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Abstract: FeSiBCCr amorphous powders were produced by a novel gas–water combined atomization
process, and the corresponding MPCs (magnetic powder cores) were subsequently fabricated by
phosphating treatment (0.4~1.6 wt.%), cold pressing (550~2350 MPa), and annealing (423~773 K),
respectively. The results showed that the powders had high circularity, excellent thermal stability
(∆T = 59 K), and high saturation magnetization (0.83 T), which could provide raw powders for
high-performance MPCs. With increasing phosphoric acid concentrations, despite the increase in
DC-bias%, the uniformity of the insulation layers deteriorated, which led to a decrease in perme-
ability and an increase in core loss. With increasing compaction pressures, the core loss increased
continuously, and the permeability and DC-bias% first increased and then decreased. When annealing
below the crystallization temperature, with increasing annealing temperatures, the permeability
increased, and the core loss and DC-bias% decreased continuously. Under the optimized process of
0.4 wt.% phosphating concentration, 550 MPa pressure, and 773 K annealing temperature, the MPCs
had a permeability of 21.54 ± 1.21, DC-bias% of 90.3 ± 0.2, and a core loss (Bm = 50 mT, f = 100 kHz)
of 103.0 ± 26.3 mW cm−3. The MPCs had excellent high-frequency low-loss characteristics and
showed great application potential under the development trends of high current, high power, and
high frequency of electronic components.

Keywords: gas–water combined atomization; amorphous powders; magnetic powder cores; core
loss; high-frequency properties

1. Introduction

As important basic electromagnetic components, magnetic powder cores (MPCs) are
widely used in switched-mode power supplies, inductors, electro mobiles, medical equip-
ment, and electro-communication [1–3]. Under the strategic goal of “energy conservation
and emission reduction”, miniaturization, high efficiency, and high frequency are the
inevitable trends in the development of electronic devices, which puts forward higher re-
quirements for the soft magnetic properties of MPCs under high-frequency conditions [4,5].
Currently, Fe-based amorphous powders have become ideal materials for MPCs applying
at high frequency due to unique advantages such as high Ms (saturation magnetization),
low Hc (coercivity), low Pcv (core loss), and low cost [5–7]. The properties of MPCs, such as
permeability, Pcv, and DC bias performance, are often closely related to the raw powders [8].
The fine powders can improve the compact density and the high-frequency performance of
the MPCs. The circularity of powders directly affects the uniformity of the insulation layers.
Irregularly shaped particles with sharp edges are not conducive to the formation of uniform
and dense insulation layers, resulting in deterioration of the magnetic properties. The
excessive volume fraction of crystalline phases in raw powders will lead to a sharp increase
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in Hc, and thus Pcv will be greatly increased [9,10]. Therefore, fine spherical amorphous
powders with excellent soft magnetic properties are of great significance for the fabrication
of high-performance MPCs and new-generation electronic components.

The main processes used to produce amorphous powders include ribbon pulverization,
mechanical alloying, and atomization [9,11]. The ribbon pulverization and mechanical
alloying both prepare amorphous powders by mechanical crushing of raw materials.
Therefore, the circularity of powders is extremely poor, which makes it difficult to form
uniform insulation layers on the powder surfaces and leads to a significant increase in
Pcv. In addition, the smaller demagnetization factor of the powders leads to a decrease in
the resonance frequency, resulting in the deterioration of high-frequency performance [8].
The atomization method can be divided into gas atomization (GA), water atomization
(WA), and gas–water combined atomization (CA) according to the atomization medium.
During the GA process, the molten metal is broken by inert gas, and the cooling rate
is usually between 102 and 103 K s−1, which requires high GFA (glass forming ability)
for the amorphous alloy system, but the droplets have sufficient time to complete the
spheroidization process due to a relatively slow solidification rate, and thus the circularity
of GA powders is high [10,12]. In the process of WA, the molten melt is directly impacted by
high-pressure water jets, which have a stronger cooling capacity due to the larger specific
heat of water, and the cooling rate is usually in the range of 103~104 K s−1, which makes it
easy to fabricate amorphous powders even on an industrial scale, but the intense jet impact
and too fast cooling rate lead to rough surfaces and inadequate spheroidization of WA
powders [1,12,13]. During the CA process, spherical droplets are first obtained by GA, and
then the droplets are rapidly cooled by WA to fabricate amorphous powders with high
circularity [9]. In summary, the CA process has unique advantages such as a rapid cooling
rate and excellent properties of prepared powders, and it has become one of the frontier
processes for the industrial production of amorphous powders.

MPCs are fabricated from powders after insulated coating, consolidation, and anneal-
ing [3]. Insulated coating is one of the key steps to improving the high-frequency properties
of MPCs. The powder resistivity can be increased from the order of mΩ·cm to the order
of 106~108 Ω·cm by uniform and dense insulation layers, thereby effectively reducing the
eddy current loss under high frequency [14,15]. Phosphating treatment is a widely used
insulated coating method, which can effectively remove impurities on the powder surfaces
and form phosphate films, improve the resistivity of MPCs, and reduce Pcv. In addition, for
the subsequent organic insulated coating, the phosphate layer is also an excellent transition
layer, which can effectively improve the uniformity of insulation layers [16–18]. The coated
powders can be consolidated by cold pressing, warm pressing, spark plasma sintering, and
so on, followed by annealing to release the internal stress accumulated in the MPCs during
the powder consolidation process and improve the comprehensive magnetic properties [5].

At present, research on improving the performance of MPCs has been widely reported.
Chang et al. prepared MPCs using FeSiBP GA powders and the comprehensive magnetic
properties of MPCs were effectively improved by optimizing the insulated coating and
heat treatment parameters [18]. Liu et al. fabricated FePBSiNbCr MPCs by WA amorphous
powders and the effect of epoxy resin (EP) contents on the performance of MPCs were
investigated [19]. Zhao et al. compared the comprehensive properties of powders and
MPCs prepared by WA, GA, and CA. They found that powders prepared by the CA process
had excellent overall properties and the corresponding MPCs also had high permeability,
low Pcv, and excellent DC bias performance [9]. Xia et al. mixed FeSiCr amorphous powders
with carbonyl iron powders and prepared corresponding soft magnetic composites, and
the results showed that the proper addition of carbonyl iron powders could effectively
improve the permeability and reduce Pcv [20]. Yan et al. used mechanical ball milling to
coat SiO2 nanoparticles on the surfaces of FeSiB amorphous powders and prepared MPCs
with excellent soft magnetic properties under high frequency by spark plasma sintering [6].
Long et al. prepared polyimide-phosphate double coating FeSiCr MPCs and Pcv under
high frequency was effectively reduced by optimizing the annealing temperature [17].
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In this study, Fe70.8Si11.4B11.9C3.2Cr2.7 (at.%) amorphous powders were prepared by
a novel CA process, and the corresponding MPCs were fabricated by cold pressing and
annealing after phosphating treatment. The effects of phosphoric acid concentrations, com-
paction pressures, and annealing temperatures on the magnetic properties of MPCs were
investigated, which could provide theoretical and practical guidance for the development of
new generation high-performance MPCs for high current and high-frequency applications.

2. Materials and Methods
2.1. Preparation of FeSiBCCr Amorphous Powders

The schematic diagram of the novel CA process used in this work is shown in Figure 1a.
According to the composition of Fe70.8Si11.4B11.9C3.2Cr2.7 (at.%), iron (purity > 99.9%),
silicon (purity > 99.5%), boron (purity > 99.9%), chromium (purity > 99.0%), and pre-
alloyed Fe-B and Fe-C alloys were mixed and heated to 1773 K in a vacuum induction
melting furnace with a capacity of 15 kg. Then, the melt in the furnace was poured into a
tundish equipped with thermal insulating equipment, and the temperature of the melt in
the tundish was controlled at 1273 K. After the preparation stage of N2 atmosphere in the
atomization chamber was completed, the melt was injected into the atomization chamber
through a delivery tube with a diameter of 2.0 mm and was sequentially cooled by N2 jets
and high-pressure water jets. The atomization gas pressure was 1.7 MPa, the water flow
rate was 90 L·min−1, and the water velocity was 80 m·s−1. The powders were dried and
sieved by a standard sieve with 300 meshes (<48 µm) to obtain the raw powders as shown
in Figure 1b.
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2.2. Preparation of MPCs

As shown in Figure 1c, the raw powders were passivated by phosphoric acid solutions,
and placed in a stirrer with 350 rpm for 30 min. After phosphate treatment, the powders
were cleaned by acetone solutions 3 times, and then the powders were added into 0.5 wt.%
rust inhibitor solutions, and stirred with a glass rod for 10 min. After that, the powders
were mixed with 3 wt.% EP in a stirrer with 300 rpm for 30 min, and dried at 343 K for
30 min. The coated powders were put into a mold of ϕ1 14 mm × ϕ2 8 mm × h 3.5 mm
(outer diameter 14 mm, inner diameter 8 mm, height 3.5 mm) for cold pressing for 30 s,
and finally annealed for 2 h to improve the comprehensive properties of MPCs (as shown
in Figure 1d).

In order to study the effects of phosphoric acid concentrations, compaction pressures
(Pc), and annealing temperatures (Ta) on the soft magnetic properties of MPCs, three groups
of experimental schemes as shown in Table 1 were adopted, respectively. Among them,
except Group B, 3 MPCs were fabricated under each condition in Group A and Group C.

Table 1. Experimental schemes for FeSiBCCr AMPCs under different conditions.

Group Phosphoric acid Concentration
%

Pc
MPa

Ta
K

A

0.4 550 423
0.6 550 423
0.8 550 423
1.2 550 423
1.6 550 423

B

0.4 550 423
0.4 950 423
0.4 1150 423
0.4 1300 423
0.4 1900 423
0.4 2350 423

C

0.4 550 423
0.4 550 623
0.4 550 673
0.4 550 723
0.4 550 773

2.3. Material Characterization

The size distribution of the raw powders was measured using the laser-diffraction
particle-size analyzer (BT-9300S, Bettersize Instruments Ltd., Dandong, China). The detec-
tion particle size range was 0.1~341 µm, the shading rate was set as 16.02%, the refractive
index of the medium was set as 1.333, and the refractive index of the sample was set as 2.860.
The internal structure of the raw powders and the annealed powders was analyzed by the
X-ray diffraction (XRD, D2 PHASER, BRUKER AXS, Karlsruhe, Germany) using Cu Kα

radiation with λ = 0.154184 nm. The step size was 0.02◦, the scanning range was 20~100◦,
the tube voltage was 30 kV, and the tube current was 10 mA. The morphology of the raw
powders and coated powders was observed by a scanning electron microscope (SEM, Phe-
nom Pro Desktop SEM, Phenom-World BV, Eindhoven, The Netherlands). The circularity
of the raw powders was calculated by Phenom Prisuite Software v2.9.0 (Phenom-World
BV, Eindhoven, The Netherlands). The characteristic temperatures of the raw powders
were measured by the differential scanning calorimeter (DSC, Setaram Setsys Evo, KEP
Technologies, Lyon, France) at a heating rate of 10 K·min−1 and a 30 mL·min−1 flow rate of
high purity argon. The hysteresis loop of the raw powders were measured by the vibrating-
sample magnetometer (VSM, Lake Shore 8604, Lake Shore Cryotronics, Inc., Westerville,
OH, USA) at the maximum applied magnetic field intensity of ± 8.0 × 105 A·m−1 [5]. Ad-
ditionally, the frequency was 50 Hz. The density of MPCs was obtained by dividing actual
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mass by volume. The total core losses under the condition of Bm = 50 mT, f = 100 kHz
and Bm = 20 mT, f = 1 MHz were measured by a B-H curve analyzer (SY-8219, IWATSU
ELECTRIC Co., Ltd., Tokyo, Japan). The effective permeability (µe) and DC bias were
obtained using a LCR meter (3265B, WAYNE KERR Electronics, Bognor Regis, UK). The
effective permeability was calculated by the following equation [9]:

µe =
Lle

µ0N2 Ae
(1)

where µe is the effective permeability; L is the inductance of MPCs; le is the effective
magnetic circuit length of MPCs; N is the number of copper wires turns (14 in this study);
Ae is the effective cross-section area of MPCs; µ0 is the permeability of a vacuum.

3. Results
3.1. Characterization of Atomization Powder

The size distribution of the raw powders is shown in Figure 2. The powder size
shows a unimodal distribution, d50 is 28.87 µm, and the standard deviation d84/d50 is
1.55, indicating that the powder size distribution range is narrow and the large particles
exceeding 100 µm are very few. Compared with large particles, small particles have
difficulty in forming an easy magnetization axis due to the regular shape, and then the
permeability is lower, but the high-frequency stability can be significantly improved. In
addition, the fine powders can not only improve the density of the prepared MPCs, but
also reduce the skin depth, thereby reducing the eddy current loss at high frequency [21,22].
The XRD pattern of CA powders is shown in the inset of Figure 2. No sharp diffraction
peaks corresponding to the crystalline phases can be observed, and a typical broad peak
of the amorphous phase appears near the 45◦ diffraction angle, indicating that the CA
powders are amorphous, and also proving that the novel CA process in this study has an
extremely fast cooling rate.
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Figure 2. Size distribution and XRD pattern of FeSiBCCr amorphous powders.

It can be seen from the SEM pictures in Figure 3a that the powder surfaces are smooth,
most of the powders are nearly spherical, and have no obvious crystal structures. Combined
with the XRD results, it can be considered that the raw powders are completely amorphous.
Figure 3b shows the relationship between the size and circularity of the powders obtained
by Phenom Prisuite Software v2.9.0. The small droplets formed by multi-stage break-
up during the atomization process have a smaller size and require a shorter time for
spheroidization, and so the solidified powders have higher circularity. In contrast, large
droplets are mainly formed due to agglomeration between incompletely solidified droplets
and rapid solidification of droplets that have not undergone sufficient break-up, and so
large particles tend to be less spherical and have irregular shapes [10,23]. In this study,
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the average circularity of the raw powders is 0.913, indicating that the powders have high
circularity. Compared with the irregularly shaped powders, although the permeability of
spherical powders is lower due to the larger demagnetization field, the spherical powders
have higher resonance frequency and can be applied under higher frequency conditions [10].
Moreover, more uniform and dense insulation layers can be formed during the subsequent
insulated coating process to further reduce Pcv under high frequency [21,22,24–26].
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Figure 4 shows the DSC curve of the raw powders at the heating rate of 10 K·min−1.
The results show that three crystallization peaks are formed, which is consistent with
a previous study [5]. The glass transition temperature Tg is 771 K, the onset temper-
ature of the first crystallization peak Tx1 is 830 K, and the undercooled liquid region
∆T = Tx1 − Tg = 59 K could be obtained. Therefore, the FeSiBCCr amorphous system has
excellent thermal stability and processing performance and can maintain an amorphous
structure with high resistivity and low core loss at higher annealing temperatures [5,27,28].
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The hysteresis loop of FeSiBCCr amorphous powders measured by VSM are shown in
Figure 5. The Ms of raw powders are 0.83 T. In our previous work, based on spark plasma
sintering, FeSiBCCr bulk amorphous alloys with excellent soft magnetic properties were
fabricated using the CA powders [5], which exhibited soft magnetic properties of the CA
powders and facilitated the fabrication of high-performance MPCs.
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3.2. Effects of Phosphoric Acid Concentration on MPC Properties

The SEM pictures of the coated powders by different concentrations of phosphoric
acid are shown in Figure 6a–e. As shown in Figure 6a, when the phosphating concentra-
tion is 0.4 wt.%, the surface of the powder is smooth, and a uniform phosphate film can
be observed. In Figure 6b–d, as the phosphating concentration is increased from 0.6 to
1.2 wt.%, the phosphate nanoparticles that accumulated on the powder surface gradually
increase, and the size of the nanoparticles also gradually increases. In Figure 6e, when the
phosphating concentration is 1.6 wt.%, the powders are severely corroded, and a thick phos-
phate layer is formed on the surface, accompanied by particle agglomeration. The effect
of different phosphoric acid concentrations on insulated coating is further quantitatively
evaluated by characterizing the performance of MPCs in the following.
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The effective permeability µe of MPCs can be analyzed by the following equation [19]:

µe =
3 + (µ′ − 1)(3− 3g)

3 + g(µ′ − 1)
(2)

where µ′ is the permeability of powders; g is the content of the non-ferromagnetic phase.
µe is inversely proportional to the saturation magnetostriction, internal stress, magneto-
crystalline anisotropy constant, and nonferromagnetic impurity content of the material [5].
The density and permeability of MPCs treated by different phosphating concentrations are
shown in Figure 7. As the phosphoric acid concentration is increased from 0.4 to 1.2 wt.%,
the increase in the content of nonferromagnetic phosphate results in a decrease in the
permeability of MPCs. In addition, a large number of micro-scale defects such as cracks
and pores are formed in the uneven phosphate layers, which further leads to the reduction
of density and permeability [16]. When the phosphating concentration is increased from
1.2 to 1.6 wt.%, the phosphate layers are significantly thickened and the agglomerated
particles are increased, resulting in a sudden decrease in density and permeability to
4.80 ± 0.01 g·cm−3 and 13.17 ± 0.22, respectively.
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The total core loss of MPCs can be expressed as the following equation:

Pcv = Ph + Pe = Kh f + Ke f 2 (3)

where Ph is the hysteresis loss; Pe is the eddy current loss; Kh is the hysteresis loss coefficient;
Ke is the eddy current loss coefficient; f is the frequency. Pcv mainly includes Ph and Pe.
When the frequency is low, Ph is dominant; when the frequency is high, Pe begins to
dominate. Kh is generally considered to be mainly proportional to the structure-sensitive
physical quantity Hc, which is mainly related to factors such as purity, internal structure,
powder size, internal stress, and defects [5,29,30]. Ke is mainly related to resistivity, which is
directly related to the insulated coating. Figure 8 shows the total core losses of MPCs under
different phosphating concentrations. It can be seen that Pcv increases with the increase of
phosphoric acid concentrations. When the phosphating concentration is 0.4 wt.%, uniform
and dense phosphate layers are formed with the best interparticle insulation, resulting in
the lowest Pcv of 1237.4 ± 58.0 mW cm−3 [19]. When the phosphating concentration is
increased from 0.4 to 1.2 wt.%, the uniformity of the phosphate layers decreases, air gaps
are introduced, and thus Pcv is increased to 1403.43 ± 31.3 mW cm−3 due to the restricted
movement of the magnetic domain walls [16]. When the phosphating concentration reaches
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1.6 wt.%, the amorphous powders are severely corroded, and the skin depth increases due
to the agglomeration of a large number of powders, and so Pcv is suddenly increased to
1583.6 ± 116.3 mW cm−3.
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Under the action of an external DC magnetic field, the permeability of MPCs inevitably
decreases with the increase of the magnetic field intensity. Therefore, under the develop-
ment trends of high current and miniaturization, the DC bias performance, which directly
affects the performance of electronic components under an external magnetic field, is one
of the key properties of soft magnetic materials. Figure 9 shows the DC bias performance of
MPCs under different phosphoric acid concentrations. The DC-bias% shows an increasing
trend as the phosphating concentration is increased from 0.4 to 1.6 wt.%. Combined with
the above analysis, it is clear that the thickness of non-ferromagnetic phosphate layers and
the content of air gaps increase with phosphating concentrations, which effectively delays
saturation magnetization and thus increases the DC-bias% despite the consequent decrease
in density and permeability [16,30].
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intensity is 71.25 Oe).

3.3. Effects of Compaction Pressures on MPC Properties

The density and permeability of MPCs under different compaction pressures are
shown in Figure 10. With the increase of compaction pressures, the density increases
gradually, while the permeability first increases and then decreases. Combined with the
discussion in Section 3.2, when the pressure is increased from 550 to 1150 MPa, the density
increases from 4.92 to 5.06 g cm−3, the content of internal air gaps decreases substantially,
the motion resistance to the magnetic domain walls decreases, and thus the permeability
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increases from 16.83 to 20.58 [31]. However, when the pressure is increased to more than
1150 MPa, pressure that is too large not only accumulates excessive internal stress in
the MPCs, which hinders the displacement and rotation of the magnetic domain walls
and limits the magnetization process, but also causes the particles to deform along the
direction of uniaxial pressure, which leads to the formation of easy magnetization axes and
aggravates the magnetic crystal anisotropy [9,32]. Therefore, as the pressure is increased
from 1150 to 2350 MPa, the permeability decreases from 20.58 to 19.52.
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Figure 10. Density and permeability of MPCs under different compaction pressures.

The total core losses of MPCs prepared under different compaction pressures are
shown in Figure 11. For the core loss at Bm = 50 mT and f = 100 kHz, as the pressure is
increased, the accumulation of internal stress causes the increase of the hysteresis loss,
leading to an increase in Pcv from 178.6 mW cm−3 at 550 MPa to 1377.3 mW cm−3 at
2350 MPa. For the core loss at Bm = 20 mT and f = 1 MHz, it also increases with increasing
pressure. When the pressure is increased to above 1300 MPa, the breakage of the insulation
layers is caused by excessive uniaxial pressure, resulting in decreased particle resistance.
Therefore, in addition to the higher hysteresis loss caused by the accumulation of internal
stress, the eddy current loss also increases significantly, resulting in a rapid increase in Pcv
from 2101.5 mW cm−3 at 1300 MPa to 3125.9 mW cm−3 at 2350 MPa.
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Figure 12 shows the DC bias performance of MPCs under different pressures. With
the increase of pressures, DC-bias% first increases and then decreases. Since internal stress
accumulation, non-ferromagnetic phase content, and powder shape are important factors
affecting DC bias performance [9], when the compaction pressure is small, the particles
do not undergo deformation and internal stress accumulation can limit the movement of
magnetic domain walls and thus retard saturation magnetization and improve DC bias
performance. When the pressure is increased above 1350 MPa, the density increases rapidly
from 5.17 to 5.51 g cm−3, and the content of air gaps with high energy storage capacity
decreases substantially. Moreover, the internal demagnetization field is weakened due to
the deformation of particles, leading to the deterioration of the DC bias performance [16,33].
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3.4. Effects of Annealing Temperatures on MPC Properties

Heat treatment is an important step to improve the soft magnetic properties of the
MPCs. The internal stress accumulated in the MPCs during the consolidation can be re-
leased by the annealing process, but attention should be paid to the reasonable selection
of the annealing temperature [31]. An annealing temperature that is too high will lead to
the crystallization of the amorphous matrix and the formation of coarse crystal phases,
pinching the magnetic domain walls and deteriorating the soft magnetic properties. Si-
multaneously, organic insulating agents such as epoxy resins and phenolic resins will also
decompose at high temperature, which significantly reduces the resistivity and greatly
increases Pcv. Therefore, the annealing temperature generally needs to be controlled below
the crystallization temperature [18,30]. Combined with the DSC curve in Figure 4, five
annealing temperatures of 423, 623, 673, 723, and 773 K were selected to study the effect of
annealing temperatures on the performance of the MPCs. To verify whether crystallization
occurs at the annealing temperatures set in this study, the raw powders were annealed at
673 and 773 K for 2 h, respectively, and the XRD patterns are shown in Figure 13. It can
be seen that even at the highest annealing temperature of 773 K, the powders still remain
completely amorphous, and it can be considered that the MPCs fabricated in this work are
all AMPCs (amorphous magnetic powder cores).
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The density and permeability of AMPCs annealing at different temperatures are
shown in Figure 14. As the annealing temperature is increased from 423 to 773 K, the
density of internal defects decreases, and the micro-scale cracks and pores gradually
disappeared [20,32,34]. Therefore, the permeability and density are increased from 16.83
and 4.92 g·cm−3 to 21.54 ± 1.21 and 5.10 ± 0.03 g cm−3, respectively.
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The total core losses of AMPCs at different annealing temperatures are shown in
Figure 15. When the annealing temperature is lower than 673 K, the internal stress is
not fully released, and the decrease in Pcv is small. When the annealing temperature is
increased from 673 to 773 K, the internal dislocation density of AMPCs decreases, the
accumulated internal stress is fully released, and the uniformity of the phosphate insulating
layers is improved [18,20]. Therefore, the core loss at Bm = 50 mT and f = 100 kHz is
reduced from 140.2 ± 18.0 to 103.0 ± 26.3 mW·cm–3, and the core loss at Bm = 20 mT and
f = 1 MHz is reduced from 1400.3 ± 69.1 to 1118.7 ± 63.7 mW cm–3.
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Figure 16 shows the DC bias performance of AMPCs at different annealing temper-
atures. With the increase of annealing temperatures, the DC-bias% gradually decreases.
This is because during the annealing process, the internal stress is gradually released, the
content of air gaps and the resistance to restrict the movement of the magnetic domain
walls gradually decreases, and the material is more likely to reach saturation magnetization,
and so the DC-bias% is reduced from 92.2 at 423 K to 90.3 ± 0.2 at 773 K.
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Based on the optimization study of the above process parameters, the magnetic
properties of MPCs fabricated in this study and previous studies are compared, as shown
in Table 2. It can be seen that the AMPCs fabricated in this study have excellent DC bias
performance and outstanding low core loss under high frequency, which are in line with the
current development trends of high frequency, high efficiency, and integration of electronic
components. The AMPCs can provide excellent raw material reserves for high-end inductor
devices and are expected to be further used in 5G mobile communications, intelligent home
electronics, and new energy automobiles.
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Table 2. Comparison of magnetic properties between FeSiBCCr AMPCs in this work and the typical
MPCs in previous studies.

Sample
µe Core Loss, Pcv (mW cm−3) DC-Bias%

References
100 kHz 100 kHz/0.05 T 1 MHz/0.02 T 71.25 Oe

FeSiBCCr@phosphate@EP 21.5 ± 1.2 103.0 ± 26.3 1118.7 ± 63.7 90.3 ± 0.2 /
FeSiB + FeNi 30.1 314 / / [3]

FeSiCr@phosphate@polyimide 47.5 547 / 68.1 [10]
FeSiBPC@EP@Fe3O4 49.5 187 / / [15]

FeSiBPC@EP 44 301 / / [15]
FeSiCr@phosphate@EP 21.5 1016.8 / 89.4 [16]

FeSiBPNbCu@EP 63 475 / 81.2 [17]
FeSiCr@silicone resin 17.2 / 1442 / [20]

FeSiCr + CIP@ silicone resin 19.7 / 1257 / [20]
FeSiNi@phosphate@EP / 643.2 / 74.4 [33]

FeSiPS + Al2O3@aluminum nitrate 36.49 398.5 / / [35]
FeSiBCCr@TiO2 67 265 / 75.4 [36]
FeSiBCCr@TiO2 74 301 / 80.0 [36]

4. Conclusions

In this study, Fe70.8Si11.4B11.9C3.2Cr2.7 (at. %) amorphous powders were produced by a
novel gas–water combined atomization process, and corresponding magnetic powder cores
were fabricated under different phosphating treatment, cold pressing, and heat treatment
conditions. The main conclusions are as follows:

• The raw powders have a fine size of d50 = 28.87 µm and high circularity of 0.913,
which is conducive to the forming of high-density MPCs and the enhancement of
high-frequency properties; the powders exhibit excellent soft magnetic properties,
which can provide an excellent raw material reserve for high-performance MPCs.

• With the increase of phosphating concentrations, the inhomogeneity of phosphate
layers intensifies, and the content of non-ferromagnetic phases increases, and thus
the permeability, density, and core losses deteriorate despite the enhancement of
DC bias performance. With the increase of pressure, although the density increases,
the excessive accumulation of internal stress makes the permeability increase and
then decrease and the core losses increase continuously. When annealed below the
crystallization temperature, the density of internal defects decreases as the annealing
temperature increases, the permeability increases gradually, the core losses decrease,
and the DC-bias% decreases due to the reduction in the content of air gaps.

• The AMPCs prepared by the optimized process of 0.4 wt.% phosphoric acid treat-
ment, cold pressing at 550 MPa, and annealing at 773 K/2 h have excellent overall
performance with the permeability of 21.54 ± 1.21, DC-bias% of 90.3 ± 0.2, and core
losses of 103.0 ± 26.3 mW cm−3 and 1118.7 ± 63.7 mW cm−3 at 100 kHz/50 mT and
1 MHz/20 mT. The AMPCs fabricated in this work have outstanding DC bias and low
core loss under high frequency.

Author Contributions: Conceptualization, J.L. and Y.D.; experimental setup design, J.L., Y.D. and
P.W.; validation, P.W. and J.Z.; formal analysis, J.L. and Y.D.; investigation, J.L., Z.Z., H.Z. and
J.P., writing—original draft preparation, J.L.; writing—review and editing, J.L., P.W., Z.Z. and J.Z.;
visualization, Y.D. and Z.Z.; project administration, H.Z. and J.Z.; funding acquisition, P.W., H.Z., J.P.
and J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Key research and development project of Shandong province
in China, grant number “2018TSCYCX-10”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2022, 15, 6296 15 of 16

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would also like to thank the support from Qingdao Yunlu Advanced
Materials Technology Co., Ltd.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Guo, J.J.; Dong, Y.Q.; Man, Q.K.; Li, Q.; Chang, C.T.; Wang, X.M.; Li, R.W. Fabrication of FeSiBPNb amorphous powder cores with

high DC-bias and excellent soft magnetic properties. J. Magn. Magn. Mater. 2016, 401, 432–435. [CrossRef]
2. Silveyra, J.M.; Ferrara, E.; Huber, D.L.; Monson, T.C. Soft magnetic materials for a sustainable and electrified world. Science 2018,

362, eaao0195. Available online: https://www.science.org/doi/abs/10.1126/science.aao0195 (accessed on 26 October 2018).
[CrossRef] [PubMed]

3. Guo, Z.L.; Wang, J.H.; Chen, W.H.; Chen, D.C.; Sun, H.B.; Xue, Z.L.; Wang, C. Crystal-like microstructural Finemet/FeSi
compound powder core with excellent soft magnetic properties and its loss separation analysis. Mater. Des. 2020, 192, 108769.
[CrossRef]

4. Fan, X.A.; Wu, Z.Y.; Li, G.Q.; Wang, J.; Xiang, Z.D.; Gan, Z.H. High resistivity and low core loss of intergranular insulated
Fe–6.5 wt.% Si/SiO2 composite compacts. Mater. Des. 2016, 89, 1251–1258. [CrossRef]

5. Dong, Y.N.; Liu, J.Q.; Wang, P.; Zhao, H.; Pang, J.; Li, X.Y.; Zhang, J.Q. Study of Bulk Amorphous and Nanocrystalline Alloys
Fabricated by High-Sphericity Fe84Si7B5C2Cr2 Amorphous Powders at Different Spark-Plasma-Sintering Temperatures. Materials
2022, 15, 1106. [CrossRef] [PubMed]

6. Yan, L.; Yan, B.; Jian, Y. Fabrication of Fe-Si-B Based Amorphous Powder Cores by Spark Plasma Sintered and Their Magnetic
Properties. Materials 2022, 15, 1603. [CrossRef]

7. Guo, L.Y.; Geng, S.N.; Yan, Z.C.; Chen, Q.; Lan, S.; Wang, W.M. Nanocrystallization and magnetic property improvement of
Fe78Si9B13 amorphous alloys induced by magnetic field assisted nanosecond pulsed laser. Vacuum 2022, 199, 110983. [CrossRef]

8. Chen, D.N.; Li, K.L.; Yu, H.Y.; Zuo, J.L.; Chen, X.; Guo, B.C.; Han, G.Z.; Liu, Z.W. Effects of secondary particle size distribution on
the magnetic properties of carbonyl iron powder cores. J. Magn. Magn. Mater. 2020, 497, 166062. [CrossRef]

9. Zhao, T.C.; Chen, C.G.; Wu, X.J.; Zhang, C.Z.; Volinsky, A.A.; Hao, J.J. FeSiBCrC amorphous magnetic powder fabricated by
gas-water combined atomization. J. Alloys Compd. 2021, 857, 157991. [CrossRef]

10. Chang, L.; Xie, L.; Liu, M.; Li, Q.; Dong, Y.Q.; Chang, C.T.; Wang, X.M.; Inoue, A. Novel Fe-based nanocrystalline powder cores
with excellent magnetic properties produced using gas-atomized powder. J. Magn. Magn. Mater. 2018, 452, 442–446. [CrossRef]

11. Kus, A.; Pilarczyk, W.; Malachowska, A.; Ambroziak, A.; Gebara, P. Investigation of Mechanical and Magnetic Properties of
Co-Based Amorphous Powders Obtained by Atomization. Materials 2021, 14, 7357. [CrossRef] [PubMed]

12. Lavernia, E.J.; Srivatsan, T.S. The rapid solidification processing of materials: Science, principles, technology, advances, and
applications. J. Mater. Sci. 2010, 45, 287–325. [CrossRef]

13. Liu, Y.; Niu, S.; Li, F.; Zhu, Y.T.; He, Y.H. Preparation of amorphous Fe-based magnetic powder by water atomization. Powder
Technol. 2011, 213, 36–40. [CrossRef]

14. Xia, C.; Peng, Y.; Yi, Y.; Deng, H.; Zhu, Y.Y.; Hu, G. The magnetic properties and microstructure of phosphated amorphous
FeSiCr/silane soft magnetic composite. J. Magn. Magn. Mater. 2019, 474, 424–433. [CrossRef]

15. Chi, Q.; Chang, L.; Dong, Y.Q.; Zhang, Y.Q.; Zhou, B.; Zhang, C.Z.; Pan, Y.; Li, Q.; Li, Q.; Li, J.W.; et al. Enhanced high frequency
properties of FeSiBPC amorphous soft magnetic powder cores with novel insulating layer. Adv. Powder Technol. 2021, 32,
1602–1610. [CrossRef]

16. Yu, H.; Zhou, S.X.; Zhang, G.Q.; Dong, B.S.; Meng, L.B.; Li, Z.Z.; Dong, Y.Q.; Cao, X. The phosphating effect on the properties of
FeSiCr alloy powder. J. Magn. Magn. Mater. 2022, 552, 168741. [CrossRef]

17. Long, H.M.; Wu, X.J.; Lu, Y.K.; Zhang, H.F.; Hao, J.J. Effect of Polyimide-Phosphating Double Coating and Annealing on the
Magnetic Properties of Fe-Si-Cr SMCs. Materials 2022, 15, 3350. [CrossRef]

18. Chang, C.T.; Dong, Y.Q.; Liu, M.; Guo, H.Q.; Xiao, Q.; Zhang, Y.F. Low core loss combined with high permeability for Fe-based
amorphous powder cores produced by gas atomization powders. J. Alloys Compd. 2018, 766, 959–963. [CrossRef]

19. Liu, M.; Huang, K.Y.; Liu, L.; Li, T.; Cai, P.P.; Dong, Y.Q.; Wang, X.M. Fabrication and magnetic properties of novel Fe-based
amorphous powder and corresponding powder cores. J. Mater. Sci. 2018, 29, 6092–6097. [CrossRef]

20. Xia, C.; Peng, Y.D.; Yi, X.W.; Yao, Z.X.; Zhu, Y.Y.; Hu, G. Improved magnetic properties of FeSiCr amorphous soft magnetic
composites by adding carbonyl iron powder. J. Non-Cryst. Solids 2021, 559, 120673. [CrossRef]

21. Zhang, Y.; Sharma, P.; Makino, A. Production and properties of soft magnetic cores made from Fe-Rich FeSiBPCu powders. IEEE
Trans. Magn. 2015, 51, 1–4. [CrossRef] [PubMed]

22. Zhang, Y.; Sharma, P.; Makino, A. Fe-rich Fe–Si–B–P–Cu powder cores for high-frequency power electronic applications. IEEE
Trans. Magn. 2014, 50, 1–4. [CrossRef]

23. Wang, P.; Li, J.; Wang, X.; Liu, H.S.; Fan, B.; Gan, P.; Guo, R.F.; Ge, X.Y.; Wang, M.H. Close-coupled nozzle atomization integral
simulation and powder preparation using vacuum induction gas atomization technology. Chin. Phys. B 2021, 30, 027502.
[CrossRef]

http://doi.org/10.1016/j.jmmm.2015.10.069
https://www.science.org/doi/abs/10.1126/science.aao0195
http://doi.org/10.1126/science.aao0195
http://www.ncbi.nlm.nih.gov/pubmed/30361339
http://doi.org/10.1016/j.matdes.2020.108769
http://doi.org/10.1016/j.matdes.2015.10.087
http://doi.org/10.3390/ma15031106
http://www.ncbi.nlm.nih.gov/pubmed/35161049
http://doi.org/10.3390/ma15041603
http://doi.org/10.1016/j.vacuum.2022.110983
http://doi.org/10.1016/j.jmmm.2019.166062
http://doi.org/10.1016/j.jallcom.2020.157991
http://doi.org/10.1016/j.jmmm.2017.12.049
http://doi.org/10.3390/ma14237357
http://www.ncbi.nlm.nih.gov/pubmed/34885509
http://doi.org/10.1007/s10853-009-3995-5
http://doi.org/10.1016/j.powtec.2011.06.026
http://doi.org/10.1016/j.jmmm.2018.11.058
http://doi.org/10.1016/j.apt.2021.03.017
http://doi.org/10.1016/j.jmmm.2021.168741
http://doi.org/10.3390/ma15093350
http://doi.org/10.1016/j.jallcom.2018.07.055
http://doi.org/10.1007/s10854-018-8584-4
http://doi.org/10.1016/j.jnoncrysol.2021.120673
http://doi.org/10.1109/TMAG.2014.2359003
http://www.ncbi.nlm.nih.gov/pubmed/26203196
http://doi.org/10.1109/TMAG.2014.2316543
http://doi.org/10.1088/1674-1056/abc167


Materials 2022, 15, 6296 16 of 16

24. Chiba, M.; Urata, A.; Matsumoto, H.; Yoshida, S.; Makino, A. Characteristics of Fe-Si-BP-Cu nanocrystalline soft magnetic alloy
powders with high Bs. IEEE Trans. Magn. 2011, 47, 2845–2847. [CrossRef]

25. Otsuka, I.; Kadomura, T.; Ishiyama, K.; Yagi, M. Magnetic properties of Fe-based amorphous powder cores with high magnetic
flux density. IEEE Trans. Magn. 2009, 45, 4294–4297. [CrossRef]

26. Kim, H.R.; Jang, M.S.; Nam, Y.G.; Kim, Y.S.; Yang, S.S.; Kim, Y.J.; Jeong, J.W. Enhanced Permeability of Fe-Based Amorphous
Powder Cores Realized through Selective Incorporation of Carbonyl Iron Powders at Inter-Particle Voids. Metals 2021, 11, 1220.
[CrossRef]

27. Dong, Y.Q.; Man, Q.K.; Zhang, J.J.; Chang, C.T.; Li, R.W.; Wang, X.M. Fabrication of FePBNbCr glassy cores with good soft
magnetic properties by hot pressing. IEEE Trans. Magn. 2015, 51, 1–4. [CrossRef]

28. Suzuki, T.; Sharma, P.; Jiang, L.X.; Zhang, Y.; Makino, A. Fabrication and Properties of Under 10µm Sized Amorphous Powders of
High Bs Soft Magnetic Alloy for High-Frequency Applications. IEEE Trans. Magn. 2018, 54, 1–5. [CrossRef]

29. Yoshida, K.; Bito, M.; Kageyama, J.; Shimizu, Y.; Abe, M.; Makino, A. Unusual high B s for Fe-based amorphous powders
produced by a gas-atomization technique. Aip. Adv. 2016, 6, 055933. [CrossRef]

30. Li, T.; Dong, Y.Q.; Liu, L.; Liu, M.; Shi, X.Z.; Dong, X.; Rong, Q.Y. Novel Fe-based nanocrystalline powder cores with high
performance prepared by using industrial materials. Intermetallics 2018, 102, 101–105. [CrossRef]

31. Zhang, Z.; Wu, P.; Han, S.J.; Tang, F.L.; Su, H.L.; Tong, X.C.; Zou, Z.Q.; Wu, W.M.; Wu, Y.C.; Du, W.Y. Effects of Annealing
Temperature and Compaction Pressure on Magnetic Properties of Fe–Si Powder Cores Fabricated by an Improved Bluing Method.
J. Supercond. Nov. Magn. 2018, 31, 1507–1513. [CrossRef]

32. Zhang, Z.M.; Xu, W.; Guo, T.; Jiang, Y.Z.; 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]

33. Xu, W.; Wu, C.; Yan, M. Preparation of Fe–Si–Ni soft magnetic composites with excellent high-frequency properties. J. Magn.
Magn. Mater. 2015, 381, 116–119. [CrossRef]

34. Chen, S.F.; Chen, C.Y.; Cheng, C.S. Passivation layer for the magnetic property enhancement of Fe72.8Si11.2B10.8Cr2.3C2.9 amor-
phous powder. J. Alloys Compd. 2015, 644, 17–24. [CrossRef]

35. Lei, J.; Zheng, J.W.; Zheng, H.D.; Qiao, L.; Ying, Y.; Cai, W.; Li, W.C.; Yu, J.; Lin, M.; Che, S.L. Effects of heat treatment and lubricant
on magnetic properties of iron-based soft magnetic composites with Al2O3 insulating layer by one-pot synthesis method. J. Magn.
Magn. Mater. 2019, 472, 7–13. [CrossRef]

36. Zhou, B.; Dong, Y.Q.; Liu, L.; Chang, L.; Bi, F.Q.; Wang, X.M. Enhanced soft magnetic properties of the Fe-based amorphous
powder cores with novel TiO2 insulation coating layer. J. Magn. Magn. Mater. 2019, 474, 1–8. [CrossRef]

http://doi.org/10.1109/TMAG.2011.2158518
http://doi.org/10.1109/TMAG.2009.2021665
http://doi.org/10.3390/met11081220
http://doi.org/10.1109/TMAG.2015.2446998
http://doi.org/10.1109/TMAG.2018.2833138
http://doi.org/10.1063/1.4944765
http://doi.org/10.1016/j.intermet.2018.09.001
http://doi.org/10.1007/s10948-017-4358-0
http://doi.org/10.1016/j.jallcom.2014.01.123
http://doi.org/10.1016/j.jmmm.2014.12.073
http://doi.org/10.1016/j.jallcom.2015.04.125
http://doi.org/10.1016/j.jmmm.2018.09.125
http://doi.org/10.1016/j.jmmm.2018.11.014

	Introduction 
	Materials and Methods 
	Preparation of FeSiBCCr Amorphous Powders 
	Preparation of MPCs 
	Material Characterization 

	Results 
	Characterization of Atomization Powder 
	Effects of Phosphoric Acid Concentration on MPC Properties 
	Effects of Compaction Pressures on MPC Properties 
	Effects of Annealing Temperatures on MPC Properties 

	Conclusions 
	References

