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Featured Application: The presented silane-based hybrid binder allows the preparation
of an amorphous magnetic core with improved magnetic and acoustic properties.

Abstract: The ongoing electrification process also requires improvements in the efficiency
of power transmission devices, such as transformers, the main part of which is the magnetic
core. Despite great progress in the development of core material, losses and audible noise
during their operation is still a critical issue to be solved. Currently, a magnetic material
used to produce the transformer core is amorphous steel, which is gaining popularity. Com-
pared to traditionally used grain-oriented silicon electrical steel, a significantly larger num-
ber of very thin amorphous ribbons is needed to produce the core, which is due to the fact
that they are about an order of magnitude thinner, making mechanical stability a challenge.
The presented article describes the preparation of a hybrid binder for amorphous steel
based on the two types of silanes, tetraethyl orthosilicate and 1,2-bis(triethoxysilyl)ethane,
for which their anticorrosive character and good dielectric properties were confirmed.
Using the obtained binders, model toroidal cores were produced and their magnetic and
acoustic properties were tested. The obtained results indicate that the applied silane-based
hybrid binders improved important functional properties by reducing the magnetic no-load
losses and audible noise.

Keywords: silanes; TEOS; BTSE; amorphous steel; magnetic properties; electrical devices;
no-load loss; noise analysis

1. Introduction

The number of electrical devices used in industry and households is increasing year by
year, which causes a continuous increase in the demand for electrical energy [1]. Although
the way electricity is produced is undergoing continuous transformation, a large part of it is
still produced using fossil fuels, so an increase in energy demand may result in an increase in
CO; emission, which, in turn, requires the introduction of regulations. Reducing the carbon
footprint can be achieved in various ways, such as by producing and using renewable
energy, modernizing technology, or investing in CO, capture and storage infrastructure [2].
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Despite the above-mentioned propositions which usually require additional funding, it is
possible to reduce energy consumption by the development and manufacturing of more-
energy-efficient devices which will result in a cost and carbon footprint reduction. Not
only are the end devices important, but each stage of energy production and transmission
should be characterized by low energy losses; hence, the huge interest in increasing the
energy efficiency of distribution transformers has been observed for years. The main part
of the transformer is a ferromagnetic core [3,4]. The first material used for transformer
cores was shaped iron, but, over time, isotropic hot-rolled steel, then anisotropic cold-
rolled grain-oriented steel, and then high-permeability steel came into use. In later stages,
domain-refined steel, microcrystalline steel, nanocrystalline steel, and, finally, amorphous
steel were used [5,6]. Amorphous steel, called also metallic glass, is an amorphous metal
characterized by the fact that its atoms do not have a long-range order. It is received
from melted alloy through solidifying with very rapid cooling, 10° K/s [7,8]. The final
shape of the material is a thin—for example, 25 um—ribbon, which possess outstanding
magnetic properties like a high magnetic permeability and easy magnetization [9,10].
Easier magnetization is the solution for problems observed during core development,
mainly hysteresis losses. Using amorphous steel for core production also allows for a
reduction in the eddy current losses, as this material exhibits high resistivity [11,12]. This
kind of loss is strongly related to the thickness of the magnetic material [8]; therefore,
using a very thin amorphous ribbon strengthens this positive effect. Taking into account
the above benefits, the total amorphous core losses are 70% lower in relation to the core
made of regular grain-oriented steel [13]. Despite such great progress, there are still some
drawbacks when using an amorphous metal ribbon for the transformer core production.
The disadvantage of the amorphous metal ribbon is that it is very thin, easily deformed,
and, thus, prone to the magnetostriction effect. In the presence of the magnetic field,
the magnetic material changes its dimensions and, as a result, starts to deform. A direct
consequence of the frequent deformation of amorphous laminates is an audible sound,
which is 3-5 dB higher for the core made of amorphous steel, in relation to the transformer
core made of the grain-oriented steel [13]. During the fabrication of the amorphous steel,
rapid cooling is mandatory, but this results in quenching stresses. Such stresses can
be reduced by annealing at an elevated temperature [14,15], which is also used for the
magnetization process. Unfortunately, annealing turns the amorphous material into a
brittle form, which makes it more complicated for further processing. The application of
the binder between laminates is a solution for both the aforementioned problems [16] as it
leads to core solidification. Topics related to core solidification and, thus, strengthening it
are known; however, they are presented mostly in patents, and research data in scientific
papers are limited. The problem with the transportation of the annealed amorphous core
can be solved by applying a ceramic coating [17] or resin [18] on the edge of the core. It is
also possible to find patents where the resin was applied directly on the amorphous ribbon,
aiming to receive a substrate covered with insulation material [19,20]. Finally, there are
two patents which present solutions on how to reduce the audible noise of the working
magnetic core. One of them describes the application of a dielectric, high-strength tape on
the columns [21], while, in the second one, an organometallic binder was applied [16]. In
both cases, the applied solutions results in a reduction in the audible noise of the amorphous
magnetic core.

It is worth mentioning the authors’ previous scientific paper, in which the binder
was applied directly on the amorphous metal ribbon, and then the magnetic core was
formed [22]. In that work, we presented polyimide as a binder for the amorphous metal
ribbon, and, in the first step, the quality of the applied layer was confirmed with Confocal
Microscopy and Scanning Electron Microscopy. Moreover, stable dielectric values, an
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anticorrosive character, and good binding properties were confirmed. The last paragraphs
of the paper [22] describe magnetic and acoustic properties, and the most important
conclusion was that the applied solution resulted in a lowering of not only audible noise,
but also magnetic losses.

It was highlighted in [22] that a proper binder should be characterized with a good
wettability of the amorphous metal and should create a solid bond with the substrate.
At the same time, it cannot cause—and it is even expected to prevent—the degradation
of the metallic surface by the corrosion process. The applied layer needs to be dielectric
and be of good quality, free of cracks. In order to avoid cracks, it is worth considering
the value of the coefficient of thermal expansion (CTE), which should be similar to the
substrate, as we highlighted in the authors’ other work [23]. A mismatched binder can
cause additional stress and, as a result, increases the core losses and exciting current. It
can then be observed as a more noticeable magnetostriction effect and amplified noise [21].
Considering the above requirements, we proposed a second type of the hybrid binder
for the amorphous metal ribbon based on alkoxysilanes, namely, on tetraethoxysilane
(TEOS) and 1,2-bis(triethoxysilyl)ethane (BTSE) [23]. The TEOS and BTSE layers were
deposited in a stepwise way, TEOS directly on the metallic glass ribbon, with the BTSE
layer on the top. Adequate TEOS properties are confirmed in the literature, like chemical
and thermal stability [24], a good dielectric constant [25], and a low CTE [26]. Moreover, it
has been proven that TEOS-based silica layers improve the corrosion resistance of various
metallic substrates, like aluminum, steel, copper, and magnesium [27-30]. Despite good
overall properties, layers based on TEOS are rather rigid; therefore, the second type of
the silane was used, namely, BTSE, in order to create a layered hybrid structure. Dral
et al. [26] explained that BTSE possesses higher rotational freedom and more empty volume
in the final layer. Consequently, the BTSE layer is more flexible. The same as TEOS-
based layers, BISE films protect metallic surfaces from corrosion [31,32]. The suitability of
sequential deposition, where the first deposited layer is TEOS and the second is BTSE, has
been confirmed in our other paper [33]. The results of the spectroscopic and rheological
measurements provide information that the TEOS sol reacts faster than BTSE. A faster
hydrolysis of TEOS leads to a high number of reactive hydroxyl groups, ready to couple
with a metallic surface and with hydrolyzed BTSE.

The objective of the work presented here is to complete our previous scientific
work [23], in which it was confirmed that the TEOS-BTSE hybrid layer deposited on
the amorphous metal ribbon is continuous and crack-free. Furthermore, it was observed
that the CTE of the first TEOS-based layer is similar to that of the metallic glass substrate,
suggesting that it should not induce additional mechanical stress. Finally, the binding prop-
erties of the layers were confirmed, which leads us to the conclusion that the alkoxysilane
hybrid binder can successfully consolidate the amorphous metal ribbon during transformer
core production. It is worth noticing that the drying procedure in [23] was enough to
provide layers with good quality and adhesion to the substrate; nevertheless, it was pre-
sented in [33] that the highest applied temperature 200 °C was not sufficient to achieve
a fully condensed TEOS-BTSE layer. Moreover, a more elevated temperature is manda-
tory for the annealing process of the magnetic core; therefore, the current work presents
a technical solution where the final temperature of drying and coupling was set at 320
°C. In the first step, the TEOS-BTSE hybrid layer was deposited on the single sheet of
the amorphous metal ribbon, and corrosion resistance and dielectric measurements were
performed. Subsequently, small toroidal cores were prepared in order to make proof of
concept, one with a silane-based hybrid binder, and one without, as a reference item. As a
final step, the magnetic and acoustic properties of the cores were evaluated. The received
results confirmed that the proposed hybrid binder based on tetraethoxysilane and 1,2-
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bis(triethoxysilyl)ethane allows us to create a stabler magnetic core, with superior magnetic
properties and a significantly lowered audible noise.

2. Materials and Methods
2.1. Amorphous Metal Ribbon

The material used in the study was Metglas 2605HB1M amorphous steel ribbon
(Conway, AR, USA), consisting, by weight, of 1-10% boron, 85-95% iron, and 1-10%
silicon [13], the thickness of which was 25 + 4 pum.

2.2. Preparation and Application of Sol Binders on Amorphous Steel Ribbon

Alkoxysilanes sols were prepared similarly to the procedure presented in [23,33], in
which the first sol was based on TEOS and consisted of 1 mol of tetraethoxysilane (Sigma-
Aldrich, Warszawa, Poland, 98%), 4 moles of water acidified with oxalic acid (0.1 M) (POCH,
Gliwice, Poland), and ethanol added in amount that would achieve solution with 5% SiO,
concentration. All components were stirred for 2 h at room temperature, and then aged
for 24 h before application [34]. The second sol was based on BTSE and it was prepared
by mixing 1 mol of 1,2-Bis(triethoxysilyl)ethane (Sigma-Aldrich, Warszawa, Poland, 96%),
6 moles of water acidified with acetic acid (water: acid 10:1 vol%) (POCH, Gliwice, Poland,
99.5-99.9%), and ethanol added in amount that would achieve solution with 5% SiO,
concentration. All chemicals were stirred for 24 h at room temperature [35,36].

In order to test the corrosion resistance and dielectric properties, the TEOS/BTSE
binder was applied in a stepwise way onto the amorphous metal ribbon by dip-coating
technique, at a dip speed of 60 cm/min in both cases. The immersion time in TEOS was
60 s, while, in BTSE 120 s, whereby the TEOS layer was applied in the first step, and, after
15 min of drying at room temperature, the BTSE layer was deposited and left for another
30 min at room temperature. The curing process was started with drying for 4 h at 40 °C at
a heating rate of 10 °C/min, after which the temperature was increased to 320 °C at the
same heating rate and the samples were kept for 1 h at this temperature. The whole drying
process was conducted in an oven and in an air atmosphere.

2.3. Corrosion Resistance

In order to test the corrosion resistance of the applied layers, the samples were placed in
a climatic chamber MKFT-115 (Binder, Tuttlingen, Germany), at a temperature of 120 °C and
a humidity of 45% RH, which creates a fully saturated environment. Samples measuring
7 x 2 cm were half-coated with binder, dried, and then hung on a stand in the chamber.
The test was performed for 30 days, and the results were evaluated after 15 and 30 days.

2.4. Dielectric Properties

The dielectric properties of the binders were tested in a capacitor-like structure, amor-
phous steel ribbon/binder layer/silver electrode, which was described in the authors’
previous work [23].

A Broadband Dielectric Spectrometer with an Alpha-A High Performance Frequency
Analyzer (Novocontrol Technologies, Montabaur, Germany) was used for the measure-
ments, in which the samples were placed between two copper electrodes and inside a
temperature-controlled sample cell, and the sample location in the device is presented
in [23].

The complex permittivity can be represented by the equation below:

e(f) =¢(f) +e(f) ©)

where:
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£*(f)—complex permittivity [F/m],
¢/ (f)—real part of complex permittivity [F/m],
¢’ (f)—imaginary part of complex permittivity [F/m].
The measurements were performed in the temperature range of 25-100 °C with 25 °C
step, in the frequency range of 1072-10” and at an AC voltage of 3 V.

2.5. Model Toroidal Magnetic Core

In the main part of the research, magnetic cores from a 53 m long amorphous ribbon
were prepared manually, one reference core and one with a hybrid binder applied. The
first step consisted in degreasing the ribbon with acetone-soaked paper to remove surface
impurities. The binder application was started by covering the amorphous ribbon with
TEOS solution using a brush, and, after 15 min, BTSE solution was also applied with a
brush and left for 30 min at room temperature. In the next step, the ribbon was wound
and then dried in the same way as the samples in Section 2.2, in the following sequence:
4h at 40 °C and 1 h at 320 °C. The drying procedure was conducted in an oven and in an
air atmosphere, at a heating rate of 10°/min. All core preparation steps were the same—
amount of ribbon used (53 m each), unwinding, pretreatment with acetone, winding, and
annealing—the only difference being the presence of the binder between the subsequent
turns of the ribbon in one core. Cores prepared in this way were tested for magnetic losses
and audible noise. To investigate only the influence of binder application, the reference
core was heat-treated in a similar way. The final appearance of the cores is presented in
Figure 1.

a) b)

Figure 1. Toroidal magnetic cores: (a) bonded with sols, and (b) reference.

2.6. Magnetic Measurements

To determine the hysteresis loop, remanence By, coercivity H,, saturation values Hs,
Bs, and magnetic losses, the AMH-1M-S Permeameter (Laboratorio Elettrofisico, Nerviano,
Italy) was used. It is an automatic DC and AC measuring system suitable for the evaluation
of soft magnetic strips and metal rings with high resolution. Before the test, a primary
set of Ny turns (drive) must be wound around the sample, and a secondary set of Np
turns (sense) must be applied to detect the magnetic flux. The arrangement of turns on
the toroidal cores were similar to that presented in [23]. The field H(¢) is calculated after
measuring the current in the primary winding I(¢):
H(r) = Nt @

I

where:
H(t)—magnetizing force [A/m],
Npy—number of turns,
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[(t)—current [A],
ly—mean magnetic path length [m].

If the outer diameter of the core D, is not greater than 10% of the inner diameter D;,
the value of /,;, can be calculated using the following equation:

Ly = n@ ©)

In other case, I;, can be calculated as follows:

De_Di

"= (D,/D) @

To measure the current, the voltage across a low-inductance resistance is determined,
and then the magnetic flux @ is calculated after notification level of the voltage V(t) in the
secondary winding:

o= —/V(t)dt 5)
At the end, magnetic induction B is received by the following relationship:
P
B = 6
N A (6)

where A is a cross-section of the core.

2.7. Noise Emission

Sound Pressure Level (SPL) measurements with time-domain recording and frequency
analysis were performed using an SVAN 958 analyzer (Svantek, Warsaw, Poland). The
magnetic core was powered by an AC Power supply PCR 1000 LA (Kikusui, Yokohama,
Japan), and a 4054 oscilloscope (Tektronix, Beaverton, OR, USA) was used to analyze
the quality of the power delivered to the core. The microphone was placed 30 cm above
the object, and the core was placed on a reflecting floor equipped with a vibro-isolating
rubber-cork mat. This approach prevents any parasitic noise from contacting the floor. The
acoustic test setup was the same as presented in the authors’ previous work [23].

3. Results

Corrosion resistance and dielectric measurements were evaluated for a TEOS/BTSE
binder partially deposited on an amorphous steel ribbon, while magnetic measurements
and a noise analysis were performed on a model toroidal core, as shown in Figure 1.

3.1. Corrosion Resistance

In order to conduct thermal aging in an atmosphere saturated with water vapor, an
amorphous steel ribbon coated with a TEOS/BTSE binder, and dried and annealed, was
placed in a climatic chamber. After continuous exposure to atmospheric factors, the samples
were taken out for testing and the results are presented in Figure 2.

It can be seen that, after a week of aging, corrosion has started at several points in
the untreated steel ribbon area, while the binder-coated part remains clean without visible
corrosion. More significant changes can be observed in the case of the sample aged for three
weeks. A clear difference can be seen between the coated areas (unaffected clear surface)
and the untreated areas (large number of corrosion spots). This effect indicates that the
binder used improves the corrosion resistance of the amorphous steel ribbon; hence, both
the service or shelf life of the treated ribbon can be extended, and, as a result, the electrical
device using the bonded ribbon will be more resistant to the corrosion phenomenon.
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Figure 2. Images of samples coated partially with a silane-based hybrid binder before and after
aging in a climatic chamber. The lower half was coated with the binder, while the upper half was
left untreated.

3.2. Dielectric Properties

Samples for dielectric tests were prepared in a similar way to samples for a corrosion
resistance test. A temperature range from 25 °C to 100 °C was selected due to the fact
that electrical devices for indoor applications most often operate in such environmental
conditions. The values of the dielectric constant depending on the frequency of the applied
voltage and the measurement temperature are presented in Figure 3.
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Figure 3. Variation in the real part (') of the dielectric permittivity as a function of frequency at
various temperatures for a sol-based hybrid binder layer.

The dielectric constant shows a decreasing trend for all the investigated temperatures,
and it can observed that the decrease is rapid at lower frequency values and less significant
and constant at higher frequency values. The observed phenomenon, namely, the decrease
in the dielectric constant value with the increase in the applied voltage frequency, is a
typical dielectric behavior commonly found in the literature [37,38].
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The investigated ceramic bonding layer can be considered as a heterogeneous material
that can undergo interfacial polarization according to the Maxwell-Wagner theory, which
indicates that, in the low-frequency region, the movement of charge carriers trapped in the
interfacial region is caused by the inhomogeneous dielectric structure [39]. On the other
hand, at high frequencies, the leading mechanism responsible for the dielectric constant
behavior is the hopping mechanism under the influence of the AC current. The hopping
frequency between ions cannot follow the frequency of the applied electric field; therefore,
the dielectric constant values decrease at a higher frequency [40].

The observed temperature dependence on the dielectric constant can be explained by
the influence of several factors, such as the following:

o the effect of volumetric thermal expansion;

o the effect of temperature on polarizability [41].

From the application point of view in electrification devices, the most important are the
values of the dielectric constant at 50 Hz and 60 Hz. Figure 3 shows that it varies from 6.7 to
6.9 depending on the temperature, so there is no significant influence of temperature. This
behavior can be explained by the fact that the measured coefficient of thermal expansion for
the sol layers is very small [23]. Therefore, the measured values of the dielectric constant
in the selected temperature range make the investigated bonding material suitable for
application as a dielectric separation layer between wound amorphous steel ribbons with
the potential to be used in electrical devices.

3.3. Magnetic Properties

One of the key parameters describing the properties of the magnetic core are its no-load
losses; hence, this parameter was investigated for the tested cores and the measurement
results are shown in Figure 4 for the excitation power supply with a frequency of 50 Hz
and 60 Hz.

@ o7 (b) 0.8
e Reference
06 - e Reference 07 A +
) e Sols core e o e Sols core +
<05 A <06 -
= | 2 L
IS " +
2 0.4 - i 2 0.5 -
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Figure 4. Core losses as a function of operating flux density for toroidal cores: reference and bonded
with silane-based sols. Measurement performed at a frequency of (a) 50 Hz and (b) 60 Hz.

The alternating magnetic flux flowing through the core induces voltage and current
not only in the secondary winding but also in the core itself, resulting in an eddy current.
The eddy current generates a magnetic flux that interrupts the magnetic flux in the core
and it can be generated not only within individual lamination (ribbon), but also in the
core stack as a so-called interlaminar eddy current [8]. Therefore, the use of the developed
bonding material with good dielectric properties can lead to an effective reduction in eddy
current losses.
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The measurement results indicate that, in the case of a magnetic core bonded with
silane sols, the core loss values are significantly lower than for the reference core. At
the saturation level (around 1.5 T), the recorded losses are 23% lower at 50 Hz, while
they are 19% lower at 60 Hz. It can, therefore, be concluded that the application of a
sol-based binder on the surface of an amorphous steel ribbon enables the formation of a
well-defined dielectric layer that not only acts as a bonding material but also efficiently
reduces core losses.

3.4. Noise Emission

The magnetic core under test was placed on a cork mat in the center of the room,
where the background sound pressure level measured with the magnetic core de-energized
(at the magnetic flux 0 T) was about 37 dB. Then, the equivalent continuous sound pressure
levels were evaluated during core excitation from 0.4 T to the saturation flux density at
50 Hz, which is the characteristic operating frequency for distribution transformers. The
same procedure was used to measure the noise of the reference, not the bonded core. The
obtained results are shown in Figure 5.
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Figure 5. Sound pressure levels at 50 Hz operating frequency as a function of flux density measured
for the reference and the sol-bonded core.

It is clearly visible that, in the case of the core bonded with sols, the noise starts to go
beyond the background level for a much higher operating flux density than for the reference
core, 1.4 T compared to 1.25 T, respectively. This means that the reference core starts to be
noisy at a much lower operating load than the core bonded with sols. The observed effect
can be explained by the counteraction of the applied sol-based bonding layers against the
magnetostriction of amorphous steel [16]. Due to the applied bonding, the core vibrations
caused by the magnetic forces between the laminations are being decreased, as a result of
which the core noise also decreases. It is also worth noting that, at a saturation flux of about
1.5 T (saturation), the difference in noise levels between the reference core and the bonded
core is 6 dB, which means that the reference core is twice as noisy as the bonded core.

Additional confirmation of the noise reduction effectiveness due to the applied bond-
ing system is clearly visible in the frequency spectrum of the sound pressure levels in the
range from 100 Hz to 10 kHz, which is presented in Figure 6.
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Figure 6. Frequency spectrum of sound pressure level for the reference core and the core bonded
with sols, for the cores which were excited with a magnetic flux of 1.54 T (saturation), at a frequency
of 50 Hz.

The spectrum shown clearly shows that, in most of the peaks in the frequency domain,
the sound pressure amplitudes for the core bonded with sols are much lower than for the
reference core, which is particularly visible for the frequencies of 400 Hz and 1 kHz, and
harmonic frequencies of 1.1 kHz, 1.2 kHz, etc.

4. Conclusions

The analysis of the obtained results indicates that the main goal of this work,
which was to confirm that the hybrid binder based on tetraethoxysilane and 1,2-
bis(triethoxysilyl)ethane can successfully consolidate the transformer core made of a Met-
glas amorphous steel ribbon, has been achieved. It has been proven that the metal substrate
coated with the hybrid binder has a higher corrosion resistance compared to the raw amor-
phous metal; therefore, the service life of the treated ribbon can be extended. It has been
shown that the dielectric constant of the sol-based hybrid binder layer shows a decreasing
tendency at higher frequencies for all tested temperatures (25, 50, 75, and 100 °C), and, at
the most interesting frequencies, namely, 50 Hz and 60 Hz, the dielectric constant fluctuates
slightly in the range of 6.7-6.9, which indicates no significant influence of temperature.
Furthermore, the results showed that, over the entire operating flux density range (1-1.5 T)
and at both tested frequencies (50 Hz and 60 Hz), the core bonded with a silane-based
binder exhibits significantly lower core losses compared to the unbonded reference core.
At saturation flux (about 1.5 T) and 50 Hz, the bonded core losses are 23% lower than the
reference core losses, while, at 60 Hz, the reduction is 19%. The literature shows that the
interlaminar application of an organic metallic binder results in a core loss reduction of
up to 26% compared to the edge-glued core with the epoxy resin [16]. When the bonding
powder was applied on the edge of the core by plasma-arc spraying, the core loss reduction
was only 11-15% compared to the untreated core [17].

The noise analysis in our study shows that the sol-bonded magnetic core becomes
noisy above 1.4 T, while the reference already exceeds the background sound level at
1.25 T. The difference at the saturation flux (approximately 1.5 T) is 6 dB, which means
that the reference core is two times noisier than the bonded core. In addition, the sound
pressure level in the range from 100 Hz to 10 kHz is generally lower for the sol-bonded
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core compared to the reference core. Kmita at al. showed in [16] that changing the epoxy
binder at the core edge to an organometallic binder between the core laminations reduces
the sound power by 21% at 50 Hz and 1.35 T. Interesting results can be found in [21], where
three types of cores were tested, one in which the laminations were tied around with tape,
the second glued with the epoxy resin on the edge, and the third a reference one without
any bonding. Surprisingly, it can be noted that the reinforcement of the core did not reduce
the audible noise, and, so, in the case of the tape-bonded core, the sound power was slightly
higher than in the case of the reference core, while the core glued with epoxy resin had an
average noise higher by 10 dB.

Taking into account all the above conclusions, it is evident that the proposed hybrid
binder based on the double-layer TEOS/BTSE system can be successfully applied to the
magnetic core made of an amorphous metal ribbon. This is valuable information from
the application point of view, as it opens the possibility of producing a more efficient
transformer core, which is also characterized by a reduced level of emitted audible noise.
It should be emphasized that the applied conditions, such as manual core preparation,
sol application, and drying in an air atmosphere, and being below the Curie temperature
allowed us to conclude that the scaling process of this technology should be successful.
Moreover, the introduction of automated process elements, such as unwinding/winding, as
well as pulling the ribbon through acetone and sol solutions at a well-defined speed, should
provide even better core properties, because the obtained layers will be more uniform.
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