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Abstract: In this study, we utilized MgO as an insulating buffer layer to enhance the thermal stability
and soft magnetic properties of Fe-Ni soft magnetic composites (SMCs) and investigated the effect of
high-temperature heat treatment on those soft magnetic properties. By employing the sol-gel process,
a uniform MgO insulating layer with a thickness of 600 nm was coated onto Fe-Ni magnetic powder.
Subsequently, high-density SMCs were fabricated through high-pressure compaction molding. The
MgO layer remained intact up to 800 ◦C, leading to the FeNi@MgO@MK SMCs exhibiting enhanced
permeability and reduced hysteresis loss due to grain enlargement and elimination of defects, such as
dislocation stacking. Notably, the dynamic loss increase after high-temperature heat treatment was
significantly regulated compared to the case of the uncoated counterpart. The results underscore the
potential to improve the thermal stability and soft magnetic properties of MgO-coated Fe-Ni SMCs,
rendering them suitable for various electromagnetic applications.
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1. Introduction

Soft magnetic composites (SMCs) are formed by applying organic, inorganic, or hybrid
organic-inorganic coatings to soft magnetic metal powders, followed by compression
molding; this process is advantageous in controlling eddy current loss by forming an
insulating layer between powders [1–6]. When a current is generated in the core, heat is
generated, and the eddy current loss can be prevented by this insulating layer, thereby
reducing core loss. For this reason, SMCs are widely used in high-frequency electromagnetic
applications [7,8]. One major application of SMCs is inductors, which are manufactured by
winding copper wire around various shaped cores made of soft magnetic powder; SMCs
have greatly increased their application area, as the demand for electrical operations has
increased. Recently, miniaturization and high efficiency have been required to apply SMCs
to large-current power converters, especially for electric vehicles [9,10]. High saturation
magnetization, high magnetic permeability, and low core loss are required, and interest in
SMCs with these characteristics is increasing [11].

Fe-Ni alloy is an excellent magnetic material with low coercive force, high magnetic
permeability, and low inherent thermal expansion coefficient; it has been used in various
industrial applications for over 100 years [1,7]. In addition, SMCs made of Fe-Ni have
excellent magnetic properties such as high magnetic permeability, low magnetic anisotropy,
almost zero magnetostriction, and low core loss [7,12,13]. Due to these excellent properties,
SMCs based on Fe-Ni powders are considered excellently suited materials for high efficiency
and performance inductor cores.
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However, recently, concerns have been raised about efficiency improvements and
weight reduction of power conversion systems for future electric mobility, and improving
the soft magnetic properties of Fe-Ni SMCs is seen as necessary. One possible method
for improving the soft magnetic properties of SMCs is to apply high-temperature heat
treatment. Through this, the grains inside of powders can be enlarged, and defects in-
cluding dislocation stacking and grain boundaries can be effectively removed. Coer-
civity, which is inversely proportional to the grain size, can be reduced through high-
temperature heat treatment; this heat treatment leads to decreased hysteresis loss and
increased permeability [1,14].

However, when a high-temperature heat treatment is applied to an existing insulating
coating, the insulating layer is dissolved between the powders, and the insulating properties
are lost [14]. Therefore, it is important to select an insulating material that can withstand
high temperatures. When metal powder is coated using conventional materials, including
Al2O3, PO4, SiO2, ZrO2, etc., the insulating layer dissolves into the metallic powders when
the heat treatment temperature exceeds 700 ◦C; eventually, the insulating layer cannot be
maintained on the powder surface and is destroyed [4,15–20].

In this work, magnesium oxide (MgO), which has excellent thermal stability, was
selected as a candidate to design an optimized insulating layer that can be maintained at
high temperatures [21,22]. Several key material properties were considered in the selection
of MgO. When selecting the insulating layer, mixing enthalpy, oxide formation energy,
melting point, and coating method were considered key factors. It is important to consider
the mixing enthalpy (∆Hmix in kJ/mol) between Fe and Ni and Mg elements. As is well
known, positive mixing enthalpy values between Fe and Ni and metal elements can be
regarded as an indicator that the formation of solid solution alloys between the elements
will be prevented [23]. If there is a negative mixing enthalpy value, there is the possibility
that metal elements of Fe-Ni and Fe-Ni surfaces will not exist in their respective states
but dissolve in solid solution or form intermetallic compounds. The mixing enthalpy
of Mg and Fe is +18 kJ/mol; the mixing enthalpy of Mg and Ni is −4 kJ/mol [24,25].
Although the enthalpy of mixing of Ni and Mg is negative, it is not very low, so the
dissolution of MgO into Fe-Ni powder at a high temperature is expected to be negligibly
small. It is also essential to use an element with high oxide formation energy, ∆G◦ (kJ/mol),
which can oxidize before elemental Fe or Ni when exposed to an oxidizing atmosphere.
By using elements that meet these conditions, the oxidation inhibition and insulation
deterioration characteristics of Fe and Ni elements can be prevented when high-temperature
heat treatment is applied. For elemental Fe, ∆G◦ is calculated at approximately −420, −410,
and −400 kJ/mol at temperatures of 800 ◦C, 900 ◦C, and 1000 ◦C. For elemental Ni, ∆G◦

is calculated at approximately −220, −210, and −190 kJ/mol at temperatures of 800 ◦C,
900 ◦C, and 1000 ◦C. For elemental Mg, ∆G◦ is calculated at approximately −990 kJ/mol at
the temperature of 1000 ◦C [26,27]. Since ∆G◦ is much lower for elemental Mg, MgO is a
fairly good candidate for the insulating layer. In addition, MgO has a high melting point of
2852 ◦C, confirming that it will maintain its solid state even at high temperature annealing
above 1000 ◦C. Therefore, it can be seen that the insulating layer is less likely to diffuse into
the powders during heat treatment. A related study reported that an MgO insulating layer
is a suitable material for reducing eddy current loss due to its higher resistivity and higher
thermal resistance at high temperatures than those qualities of a PO4 insulating layer [28].
However, the effect of MgO on the magnetic properties at high temperatures above 800 ◦C
has rarely been reported on, especially for Fe-Ni-based SMCs [29].

Therefore, MgO was selected as insulation material for the fabrication of Fe-Ni SMCs,
and the effect of high-temperature heat treatment on the soft magnetic properties of
FeNi@MgO SMCs were investigated in this work. In particular, the MgO insulation
layer was coated on Fe-Ni powder using a sol-gel process that is advantageous for uniform
and homogeneous coating [29]. An MgO insulating layer was successfully and uniformly
coated on the Fe-Ni magnetic powder, and high-density SMCs were successfully fabricated
through high-pressure compaction molding. Microstructure and soft magnetic properties,
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including magnetic permeability, core loss, and DC-Bias, were determined, and the effect
of heat treatment temperature on these properties was thoroughly evaluated.

2. Experimental Section
2.1. Materials

The Fe54Ni46 powder used in the experiment was manufactured by Poongsan (Chang-
won, Republic of Korea). Cetyltrimethylammonium bromide (C19H42BrN, ≥ 95%) was
purchased from MilliporeSigma (Burlington, MA, USA). Absolute ethyl alcohol (C2H5OH,
99.9%), ammonium hydroxide (NH4OH, 25%) and magnesium chloride hexahydrate
(Cl2H12MgO6, 98%) were purchased from Samchun Chemicals (Seoul, Republic of Ko-
rea). High purity deionized (DI) water was used throughout the experiment.

2.2. Fabrication of FeNi@MgO SMCs

Figure 1 is a flow diagram of the preparation process of FeNi@MgO by sol-gel method.
The detailed experimental procedures are described below. Fe-Ni powder (50 g) was
dispersed in cetyltrimethylammonium bromide (CTAB) and H2O for 10 min, washed
5 times with EtOH, and stirred at 400 rpm for 4 h at 60 ◦C in 1.5 M of MgCl2 solution and
60 mL of NH4OH. After that, it was washed 5 times with EtOH and dried in vacuum at
70 ◦C. The dried powder was annealed at 500 ◦C for 4 h in an argon atmosphere. As a
result, MgO was uniformly coated on the Fe-Ni powder, and binders and additives were
mixed with the FeNi@MgO powder. The prepared FeNi@MgO powder was compressed
at a pressure of 1.9 GPa and air-cooled at 700 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C in an argon
atmosphere for 1 h.
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Figure 1. Schematic illustration of synthetic process to produce MgO layer on surface of Fe-Ni powder.

2.3. Characterization

The obtained morphological features were characterized by field emission scanning
electron microscopy (FE-SEM, MIRA3 LM, TESCAN, Brno, Czech Republic). In addition,
energy dispersive X-ray spectroscopy (EDS, MIRA3 LM, TESCAN, Brno, Czech Republic)
was used for elemental analysis and chemical characterization of the sample. For the SMC
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test, FeNi@MgO SMCs with copper wire with 31 turns of both primary and secondary
windings were used. Core loss of FeNi@MgO SMCs was measured at frequencies ranging
from 10 kHz to 200 kHz using an AC B-H analyzer (SY-8219, IWATSU ELECTRIC, Tokyo,
Japan). Permeability and DC-Bias characteristics of FeNi@MgO SMCs were measured
using an LCR meter (3260B, WAYNE KERR Electronics, Bognor Regis, UK) in the range of
0 kHz to 200 kHz; and DC-Bias characteristics were measured at a frequency of 50 kHz.

3. Results and Discussion

The process of coating MgO on Fe-Ni powder and the process of manufacturing a
toroidal core by molding the coated powder are schematically shown in Figure 1. Crys-
talline MgO as the first insulating layer was uniformly formed on the surface of the Fe-Ni
powder through sol-gel method. Then, metakaolin, an additive to reinforce the insulation
properties of SMCs, was coated on top of the FeNi@MgO powder with a water glass
binder. There are various coating methods for insulation coating, but the sol-gel coating
method, a method of forming a uniform and continuous insulating layer, was applied in
this work [28,29]. CTAB was used as a surfactant; it made the powder surface negatively
charged, facilitating the MgO coating process. A thin and soft MgO layer was formed based
on a chemical reaction using MgCl2 and NH4OH as precursors [30]. After forming a uni-
form crystalline MgO insulating layer on Fe-Ni powder, metakaolin and binder were added
to the powder and water blend, and it was dried. Finally, a toroidal core was fabricated
through the powder compaction route; it was heat-treated at various temperatures.

For characterization of the MgO insulating layer, surface and cross-sectional SEM
analyses were performed on the FeNi@MgO powders. Figure 2a shows a surface SEM
image of Fe-Ni powders uniformly coated with a crystalline MgO layer. From the EDS
mapping results in Figure 2b,d, it can be seen that Mg and O elements were homogeneously
distributed along the powder surfaces, and the entire surface of the powder was covered
with a layer composed of clusters of nano-sized MgO particles. Looking at the cross-
sectional SEM images in Figure 2c, a thin and relatively smooth surface of the MgO
insulation layer can be observed; this is attributed to the sol-gel-based coating process. The
thickness of the MgO insulation layer was estimated at approximately 600 nm from the
SEM images. Figure 2 confirms that a thin and uniform MgO insulating layer was formed
on the surface of the spherical Fe-Ni powder through the sol-gel process.

Figure 3 shows photographs of the toroidal SMCs prepared by mold compaction of
FeNi@MgO powders followed by heat treatment at temperatures of 700–850 ◦C for 1 h.
The outer diameter was 26.9 mm, the inner diameter was 14.8 mm, and the height was
approximately 5.5 mm. The photographs of the cores show no significant differences in
their appearance or noticeable damage to the core, even after heat treatment at temperatures
up to 850 ◦C.

A cross-sectional SEM images of the toroidal core is presented in Figure 4. First, the
MgO insulating layer is obviously uniformly coated on the surface of the Fe-Ni powder at
700 ◦C. When the heat treatment temperature was 850 ◦C, the MgO coating layer diffused
into the Fe-Ni magnetic powder and the coating layer partially disappeared. In the EDS
mapping results, Mg and O are clear at heat treatment temperatures up to 800 ◦C, but Mg
and O become very faint at 850 ◦C, clearly confirming that diffusion of the MgO insulating
layer has progressed. According to the SEM and EDS image results in Figure 4, the MgO
insulating layer can withstand a high temperature of up to 800 ◦C. The cross-sectional
photograph in Figure 4 shows that the MgO insulating layer is most uniformly coated on
the surface of Fe-Ni powder at 700 ◦C and, while it can withstand a high temperature of
800 ◦C, diffusion of the insulating layer into powders is observed at 850 ◦C.
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Various tests were conducted to evaluate the soft magnetic properties of FeNi@MgO
SMCs. Figure 5 shows the effective permeability, DC-Bias characteristics, and core loss
of FeNi@MK SMCs and FeNi@MgO@MK SMCs annealed at temperatures of 700–850 ◦C.
Figure 5a,b show graphs of effective permeability (µe) of Fe-Ni SMCs according to the
frequency [31]. First, Figure 5a shows the graph of µe of FeNi@MK SMCs according to
the frequency. Relatively good frequency stability was shown up to 200 kHz. At 100 kHz,
the µe values were 55.75, 58.22, 59.35, and 30.15 at 700 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C,
respectively. As the heat treatment temperature increased, the permeability tended to
increase up to 800 ◦C, but a remarkably low value appeared at the annealing temperature
of 850 ◦C. The increase in magnetic permeability with annealing temperature may be due to
reduced coercive force and easier alignment of magnetic moments due to grain growth and
elimination of defects such as dislocation stacking. The core annealed at 850 ◦C exhibits a
notable decline in µe, primarily resulting from a rapid decrease in µe at high frequencies
(100 kHz) due to the generated eddy currents. This occurrence can be attributed to the
disappearance of the insulating layer, which dissolved into the powders during the high-
temperature annealing process. Figure 5b shows the graph of µe of FeNi@MgO@MK SMCs
according to the frequency. At 100 kHz, when the heat treatment temperatures were 700 ◦C,
750 ◦C, 800 ◦C, and 850 ◦C, the µe values were 56.87, 58.43, 65.18, and 65.60, respectively. µe
of the FeNi@MgO@MK SMCs prepared by the sol-gel method tended to increase as the heat
treatment temperature increased. Compared to the magnetic permeability of FeNi@MK
SMCs, higher magnetic permeability was observed for FeNi@MgO@MK SMCs, especially
at an annealing temperature of 800 ◦C or higher. The magnetic permeability of FeNi@MK
and FeNi@MgO@MK SMCs was measured at different heat treatment temperatures and
frequencies, and FeNi@MgO@MK SMCs showed higher permeability at 800 ◦C or higher.



Metals 2023, 13, 1383 7 of 13

Metals 2023, 13, x FOR PEER REVIEW 7 of 13 
 

 

temperature annealing process. Figure 5b shows the graph of μe of FeNi@MgO@MK SMCs 
according to the frequency. At 100 kHz, when the heat treatment temperatures were 700 
°C, 750 °C, 800 °C, and 850 °C, the μe values were 56.87, 58.43, 65.18, and 65.60, respec-
tively. μe of the FeNi@MgO@MK SMCs prepared by the sol-gel method tended to increase 
as the heat treatment temperature increased. Compared to the magnetic permeability of 
FeNi@MK SMCs, higher magnetic permeability was observed for FeNi@MgO@MK SMCs, 
especially at an annealing temperature of 800 °C or higher. The magnetic permeability of 
FeNi@MK and FeNi@MgO@MK SMCs was measured at different heat treatment temper-
atures and frequencies, and FeNi@MgO@MK SMCs showed higher permeability at 800 °C 
or higher. 

 
Figure 5. The frequency dependence of effective permeability (a,b), DC-Bias characteristics (c,d), 
and core loss (e,f) for FeNi@MK and FeNi@MgO@MK cores. 

Figure 5c shows the graph of DC-Bias according to the applied field of FeNi@MK 
SMCs. DC-Bias performance is an essential performance indicator of a material’s ability 
to maintain its magnetic permeability in a DC-Bias field. The change of DC-Bias was op-
posite to the change trend of magnetic permeability [32]. Soft magnetic composites (SMCs) 

Figure 5. The frequency dependence of effective permeability (a,b), DC-Bias characteristics (c,d), and
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Figure 5c shows the graph of DC-Bias according to the applied field of FeNi@MK
SMCs. DC-Bias performance is an essential performance indicator of a material’s ability
to maintain its magnetic permeability in a DC-Bias field. The change of DC-Bias was
opposite to the change trend of magnetic permeability [32]. Soft magnetic composites
(SMCs) featuring high permeability levels saturate more readily when exposed to lower
magnitude currents, given that they affect DC-Bias performance, a property that is inversely
proportional to the effective permeability of the core [33,34]. When a magnetic field of
50 kHz and 100 Oe was applied, the values were 83.74, 83.49, 79.68, and 75.60 at 700 ◦C,
750 ◦C, 800 ◦C, and 850 ◦C, respectively. As the heat treatment temperature increased,
the DC-Bias characteristics tended to decrease. Figure 5d shows the graph of DC-Bias
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characteristics of FeNi@MgO@MK SMCs according to the applied field. When a magnetic
field of 100 Oe was applied, the values were 81.48, 80.99, 74.23, and 73.82 at 700 ◦C, 750 ◦C,
800 ◦C, and 850 ◦C, respectively. As the heat treatment temperature increased, the DC-Bias
characteristics tended to decrease. This is because the magnetic permeability increased as
the heat treatment temperature increased, resulting in a decrease in DC-Bias characteristics.
The DC-Bias performance of FeNi@MK and FeNi@MgO@MK SMCs decreased as the heat
treatment temperature increased, as shown by the opposite trend of DC-Bias characteristics
to magnetic permeability, indicating that SMCs with higher permeability saturate more
easily at lower currents.

Figure 5e,f show graphs of core loss (Pcv) of FeNi@MK SMCs and FeNi@MgO@MK
SMCs annealed at temperatures of 700–850 ◦C according to frequency. Pcv was observed to
increase with frequency in all samples, but the rate of increase was different. First, Figure 5e
shows the graph of core loss (Pcv) of FeNi@MK SMCs according to the frequency. Under the
conditions of f = 50 kHz and Bm = 50 mT, the core loss (Pcv) was 87.826, 98.007, 861.39, and
3790.2 mW/cc when the heat treatment temperature was 700 ◦C, 750 ◦C, 800 ◦C, and 850 ◦C,
respectively. In the case of FeNi@MK SMCs, it can be seen that the core loss increases as the
heat treatment temperature increases. In particular, it can be confirmed that the core loss
value greatly increased when heat treatment was performed at 800 ◦C or higher. Figure 5f
shows the graph of core loss (Pcv) of FeNi@MgO@MK SMCs according to the frequency.
Core loss (Pcv) was 87.056, 97.647, 140.93, and 419.14 mW/cc at 700 ◦C, 750 ◦C, 800 ◦C,
and 850 ◦C at f = 50 kHz and Bm = 50 mT, respectively. In the case of SMCs with MgO
coating applied, it can be seen that the loss increase after high temperature heat treatment
is significantly regulated when compared to SMCs without application of MgO coating. In
the case of FeNi@MgO@MK SMCs, it can be confirmed that the core loss increases only
after heat treatment at 800 ◦C and higher. In particular, in the case of the core subjected
to heat treatment at a temperature of 850 ◦C, it can be seen that the MgO insulating layer
has begun to be destroyed, seeing that the core loss has increased rapidly. When compared
with the result of Figure 5e, it can be seen that when the MgO insulating coating is applied,
it is effective in reducing core loss at high temperatures due to the MgO buffer layer. The
graphs in Figure 5 show that the core loss (Pcv) increases with frequency in all samples,
but the rate of increase differs, and the MgO insulating layer applied in FeNi@MgO@MK
SMCs is effective in reducing core loss at high temperatures.

When comparing FeNi@MK SMCs and FeNi@MgO@MK SMCs, it was confirmed that
when MgO insulating layer coating was applied, core loss decreased, magnetic permeability
improved, and DC-Bias characteristics decreased accordingly. Core loss (Pcv) is the loss of
energy that occurs when the SMC receives an alternating magnetic field. An increase in the
core loss of SMC leads to an increase in heat generation. Therefore, reducing core loss is an
important factor to consider when applying SMC.

Figure 6 is the result of separation of core loss according to frequency at 50 mT. In
general, Pcv is composed of hysteresis loss (Ph), eddy current loss (Pe), and residual loss
(Pr). The Pr can be considered proportional to the square of frequency, similar to Pe, and
thus Pcv can be expressed as follows [1,14,35–37]:

Pcv = Ph + Pe + Pr = Khf + Kdynf2
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Here, Kh and Kdyn represent the hysteresis loss factor and dynamic loss factor, respectively.
To further investigate the difference in the Pcv for FeNi@MK SMCs and FeNi@MgO@MK

SMCs, loss separation was performed using the above equation and the contributions of Ph
and Pdyn are shown in Figure 6. Figure 6a is the hysteresis loss of FeNi@MK SMCs according
to the frequency at 50 mT. The Ph values at the heat treatment temperatures of 700 and 750 ◦C
are almost similar, but the hysteresis loss starts to increase from 800 ◦C. Figure 6b is the
hysteresis loss of FeNi@MgO@MK SMCs at 50 mT according to the frequency. The Ph
values at the heat treatment temperatures of 700, 750, and 800 ◦C are almost similar, but
the hysteresis loss starts to increase slightly from 850 ◦C. Figure 6c is the dynamic loss of
FeNi@MK SMCs at 50 mT according to the frequency. The Pdyn values at the heat treatment
temperatures of 700 and 750 ◦C are almost similar, but the dynamic loss starts to increase
slightly from 800 ◦C. Figure 6d is the dynamic loss of FeNi@MgO@MK SMCs at 50 mT
according to the frequency. The Pdyn value up to 800 ◦C in heat treatment temperature
is almost similar, but the eddy current loss starts to increase slightly from 850 ◦C. This
may be because a part of the coating layer was ruptured due to the high temperature heat
treatment and Pdyn was concomitantly elevated. The decrease in Pdyn may be due to the
formation of an evenly distributed MgO insulating layer having an appropriate thickness
on the surface of the Fe-Ni magnetic powder. The MgO insulating coating was able to
effectively block eddy currents between particles and reduce the Pdyn of FeNi@MgO@MK
SMCs. The hysteresis loss and dynamic loss of FeNi@MK and FeNi@MgO@MK SMCs
were measured at different heat treatment temperatures; they showed increases in loss with
increasing temperature, with FeNi@MgO@MK SMCs having lower dynamic loss due to
the MgO insulating layer.
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Figure 7 shows a summary of the various magnetic properties according to the heat
treatment temperature of the core. Figure 7a is a graph of the permeability. Up to 800 ◦C, the
magnetic permeability of both FeNi@MK and FeNi@MgO@MK SMCs gradually increased;
however, at higher temperatures, the value of µe of FeNi@MK SMCs decreased significantly.
In the case of FeNi@MgO@MK SMCs, however, the magnetic permeability gradually
increased up to 850 ◦C. When high-temperature heat treatment is applied, therefore, grain
growth occurs and defects such as dislocation stacking decrease, thereby reducing the
coercive force and facilitating alignment of the magnetic moment. Figure 7b provides
a graph showing DC-Bias characteristics at 100 Oe. As the heat treatment temperature
increased, the magnetic permeability increased, and the DC-Bias characteristics also tended
to decrease accordingly. Figure 7c provides a graph showing core loss. When heat treatment
was performed at 800 ◦C or more, the rate of increase in core loss of the core to which the
MgO coating was applied decreased significantly because the increase of eddy current loss
was regulated by the MgO buffer layer. Table 1 shows for comparison the soft magnetic
properties of the Fe-Ni powder cores mentioned so far. Additionally, the soft magnetic
properties of MgO-coated Fe-Ni SMCs were compared with those reported in the literature,
which investigated magnetic properties using various coating materials and methods, as
presented in Table 2.
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(b) and core loss (c) of FeNi@MK and FeNi@MgO@MK cores.

Table 1. Comparison of soft magnetic properties of Fe-Ni powder cores with and without MgO
insulation layer.

Sample Permeability, µe
Core Loss, Pcv

(kW/m3)
Core Loss, Pcv

(kW/m3) DC-Bias (%)

50 kHz 50 kHz/100 mT 100 kHz/100 mT 100 Oe, 50 kHz

FeNi@MK_700 ◦C 56.31 403.2 1238.6 84
FeNi@MK_750 ◦C 58.47 425.6 1385.9 83
FeNi@MK_800 ◦C 61.52 3540.0 12,990.0 80
FeNi@MK_850 ◦C 41.93 16,480.0 46,150.0 85

FeNi@MgO@MK_700 ◦C 56.99 387.7 1171.8 82
FeNi@MgO@MK_750 ◦C 59.07 438.9 1397.8 81
FeNi@MgO@MK_800 ◦C 65.43 561.6 1895.4 74
FeNi@MgO@MK_850 ◦C 66.55 1674.9 6085.7 74
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Table 2. Soft magnetic properties of reported SMCs.

Composites Heat-Treatment
Temperature (◦C)

Permeability,
µe

DC-Bias (%)
@100 Oe

Pcv (mW/cc)
(Measurement

Condition)
Ref.

FeNiMo@Al2O3
1100

(Powder) 87.61 - 322 (50 kHz, 100 mT) [8]

Permalloy@(Phenolic resin+Ferrite) - 50.4 - 240 (10 kHz, 100 mT) [38]
FeSiCr@MgO 700 24 92 434 (100 kHz, 50 mT) [29]

Fe-6.5wt%Si@SiO2 500 50 - 905 (50 kHz, 100 mT) [39]
FeNi@MK

(This work) 700 56 84 403 (50 kHz, 100 mT) -

FeNi@MgO@MK
(This work) 700 57 82 388 (50 kHz, 100 mT) -

FeNi@MgO@MK
(This work) 800 65 74 562 (50 kHz, 100 mT) -

4. Conclusions

In this work, MgO was selected as insulation material for the fabrication of Fe-Ni SMCs;
effects of high-temperature heat treatment on soft magnetic properties of Fe-Ni@MgO SMCs
were investigated. A uniform MgO insulating layer with a thickness of 600 nm was suc-
cessfully coated on Fe-Ni magnetic powder using the sol-gel process, and high-density
SMCs were then fabricated through high-pressure compaction molding. Microstructure
analysis revealed that the MgO insulating layer remained intact up to 800 ◦C, with only
slight diffusion observed at 850 ◦C. The value of µe of the FeNi@MgO SMCs prepared
by sol-gel method tended to increase as the heat treatment temperature increased. Com-
pared to the magnetic permeability of FeNi@MK SMC, higher magnetic permeability was
observed, especially at annealing temperatures above 800 ◦C, indicating that it saturates
more easily at lower currents. For the FeNi@MgO@MK SMCs, core loss increase after
high temperature heat treatment was significantly regulated compared to the case of SMCs
without application of MgO coating; this increase is attributed to grain enlargement and
the elimination of defects such as dislocation stacking. The process also effectively reduced
the eddy currents between the grains and Pdyn due to the presence of the MgO insulating
layer even after high-temperature heat treatment. This study reveals that employing MgO
as an insulating buffer layer significantly enhances the thermal stability and soft magnetic
properties of Fe-Ni SMCs, emphasizing the potential of FeNi@MgO@MK SMCs for various
electromagnetic applications.
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