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Abstract: In this study, we examined the optimal pre- and post-annealing conditions for soft magnetic
composites (SMCs) using amorphous flake powders produced through ball milling of amorphous
Fe-Si-B ribbons, leading to enhanced magnetic properties. The SMCs, which utilized flake powders
created via melt spinning, displayed outstanding DC bias characteristics, as well as increased perme-
ability, primarily due to high saturation magnetization and the flaky morphology of the powders.
Pre-annealing was performed not only to remove residual stress formed during the melt spinning
process but also to improve pulverizing efficiency, which ultimately affected the particle size of the
flake powders. Core annealing was performed to reduce core losses and improve permeability by
relieving the residual stress generated during the pressing process. As a result, pre-annealing and
core annealing temperatures were identified as crucial factors influencing the magnetic properties
of the SMCs. We meticulously analyzed the particle size, the morphology of the flake powder,
and the magnetic properties of the SMCs in relation to the annealing temperatures. In conclusion,
we demonstrated that flake powder SMCs achieved superior soft magnetic properties, including
significantly reduced core loss and heightened permeability, through optimal pre- and core-annealing
at 370 ◦C and 425 ◦C, respectively.

Keywords: soft magnetic composites; magnetic powder cores; amorphous flake shape powders; soft
magnetic properties; pre-annealing temperature; core annealing temperature

1. Introduction

Inductors are essential components in electronic devices and play a significant role
in electronic circuits by facilitating the interconversion of electromagnetic energy [1–3].
As power density in electronic devices continues to increase, the use of inductors with
soft magnetic composites (SMCs) is becoming more prevalent, as they offer advantages in
miniaturizing components. SMCs can effectively reduce eddy current loss due to insulation
between the powders because they are produced by molding the metallic powders coated
with surface insulation [4]. Furthermore, the powder form allows for easy application in
the manufacturing of complex 3D shapes, including C-type and E-type cores [5].

Generally, SMCs have been implemented using crystalline soft magnetic alloy pow-
ders such as FeSi, FeNi, and FeSiAl [6]. However, with the recent increase in operating
frequencies of power conversion devices, materials with high ferromagnetic resonance
(FMR) are needed that exhibit high permeability and low core loss at higher frequen-
cies [7]. Amorphous alloys have zero magnetic crystal anisotropy and a very homogeneous
and isotropic microstructure because it has no crystal defects (voids, dislocations, grain
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boundaries, inclusions, etc.) and thus exhibits high permeability and low coercivity [8,9].
Moreover, these alloys are suitable for high-frequency materials because their disordered
atomic arrangement results in a high electrical resistivity, leading to low eddy current loss
during AC magnetization [10]. Furthermore, it is worth noting that amorphous alloys
can serve as precursors that can be transformed into a nanocrystalline phase through
heat-treatment-induced crystallization. This nanocrystalline phase is known to exhibit
superior soft magnetic properties compared to the amorphous materials [11,12]. Among
amorphous alloys, Fe78Si9B13 is commercially available and can be mass-produced. For ex-
ample, Metglas® 2605SA1 has a high saturation magnetization of 1.56 T, high permeability,
and very low core loss [13].

Mechanical alloying has the advantage of being able to synthesize materials of a variety
of stable and metastable states [14]. However, severe defects and contamination are formed
due to plastic deformation and long period of processing, which can result in a deterioration
of the magnetic properties of the materials [15,16]. The gas atomization process is known
for producing amorphous powder with spherical morphology, which is beneficial due to its
near-zero magnetic anisotropy and high filling factor [17]. To achieve an amorphous state, a
cooling rate of 105 K/s or higher is required [18]. However, gas atomization is characterized by
a relatively low cooling rate, ranging from 102 to 105 K/s [19]. Consequently, alloys suitable
for the gas atomization process must possess a high glass-forming ability (GFA), achieved
through the inclusion of significant quantities of metalloid elements. As a result, the Fe content
in the alloy is limited to less than 80 at.%, leading to a low saturation magnetization of less
than 1.6 T for the spherical amorphous powder [20]. In contrast, amorphous ribbons produced
using the melt spinning process can achieve high saturation magnetization due to their cooling
rate of 106 K/s or more. However, to convert the ribbon form into powder form, an additional
pulverization process is necessary, as the melt spinning process yields ribbons.

As-fabricated amorphous metal ribbons are difficult to pulverize into powders due
to their high toughness. Performing pre-annealing before the milling process can make
the ribbons more brittle, thereby increasing pulverization efficiency and subsequently
reducing particle size. It is known that annealing effects, including structural relaxation or
free volume annihilation, residual stress relief, or short-range ordering and crystallization,
increase brittleness [21]. Annealing below the crystallization temperature of amorphous
alloys causes structural relaxation and short-range order changes, which closely affect the
mechanical properties of amorphous metals. Generally, amorphous metals become more
brittle as the annealing temperature and duration increase, when the temperature remains
below the crystallization threshold [22]. As such, the pre-annealing temperature should be
sufficiently high to enhance pulverization efficiency but must not exceed the crystallization
temperature. As the pre-annealing temperature of the amorphous ribbon increases, the
pulverization efficiency improves and the particle size after the pulverization decreases.
However, prolonged milling time can lead to surface degradation and oxidation, which in
turn can cause an increase in coercivity. On the other hand, pre-annealing of an amorphous
alloy can reduce the coercivity and improve the permeability by removing the residual
stress generated during rapid quenching [23,24].

Reduction in particle size leads to more energy being applied to the surface during the
pulverization process. A portion of this energy remains as residual stress and leads to crystal
defects and lattice distortion, which in turn cause domain pinning effect, which increases
the coercivity and hysteresis loss of the powder core [25]. Therefore, reduction in the
particle size through a pulverization process increases the hysteresis loss [26], whereas the
intra-particle eddy current loss decreases [27]. Therefore, the temperature of pre-annealing
is a factor that greatly affects the core loss of powder cores.

Additionally, the pulverized ribbon becomes a flake powder with a low demagnetiza-
tion field. The demagnetizing field tends to decrease with an increase in the length and
decrease in the thickness of the particles [28]. Furthermore, the demagnetization field of
the samples can be manipulated by adjusting the milling conditions, thereby influencing
the shape of the flake powders [29].



Metals 2023, 13, 2016 3 of 14

Residual stress generated during the powder compaction process can also lead to
deterioration of soft magnetic properties of SMCs, including increased coercivity and
decreased permeability [30]. To achieve optimal soft magnetic properties, it is necessary
to perform a core annealing process to remove the residual stress. Residual stress can
induce local anisotropy in the amorphous structure since chemical short-range ordering
(CSRO), similar to the atomic arrangement regularity of the crystal structure, occurs more
frequently [31]. This local anisotropy increases coercivity, which adversely affects soft
magnetic properties. Annealing above the Curie temperature eliminates the induced
magnetic anisotropy and leads to a disordered spin arrangement. Therefore, annealing
above the Curie temperature and rapid cooling are required to suppress the formation
of locally induced magnetic anisotropy and to achieve superior soft magnetic properties
in composites. It is thus essential to perform core annealing below the crystallization
temperature because the crystallization significantly deteriorates soft magnetic properties
of amorphous alloys.

It is widely recognized that material properties including powder morphology and
processing parameters such as compaction pressure and temperature, along with annealing
temperature and duration, significantly impact the performance of amorphous powder
cores [32–34]. While numerous studies have explored the effects of annealing on the
structural relaxation and brittleness of amorphous materials [35,36], there is a research gap
concerning pulverization efficiency and the size and shape of powders according to process
conditions. Furthermore, a comprehensive examination of the relationship between soft
magnetic properties and process conditions, especially for annealing, has been lacking,
making it difficult to derive the optimal process conditions.

In this study, we closely examined the effects of temperature control during pre-
annealing and core-annealing on the properties of flake powders and SMCs and determined
the optimal temperature conditions. We prepared flake powders through pre-annealing and
pulverization of Fe-Si-B amorphous ribbons and, via high-pressure compaction, fabricated
toroidal-shaped cores using the pulverized powders. Specifically, we investigated particle
size and shape in relation with the pre-annealing temperature, and thoroughly examined
their impact, along with that of core annealing, on the soft magnetic properties of the core.
We also analyzed the core loss mechanism and its causes by separating it into hysteresis
loss and dynamic loss components and in-depth analysis. Finally, through microstructure
control and residual stress relaxation in SMCs manufactured using flake powder, we
assessed the influence of temperature control during pre-annealing and core annealing on
magnetic properties.

2. Experimental Sections
2.1. Materials

Fe78Si9B13 ribbons were supplied by Metglas®, Inc., Co., (Conway, SC, USA). Potas-
sium silicate solutions, for use as binders, were purchased from Young Il chemical Co.,
(PS-200, Incheon, Republic of Korea). Kenolube, for use as lubricant, was purchased from
KenolKobil Co., (Nairobi, Kenya, East Africa).

2.2. Fabrication

Fe-Si-B ribbons were annealed in argon atmosphere at 350–400 ◦C for 1 h prior to
ball milling. When the furnace was set to each heat treatment temperature, the ribbons
were placed and air-cooled after 1 h. The pre-annealed ribbon was placed in a milling jar
with a ball-to-powder ratio of 20:1. The jar was sealed under argon atmosphere. Then,
ball milling was performed at 130 RPM for 24 h. The pulverized powder was sieved to
less than 105 µm. Potassium silicate solution at 15.65 vol.% was added to the pulverized
powder. Then, evaporation was performed at 90 ◦C for 5 min, the same time as the mixing.
Kenolube at 0.5 wt.% of as lubricant was mixed into the dried powder. Prepared powder
was pressed at a pressure of 1.5 GPa for 5 min; it formed a toroidal core with an inner
diameter of 15 mm and an outer diameter of 25 mm. The toroidal cores were cured at
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150 ◦C for 1 h in vacuum. Then, each sample was subjected to core annealing at 400–500 ◦C
for 1 h in argon atmosphere. Similar to the pre-annealing process, the sample was placed
in a high-temperature furnace and cooled in air. Here, toroidal samples pre-annealed at
x ◦C are denoted as “Px” and toroidal samples core annealed at x ◦C are denoted as “Cx”.
Toroidal samples pre-annealed at 370, 380, 390, and 400 ◦C were designated as P370, P380,
P390, and P400, respectively. Similarly, toroidal samples core annealed at 400, 425, 450, 475,
and 500 ◦C were designated as C400, C425, C450, C475, and C500, respectively.

2.3. Characterization

The thermal properties of the Fe-Si-B ribbons were determined by differential scanning
calorimetry (DSC) at a heating rate of 20 K/min in N2 atmosphere. The crystalline structure
of the ribbons after pre-annealing and of the flake powder after ball milling were analyzed
using an X-ray diffractometer (XRD, D/Max 2500, Rigaku, Tokyo, Japan) with Cu Kα

radiation. The particle sizes of flake powders were determined by a LASER particle size
analyzer (LS13 320, Beckman Coulter, Brea, CA, USA). Tap density values of the flake
powders were analyzed to determine the binder addition amount. The static magnetic
properties of the flake powder were measured using a vibrating sample magnetometer
(VSM, EZ9, MicroSense, Tempe, AZ, USA). The microstructure of the flake powder was
observed using a field-emission scanning electron microscope (FE-SEM, MIRA3 LM, TES-
CAN, Brno, Czech Republic) equipped with an energy-dispersive X-ray spectroscope (EDS).
The total core loss of the toroidal sample was measured using an AC B-H analyzer (SY-8219,
IWATSU ELECTRIC, Tokyo, Japan) in a frequency range from 10 kHz to 1 MHz, with a
maximum applied induction of 100 mT. The frequency-dependent permeability and DC
bias properties of the toroidal sample were observed using an LCR meter (3260B, WAYNE
KERR Electronics, Bognor Regis, UK). The flux density and coercive fields of the toroidal
samples were measured by DC-B-H analyzer (Pemagraph c-500, Magnet-Physik, Köln,
Germany) with applied field of −1 ± 1 kA/m.

3. Results and Discussion

As shown in Figure 1, the amorphous metal ribbon was pulverized into flake powder
through pre-annealing, followed by milling processes. The ball milling process is a relatively
low-energy process that has little potential to change the shape of the powder, such as through
crumpling or edge wear. The ball milling speed is set below a threshold so that the ball
falls at the maximum height and generates maximum impact energy [37]. The ball milling
time is set to allow sufficient time for the ribbon to be pulverized into powder and to take
into account the increased level of contamination due to a long time [38]. The pre-annealing
temperature and ball milling process affect the size and shape of the pulverized particles,
which are closely related to the magnetic properties. The pulverized flake powder was
then formed into a toroidal-shaped core under high pressure compaction. Since amorphous
powder does not have a plastic deformation mechanism, the core density may be low at low
pressure, and therefore it was formed under high pressure. Core annealing can improve
the magnetic properties by removing residual stresses formed during the pulverizing and
pressing processes. This study aimed to investigate in detail the effects of pre-annealing and
core annealing temperature on the size and shape of particles, and the magnetic properties of
the composite such as permeability, core loss, and DC bias characteristics.

Ribbons and pulverized powders with different pre-annealing temperatures were
analyzed, as shown in Figure 2. The crystallization behavior of the Fe-Si-B ribbon was
evaluated using DSC, as shown in Figure 2a. The glass transition temperature (Tg) before
crystallization was not clearly indicated, and the Curie temperature (Tc) and crystallization
onset temperature (Tx) were confirmed to be 396 ◦C and 495 ◦C, respectively. The milling
process can lead to a distribution of the Curie temperature [39], but a very subtle inflection
point was observed at 396 ◦C. This value is similar to the one reported in the literature [13].
Two exothermic peaks were observed, indicating that crystallization occurred in two steps.
The first crystallization step was observed at around 515 ◦C; this corresponds to α-Fe(Si)
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crystal formation [40]. The second crystallization step was observed at around 550 ◦C, and
was due to intermetallic Fe2B precipitation. The annealing, even at temperatures below
the crystallization temperature, can have an impact on the soft magnetic properties of
amorphous ribbons. This is attributed to the relief of stress accumulated during the rapid
quenching process, atomic rearrangement such as chemical short-range ordering, and the
initiation of nucleation of α-Fe crystallites [41]. The chemical short-range order of the
amorphous structure induces local anisotropy, increasing the coercivity, but it can also
increase the brittleness [22,42,43]. Heat treatment above the Curie temperature eliminates
the chemical short-range order of the amorphous structure, so pre-annealing was carried out
below the Curie temperature; core annealing was carried out above the Curie temperature
and below the crystallization temperature.
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Figure 1. Schematic of soft magnetic composites manufactured using flake powder.

Therefore, the pre-annealing temperature was set in the range of 350–400 ◦C, which
is lower than the Curie temperature. Figure 2b shows X-ray diffraction pattern results
of the pre-annealed ribbon at 350–500 ◦C. A halo pattern was observed around 2θ = 45◦

for all samples. Ribbons pre-annealed at 500 ◦C show the α-Fe phase (JCPDF#87-0721)
peak. It was observed that the ribbon pre-annealed above 370 ◦C easily broke when
bent at 180◦. The pre-annealed ribbon was pulverized using ball milling. As a result,
the ribbon pre-annealed below 360 ◦C was not pulverized due to its high toughness, the
results of its intrinsic amorphous properties. Therefore, it is suggested that the ribbon
pre-annealed above 370 ◦C has sufficient brittleness to be pulverized into powder due
to the formation of chemical short-range order. The ribbon pre-annealed above 370 ◦C
was pulverized into powder and analyzed to determine its diffraction pattern (Figure 2c).
No distinct crystalline peaks were observed in any of the samples. This shows that there
is no influence of oxidation or impurities even after pre-annealing and pulverization
processes, and the amorphous state is maintained. The particle sizes of the pulverized
and pre-annealed flake powders were observed and are presented in Figure 2d. As the
pre-annealing temperature increased in the range below the crystallization temperature,
the brittleness of the amorphous alloy increased [22]. As a result, the particle size of the
flake powder decreased as the pre-annealing temperature increased due to the formation
of chemical short-range order, increasing the brittleness of the amorphous metal ribbon
and improving the pulverization efficiency. The average particle sizes (D50) of the flake
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powders, which underwent pre-annealing at temperatures of 370 ◦C and 400 ◦C, were
measured and found to be 115.8 µm and 96.4 µm, respectively.
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Figure 2. (a) Differential scanning calorimeter curves of Fe-Si-B ribbons. (b) X-ray diffractometer
patterns of the Fe-Si-B ribbons before pre-annealing and Fe-Si-B ribbons pre-annealed at 350–500 ◦C.
(c) X-ray diffractometer pattern and (d) particle size of flake powder after pre-annealing at 370–400 ◦C
and ball milling.

Figure 3a–d show surface SEM images of pulverized powders with different pre-
annealing temperatures. The shape of the pulverized powder particles appears as flakes.
The results of particle size analysis also show a tendency for particle size to decrease as
the pre-annealing temperature increases, as shown in Figure 2d. Some edges of the flake
powder are slightly rounded due to the pulverization process, and the surfaces are rough.
This tendency was more pronounced as the pre-annealing temperature increased and the
pulverization efficiency increased.

Figure 4a shows hysteresis loops of flake powders with different pre-annealing temper-
atures analyzed by a vibrating sample magnetometer. All samples show typical S-shaped
hysteresis loops. The saturation magnetization and coercivity of the flake powders pre-
pared at different pre-annealing temperatures are shown in Figure 4b. Since ribbons with
the same composition were used, there was no significant difference in saturation magne-
tization of the flake powders with different pre-annealing temperatures. The coercivity
tended to increase gradually as the pre-annealing temperature increased. The saturation
magnetization and coercivity of the flake powders pre-annealed at 400 ◦C were 179 emu/g
(1.61 T) and 55.7 Oe, respectively.
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Figure 4. (a) Magnetic hysteresis loops and (b) saturation magnetization and coercivity of ball-milled
flake powder after pre-annealing at 370–400 ◦C.

The cross-sectional microstructure of a toroidal core made of pulverized powder was
observed, as shown in Figure 5. The white parts are flake powder; the black parts are
additives such as potassium silicate and kenolube. Flake powders with maximum diameter
of 90 µm and thickness of about 22 µm were partially arranged perpendicular to the molding
direction. Therefore, as can also be seen in the microstructures shown in Figures 1 and 5,
flake powder arranged vertically due to the process of pressing from top to bottom was not
observed; horizontally arranged powder, however, was observed. This arrangement improved
permeability due to the small demagnetizing field due to the shape magnetic anisotropy. The
potassium silicate solution used as a binder contains Si, K, and O elements. Potassium silicate
exhibits excellent adhesion throughout the curing process. It also plays an important role in
insulation by forming polysilicates between particles. Therefore, potassium silicate is a factor
that reduces inter-particle eddy currents between particles. As a result of EDS analysis, Si, K,
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and O elements were confirmed between the particles, confirming that potassium silicate was
located between the particles.
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Figure 5. Cross-sectional SEM image and EDS element mapping results of toroidal sample pre-
annealed at 400 ◦C and core annealed at 425 ◦C.

The magnetic properties of a toroidal sample made from flake powders with different
pre-annealing temperatures were analyzed and results are shown in Figure 6. Figure 6a shows
the core loss of the P370–P400 samples measured at maximum induction (Bm) = 20 mT and
frequency (f ) of 10–1000 kHz. As the pre-annealing temperature increased, the core loss tended
to decrease; the P400 sample had the lowest core loss of 1019 kW/m3 at f = 1000 kHz.
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Total core loss (Pc) is composed of hysteresis loss (Ph), eddy current loss (Pe), and
anomalous loss (Pa) per unit volume. Hysteresis loss is the energy corresponding to the
internal area of the hysteresis loop and is expressed in Equation (1) [44].

Ph = ChB2
m f (1)

Here, Ch is hysteresis loss coefficient.
Eddy current is the electrical current induced in a direction that prevents magnetiza-

tion according to Faraday’s law of electromagnetic induction when a magnetic material is
magnetized by an external alternating magnetic field. Pe can be expressed as Equation (2) [45].

Pe = Ke f 2 =

(
πdBm f )2

cρ
(2)

Here, Ke is the coefficient of eddy current loss, d is the particle size, c is the specific
heat capacity of the material, and ρ is the resistivity of the particle.

Pa is quite complex, because it includes relaxation loss and resonant loss. However,
Pa was found to be proportional to the square of the frequency for amorphous SMCs [46].

Therefore, total core loss, Pc, can be simply expressed as Equation (3) [47,48].

Pc = Ph + Pe + Pa = Kh f + Ke f 2 + Ka f 2 = Kh f + Kdyn f 2 (3)

Here, Kdyn is the dynamic loss coefficient. The dynamic loss comprises both the eddy
current loss and anomalous loss.

The frequency-dependent core losses of the P370–P400 samples were fitted using
Equation (3); the results are shown as dotted lines in Figure 6a. The experimental data
and predicted results match well. Using Equation (3), the coefficients of hysteresis and
dynamic losses were obtained: the core losses of the P370–P400 samples, measured at
Bm = 20 mT and f = 10–1000 kHz, were classified into hysteresis and dynamic losses, in
Figures 6b and 6c, respectively. As the pre-annealing temperature increased, the total core
loss decreased (Figure 6a), the hysteresis loss increased (Figure 6b), and the dynamic loss
decreased (Figure 6c).

As the pre-annealing temperature increases, the properties of the powder may deterio-
rate due to the accumulation of milling damage. As a result, hysteresis loss will increase.
As can be seen in Figure 6d, the coercivity increased as the pre-annealing temperature
increased. In contrast, as the particle size decreased, the dynamic loss within the particles
decreased. The anomalous loss is related to eddy currents formed around the domain
walls [49]. By enhancing the pulverization efficiency, particle size reduction is achieved.
Therefore, the movement of domain walls can be reduced, resulting in a reduction in
anomalous loss. Although the hysteresis loss increased as the pre-annealing temperature in-
creased, the sample pre-annealed at 400 ◦C showed the lowest core loss at high frequencies
due to the sharp decrease in dynamic loss.

Figure 6e shows the permeability according to the frequency for the P370–P400 samples
from 10 kHz to 1 MHz. The permeability of the P370 sample was the highest; it gradually
decreased as the pre-annealing temperature increased. As can be seen in Figure 3, as
the particle size decreased, the aspect ratio of the particles also decreased. This increases
the likelihood of particles being arranged perpendicular to the field, which increases the
demagnetization factor and decreases the permeability.

The DC bias characteristics of the P370–P400 sample were analyzed and are shown in
Figure 6f. In general, the DC bias characteristics tend to increase as permeability decreases.
On the other hand, when the permeability decreases (Figure 6d), the DC bias tends to increase.
Due to the sharp decrease in permeability, the DC bias increased from P370 to P390; however,
for P400, at which the decrease in permeability is less, the DC bias decreased again.

Table 1 summarizes the magnetic properties such as density, coercivity, permeability,
core loss, and DC bias of P370–P400 samples. As the pre-annealing temperature increased,
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magnetic flux density and permeability decreased while coercivity increased. The core loss
at relatively low frequencies, f = 100 kHz and Bm = 100 mT, tended to gradually increase as
the pre-annealing temperature increased, because hysteresis loss was dominant. On the
other hand, at high frequency f = 1 MHz and Bm = 20 mT, dynamic loss was dominant,
showing a gradual decrease as pre-annealing temperature increased. The P370–P400
samples maintained a level of inductance of 73–78% at a DC bias field of 100 Oe. Therefore,
since the core loss was the lowest at the pre-annealing temperature of 400 ◦C in the high
frequency range, core annealing was carried out after fixing the temperature at 400 ◦C.

Table 1. Summary of density and soft magnetic properties of Fe-Si-B flake powder cores prepared
with ribbons pre-annealed at 370–400 ◦C.

Sample Density
(g/cm3)

Relative
Density

(%)

Flux
Density

(T)

Hc
(Oe)

Permeability Pc (kW/m3) Pc (kW/m3) DC Bias (%)

f = 1 MHz 100 kHz/
100 mT

1 MHz/
20 mT 100 Oe

P370 5.3310 74.25 0.138 0.6497 48.45 1630 2288 73.04
P380 5.3330 74.28 0.110 0.6886 39.67 1604 1424 78.21
P390 5.2635 73.31 0.104 0.7640 36.68 1470 1225 78.24
P400 5.6103 78.14 0.102 0.9676 35.46 1876 1091 74.61

Figure 7 shows the total core loss per unit volume, eddy current loss, hysteresis
loss, effective permeability, and DC bias of the C400–C500 samples. Figure 7a shows
the core losses of the C400–C500 samples measured at Bm = 20 mT and f = 10–1000 kHz.
C500 showed the highest core loss, while C425 showed the lowest. Samples annealed at
temperatures above 425 ◦C showed an increasing trend in core loss as the core annealing
temperature increased. The results, fitted using Equation (3), are shown as dashed lines;
they match well with the experimental data. The core loss values of the C400–C500 samples
measured at Bm = 20 mT and f = 10–1000 kHz were classified according to the coefficients
of hysteresis and dynamic loss, as shown in Figures 7b and 7c, respectively. In Figure 7b, it
can be seen that the hysteresis loss decreased until the core annealing temperature reached
450 ◦C, and then increased again. As can also be seen in Figure 7d, the lowest coercivity was
observed at a core annealing temperature of 450 ◦C, and the trend of coercivity was similar
to that of hysteresis loss. Crystallization resulting from annealing at temperatures above
475 ◦C caused an increasing trend in hysteresis loss. As shown in Figure 7c, dynamic loss
decreased until the core annealing temperature reached 425 ◦C, and then increased again.
Residual stresses generated during the pressing process can be adequately eliminated by
core annealing at temperatures above 425 ◦C.

The effective permeability of the C400–C500 samples was analyzed according to fre-
quency from 10 kHz to 1 MHz, with results shown in Figure 7e. The effective permeability
values of all samples were maintained up to f = 1 MHz, with no sharp decreases. The
magnetic flux density values according to the core annealing temperature are shown in
Figure 7d; these values were high at 425 ◦C and 450 ◦C and then decreased as the tem-
perature increased. This trend was similar to that of the effective permeability, shown in
Figure 7e; the C425 and C450 samples have about 35 high and stable effective permeability.
The effective permeability of samples annealed above 475 ◦C decreased dramatically due
to crystallization.

The DC bias characteristics of the C400–C500 samples with different core annealing
temperatures are shown in Figure 7f. The C400–C500 samples showed a maintenance level
of 74–93% of inductance at a DC bias field of 100 Oe. Generally, DC bias characteristics
are known to decrease as the effective permeability increases. Therefore, the DC bias
characteristics of the C400–C500 samples showed a tendency opposite to the permeability.

Table 2 shows values of magnetic properties such as density, coercivity, permeability,
core loss, and DC bias of the C400–C500 samples. Core annealing at 425 ◦C and 450 ◦C
led to excellent permeability and DC bias characteristics. The core loss at relatively low
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frequencies of f = 100 kHz and Bm = 100 mT was dominated by hysteresis loss, with
the lowest core loss at 450 ◦C. On the other hand, at high frequencies of f = 1 MHz and
Bm = 20 mT, dynamic loss was dominant, with the lowest core loss at 425 ◦C.
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Table 2. Summary of density and soft magnetic properties of Fe-Si-B flake powder cores prepared
with core annealing at 400–500 ◦C.

Sample Density
(g/cm3)

Relative
Density

(%)

Flux
Density

(T)

Hc
(Oe)

Permeability Pc (kW/m3) Pc (kW/m3) DC Bias (%)

f = 1 MHz 100 kHz/
100 mT

1 MHz/
20 mT 100 Oe

C400 5.5057 76.68 0.098 2.4291 32.01 6016 2139 77.16
C425 5.6103 78.14 0.102 0.9676 35.46 1876 1091 74.61
C450 5.3250 74.16 0.102 0.9337 35.63 1693 1123 73.81
C475 5.1699 72.00 0.086 2.1426 27.91 5401 1966 79.63
C500 5.1392 71.58 0.049 2.5346 17.54 – 2453 92.84
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4. Conclusions

Fe-Si-B ribbons were successfully pulverized using pre-annealing and ball milling pro-
cesses, resulting in flake-shaped powders. As the pre-annealing temperature increased, the
brittleness of the ribbons increased, leading to an increase in pulverization efficiency
and a decrease in particle size. Through high-pressure molding and core annealing,
toroidal cores were manufactured using flake powders, and their magnetic properties,
such as permeability, core loss, and DC bias characteristics were closely examined. Our
results indicate that increasing the pre-annealing temperature reduced particle size, ef-
fectively diminishing eddy current loss. Furthermore, conducting core annealing at tem-
peratures between 425 ◦C and 475 ◦C eliminated residual stress without forming crystals,
thus enhancing the magnetic properties. In conclusion, an SMC pre-annealed at 400 ◦C
and core-annealed at 425 ◦C demonstrated high permeability (µ = 35) and low core loss
(Pcv = 1091 kW/m3 at f = 1 MHz with Bm = 20 mT), along with excellent DC bias character-
istics (75% at 100 Oe). Our findings suggest that temperature control during the annealing
process is an effective way to improve the magnetic properties of flake powder cores with
high saturation magnetization.
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A comprehensive study of soft magnetic materials based on FeSi spheres and polymeric resin modified by silica nanorods. Mater.
Chem. Phys. 2014, 147, 649–660. [CrossRef]

33. Ding, W.; Jiang, L.; Li, B.; Chen, G.; Tian, S.; Wu, G. Microstructure and magnetic properties of soft magnetic composites with
silicate glass insulation layers. J. Supercond. Nov. Magn. 2014, 27, 239–245. [CrossRef]

34. Zhang, Z.; Xu, W.; Guo, T.; Jiang, Y.; Yan, M. Effect of processing parameters on the magnetic properties and microstructures of
molybdenum permalloy compacts made by powder metallurgy. J. Alloys Compd. 2014, 594, 153–157. [CrossRef]

35. Ramamurty, U.; Lee, M.; Basu, J.; Li, Y. Embrittlement of a bulk metallic glass due to low-temperature annealing. Scripta Mater.
2002, 47, 107–111. [CrossRef]

36. Kumar, G.; Rector, D.; Conner, R.; Schroers, J. Embrittlement of Zr-based bulk metallic glasses. Acta Mater. 2009, 57, 3572–3583.
[CrossRef]

37. Suryanarayana, C. Mechanical alloying and milling. Prog. Mater Sci. 2001, 46, 1–184. [CrossRef]
38. Suryanarayana, C. Does a disordered γ-TiAl phase exist in mechanically alloyed TiAl powders? Intermetallics 1995, 3, 153–160.

[CrossRef]
39. Manchón-Gordón, A.F.; López-Martín, R.; Vidal-Crespo, A.; Ipus, J.J.; Blázquez, J.S.; Conde, C.F.; Conde, A. Distribution of

transition temperatures in magnetic transformations: Sources, effects and procedures to extract information from experimental
data. Metals 2020, 10, 226. [CrossRef]

40. Huang, B.; Perez, R.; Crawford, P.; Sharif, A.; Nutt, S.; Lavernia, E. Mechanically induced crystallization of metglas Fe78B13Si9
during cryogenic high energy ball milling. Nanostruct. Mater. 1995, 5, 545–553. [CrossRef]

41. Manchón-Gordón, A.; Blázquez, J.; Kowalczyk, M.; Ipus, J.; Kulik, T.; Conde, C. Effect of thermal treatments below devitrification
temperature on the magnetic and magnetocaloric properties in mechanically alloyed Fe70Zr30 powders. J. Non-Cryst. Solids.
2023, 609, 122267. [CrossRef]

https://metglas.com/magnetic-materials/
https://doi.org/10.1179/1743280414Y.0000000036
https://doi.org/10.3390/ma16031284
https://www.ncbi.nlm.nih.gov/pubmed/36770287
https://doi.org/10.1016/0304-8853(78)90171-3
https://doi.org/10.1016/j.actamat.2012.10.040
https://doi.org/10.1016/j.intermet.2021.107378
https://doi.org/10.1063/1.2835068
https://doi.org/10.1007/s10854-015-2924-4
https://doi.org/10.1016/j.jmatprotec.2005.04.017
https://doi.org/10.1063/9.0000083
https://doi.org/10.1016/j.pmatsci.2018.03.003
https://doi.org/10.1016/j.jallcom.2018.06.176
https://doi.org/10.1016/j.powtec.2023.118639
https://doi.org/10.1016/0025-5408(78)90178-2
https://doi.org/10.1016/j.matchemphys.2014.06.004
https://doi.org/10.1007/s10948-013-2249-6
https://doi.org/10.1016/j.jallcom.2014.01.123
https://doi.org/10.1016/S1359-6462(02)00102-1
https://doi.org/10.1016/j.actamat.2009.04.016
https://doi.org/10.1016/S0079-6425(99)00010-9
https://doi.org/10.1016/0966-9795(95)92680-X
https://doi.org/10.3390/met10020226
https://doi.org/10.1016/0965-9773(95)00261-C
https://doi.org/10.1016/j.jnoncrysol.2023.122267


Metals 2023, 13, 2016 14 of 14

42. Walter, J.; Bacon, F.; Luborsky, F. An Auger analysis of the embrittlement of the amorphous alloy Ni40Fe40P14B6. Mater. Sci. Eng.
1976, 24, 239–245. [CrossRef]

43. Ghaemi, M.; Jafary-Zadeh, M.; Khoo, K.H.; Gao, H. Chemical affinity can govern notch-tip brittle-to-ductile transition in metallic
glasses. Extrem. Mech. Lett. 2022, 52, 101651. [CrossRef]

44. Chen, Y.; Pillay, P. An Improved formula for lamination core loss calculations in machines operating with high frequency and
high flux density excitation. In Proceedings of the Conference Record of the 2002 IEEE Industry Applications Conference:
37th IAS Annual Meeting (Cat. No. 02CH37344), Pittsburgh, PA, USA, 13–18 October 2002; pp. 759–766.

45. Yaghtin, M.; Taghvaei, A.H.; Hashemi, B.; Janghorban, K. Effect of heat treatment on magnetic properties of iron-based soft
magnetic composites with Al2O3 insulation coating produced by sol–gel method. J. Alloys Compd. 2013, 581, 293–297. [CrossRef]

46. Cao, P.; Liu, Y.; Li, J.; Du, J.; Wang, R.; Zhou, T. Enhanced magnetic properties of hot-pressed Fe-based nanocrystalline powder
cores with low-melted glass-modified insulating. IEEE Trans. Magn. 2021, 57, 2800407. [CrossRef]

47. Xie, D.-Z.; Lin, K.-H.; Lin, S.-T. Effects of processed parameters on the magnetic performance of a powder magnetic core. J. Magn.
Magn. Mater. 2014, 353, 34–40. [CrossRef]

48. Yang, B.; Li, X.; Guo, R.; Yu, R. Oxidation fabrication and enhanced soft magnetic properties for core-shell FeCo/CoFe2O4
micron-nano composites. Mater. Des. 2017, 121, 272–279. [CrossRef]

49. Perigo, E.A.; Weidenfeller, B.; Kollár, P.; Füzer, J. Past, present, and future of soft magnetic composites. Appl. Phys. Rev. 2018,
5, 031301. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0025-5416(76)90117-8
https://doi.org/10.1016/j.eml.2022.101651
https://doi.org/10.1016/j.jallcom.2013.07.008
https://doi.org/10.1109/TMAG.2021.3057878
https://doi.org/10.1016/j.jmmm.2013.10.014
https://doi.org/10.1016/j.matdes.2017.02.073
https://doi.org/10.1063/1.5027045

	Introduction 
	Experimental Sections 
	Materials 
	Fabrication 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

