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Abstract: Progress in electrical engineering puts a greater demand on the cooling and insulating
properties of liquid media, such as transformer oils. To enhance their performance, researchers
develop various nanofluids based on transformer oils. In this study, we focus on novel commercial
transformer oil and a magnetic nanofluid containing iron oxide nanoparticles. Three key properties
are experimentally investigated in this paper. Thermal conductivity was studied by a transient plane
source method dependent on the magnetic volume fraction and external magnetic field. It is shown
that the classical effective medium theory, such as the Maxwell model, fails to explain the obtained
results. We highlight the importance of the magnetic field distribution and the location of the thermal
conductivity sensor in the analysis of the anisotropic thermal conductivity. Dielectric permittivity of
the magnetic nanofluid, dependent on electric field frequency and magnetic volume fraction, was
measured by an LCR meter. The measurements were carried out in thin sample cells yielding unusual
magneto-dielectric anisotropy, which was dependent on the magnetic volume fraction. Finally, the
viscosity of the studied magnetic fluid was experimentally studied by means of a rheometer with a
magneto-rheological device. The measurements proved the magneto-viscous effect, which intensifies
with increasing magnetic volume fraction.

Keywords: magnetic nanofluid; magnetic nanoparticles; thermal conductivity; viscosity; permittivity

1. Introduction

Electrical equipment, like power transformers, inherently operate with energy losses, which lead
to rises in temperature. To prevent premature aging and the ultimate failure of the equipment, the heat
generated through energy loss must be dissipated. In practice, this is usually achieved by circulating
transformer oils (TO), which also ensures the electrical insulation of energized conductors [1]. However,
with the development of the future high-voltage network and smart grid, the increasing requirement
for reliability and performance of dielectric and cooling liquids motivates researchers to develop more
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effective liquid media using nanotechnology [2]. Thus, various nanofluids have been synthesized
with the aim of improving the cooling and insulating properties of the base dielectric liquid. Besides
the conventional nanoparticles, such as TiO; or Al,O3, these improvements have been achieved also
with graphene nanosheets [3,4], fullerene [5], or magnetic nanoparticles (MNPs) [6,7]. The stable
dispersions of MNPs in TO (well-known as magnetic nanofluids or ferrofluids) have an advantage
over other nanofluids due to the controllability of thermal, dielectric, and viscous properties by an
external magnetic field. Like in other nanofluids, the addition of MNPs to TO causes an increase in
viscosity and this is a drawback for pumping power. However, the phenomenon of thermomagnetic
convection [8-10] and the possibility of controlling nanofluid flow by the external magnetic field makes
magnetic nanofluids (MNFs) attractive and suitable candidates for the replacement of TO.

With regards to the potential application of transformer oil-based MNFs in power transformers,
most research studies have focused on three key properties: thermal, dielectric, and viscous. Within the
study of thermal properties, the thermal conductivity of MNFs attracts scientific interest, in addition
to research on thermomagnetic convection. In comparison to TO, the thermal conductivity of MNFs
is increased due to the presence of MNPs. This is often interpreted by means of various static and
dynamic mechanisms and models used for nanofluids in general [11]. On the other hand, this property
is a function of the base liquid, dispersed particles, size distribution, volume fraction, surfactant,
and the external magnetic field. The influence of listed factors on the thermal conductivity of MNFs
has been documented in numerous papers, some of them reviewed in a recent review article [12].
From the literature, one can see that the thermal conductivity of MNFs is generally enhanced in
the presence of a magnetic field regardless of the MNF type. However, some of the studies report
huge increments in thermal conductivity [13-15], while others refer to smaller increments, with the
applied magnetic field [16,17]. These differences are also found for similar types of MNF samples
and similar measurement setups used. One can assume that these discrepancies may originate in
MNF characterization or in the differences in magnetic field distribution acting on studied MNFs.
Generally, it was shown that such discrepancies might also arise due to nanoparticle aggregation [18].
It is well-known that under an external magnetic field, the nanoparticles in an MNF can exhibit
self-assembly and micromotion [19]. Structural changes are initiated by moments of force causing the
rotation of the nanoparticles that are parallel with the field. The interparticle magnetic forces can then
lead to the formation of chain-like clusters [20]. Due to the formed heterogeneous structure in MNF,
the thermal conductivity is anisotropic. It was found that the thermal conductivities parallel to the
magnetic field direction are, in most cases, much higher than the perpendicular ones [21-23]. Thus, the
magnetic field direction and distribution in the study of MNF thermal conductivity plays a key role.

The insulating and dielectric properties of TO were found to exhibit peculiar enhancement upon
the addition of MNPs [23-27]. A comprehensive mechanism of the increased breakdown field strength
is still unknown, however, a few models have been proposed. In the nanoparticle charging model [28],
the difference in the dielectric permittivity of the dispersed nanoparticles and the surrounding oil
is considered as an essential condition leading to polarization, charge trapping, and subsequent
reduction of streamer velocity. Thus, the dielectric permittivity of MNF is a crucial parameter that
has been extensively studied [29-31]. Again, the effect of an external magnetic field and the induced
heterogeneous nanoparticle structure results in magneto-dielectric anisotropy [32]. This is mostly
characterized by higher dielectric permittivity measured in the parallel configuration of electric and
magnetic fields as compared to perpendicular configuration. Furthermore, the magnetic field induced
MNP assembly also results in the well-known magneto-viscous effect. This effect is expressed as the
ratio between the viscosity increment under the field and the viscosity value in the absence of the field
and it reaches a maximum for a critical MNP size [33]. There are numerous studies demonstrating that
the viscosity of MNFs is dependent on the flow shear rate, nanoparticle volume fraction, temperature,
magnetic field, or MNP interaction [34-36]. Recently, an empirical correlation was proposed to predict
magneto-viscous behavior of MNFs, as a function of these parameters [37].
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In this study, we investigate the three key quantities of an MNF based on a novel, commercially
available TO. Taking into account the referenced discrepancies in the thermal conductivity data in the
literature, we intend to present other seemingly counter-intuitive experimental results. We discuss
that the discrepancies may result from the way the magnetic field is applied and distributed through
the MNF sample volume with regards to the measuring sensor. Similarly, we report on the unusual
magneto-dielectric anisotropy and complement the study with the measurements of the viscosity of
the MNF dependent on the magnetic field and magnetic volume fraction.

2. Materials and Methods

The investigated MNF is based on a commercially available inhibited insulating transformer
0il MOL TO 40A. Its basic physical properties provided by the manufacturer are as follows: density
0.867 g/cm?, kinematic viscosity 22 mm?/s, pour point 228 K, flash point 413 K, and interfacial tension
42 mN/m. The dispersive phase consists of superparamagnetic iron oxide nanoparticles, which are
coprecipitated from ferrous and ferric ions in an aqueous solution according to this well-known
procedure [38]. To stabilize the MNP in the TO, we used oleic acid as a surfactant. The stabilized
MNPs are dispersed in the TO in the following solid volume fraction 0.39%, 0.97%, 1.39%, 1.92%, and
3.62% with the corresponding physical parameters presented in Table 1. These samples have been
stable for 2 years.

Table 1. The basic physical parameters of the prepared magnetic nanofluid samples.

Magnetization Magnetic

Sample of Saturation Vo!ume szfeﬁ?gﬁisc(_) ?gj:::g Slgr Ejﬁ\::‘h(lo/rge
(kA/m) Fraction (%)

MOL TO 40A - - - 0.867 0

MNF_MOL 1 1.68 0.377 0.05 0.884 0.39
MNF_MOL 2 3.598 0.807 0.11 0.909 0.97
MNF_MOL 3 5.223 1.171 0.15 0.927 1.39
MNF_MOL 4 7.469 1.675 0.21 0.95 1.92
MNF_MOL 5 9.802 2.198 0.24 1.023 3.62

The solid volume fraction is calculated according to the following formula: ¢ = (pyNE —
pro)/ (pMmnp — pTO), Where pvng, pro, and pynp are the densities of the MNF, TO, and MNP,
respectively. The density of magnetite (5.18 g/cm3) was substituted in pynp. The magnetic volume
fraction is determined as a ratio of the MNF magnetization of saturation to the domain magnetization
of magnetite (446 kA/m) [39]. The magnetic properties of the MNF samples were measured by means of
a vibrating sample magnetometer installed on a cryogen-free superconducting magnet from Cryogenic
Limited. The obtained magnetization curves measured at 298 K in the field ranging up to 6 T are
shown in Figure 1. The mean particle size derived from the fitting of the magnetization curve by
the superposition of Langevin functions is 11.1 nm. From Figure 1, one can observe the typical
superparamagnetic behavior with zero coercivity and remanence. At higher magnetic fields (above
2 T), the magnetization is well saturated and increases with the increasing magnetic volume fraction.

The measurements of thermal conductivity were carried out by a thermal constant analyzer (TPS
25005, Hot Disk AB, Sweden) using a transient plane source method (TPS). The spiral sensor with the
axial and radial probing depth of 1.2 mm was inserted vertically into a Teflon container filled with the
probed MNE. The diameter of the sensor is 3.2 mm. Figure 2 shows a schematic illustration and a real
picture of the double Hot Disk sensor and its assembly with the Teflon sample container.
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Figure 1. Magnetization curves of magnetic nanofluid samples with various magnetic volume fractions.
The measurements were performed at a temperature of 298 K.

(a) (b) (c)

Figure 2. A schematic illustration of the double spiral Hot Disk sensor (a). The picture of the sensor
with Kapton insulation (b). The sensor fixed in a Teflon frame inserted in the sample container (c).

The static magnetic field acting on the investigated MNF samples was generated between a
pair of permanent magnets (37 mm apart) attached to the walls of the sample container (Figure 3a).
With various sets of permanent magnets, the average magnetic field of 45 mT, 90 mT, and 210 mT in the
sensor location was proven by a Hall probe. The particular magnetic field value was changed by manual
attachment of the prepared magnetic set. Further experimental tests confirmed the unmeasurable
effect of the present magnetic field on the Hot Disk sensor. In Figure 3b, we present a schematic
arrangement of the permanent magnets with the simulated distribution of the magnetic flux density.
A more detailed color pattern of magnetic flux density simulated in the sample area between the two
strongest magnets is demonstrated in Figure 3c,d.

The numerical simulation of the magnetic flux density near the permanent magnets was simulated
by Finite Element Method Magnetics (FEMM 4.2) using the triangular element mesh and the iterative
conjugate solver. We changed the default mesh density to a finer mesh density, 1 mm for the air,
and 0.25 mm for the permanent magnet. The electrical and magnetic parameters of the Neodymium
Iron Boron permanent magnet was set as follows: the relative permeability p, = 1.049, the coercivity
H. =1.13 MA/m, and the electrical conductivity o = 0.667 MS/m. The distribution of magnetic flux
density and the isolines of magnetic flux density between the two permanent magnets was achieved by
using the GNU Octave high-level language, version 4.0.0. Using this type of magnetic field distribution
simulation supports subsequent analysis of the magnetic field dependent thermal conductivity of
magnetic fluids.



Energies 2019, 12, 4532 50f11

AN\ |

£
E
-
iy
.20
Q (-1 )
T 2
o4
"0
(© % /\ % N
ot //:\\ ‘
o s 10 15 20 b 20 »
Distance (mm)
E o"
oy
5o
é 0s_|| Y
= — x /
= 03
L 02
°
PM c o0 !
PM %
—— © 0 !
=z w ’
40 . . 9
% e (d) . »
: 2 N 20
Height (mm 10 .
ght (mm) ™ ' Distance (mm)

Figure 3. Set of permanent magnets attached to the Teflon sample container (a). Simulation of magnetic
flux density distribution around the permanent magnets (PM) (b). More detailed color flux density
plots for the sample area between the two strongest magnets applied in the experiment (c,d).

The frequency-dependent dielectric permittivity of the studied MNF was measured in commercial
liquid crystal cells. The sandwiched type cells are composed of two flat glass pieces coated with indium
tin oxide (ITO) conductive layers acting as electrodes. The electrodes are 50 um apart while the active
electrode area is 25 (5 X 5) mm?. Firstly, the capacity of the empty cells Cy was measured, yielding
the value 7.5 pE. Then, the cells were filled with investigated TO and MNF samples. To study the
magnetic field effect, the sample cell was placed between two poles of an electromagnet. The dielectric
spectroscopy measurements were carried out at room temperature using an LCR meter (Agilent
E4980A) with the effective voltage value across the capacitor of 1 V.

The viscous properties of the MNF samples under a magnetic field were studied by using an Anton
Paar rheometer MCR 502 with the magneto-rheological device (MRD). MRD is a special accessory of
the MCR rheometer, which enables all rheological tests with the simultaneous action of the external
magnetic field.

3. Results and Discussion

3.1. Thermal Conductivity

In Figure 4a, we present the dependence of the thermal conductivity (TC) of the MNF on the
magnetic volume fraction in the absence of the external magnetic field. The TC of the pure TO was
found to be 0.127 W/mK. It is clearly shown that with the addition of MNP, the TC increases moderately.
The lowest magnetic volume fraction 0.377% results in a 3.9% increase in TC, while for the highest
magnetic volume fraction of 2.198%, the TC of MNF increases by 9.2%, compared to the pure TO.
Clearly, the thermal conductivity increases with the magnetic volume fraction because the particle
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thermal conductivity is higher than that of the oil. Higher thermal conductivity of the particles indicates
a lower temperature drop across the particles. In this way, various approaches could be chosen to
model the experimentally well-known increase in TC with increasing MNP volume fraction. In the
simple approach, taking into account the non-interacting spherical MNPs of low concentration, one can
apply an effective medium theory, such as the Maxwell model described by Equation [11],

kp + 2k¢ + 20(kp — ki)
kp -+ 2k — D(kp — k)

kf/ (1)

kegr =

where k and @ denote the thermal conductivity and the solid volume fraction of the MNP. The subscripts
eff, p, and f indicate the nanofluid, the particle, and the base fluid (TO), respectively. The substitution
of particular values (for magnetite nanoparticles k= 1.39 W/mK is considered) yields k. of 0.29 W/mK
and 1.24 W/mK for magnetic volume fractions equal to 0.377% and 0.807%, respectively. These values
are higher than those measured in the experiments. Moreover, for higher MNP volume fractions,
the relation yields negative values of keg. Thus, the Maxwell model is not sufficient to explain the
observed thermal conductivity in the MNE. More sophisticated models with an emphasis on the
interfacial thermal resistance (Kapitza resistance), the nanoscale layer between the TO and MNPs,
or the nanoconvection induced by the Brownian motion of MNPs should be considered in a future
study. The development of such a model is beyond the scope of this work.
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Figure 4. Dependence of the magnetic nanofluid (MNF) thermal conductivity on the magnetic volume
fraction (a). The effect of the magnetic field on the thermal conductivity of the MNF of various magnetic
volume fractions probed in the axial and radial directions of the Hot Disk sensor (b—f).

From Figure 4b—f, one can observe the changes of TC with an increasing magnetic field for
particular MNF samples. These measurements were conducted in an anisotropic mode. First of all,
when comparing the two components of TC, each MNF sample exhibits a higher TC in the radial
direction (perpendicular to the magnetic field intensity), compared to the axial one (parallel with the
magnetic field intensity). This is observed for each magnetic field value. The finding is partly in
contradiction to the previous studies, which mostly report an opposite anisotropic effect. Usually,
a higher TC in a parallel direction to the applied magnetic field is associated with MNP interaction
with the field and the subsequent aggregation of MNP. However, one has to bear in mind that in these
experiments, not only the magnetic field direction and intensity affect the aggregation and the TC of
MNE, but the magnetic field gradient VB has a determining character too. In a homogenous magnetic
field with VB = 0, the nanoparticles do not experience any drag force. Nevertheless, the magnetic
moments orientate (Brownian or Néel mechanism) with the field, and a chain-like structure may be
formed. Such MNP structures locally form rapid heat conduction paths (percolation paths), and so
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along the paths, the TC is increased. The enhanced TC due to the formed aggregation has been proven
numerically for nanofluids in general [40,41]. However, in a strong gradient magnetic field the formed
MNP structures can weaken, break, and drag in the field gradient. It is very important to know the
exact magnetic field distribution with regard to the sensor location in the MNF. From our simulations
of the magnetic flux density in Figure 3, we can clearly observe denser contours of the magnetic
field near the edges of the magnets. The increasing magnetic flux density towards the container
edges are also illustrated in the color scale. The simulation, therefore, proves that the MNF in the
experimental container experiences a gradient magnetic field, which exerts a drag force on the MNPs.
As a result, instead of horizontal chain structures, the nanoparticles are forced to form aggregates
directed to the edges of the container. Now, realizing that the thin Hot Disk sensor is located in the
center of the container, it is clear that in the axial (horizontal) probing depth, the MNF contains fewer
MNPs (decreased effective magnetic volume fraction) due to the above-mentioned reasoning. This is
reflected in lower axial TC detected for each magnetic field value. On the other hand, the aggregates
formed from the center towards the container edges constitute the increased heat conduction paths and
contribute to the higher radial TC, as revealed in the experiment. However, in Figure 4b—f, we do not
observe a strictly proportional increase of the radial TC with an increasing magnetic field. The data exhibits
a rather stochastic behavior. In our opinion, this is attributed to a different re-distribution of MNPs at a new
magnetic field value. As mentioned in Section 2, the new magnetic field value is achieved by attaching a
new set of permanent magnets manually. Clearly, the manual attachment of the opposing magnets might
not be exactly symmetric with regards to the Hot Disk sensor, and each set of magnets may lead to slightly
different distributions of the MNP aggregates. Nevertheless, for each magnet set and the related magnetic
field value, we have proven a higher radial TC in comparison to its axial part.

3.2. Dielectric Permittivity

From a dielectric point of view, we focus on the dielectric response of the studied MNF and
present the dielectric permittivity measured from 700 Hz up to 100 kHz. This frequency range is chosen
deliberately to observe magneto-dielectric anisotropy in MNFs that are free of pronounced interfacial
polarization, conductivity and space charge migration, and electrode polarization, which has been
documented, for example, in the paper with the reference number [42]. The resulting dielectric spectra
for the three MNF samples are plotted in Figure 5.
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Figure 5. The spectra of real dielectric permittivity of magnetic nanofluids with various magnetic
volume fractions. The graphs show the effect of the magnetic fields and their orientation with regards
to measuring the electric field. The measurements were performed at room temperature.

The dielectric permittivity of the pure TO at 1 kHz is 2.12, and this value has been found to
be quasi constant in the whole frequency range. The addition of MNP with the volume fraction of
0.377%, 1.171%, and 2.198% results in the permittivity values of 2.18, 2.31, and 2.45, respectively. Thus,
at 1 kHz, these relatively low MNP volume fractions do not increase the o0il’s permittivity to a great
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extent. However, the spectrum of the permittivity is markedly shifted to higher values upon the
application of the magnetic field, as demonstrated in the graphs of Figure 5. This effect is associated
with MNP assembly in the field direction. For the sample of a higher magnetic volume fraction
(2.198%), we do not observe any magneto-dielectric anisotropy, as the permittivity values measured in
the parallel configuration of electric and magnetic field intensities coincide with those measured in
the perpendicular configuration. This behavior is ascribed to measuring capacitor geometry (50 um
electrode separation distance, 25 mm? electrode area) and close packing of the MNP aggregates.
In contrast to the gradient magnetic field in the previous case, in this experiment the magnetic field
in the active sample volume is homogenous. It is believed that even though the MNP chains are
oriented in the magnetic field direction, their relative distances are so close that the lateral or transversal
polarization of the chain assembly in the MNF yields an equivalent dielectric response. A slight
difference in perpendicular and parallel permittivity is observed at the lower magnetic volume fraction
(1.171%). In this case, the slightly higher parallel permittivity is attributed to the prevailing charge
accumulation at the chain terminals (head and tail), which are close to the electrodes. However, for the
lowest MNP volume fraction, the two configurations of the fields give the opposite anisotropic effect.
Clearly, for perpendicular configuration, the permittivity is slightly higher than the one measured
in the parallel configuration. This may reflect in such a structural chain arrangement, in which the
transversal polarization of the chains results in a higher bound charge formation in the capacitor than
with the one associated with the polarization along the chains. This could happen in the thin MNF
sample, with the chains separated from each other enough. Finally, it may be concluded from Figure 5
that the observable permittivity change appears under the action of the 45 mT magnetic field, while
the higher field values do not induce further changes in the permittivity of such a thin MNF sample.

3.3. Viscosity

The TO involved in this study exhibits Newtonian behavior with a dynamic viscosity of 15.7 mPa.
With the dispersed MNPs of magnetic volume fractions 0.377%, 0.807%, 1.171%, 1.678%, and 2.198%,
the viscosity increases to values of 16.53 mPa, 16.76 mPa, 17.3 mPa, 18.31 mPa, and 19.3 mPa, respectively,
(at a temperature of 294 K) and also behaves as a Newtonian fluid. The well-known magneto-viscous
effect is observed in the presence of the external magnetic field. This is presented in the dynamic viscosity
vs. shear rate graphs (flow curves) for the three selected MNF samples in Figure 6.
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Figure 6. The flow curves under the external magnetic field of various magnitudes plotted for the
samples with magnetic volume fractions of 0.377% (a), 1.171% (b), and 2.198% (c).

In Figure 6a, a weak magneto-viscous effect is observed. Even though a quite strong magnetic
field (350 mT) is acting on the low-concentrated MNF, the magneto-viscous effect does not arise
markedly. This is attributed to the low MNP concentration in which the probability of greater MNP
chain formation in the shear flow is low. However, from Figure 6b,c one can see the increasing
magneto-viscous effect with the increasing magnetic field. This phenomenon is associated with the
magnetic and mechanic torques, which hinder the free rotation of MNPs and their chains in the shear
flow. Here, one should realize that the magnetic field is oriented perpendicular to the vorticity of the
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shear flow. The perpendicular orientation of the MNP chains, which are composed of a small fraction
of larger MNPs in the MNF, then leads to an increase in the dynamic viscosity, especially at low shear
rates. However, at higher shear rates, the MNP chains disrupt due to intensive fluid flow and this gives
rise to the observed shear thinning. Thus, the non-Newtonian behavior with a shear-thinning effect
is confirmed for this MNF. The shear-thinning and the magneto-viscous effect become stronger with
increasing magnetic volume fraction. A more detailed description of the mechanism and condition
leading to the magneto-viscous effect may be found in reference [43].

4. Conclusions

The measurements of thermal conductivity of the transformer oil-based magnetic nanofluid
revealed a moderate increase in thermal conductivity with increasing magnetic volume fraction. In the
presence of the external magnetic field, a remarkable anisotropy in thermal conductivity was found.
The apparently strange anisotropy was discussed in consideration of the magnetic field gradient
around the thermal conductivity sensor. The arrangement of the magnetic nanoparticle aggregates
in the magnetic field gradient is a decisive factor determining the local thermal conductivity in the
magnetic nanofluid. Dielectric spectroscopy measurements of the magnetic nanofluid in the thin
sample cell revealed the magnetodielectric anisotropy dependent on the magnetic volume fraction.
The studied nanofluid exhibits non-Newtonian behavior with the remarkable shear thinning in the
external magnetic field. Based on the obtained results one can conclude that the increased thermal
conductivity, low dielectric permittivity, and viscosity make the studied magnetic nanofluid suitable
for further testing in real electrical equipment, such as power transformers.

Thus, the investigated parameters of the magnetic nanofluid depend on the magnetic field and
the related nanoparticle suspension, aggregate state, or morphology within the bulk liquid. However,
the applied experimental methods in this study do not allow one to see the aggregate or agglomeration
morphology. Moreover, the three measurement techniques do not use the equivalent magnetic field
distributions and sample geometry. This limitation complicates the linking of the three parameters
together in a reliable empirical correlation. On the other hand, fitting correlations for these properties
would require further comprehensive investigation at various temperatures. Therefore, the presented
results might challenge other researchers to carry out simultaneous (in situ) measurements of a
particular parameter investigated in this study and the structural properties, e.g., by means of in situ
scattering techniques.
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