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Abstract: In this work, FeSiCr powders were coated with a SiO2 insulation layer for soft magnetic
composites (SMCs) through elemental silicon powder hydrolysis, without using any expensive
precursors. The effects of the reaction temperature and ammonia concentration on the structure and
performance of SMCs were investigated. Through the elemental silicon powder hydrolysis process,
the formation of an FeSiCr–SiO2 core-shell structure effectively reduced the core loss, increased
resistivity, and improved the quality factor of SMCs. SMCs prepared with 0.10 mL/g ammonia
concentration at 50 ◦C exhibited the best combination of properties, with saturation magnetization
Ms = 169.40 emu/g, effective permeability µe = 40.46, resistivity ρ = 7.1 × 106 Ω·cm, quality factor
Q = 57.07 at 1 MHz, and core loss Ps = 493.3 kW/m3 at 50 mT/100 kHz. Compared to the uncoated
sample, SMCs with a SiO2 coating exhibit 23% reduction in Ps, with only 6.6% reduction in µe.
Compared to SMCs fabricated using the traditional sol-gel method, the sample prepared through
hydrolysis of elemental silicon powder has higher permeability and lower core loss. In particular,
this new approach gives an effective coat solution for the mass production of high-temperature-
resistant SMCs.

Keywords: soft magnetic composites; silica insulation coating; hydrolysis method; magnetic properties;
core loss

1. Introduction

Soft magnetic composites (SMCs), also known as magnetic powder cores, are made of
magnetic powders coated with a high-resistivity insulation layer, followed by a conden-
sation process [1–4]. Having both the highly saturated magnetization ability of metallic
materials and excellent insulation characteristics of non-metallic materials, SMCs are an
attractive class of soft magnetic materials [5]. They are expected to be widely applied
in devices and components used in electronic systems, such as inductors, transformers,
motors, etc. [6,7]. At present, electronic devices are developing toward high-saturation
magnetization, high effective permeability, high frequency, and low core loss [8–11], which
requires higher temperature resistance, better corrosion resistance, and a stronger insulation
of magnetic powder cores. Conventional magnetic powder cores include pure iron powder
cores, hi-flux (Fe–Ni) powder cores, FeSiAl powder cores, iron silicon magnetic powder
cores, amorphous nanocrystalline magnetic powder cores, etc. [12]. Among them, FeSiCr
magnetic powder cores are prepared by adding Si and Cr elements to iron powder, as
reported in recent years [13–15]. Introduction of the Si element can increase resistivity and
reduce core loss. The addition of the Cr element can significantly improve the plasticity,
corrosion resistance, and oxidation resistance. Hence, FeSiCr magnetic powder cores have
strong aging resistance at high temperatures [16].
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With the increase in application frequency, the temperature rises and core loss become
significant in SMCs [17,18]. The introduction of an insulation coating on the powder surface
has become necessary in order to increase the resistivity of the metallic powder [19]. As es-
tablished, silica has excellent temperature resistance, high corrosion resistance and electric
resistivity. It is a good material for insulation coating of magnetic powders. Furthermore,
silica coating can enhance the stability and prevent the agglomeration of the powder in
solvents, so it has been widely used in soft magnetic cores in recent years. Hsiang et al. [20]
improved the resistivity and DC bias superposition of FeSiCr powder by coating with an
amorphous silica layer on the powder using the water glass method. Wu et al. [21] fabri-
cated iron-based soft magnetic composites coated with an amorphous SiO2 layer through
the reverse microemulsion method, significantly reducing the core loss of iron-based SMCs.
Luo et al. [22] prepared Fe-6.5wt.%Si@SiO2 SMCs using in situ chemical deposition fol-
lowed by the spark plasma sintering (SPS) process, and investigated the effects of ammonia
concentration on the microstructure and magnetic properties. Cheng et al. [23] prepared
iron particles coated with silica using the sol-gel method, and improved the oxidation
resistance of sample. However, these silica coating methods have some drawbacks such as
being complex processes, requiring harsh reaction conditions, or having a high preparation
cost, which is not preferred for large-scale production in industry. Recently, Lim et al. [24]
prepared a silicon sol with controllable particle size and good mono-dispersity through
elemental silicon hydrolysis. By adjusting the reaction temperature and amount of catalyst,
the size of silica nanoparticles can be controlled [25,26]. Wang et al. [27] used the elemental
silicon hydrolysis coating method for the first time to coat silica and achieve Fe3O4@SiO2
colloidal dispersion. However, the hydrolysis of elemental silicon has not yet been used as
an insulation coating for magnetic powder.

In this work, silica was coated on the surface of FeSiCr soft magnetic powders through
the hydrolysis of silicon powder, using elemental silicon powder as the source and am-
monia as the catalytic agent. The influences of the reaction temperature and ammonia
concentration on magnetic properties of FeSiCr@SiO2 SMCs have been systematically inves-
tigated. The results show that the SMCs insulated by silica nanoparticles have significantly
improved resistivity, core loss, and quality factor. The proposed approach also has the
advantages of being a simple process and having a low cost.

2. Experimental Protocol

The raw FeSiCr powder used in this work was prepared using the water atomiza-
tion method, purchased from Antai Technology Co., Ltd. (Beijing, China). The powder
has the composition of 87.9–89.3 wt.% Fe, 6.0–6.8 wt.% Si, and 4.7–5.3 wt.% Cr, and the
average particle size is 10.3 µm. The elemental silicon powder with the particle size
from 40 to 200 mesh (75–380 µm) was purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. (Shanghai, China), used as the silicon source for the hydrolysis re-
action to obtain SiO2 nanoparticles. PVP (polyvinyl pyrrolidone) was purchased from
Shanghai Bio Science & Technology Co., Ltd. (Shanghai, China), and was used to improve
the binding between the FeSiCr powder and SiO2 nanoparticles. Ammonia hydroxide
(NH4OH, 25–28%) purchased from Guangzhou Chemical Reagent Factory (Guangzhou,
China) was used as catalyst. Typically, 100 g of FeSiCr powder is added to the anhydrous
ethanol solution, with 2 g of PVP (polyvinyl pyrrolidone) dispersed. After stirring at room
temperature for 20 min, the filtration separation is carried out to obtain the surface-modified
FeSiCr powder. A certain concentration of ammonia hydroxide (NH4OH, 25–28%) is added
via pouring and ultrasonic-dispersed in 150 mL of deionized water. Then, 4 g elemental
silicon powder is added into the ammonia solution. The mixture is stirred at a certain
temperature for 3 h, and then the reaction solution passed through 800-mesh (18 µm)
screens to remove excess silicon powder and obtain silica nanoparticle dispersion. The
surface-modified FeSiCr powder was added into the silica nanoparticle dispersion, stirring
at a certain temperature for 3 h. After removing the solvent through filtration, the residue
was dried at 120 ◦C for 40 min and then the FeSiCr magnetic powder coated with silica was
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obtained. The silica-coated powder was dipped into 2 wt.% silicon resin and 1 wt.% epoxy
resin acetone solvent and stirred at room temperature until the acetone solvent evaporated
completely. The resin-coated powder was pressed at 1200 MPa into magnetic ring SMCs
with the dimensions of Φ20 × Φ12 × Φ4.8 mm, and then gradient heating at 180 ◦C for
20 min to cure the resin and obtain the final SMCs. For annealing treatment, the SMCs were
heated at 500 ◦C for 1 h under Ar atmosphere.

The SiO2-coating layers were characterized using Fourier transform infrared spec-
troscopy (FTIR, VERTEX 70, Billerica, MA, USA) to investigate the chemical structure. The
surface morphologies and the element distribution of the powder were observed using
a scanning electron microscope (SEM, FEI Quanta 200, Hillsboro, OR, USA) with energy-
dispersive X-ray spectroscopy (EDS, EDAX Genesis Xm 2, Pleasanton, CA, USA). The
hysteresis curves of the powders were measured at room temperature using a Vibrating
Sample Magnetometer (VSM-3105, East Changing, Beijing, China). The electrical resis-
tivity was measured using a high resistance weak current tester (ST2643, Jingge, Suzhou,
China), with the voltage mode being used for testing, set to 50 V, and the data were
recorded 1 min after starting the test. The core loss, loss angle tangent, and coercive force
were tested with a soft magnetic AC measuring device (MATS-2010SA, Linkjoin, Loudi,
China). An impedance analyzer (Agilent E4990A, Agilent, Kobe, Hyogo, Japan) was used
to measure the permeability µe and quality factor Q of SMCs.

The hydrolytic coating of elemental silicon powder consists of two steps. In the first
step, the surface of FeSiCr powder was pretreated with PVP. PVP was adsorbed on the
surface of the FeSiCr powder for activation, acting as a bridge between the FeSiCr powder
and SiO2 nanoparticles. PVP molecule contains amide groups, which are positively charged
in solution. In the second step, elemental silicon powder reacted with water under the
catalysis of ammonia to generate silica nanoparticles with monodisperse and uniform
size distribution in the solution. Then, the FeSiCr powder was added to the solution
with SiO2 nanoparticles, which have hydroxyl groups on the surface that are negatively
charged in solution. Through the electrostatic adsorption and chemical reaction between
the hydroxyl groups of SiO2 nanoparticles and amide groups of PVP molecules, the SiO2
nanoparticles can be coated on the surface of the FeSiCr magnetic powder. The reaction
temperature will influence the rate of hydrolysis reaction and the generated amount of
silica nanoparticles, while the ammonia concentration will affect the rate of reaction and the
size of silica nanoparticles [25,26], so the experiment analyzes the effect of these parameters.
The schematic diagram of the coating process is shown in Figure 1.
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Preparing the silica nanoparticles through the hydrolysis of elemental silicon powder
is based on the following reaction equations:

Si + 2OH− + H2O→ SiO2−
3 + 2H2 (1)

SiO2−
3 + H2O→ SiO2 + 2OH− (2)

Ammonia plays a catalytic role, and the total reaction equation is:

Si + 2H2O
NH4OH−−−−→ SiO2 + 2H2 (3)

3. Results and Discussion
3.1. Structure Analysis

Figure 2 shows the surface morphology of the FeSiCr raw powder and FeSiCr@SiO2
powder prepared at different reaction temperatures. The surface of the raw powder is
relatively smooth. For the sample prepared at 25 ◦C, particle aggregation can be found on
the powder surface. Because there is no pre-activation process, the reaction proceeds very
slowly so the coating effect is incomplete [25]. For the sample prepared at 40 ◦C, the area
and quantity of particle aggregation increased compared to the sample prepared at 25 ◦C.
For the sample prepared at 50 ◦C, the coating layer is more complete and some aggregation
can be found. For the samples prepared at 60 ◦C and 70 ◦C, aggregation of the coating
layer on the powder surface is more pronounced, and the uniformity of the coating layer is
reduced. The reason is that as the temperature increases, the hydrolysis reaction is more
rapid. The number and size of SiO2 nanoparticles increase, and SiO2 nanoparticles grow
with heterogeneous nucleation [25].
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Figure 2. SEM micrograph of (a) the FeSiCr raw powder and the FeSiCr powder prepared through
the hydrolysis of elemental silicon powder at different reaction temperatures: (b) 25 ◦C, (c) 40 ◦C,
(d) 50 ◦C, (e) 60 ◦C, (f) 70 ◦C.

Figure 3a,b shows the SEM micrograph and EDS (energy-dispersive spectroscopy)
elemental distributions of the FeSiCr raw powder and FeSiCr@SiO2 powder prepared at
50 ◦C, respectively. The main elements of the FeSiCr raw powder are Fe, Si, and Cr. After
SiO2 coating at 50 ◦C, the O element appears on the surface of the powder, indicating that
the SiO2 layer has been successfully coated through the hydrolysis of elemental silicon
powder. The O elements are evenly and completely distributed on the powder surface,
indicating that the generated coating layer is complete and uniform, which is important for
the insulation of the coating layer.
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prepared at 50 ◦C.

To further determine the structure and composition of the coating layer, the cross-
section morphology, Fe, Si, Cr, and O elemental distributions through the mapping and
line-scanning of SMCs are shown in Figure 4. The cross-section mapping scan shows that
the Fe elements (Figure 4b) and Cr elements (Figure 4d) are mainly distributed in the matrix
part of the magnetic powder, while the O elements (Figure 4e) are concentrated around
the powder particles, which indicates that the coating layer on the surface of the FeSiCr
magnetic powder is SiO2. The line-scanning along the yellow line (Figure 4f) crossing the
powder interface indicates that the Si and O elements increase, and the Fe and Cr elements
decrease at the interface of the particles. This further indicates that the material of the
coating layer is SiO2. This coating effect is beneficial to improve insulation between the
magnetic powders.
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Figure 5 shows the FTIR spectra of the FeSiCr raw powder and FeSiCr@SiO2 powder
prepared at 50 ◦C. The broad absorption bands around 3430 cm−1 and 1630 cm−1 are
attributed to the stretching of -OH. The absorption band at 1068 cm−1 corresponds to the
asymmetric vibration peak of the Si–O bond [28], and 466 cm−1 is the bending vibration
peak of the Si–O bond [22,29]. After the coating of the powder, the intensity of the charac-
teristic absorption peak of the Si–O bond is enhanced, further indicating that the coating
layer is SiO2.
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3.2. Effects of Reaction Temperature on Magnetic Properties

The reaction temperature was first optimized for the process and ammonia concen-
tration is set to 0.10 mL/g. Figure 6 and Table 1 show the magnetic properties of SMCs
prepared using the FeSiCr raw powder and FeSiCr@SiO2 powder prepared with reaction
temperatures of 25 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C. The effective permeability µe in the
frequency range from 20 kHz to 5 MHz is shown in Figure 6a. µe can be defined as follows:

µe =
L

2hN2ln(D/d)× 10−10 (4)

where L is the effective self-inductance, h is the height of the sample, N is the number
of cooper wire turns, and D and d are the outer and inner diameters of the samples,
respectively. The µe of the FeSiCr SMCs before and after SiO2 coating have good frequency
stability. Compared with the sample before coating, the introduction of non-magnetic-
phase SiO2 in the coated sample results in a magnetic dilution effect, which decreases the
µe from 40.73 to 33.66. Compared to the samples prepared at 25 ◦C, 40 ◦C, and 50 ◦C, the
µe of the samples prepared at 60 ◦C and 70 ◦C decrease more significantly. The reason is
that the reaction temperature has an important effect on the growth of silica nanoparticles.
When the temperature reaches above 60 ◦C, the reaction is more intense, and more silica
nanoparticles are produced with larger particle size [25]. This leads to a more significant
magnetic dilution effect. This can also be demonstrated by the resistivity of the samples,
as shown in Figure 6d. When the reaction temperature reaches above 60 ◦C, there is
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a significant increase in resistivity of the samples, which also indicates a significant increase
in silica content.
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Table 1. Magnetic properties of SMCs coated by elemental silicon powder through hydrolysis at
different reaction temperatures.

Sample ρ (Ω·cm) µe (1 MHz) Q (1 MHz)
Ps (kW/m3) @ 50 mT

100 kHz 200 kHz

raw 1.5 × 105 40.73 46.70 707.4 1457
25 ◦C 2.0 × 105 40.63 49.89 587.1 1183
40 ◦C 5.0 × 106 40.59 54.09 509.4 1027
50 ◦C 7.1 × 106 40.46 57.06 493.3 987
60 ◦C 4.3 × 107 36.59 52.15 522.1 1052
70 ◦C 4.4 × 107 33.66 51.11 571.1 1154

The quality factor (Q) is a vital parameter for the electric component in the circuit. In
general, the higher the Q value of the powder cores, the lower the rate of energy loss. The
Q of the samples in the frequency range from 20 kHz to 10 MHz is shown in Figure 6b. All
the samples show the same Q tendency of first rising then descending with the increasing
frequency. At 1 MHz, the sample prepared with the FeSiCr raw powder has a low quality
factor of 46.70, but the sample prepared at 50 ◦C has the highest quality factor of 57.07 due
to the reduced core loss.

Figure 6c shows the loss angle tangent of the sample in the frequency range from
20 kHz to 5 MHz. The loss angle tangent is defined as the ratio between the imaginary
part of permeability (µ′ ′) and real part of permeability (µ′), which can be expressed by
Equation (5):

tan δ =
µ′ ′

µ′ (5)
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In Figure 6c, the loss angle tangent of SiO2-coated SMCs is decreased compared to
uncoated SMCs. SMCs prepared at 25 ◦C, 40 ◦C, and 50 ◦C have a similar loss angle tangent.
With the reaction temperature increase to 70 ◦C, the loss angle tangent begins to increase.
Since the loss angle tangent value is also related to the magnetic core loss, the above results
are consistent with the core loss results in Figure 7.
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The core loss is the dissipating part of energy that is converted irreversibly into heat
through the periodic magnetized process. The total core loss (Ps) is mainly determined by
hysteresis loss (Ph), eddy current loss (Pe), and excess loss (Pa), which can be expressed by
Equation (6) [30,31]:

Ps = Ph + Pe + Pa ≈ f
∮

HdB +
CeB2d2 f 2

ρ
+ Ca f 3/2 (6)

where H is the magnetic field, B is the magnetic induction, f is the frequency, Ce and Ca
are the constant, d is the thickness of samples, and ρ is resistivity. Pa is a combination of
relaxation and resonant loss, which are only important at a low induction and very high
frequencies, and can be ignored in power applications [32–34]. It can be separated into
Ph and Pe according to Equation (6). The core loss measured in frequency ranging from
20 kHz to 200 kHz under 50 mT external field and separated Ph, Pe are shown in Figure 7,
and the inset in Figure 7a,b shows the relationship between the core loss tested under
50 mT/100 kHz and the reaction temperature. In Figure 7c,d, it can be seen that hysteresis
loss is the main loss. Compared to the SMCs without SiO2 coating, the eddy current loss of
SMCs coated with SiO2 is significantly reduced, indicating that the SiO2 insulation layer can
isolate magnetic particles and reduce eddy currents between the magnetic particles. With
the introduction of high-resistivity silica coating layer, the resistivity of SMCs increases. The
higher reaction temperature results in a higher resistivity of SMCs, indicating the higher
content of SiO2 in the SMCs. With the increase in reaction temperature, the core loss of
SMCs before and after annealing first decreases and then increases. The core loss of the
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after-annealing SMCs decreased compared to before annealing, except for the raw powder
SMCs. The lowest core loss after annealing was 493.3 kW/m3 at the reaction temperature
of 50 ◦C, with 30% reduction compared to SMCs prepared using the FeSiCr raw powder.
This happened because the sample prepared at 50 ◦C had a complete coating layer. With
the reaction temperature further increased to 60 ◦C and 70 ◦C, the aggregation of SiO2
becomes more serious, which leads to the increased coercivity and thus increased core loss.
As established, in SMCs, SiO2 impurities between the particles and stressed regions act as
the inning sites that can hinder domain wall motion [35,36], which increases the coercivity
and directly increases the hysteresis loss.

Figure 8 shows the magnetic hysteresis curves measured in the range from 18,000 Oe
to 18,000 Oe of the external magnetic field and coercivity of the FeSiCr raw powder
and FeSiCr@SiO2 powder prepared with reaction temperatures from 25 ◦C to 70 ◦C. The
saturation magnetization (Ms) is 169.40 emu/g when the reaction temperature is 50 ◦C,
and the Ms of the FeSiCr raw powder is 173.97 emu/g. The Ms of the FeSiCr magnetic
powder decreases monotonously with the increase in reaction temperature. This is because
as the reaction temperature increases, more SiO2 is produced in SMCs. The introduction of
non-magnetic SiO2 results in a magnetic dilution effect, which causes the decreased Ms.
Figure 8b shows that the coercivity of the FeSiCr powder decreases first and then increases,
consistent with the tendency exhibited by hysteresis loss shown in Figure 7c.
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3.3. Effects of Ammonia Concentration on Magnetic Properties

The effects of ammonia concentration on SMCs were further investigated based on
the optimized reaction temperature of 50 ◦C. The amount of ammonia added ranged from
5 mL to 25 mL, which means that the concentration of ammonia ranged from 0.05 mL/g to
0.25 mL/g. Figure 9 and Table 2 show the magnetic properties of SMCs prepared using
the elemental silicon hydrolysis method with different ammonia concentrations. Figure 9a
shows that the µe of FeSiCr SMCs has good frequency stability. With the increase in
ammonia concentration, µe decreased from 40.55 to 35.50. This is because the increase in
ammonia concentration promotes the reaction of the amide group with the hydroxyl group,
leading to an increase in the non-magnetic phase and magnetic dilution effect. This can
also be understood for the variation of the resistivity in Figure 9d. With the increase in
ammonia concentration, the resistivity of the sample increased gradually, indicating the
increase in the silica content within the sample.

The Q values of the samples are shown in Figure 9b, and all the samples had the same
Q tendency of first increasing then decreasing with the increase in frequency. At 1 MHz, the
sample with an ammonia concentration of 0.10 mL/g had the highest quality factor of 57.07.
Figure 9c shows the loss angle tangent of the samples coated through hydrolysis, with the
ammonia concentrations varying from 0.01 mL/g to 0.25 mL/g in the frequency range from
20 kHz to 5 MHz. With the ammonia concentration increase, the loss angle tangent first
decreases and then increases, reaching a minimum at 0.10 mL/g ammonia concentration.
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Table 2. Magnetic properties of SMCs coated with elemental silicon powder hydrolysis at different
ammonia concentrations.

Sample ρ (Ω·cm) µe (1 MHz) Q (1 MHz)
Ps (kW/m3) @ 50 mT

100 kHz 200 kHz

0.05 mL/g 5.6 × 106 40.55 53.71 538.8 1091
0.10 mL/g 7.1 × 106 40.46 57.06 493.3 987
0.15 mL/g 9.0 × 106 39.45 54.58 501.2 1013
0.20 mL/g 1.4 × 107 37.10 52.38 546.7 1102
0.25 mL/g 1.5 × 107 35.50 49.57 587.8 1190

The core loss and separated Ph, Pe are shown in Figure 10. In Figure 10c,d, it can
be seen that hysteresis loss is the main loss. With the introduction of the silica coating
layer, the resistivity of SMCs increases, which results in the reduction in core loss, and
the core loss of the after-annealing SMCs decreases compared to before annealing due
to the release of internal stresses during the annealing process. On the other hand, the
Figure 10a,b inset shows that the core loss at 50 mT/100 kHz first decreases and then
increases, reaching a minimum of 493.3 kW/m3 at 0.10 mL/g ammonia concentration after
annealing. The result is also consistent with the tendency of loss angle tangent, shown
in Figure 9c. The increase in ammonia concentration can increase the hydrolysis rate and
yield of silica, which leads to the decrease in core loss. However, with the further increase
in ammonia concentration, the rapid hydrolysis rate results in secondary nucleation, which
may influence the size of the silica nanoparticles and the coating effect [25].
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Figure 10. Core loss of SMCs coated by elemental silicon powder hydrolysis at different ammonia
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Figure 11 shows the magnetic hysteresis curves and coercivity of the FeSiCr@SiO2
powder with different ammonia concentrations. The Ms value is 169.40 emu/g when the
ammonia concentration is 0.10 mL/g. The Ms of the FeSiCr magnetic powder decreases
monotonously with the increase in ammonia concentration due to the magnetic dilution
effect. Figure 11b shows that the coercivity of the FeSiCr powder decreases first and then
increases, consistent with the tendency exhibited by hysteresis loss shown in Figure 10c.
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3.4. Comparison of Magnetic Performance

Based on the above results, for the preparation of FeSiCr@SiO2 SMCs using the ele-
mental silicon powder hydrolysis method, the optimal reaction temperature and ammonia
concentration are 50 ◦C and 0.10 mL/g, respectively. Through this process, SMCs with an ef-
fective permeability of µe = 40.46 and magnetic core loss of 493.3 kW/m3 (50 mT/100 kHz)
were obtained. Table 3 compares the magnetic properties of FeSiCr@SiO2 SMCs obtained in
this work and those fabricated using the traditional sol-gel method. The FeSiCr@SiO2 SMCs
fabricated using the sol-gel method were prepared by the author. It is clear that the sample
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prepared through the hydrolysis of elemental silicon powder has higher permeability and
lower core loss, which indicates that the advantages of our new approach are that it can
prepare a thinner and more uniform silica coating layer. However, slightly lower resistivity
and quality factor are also obtained in our samples. For conventional sol-gel-prepared
SMCs, the high resistivity implies that more SiO2 is coated on the powder, which leads to
the reduction in magnetic permeability. The thicker coating layer can also limit the eddy
current loss at a high frequency between the particles, so the quality factor is slightly higher.
Compared with the traditional sol-gel method, the coating layer prepared through the
hydrolysis of elemental silicon powder is thinner, so its application under high-frequency
conditions may be limited, but it has a higher permeability and lower core loss.

Table 3. Permeability, resistivity, and special point core loss and quality factor of SMCs coated using
the sol-gel method and elemental silicon powder hydrolysis method.

Sample ρ (Ω·cm) µe (1 MHz) Q (1 MHz)
Ps (kW/m3) @ 50 mT

100 kHz 200 kHz 300 kHz

Sol-gel 8.3 × 107 33.96 60.07 648.2 1270 2022
This work 7.1 × 106 40.46 57.07 493.3 987 1650

Figure 12 gives the permeability and core loss of the FeSiCr SMCs fabricated in this
work and traditional sol-gel method, and other reported FeSiCr-based SMCs. The FeSiCr
SMC prepared through elemental silicon powder hydrolysis coating exhibits a lower mag-
netic loss and higher µe. It is worthy of note that compared with the traditional SiO2 coating
method, this method just needs elemental silicon as the raw material, and no expensive
precursor such as TMOS, TEOS, or TPOS is required, so it is more economical [24,25].
In addition, the traditional sol-gel method with either complex processing steps [23,37,38]
or long reaction time (up to tens of hours) [39,40] is not conducive to batch production.
Hence, this work shows prospect in mass production of high-temperature-resistant silica-
coated SMCs with a simplified process and low processing cost, which maybe applied to
mass production industries such as mobile phones, automobiles, etc.
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4. Conclusions

FeSiCr soft magnetic composites (SMCs) with a SiO2 insulation layer were prepared
through the hydrolysis of elemental silicon powder. The insulation layer effectively opti-
mized the core loss, resistivity and quality factor Q, of the SMCs. The samples prepared
with a 0.10 mL/g ammonia concentration at 50 ◦C exhibited the best combination of mag-
netic property performance, with saturation magnetization Ms = 169.40 emu/g, effective
permeability µe = 40.46, resistivity ρ = 7.1 × 106 Ω·cm, quality factor Q = 57.07 at 1 MHz,
and core loss Ps = 493.3 kW/m3 at 50 mT/100 kHz. Compared to traditional SiO2 coating
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methods, this approach of coating SiO2 through elemental silicon powder hydrolysis can re-
duce the cost and simplify the process, producing a viable solution for the mass production
of high-temperature-resistant SMCs.
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30. Olekšáková, D.; Kollár, P.; Jakubčin, M.; Füzer, J.; Tkáč, M.; Slovenský, P.; Bureš, R.; Fáberová, M. Energy loss separation in
NiFeMo compacts with smoothed powders according to Landgraf’s and Bertotti’s theories. J. Mater. Sci. 2021, 56, 12835–12844.
[CrossRef]
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