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Highlights

What are the main findings?

e  The final SMC properties can be tuned with the LbL process reagent concentration.
e  The final magnetic permeability can be improved with a sufficient barrier against oxidation.

What are the implications of the main findings?

e  The layer-by-layer process allows the fabrication of effective insulating /binding layers
for SMCs

e  Silica nanoparticle suspensions can create a barrier against the oxidation of the iron
substrate.

Abstract

Soft Magnetic Composites (SMCs)—powdered ferromagnetic materials characterized by
high macroscopic electrical resistivity—constitute an excellent resource for electrical ma-
chines with non-traditional magnetic flux configurations, such as axial flux machines.
Their adoption is currently expanding within the mass production of small components,
particularly in the automotive sector. Consequently, numerous research activities focus
on performance optimization to maximize and harmonize the mechanical, energetic, and
magnetic properties of SMCs. In this context, the layer-by-layer (LbL) chemical deposition
process offers multiple degrees of freedom regarding the types, quantities, and arrange-
ments of materials used to construct insulating and binding layers. This study presents a
specific system comprising a polymer and nanometric silica, investigating the influence of
several process parameters on the overall performance of the final material. The resulting
samples were characterized using a hysteresigraph to determine their magnetization curves,
relative magnetic permeability, and specific losses across different frequencies. Additionally,
mechanical properties were evaluated through transverse rupture strength tests.

Keywords: magnetic materials; electrical machines; layer-by-layer; soft magnetic composites

1. Introduction

Advanced energy management that improves efficiency while preserving the environ-
ment has become a critical focus in recent research [1-5]. In this context, several materials
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play a major role, including magnets [6-9]. Magnets are broadly divided into hard and
soft categories. Innovation in hard magnetic materials focuses on rare-earth-free solutions
based on new alloys or recycled materials [10-15]. Conversely, for soft magnetic materials,
the development path depends closely on the specific application [16,17]; however, to max-
imize energy efficiency, the choice typically lies between additive manufacturing magnetic
materials and soft magnetic composite materials [18-20].

Soft Magnetic Composites (SMCs) are promising materials made of compacted fer-
romagnetic powders whose grains are electrically insulated from each other by means of
thin coating layers. Their main advantage is a dramatic reduction in eddy current losses
compared to bulk materials; as a result, within a specific frequency range, the hysteresis
loop maintains almost the same shape and width. However, this property is achieved at
the cost of a significant reduction in mechanical performance compared to magnetic sheets,
as well as a higher coercivity, which leads to greater losses at low frequencies. The nature
and functionality of the insulating layer play a key role in the final material properties. To
avoid degrading the relative magnetic permeability, the weight percentage of the layer
material must be kept to a minimum. Conversely, ensuring effective electrical insulation
between grains requires sufficient spacing, meaning that the thickness of the coating cannot
fall below a minimum value. Since the layer material also acts as a binder, it strongly influ-
ences the macroscopic mechanical properties. Consequently, a wide variety of technologies
and processes are available for layer fabrication, each offering distinct advantages and
challenges [21].

The most common insulating layer is produced by phosphating and coating ferro-
magnetic powder with phosphoric acid [22-24]. The obtained layer is inorganic, offering
excellent energetic performance but moderate magnetic properties. Another solution in-
volves using an organic layer, typically based on epoxy resins and occasionally phenolic
binders [25-27]. The simplicity and versatility of polymer techniques, combined with a well-
balanced mix of magnetic, energetic, and mechanical properties, render organic-layered
SMCs a promising choice for specific static applications, such as in the telecommunications
sector. However, their lower resistance to the thermal treatment required for relieving
residual mechanical stress after compaction limits the widespread use of these organic
SMCs. Alternatively, other inorganic SMCs employ metal oxides as insulating layers, most
notably various types of ferrites and silica. Ferrite layers are prepared using different
techniques [28-32], and can also exhibit magnetic behavior. Their primary drawback relates
to poor mechanical properties. For silica layers, several coating processes have recently
been investigated [33-38], particularly due to their high electrical resistivity. Although they
offer some advantages, the difficulty of controlling the coating process and their inferior
mechanical properties hinder their widespread adoption. Other metal oxides, such as
aluminum oxide [39,40], provide distinct benefits; however, the high oxidation state of the
ferromagnetic material limits their application. Therefore, achieving an optimal insulating
layer likely requires a combination of inorganic and organic materials to balance the whole
set of characteristics.

The present work focuses on a specific family of systems fabricated via the layer-by-
layer chemical deposition process [41,42]. This technique enables the growth of nanometric
layer stacks composed of both organic and inorganic materials; its application in SMC
processing provides numerous degrees of freedom regarding the nature, thickness, quantity,
and arrangement of the layers.

The systems investigated herein consist of three or five layers containing branched
polyethylenimine (BPEI) as the positively charged solution, and polyacrylic acid (PAA)
and silica as the negatively charged dispersion. Consequently, this architecture can be
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classified as a hybrid system, leveraging both inorganic and organic materials to construct
an insulating coating.

The primary objective of this study is to investigate how the silica weight percentage and
the number of layers influence the resulting magnetic, energetic, and mechanical properties.

2. Materials and Methods
2.1. Materials

The base powder used in all systems investigated in the present work is FeABC 100.30,
supplied by Hogands AB (Hogands, Sweden). This water-atomized iron powder exhibits
a particle size distribution ranging from 45 to 250 um and a purity greater than 99.95%.
Branched polyethylenimine (BPEI, weight-average molecular weight Mw ~ 25,000 Da
by light scattering, number-average molecular weight Mn ~ 10,000 by gel permeation
chromatography, according to the material data sheet), polyacrylic acid (PAA, average
Mw ~ 250,000, 35 wt% in water), colloidal silica (LUDOX® TM-40, SiO,, 40 wt% in water,
produced by Grace, Columbia, MD, USA) and sodium hydroxide (NaOH) were purchased
from Sigma Aldrich (Milwaukee, WI, USA). BPEI was dissolved in deionized (DI) water up
to 1 wt% concentration. Colloidal silica was added, in different concentrations of 2 wt%,
4 wt% and 6 wt%, to a 1 wt% polyacrylic acid solution. All the solutions and dispersions
were prepared using 18.2 M()-cm deionized water (which represents the standard purity
grade typically employed for LbL assembly) supplied by a Q20 Millipore system (Milano,
Italy) and kept under magnetic stirring overnight. The pH of the PAA + SiO, suspensions
(monitored using a pH meter, edge series by HANNA, Woonsocket, RI, USA) was adjusted
with NaOH 8 M to a pH of 9 in order to avoid powder oxidation.

The layer-by-layer deposition method relies on electrostatic interactions between
reagents of opposite electrical polarities. The raw iron powder is immersed in the first
solution for a specified duration and subsequently washed, resulting in the deposition of
the first nanometric layer. The iron powder weight was 100 g, and the solution volume
was 25 mL. This process is then repeated with the second solution to deposit a subsequent
layer on top of the previous one. A polarity inversion occurs at each step: the previously
deposited layer and the subsequent reagent, carrying opposite charges, exert a mutual
attractive force that drives the formation of the new layer. The layer thickness can be
controlled by tuning various parameters, including deposition time, reagent concentration,
and solution pH. These immersion steps can be repeated to achieve the target number of
layers. A scheme representing the process description steps is shown in Figure 1.

l Washing

D 0 Tater

% % I Layer S n layers @ @

%% % - L:v‘;r_ - @@
% @ @ Deposition @ @

Ferromagnetic
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LbL coated
ferromagnetic
Washing powder

Layer by Layer
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Figure 1. Layer-by-layer deposition process on iron powders.
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In the implemented systems, the positive layers consist of branched polyethylenimine
(BPEI), whereas the negative layers contain polyacrylic acid (PAA) and colloidal silica. The
number of layers was also varied from 3 to 5, with both the first and last layers exhibiting
positive polarity (polyethylenimine). The deposition time was fixed at 60 s, and after each
deposition step, powders were washed with DI water.

Following the final washing step, all systems were dried in an oven at 80 °C in air for
two hours.

Finally, the dried powder was cold-compacted at 800 MPa, as illustrated in Figure 2,
in a die, and heat-treated at 180 °C in air for 1 h to form a rigid structure through the
curing of PAA and to obtain the final soft magnetic composite (SMC) material, which
exhibits enhanced magnetic properties and a high macroscopic electrical resistivity due to
the combination of polymer-silica layers.

]
LbL coated
Ferromagnetic Magnetic
powder specimen

Mixing and compression
moulding process

Insulated
ferromagnetic
powder

Figure 2. Compaction of the coated iron powder.

The electrical resistivity values of the samples in this study were not measured directly.
The resistivity trend was qualitatively derived from high-frequency specific loss values,
which are commonly correlated with macroscopic electrical resistivity.

2.2. Implemented Systems

The present work shows the results of six systems showing different coating process
parameters varying the SiO, percentage content in the weight and the number of layers,
which are modifications of the same system, as mentioned before; the system with 3 layers
is indicated as 1.5 bilayers (1.5 BL), and the system with 5 layers is referred to as 2.5 bilayers
(2.5 BL, as show in Table 1:

Table 1. Systems’ composition summary.

Layer Number Positive Negative SiO; wt%
Layer Layer

3 (1.5 bilayers) BPEI PAA + SiO, 2%

3 (1.5 bilayers) BPEI PAA + SiO, 4%
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Table 1. Cont.

Layer Number PEsmve Negative SiO; wt%
ayer Layer

3 (1.5 bilayers) BPEI PAA + SiO; 6%

5 (2.5 bilayers) BPEI PAA + SiO, 2%

5 (2.5 bilayers) BPEI PAA + SiO, 4%

5 (2.5 bilayers) BPEI PAA + SiO, 6%

The dried powders reported in Figure 3 were then compacted into thin bars using a
double-punch molding machine. The final dimensions of the samples were approximately
55 mm x 10 mm x 3 mm. This particular shape meets the dimensional requirements of a
custom-built single-sheet tester (SST), which was used for the magnetic characterization of
the samples and can also be used to perform bending tests to obtain mechanical strength
via a dynamometer.

Figure 3. Coated iron powder after the drying phase.

2.3. Coating Characterization

The growth of the LbL assembly was monitored on a model silicon wafer ((100), single
polished) using a Fourier Transform Infrared (FT-IR) spectrophotometer (16 scans, 4 cm ™!
resolution, Frontier, Perkin Elmer, Shelton, CT, USA) in transmission mode. The silicon
wafer was dipped into the selected polyelectrolyte suspensions up to 2.5 BLs following the
same procedure (in terms of deposition times and layer sequence) used to cover the iron
powder. After each deposition step, the Si wafer was dried, and the IR spectrum of the
deposited layer was collected.

Surface morphology, along with elemental analysis, of uncoated and LbL-coated iron
powders was investigated using a ZEISS EVO 15 (Calr Zeiss Industrielle Messtechnik,
Oberkochen, Germany) Scanning Electron Microscopy (SEM) and an energy-dispersive
spectroscopy (EDS) probe of Oxford Ultim Max (Oxford Instruments, High Wycombe, UK).
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2.4. Magnetic Characterization

The magnetic and energetic properties of the samples were measured at different fre-
quencies from 10 Hz to 1000 Hz and up to 6500 A/m by means of a digitized waveforms
hysteresigraph. Although the measurement method and the flux waveform control were
compliant with the IEC 60404 standards (which generally refer to the magnetic materials
specifications and measurements, while Section 3 [43] relates to single-sheet testers and Sec-

’

tion 6 [44] to AC test methods), the measurements obtained with the single-sheet tester are not
fully compliant, since the standard states that the preferred shape is toroidal [45,46]. However,
the results can be corrected by applying compensation factors previously determined by
comparing thin bars measured with the SST against toroids made of the same material. The
calibration factors were calculated by averaging the results of approximately ten datasets from
various samples, which had been previously prepared and measured using both toroidal and
thin bar geometries. Calibration involved adjusting two instrument parameters: the primary
winding turn number (set to 94 instead of the actual value of 100) and the sample length
(set to 37 mm instead of the nominal value of approximately 55 mm). This sample length
compensation is applied exclusively within the induction calculation formulas, whereas the
actual value is maintained for density calculations. This compensation method ensures high
accuracy at low frequencies for all relevant magnetic and energy parameters.

The high-frequency response is also preserved by utilizing ferrite blocks instead of
magnetic sheets for the closing yokes. The potential saturation of the ferrites is mitigated by
employing blocks with a wide cross-section, ensuring that the entire yoke material remains
far from saturation. The laboratory SST is shown in Figure 4.

Figure 4. Singe-sheet tester with the BPEI/SiO, SMC samples under examination.

2.5. Mechanical Characterization

The mechanical properties are determined via the Transverse Rupture Strength (TRS)
test, a bending test that measures the maximum mechanical strength of perpendicular
specimens under a 3-point bending load. The force is recorded, and TRS is obtained using
the standard formulation, accounting for the sample thickness and width. In Figure 5, the
TRS test is shown after the sample is broken.

Tensile tests were performed by a Zwick-Roell machine (Zwick-Roell BT1-FR100,
ZwickRoell GmbH & Co. KG, Ulm, Germany).
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Figure 5. The TRS test with the BPEI/SiO, SMC sample under examination.

3. Results
3.1. Coating Growth on Model Substrate and Iron Powder

The LbL growth of the BPEI/[PAA + SiO,] was studied up to 2.5 BLs by means of
FT-IR spectroscopy on a model silicon substrate in order to evaluate the growth regime of

the assembly (Figure 6).
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Figure 6. Coating growth on model silicon substrate: IR spectra at different deposited layers (plus
additional magnified range graph) for PAA-SiO, 2% (a), PAA-SiO; 4% (b), PAA-5i0; 6% (c) and

absorbance of the signal at 1100 cm ! vs. number of deposited layers (d).

The spectra of the single components, BPEI, PAA and SiO;, are reported in Figure S1.
BPEI shows a characteristic band at 1570 cm ™!, which is attributed to the NH, bending
vibration and the asymmetric stretching of NH3* groups, while the peak at 1475 cm ™!
is associated with NH bending and the symmetric stretching of NH3* [47]. The bands
observed at 1410 and 1310 cm ™! are assigned to CH, deformation and twisting vibrations,
respectively. In addition, C-N stretching vibrations can be identified in the 1180-1000 cm !
region [48]. At basic pH, polyacrylic acid is almost fully deprotonated, with most of the
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carboxylic acid groups converted into carboxylate ions (-COO™). Consequently, the FT-
IR spectrum shows the characteristic bands assigned to the asymmetric and symmetric
stretching vibrations of the carboxylate groups, at 1560 cm ™! and 1450 cm ™! [49,50]. The
IR spectrum of colloidal silica displays a main characteristic band at 1100 cm~! related to
Si-O-Si vibration [48,51].

When the components were LbL assembled on a silicon wafer, the main signal ascribed
to colloidal silica (1100 cm ™! [52]) is clearly visible and grows proportionally with the num-
ber of PAA /SiO; layers deposited (Figure 6a—c). The presence of the two polyelectrolytes
is highlighted by a band centered at 1560 cm ™!, likely resulting from the main signals of
the PAA and BPEI functional groups.

By plotting the absorbance of the signal at 1100 cm ™! as a function of the number
of layers deposited, a linear growth regime of the assembly is visible (Figure 6d). The
absorbance of the assembly with 4 wt% silica is higher than that with 2 wt% silica. Different
from what was expected, when the silica concentration is 6 wt%, no further increase in
absorbance can be observed. This latter finding indicates that, with the adopted assembly
conditions, the adsorption of silica during the deposition of the PAA /SiO; layer reaches
saturation at 4 wt% SiO;. Indeed, the adsorption of nanoparticles can display a saturation
effect where similar layer growths are observed across different deposition times, thereby
suggesting a threshold above which no further mass accumulation occurs [53].

The coatings were then transferred to iron powder depositing of either 1.5 or 2.5 BL
(i.e., a total of 3 and 5 deposited layers). At such a low number of deposition steps, the
coating produces minimal changes in particle morphology, rendering the particles only
slightly smoother; Figure S2. The presence of the coating is highlighted by EDS analysis,
which reveals the signal of Si with wt% below 0.5%, which corresponds to a total silica
content of approximately 1%wt (Figures 7 and S3). This result is ascribed to the low
number of deposited layers containing silica (i.e., one and two for 1.5 and 2.5 BL samples,
respectively), thereby differing from conventional LbL coatings that typically incorporate
10-20 SiO; layers, inherently yielding higher Si concentration via EDS [54].

Moreover, the higher detection of carbon (C) compared to uncoated ferromagnetic
particles could indicate the presence of a coating. Interestingly, coatings produced with
4 wt% and 6 wt% SiO; yielded similar results, thus confirming the behaviour observed on
the model substrate.

At 5000 x magnification, SEM images reveal differences between uncoated and coated
ferromagnetic particles. The iron shows more regular surfaces, compared to the surface
with softer lines for the proposed systems. Additionally, the iron surface shows very small
points that are gradually covered as the silica percentage increases. Instead, the surfaces of
4 wt% and 6 wt% SiO, exhibit mossy deposits, confirming the presence of the coating.

3.2. Magnetic Properties

Hysteresigraph characterization at different frequencies is useful for separating iron
losses into hysteresis losses (which approximately correspond to the iron losses at the
lowest measured frequency) and dynamic losses (eddy current losses + excess losses).
The maximum magnetic permeability and the induction value at 5000 A /m indicate the
potential suitability of the material for static or rotating electrical machines. Depending on
the final application, permeability values higher than 400 can be suitable for fabricating
a stator iron core. The specific volumetric losses represent a normalization of the losses
against the final density of the samples. Furthermore, the specific energy loss per loop
provides a faster and more legible representation of the losses, enabling a clear comparison
of different materials from an energetic perspective.
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Uncoated

Si0, 2% 2.5BL

Si0, 4% 2.5BL

Si0, 6% 2.5BL

Mag= 500KX

Figure 7. Microstructure analysis at 5000 x and EDS measurements of uncoated and 2.5 BL (SiO; 2%,
4% and 6%) coated iron powder.
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Several phenomena and characteristics influence the material’s final magnetic proper-
ties. The most important are the following;:

- A greater amount of insulating material between the grains reduces the effective
quantity of magnetically active material and lowers the mutual interaction between
powder particles, resulting in reduced permeability and increased coercive field
strength—and, consequently, increased specific losses;

- Degraded insulation—caused by non-uniform coating, potential rupture of the insu-
lating layer during pressing, or non-negligible electrical conduction within the layer—
does not affect magnetic and energy characteristics at lower frequencies (around
50 Hz); however, it negatively impacts specific losses at high frequencies, which
increase exponentially with the material’s volume conductivity;

- Surface oxidation of the particles can occur with low PH, leading to a significant,
sometimes drastic, drop in permeability and a slight increase in coercive field strength.

A first comparison can involve the samples with a 3- and 5-layer deposition. Moreover,
the SMC with the organic insulting layer, with very low epoxy resin content (0.2 wt%),
prepared with traditional mixing and compacted at 800 MPa, is chosen as reference for
comparison. In the following text, it is referred to as the Epoxy SMC reference. This SMC
has a unique layer thicker than LbL nanolayers.

In Figure 8a,b, all proposed systems with 1.5 BL exhibit lower specific losses than
the reference Epoxy SMC material. The lowest losses are obtained with SMC containing
4 wt% silica, and as the silica concentration increases, the iron losses increase. In addi-
tion, considering the density and volume, the lowest values are again obtained for 4 wt%,
but other SMCs with SiO, are very close to the reference one (Figure 8b). Instead, in
Figure 8c, the maximum magnetic permeability is obtained for the specimen with 2 wt%
Si0, (443 @ 20 Hz), and the minimum is observed for 4 wt%. The reference is the second in
order: that SMC with the lowest silica content has a layer thinner than the typical Epoxy
SMC. The decrease in the maximum magnetic permeability in the considered frequency
range is minimal for the system with 4% silica, which reaches 5.3%. The maximum reduc-
tion is observed for the Epoxy SMC reference and LbL SMC with 2 wt% of silica. The same
behaviour is observed for magnetic induction at 5000 A/m (Figure 8d), with the maximum
value observed for SMC with 2 wt% SiO, (1.42 T) and the minimum for 4 wt% (1.38). In
Figure 8e, the lower trend in specific energy loss per loop is observed for SMC with 4 wt%
SiO;. In fact, the coefficient for hysteresis losses (y-intercept) is the second smallest for
SMC with 4 wt% (the first is SMC with 2 wt%) and the lowest slope, which represents eddy
current losses, is obtained for SMC with 4 wt%. Moreover, excess losses are observed for
some proposed SMCs due to slight levelling in some trends, especially for the LbL SMC
with a nanolayer with 4% silica. The lower dynamic losses confirm the lower magnetic
permeability reduction in the considered frequency range.

The same behavior noted for LbL SMC 1.5 BL, related to the specific iron losses, is
maintained for 2.5 BL, as shown in Figure 9a,b. Again, the lowest losses are observed with
SMC containing 4 wt% silica. On the other hand, the magnetic permeability decreases
across almost all systems relative to the Epoxy SMC reference (the maximum value is the
same for the reference and the SMC with 2 wt% SiO,), and the lowest value is obtained
for the LbL SMC with 6 wt% SiO,, as shown in Figure 9c. The minimum reduction for
magnetic permeability is 5.1%, again observed for SMC with 4 wt% of silica. The lower
reduction compared to 1.5 BL is due to the thicker insulating layer, which is able to better
mitigate eddy currents. For magnetic induction of 5000 A /m, the behavior is very similar
to that at the maximum magnetic permeability, only with a smaller difference between the
values (Figure 9d). In the case of specific energy losses, the behavior is the same as in the
case for 1.5 BL systems (Figure 9d).
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Figure 8. Magnetic and energetic comparison as a function of the variation in the SiO, with coating
obtained with 1.5 BL (3 layers): Specific iron loss @1 T as a function of frequency related to weight (a) and
volume (b); maximum relative magnetic permeability as a function of frequency (c); magnetic induction
@ 5000 A/m as a function of frequency (d) and specific energy @ 1 T as a function of frequency (e).
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Figure 9. Magnetic and energetic comparison as a function of the variation in the SiO, with coating
obtained with 2.5 BL (5 layers): Specific iron loss @1 T as a function of frequency related to weight (a) and
volume (b); maximum relative magnetic permeability as a function of frequency (c); magnetic induction
@ 5000 A/m as a function of frequency (d) and specific energy @ 1 T as a function of frequency (e).
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3.3. Mechanical Properties

For mechanical properties (Figure 9), TRS and Young’s modulus (Emod) are considered
for a preliminary analysis; a reference SMC prepared with epoxy resin as binder is also
reported in Table 2. The values obtained were also compared with those of the neat FeABC
powder as supplied by the manufacturer, pressed under identical conditions, for which the
TRS ranged from 25 to 32 MPa. This range is entirely consistent with the measurements
presented here. Thus, by considering the mechanical properties of an epoxy-based SMC
and the variability displayed by the neat uncoated powder, it can be inferred that coatings
investigated in this study have no significant impact on the flexural mechanical properties
of the compacted powder.

Table 2. Mechanical properties’ summary.

Composition Layer Num. TRS Young Modulus
—/MPa /GPa
2% 3 34.7 17.2
4% 3 26.8 15.8
6% 3 31.7 22.7
2% 5 30.9 20.7
4% 5 27.0 18.8
6% 5 35.9 22.6
Ref. Epoxy SMC 1 117.0 52.2

4. Discussion

A detailed comparison between the 1.5 BL and the 2.5 BL systems is discussed hereafter.
From this point of view, some main values are reported in Table 3. The systems with 2.5 BL
show lower permeability and, more or less, the same iron losses. Both systems containing
4 wt% of silica exhibit lower losses than the others, particularly at high frequencies. The
systems with 2 wt% and 6 wt% silica show similar loss levels, regardless of the number of
layers. Conversely, the two 4 wt% silica systems display slightly different losses depending
on the layer count; specifically, the five-layer system exhibits lower high-frequency losses,
suggesting enhanced insulation.

Table 3. Magnetic data summary: the blue values are the best for the considered parameters.

Spec. Wt. Spec. Wt. Spec. Vol. Spec. Vol. Max

Composition ;?’;r Losses Losses Losses Losses Magnetic B (i /3300 Density
) @50 Hz @400 Hz @50 Hz @400 Hz Permeability
/W/kg /W/kg /W/dm? /W /dm3 - /T /Kg/dm?
2% 3 7.85 86.6 56.84 627 443 1.42 7.24
4% 3 7.82 82.0 55.81 585 408 1.38 7.13
6% 3 7.95 88.2 57.16 634 428 1.41 7.19
2% 5 7.76 85.4 56.52 621 437 1.42 7.28
4% 5 7.41 76.1 54.19 557 418 1.41 7.32
6% 5 7.94 87.7 56.98 629 410 1.39 717
Ref. Epoxy SMC 1 8.40 92.6 56.84 627 437 1.42 6.77

Regarding the five-layer systems, both the permeability and the induction at 5000 A /m
follow a specific trend: the 2 wt% system exhibits the highest permeability, the 4 wt% system
ranks intermediate, and the 6 wt% system shows the lowest. In contrast, the three-layer
systems do not follow this trend for either permeability or induction at 5000 A /m; notably,
the 4 wt% system exhibits the lowest value overall.
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It can be hypothesized that a 4 wt% silica content promotes better particle insulation,
thereby reducing high-frequency losses. This hypothesis is supported by the fact that the
4 wt% silica/five-layer configuration yields even lower high-frequency losses than the
4 wt%/three-layer counterpart, despite possessing higher permeability.

Moreover, the density data show high values for 4 wt and 2.5 BL. It is probably
suggested that the coating with 4 wt% silica and five layers is very thin.

In summary, all details indicate that a silica concentration of 4% by weight represents
an optimization of the deposition aspects that yield the greatest benefits for the magnetic
and energetic properties of the final materials.

The comparison with reference SMC materials is almost always in favor, especially
concerning energetic aspects. The lower density of the reference SMC is related to its
0.2 wt% epoxy resin content, indicating a very thick coating (even if the plastic content is
very small), whereas LbL. SMCs show a very thin covering.

5. Conclusions

In this work, it is demonstrated that efficient coating systems can be achieved via the
layer-by-layer deposition technique with different layer numbers and silica concentrations
for applications in soft magnetic materials for electrical machines. The hybrid coatings,
based on the combination of the polymer BPEI and SiO, nanolayers, reduce eddy current
losses and maintain good magnetic properties, especially at 4 wt% SiO,. It is also demon-
strated that increasing silica does not provide additional benefits. The comparison with
reference SMC based on epoxy resin shows better energetic and magnetic properties, but
lower mechanical resistance. The reason is that the epoxy resin, even in small quantities
(0.2 wt%), is a layer thicker than LbL layers. From this point of view, the new layer combina-
tion will be investigated by adding other nanomaterials to improve mechanical properties
or by adding epoxy resin to the last nanolayers at a content less than 0.1 wt%.

6. Patents

Processo per la produzione di materiali magnetici dolci nanorivestiti—Advanced
Nano Insulated Magnetic Materials—Priority number: IT 102021000026681.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/coatings16101148/s1, Figure S1: IR spectra of neat BPEI, pH9 PAA and SiO»;
Figure S2: SEM micrograph of uncoated and LbL-coated iron powder at magnification 1000 x ; Figure S3:
Microstructure analysis at 5000x and EDS measurements of 1.5 BL coated iron powder.
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