in nonpolar liquids.
The directed ion motion in ferrofluids, as a response to
the applied voltage, leads to the accumulation of ions at
the electrode surfaces. The speed of that response, resulting
in the charging of the electrodes, can be expressed by the
well-known time constant (z¢), given by a product of the
capacity of the capacitor Cy and the ohmic resistance R. in
units of 2. The ohmic resistance can be easily calculated as
R. = p/4ry, where p is the measured resistivity and ry is the
radius of the disk electrode. Thus, using the values in Fig. 8(a),
we calculated the time constants for the ferrofluids charging
the electrode surfaces at three different temperatures. The
obtained results are presented in Fig. 9(a). The values of the
time constants are in the range of tens of seconds, exhibiting
a decrease with increasing temperatures. The shortest time
constants are found for the ferrofluid of the highest MNP con-
centration (1MOL), while the ferrofluid with the lowest MNP
concentration (3MOL) exhibits the longest time constants.
Nevertheless, in each case, the time scale is in the range of
tens of seconds and that seems to be a clue to the explanation
of the low-frequency dielectric dispersion (upturn) in Fig. 6.
The process emerging at the low-frequency limit is driven
by the conductivity and leads to the electrode polarization,

100} N = 1MOL
& 0 F e 2MOL
= 80F A 3MOL
& 70 F
3 .

5 60F A
o 50 L [ )
2 aof .
F 30

20F " A

T l Ll I T l T I L]
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(a) Temperature (K)

or the double layer charging of the electrodes. In order to
express the process in the frequency domain, we calculate
the inverse of the time constants, obtaining the characteristic
frequencies of the electrode surface charging by the migrating
ions. The characteristic frequencies are displayed in Fig. 9(b).
One can see that the characteristic frequencies are in the range
of hundredths of Hz, the range which is below our available
measuring frequencies. However, the low-frequency dielectric
behavior shown in Figs. 6 and 7 clearly indicates the calcu-
lated frequency range of the observed process.

One can therefore see that the slow dielectric relaxations
in the ferrofluids, represented by ion migration, are not in-
fluenced by the applied shear conditions. In our experiments,
the upper electrode rotates, and the upper ferrofluid layer is
exposed to the shear stress resulting in the shear gradient
(up to 1000s~") in the ferrofluid sandwiched between the
rotating and the static disk electrode. At the same time, ow-
ing to the applied AC voltage, the ions migrate towards the
electrodes, i.e., in the same direction as the shear gradient.
Considering the applied shear rates and the gap width between
the electrodes, one finds that the maximal flow velocity is
1 m/s. Based on a simple and classical theoretical approach,
one can also determine both, the applied shear force and
the acting electric force quantitatively. Following Eq. (6),
and substituting the plate area and the maximal value of the
applied shear stress in our experiments (21 Pa for IMOL
and 1000s~! at 293 K), we find the maximal shear force
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FIG. 9. The temperature-dependent time constant (a) and characteristic frequency (b) for the charging the electrode-ferrofluid interface.
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at the level of 1 x 1072 N. On the other hand, from the
capacity of the capacitor one can determine the total electric
charge stored in the capacitor filled with a particular sample.
Then, the product of the charge and the electric field intensity
in the capacitor (20 kV/m) yields the electric force acting on
the charge. When considering the maximal capacity (approx.
25 pF) measured for IMOL at 293 K and 20 Hz, one gets
the maximal charge approx. 0.5 nC, and the maximal electric
force is at the level of 1 x 107> N. The applied shear force is
therefore three orders of magnitude greater than the electric
force. However, it is evident from the performed experiments
(Figs. 6 and 7) that the significantly greater shear force does
not influence the ion migration towards the rotating electrode
and the interfacial ferrofluid layer flow has no impact on
the ferrofluid dielectric response. Under the set experimental
conditions, the ions migrate across the shear flow velocity in
the shear rate direction and the given rheological conditions
do not affect the slow (low-frequency) dielectric process. The
confirmed shear rate-independent dielectric response of the
transformer oil-based ferrofluids is of practical importance
when considering ferrofluids as dielectric media in electrical
equipment with the presence of electric forces and natural or
forced convection (e.g., power transformers). In this type of
ferrofluid application, it is crucial to insure the stability of
the dielectric properties under flow conditions. The dielectric
response of the studied ferrofluids under the examined condi-
tions is therefore shear rate-independent.

V. CONCLUSION

Transformer oil-based ferrofluids with noninteracting mag-
netic nanoparticles were subjected to rheodielectric investiga-
tion. The low-frequency dielectric spectra of ferrofluids with
various nanoparticle concentrations show remarkable con-
ductivity contribution leading to the electrode polarization.
Nonbonded oleic acid and residual ions from nanoparticle
preparation and stabilization are considered to be the main
source of the mobile charge in the ferrofluids. The DC electri-
cal conductivity of the ferrofluids was found experimentally
and employed in the determination of time constants for
charging of the electrode surface. The process takes place in

the time scale of tens of seconds, therefore at frequencies of
hundredths of Hz. It is found that this slow dielectric relax-
ation process is shear rate independent. The low-frequency
dielectric spectra measured under various shear rates overlap
within a single curve with variations within the experimen-
tal error. Under the set up shear flow geometry, the ions
migrate across the shear flow velocity in the shear rate di-
rection and the given rheological conditions do not affect the
slow dielectric process. It is experimentally proven that the
electrical forces dominate the ion motion in the ferrofluids
over the shear forces. Based on the conducted experiments,
one can also conclude that there are no shear-induced struc-
tural changes in the ferrofluids, the presence of which would
influence the dielectric response. The finding of the stable di-
electric response of ferrofluids under the shear flow conditions
supports the application of ferrofluids as dielectric media in
electrical equipment.
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