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a b s t r a c t

Amorphous soft magnetic composites have been attracting attention because of its low core loss under
high frequency application. It is demanded that the powder for fabricating amorphous soft magnetic
composites has amorphous structure and nearly spherical shape, which facilitates the uniform coating of
insulator on the surface of powder particles. In this paper, amorphous Fe73.5Si13B11Cr1C1.5 (at%) powder
was produced by gas-water combined atomization process which takes advantages of both gas atomi-
zation and water atomization, and its properties was compared with powder produced by gas atomi-
zation and water atomization. Gas-water combined atomization powder with particle size of �60 mm
were found to be amorphous with low coercivity, and the shape of particles was nearly spherical. The
permeability of magnetic powder cores prepared with three kinds of powder first increased and then
decreased with annealing temperature, and the core loss first decreased and then increased. The cores
prepared with gas-water combined atomization powder showed the best overall properties, with an
effective permeability of 26.9, a relative permeability of 83.3% under a superimposed DC magnetic field of
7.96 kA/m, a core loss of 258 mW/cm3 under a frequency of 100 kHz, and a magnetization intensity Bm of
0.05 T after annealing at 793 K in nitrogen gas.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Soft magnetic composites (SMCs) formed from ferromagnetic
powder after insulation treatment are widely used in communi-
cations, electronics, switching power supplies and other applica-
tions because of their high saturation magnetic induction intensity,
stable permeability and low energy loss [1e4]. With increasing
demand for electronic devices with the high-frequency operation,
small size, large power output and high energy efficiency, the
performance requirements for SMCs are becoming more stringent.
Researchers and end users have focused on amorphous SMCs
because of their low coercivity and high resistivity [5e7], which
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enable amorphous SMCs to operate under high frequency of
1.5e3 GHz [8].

The permeability, core loss and DC bias performance of SMCs are
closely related to the chemical composition, particle size and shape
of powders [9e13]. A smooth surface and spherical shape of par-
ticles are beneficial for insulation coatings, which can decrease the
eddy current between particles and accordingly reduce loss. In
addition, the degree of internal crystallization in amorphous
powder also affects the permeability and coercivity. Abnormal
crystallization and precipitation of the secondary phases increase
the coercivity and degrades the soft magnetic properties of the
material [14e16]. Therefore, an appropriate amorphous phase
content and nearly spherical particles without sharp protrusion are
prerequisites for obtaining amorphous SMCs with high
performance.

Amorphous powder is usually prepared by strip crushing, me-
chanical alloying or atomization. In the strip crushing process, a
metal melt flows through a slit nozzle onto a high-speed rotating
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copper roll, rapidly solidifying into an amorphous strip of
20e30 mm thick, and then the strip is mechanically crushed and
ball-milled to produce powder [17e20]. For mechanical alloying,
puremetal or metalloid materials are cold welded and diffused into
each other to fabricate amorphous powder by high-energy ball
milling [21e23]. The powders prepared by these twomethods have
irregular shapes with sharp protrusions and corners, which is not
conducive to powder insulation coating. When the soft magnetic
composites are pressed and formed, the insulating layer can be
easily pierced, which tends to increase the core loss. Moreover, the
different arrangement of flake powderwould lead to the anisotropy
of magnetic properties of the powder cores [24]. In gas atomization
(GA) or water atomization (WA) processes, molten metal liquid is
broken up with a high-pressure inert gas or high-pressure water
jet, and then the resulting droplets are cooled and solidified into
powder. The cooling rates of melt droplets in GA and WA are
approximately 102e103 K/s and 103e104 K/s, respectively [25]. GA
powders have a nearly spherical shape, but the low cooling rate is
not conducive to amorphous structure formation [26,27]. The
higher cooling rate of WA is conducive to amorphous structure
formation, but the powder contains some irregular particles and
coarse surfaces, which again is not beneficial to powder insulation
coating [28,29]. Otsuka et al. prepared Fe(Si)BC amorphous powder
by the spinning water atomization process (SWAP) [30], in which
metal liquid is first broken up by a nitrogen jet and the resulting
droplets fall into high-speed rotating water flow. As a result, nearly
spherical powder was obtained at a 106 K/s cooling rate. This pro-
cess offers significant progress for preparation amorphous powder.
However, it requires accurate coordination of the gas nozzle and
rotating water, and the realization of a high-speed water flow is
difficult. Aiming to increase cooling rate of gas atomization for
preparing soft ferromagnetic amorphous powder, Ciftci et al.
developed two strategies [31]. On the one hand, four dual argon/
water nozzles were arranged below gas atomizer, operated with a
water flow of 400 mL/min and an argon pressure of 0.55 MPa.
Molten metal droplets initially generated by gas atomizer were
cooled by the spry cone of water and argon mixture. On the other
hand, molten metal droplets fell into water directly in the vessel
below gas atomizer. In spite of increasing the cooling rate through
both methods, the cooling rate was still relatively low for the small
water flux in the first method and a far distance from the surface of
water in the vessel to gas atomizer in the second method.

A variety of soft magnetic amorphous alloys have been devel-
oped on the basis of FeeSieB composition system in recent years.
Adding C into FeeSieB can greatly improve glass forming ability
(GFA) of the alloy, with high saturation magnetic induction in-
tensity (Bs) [32]. The addition of Cr into FeeSieBeC and similar
alloys can increase the resistivity and corrosion resistance [33,34].
Magnetic powder cores prepared by powder treated by nitric acid
has low loss [35]. By means of sol-gel method, flaky FeSiBCCr
magnetic powders were coated with inorganic (SiO2) insulating
layer, and the DC bias and core loss of powder cores were both
improved [36]. The FeeSieBeCreC powder has been used to
manufacture SMCs used in laptops, mobile phones and other high
frequency (>1MHz) communication equipment. In order to further
reduce the loss of SMC and increase the corrosion resistance,
Fe73.5Si13B11Cr1C1.5 (at%) alloy powder was studied in this paper.

To obtain spherical amorphous powder, in this work, we pre-
pared Fe73.5Si13B11Cr1C1.5 (at%) amorphous powder using combined
gas-water atomization (CA) technology, pressed and formed
toroidal magnetic powder cores, and conducted comparisons with
GA powder and WA powder with the same particle size and
composition to determine the differences among their properties
and evaluate the possibility of fabricating powder for soft magnetic
composites by CA.
2

2. Experiment

Three kinds of atomization processes are schematically shown
in Fig. 1. The melt liquid flows down through a delivery tube at the
bottom of a tundish. As shown in Fig. 1a and b, the downward-
flowing melt liquid is broken up by a high-pressure water jet or
gas jet during the WA and GA processes. Alternatively, the melt
liquid is broken up in two steps, i.e., first by a high-pressure gas jet
and then by a low-pressure water jet, and further cooled by the
water jet during the CA process, as shown in Fig. 1c. The structure
and process parameters of the CA system are optimized so that after
the metal liquid is broken up by the nitrogen jet, when spheroid-
ization of the droplets has completed but the droplets have not yet
solidified, most droplets are cooled by water, and only a small
number of large droplets are further broken up by the water.

An alloy with an atomic ratio of Fe73.5Si13B11Cr1C1.5 (at%) was
characterized using the mass ratio of each element, and the burn
loss of each element was estimated during smelting. A total mass of
50 kg of pure iron, pure silicon, boron iron alloy (the boron content
was 18.3 wt%), pure chromium and pure graphite were loaded into
a corundum crucible in a medium-frequency induction vacuum
furnace. The materials were melted until the temperature of the
metal liquid rose to 1693 K. After maintaining at this temperature
for 5 min, the metal liquid was poured into the tundish and flowed
through a delivery tube with a 5 mm inner diameter, immediately
broken up by a high-pressure nitrogen gas jet and then solidified
into powder. The water pressure was 50 MPa for WA with a water
flow of 125 L/min, and the nitrogen pressure was 4.5 MPa for GA.
For CA, the nitrogen pressure was 4.5 MPa and water pressure was
1.5 MPawith 125 L/minwater flow. The collected powder was dried
in a double-cone vacuum dryer with a 300 L volume. To eliminate
the impact of the particle size on the properties of the powder and
soft magnetic composites, the dried powder was screened
to�60þ 45 mm, �45 þ 38 mm, and �38 mm interval sizes, and each
interval powder was taken as 5 wt%, 20 wt%, and 75% wt and
blended in a V-shaped blender for 1 h to ensure each powder
sample has the similar particle size distribution. The median
diameter D50 and the oxygen content of the blended powder are
listed in Table 1.

Three kinds of �60 mm powder were annealed at 693 K, 743 K,
793 K, or 843 K in a resistance wire heating tubular furnace with
nitrogen protection for 1 h, and then the crystallization behavior of
the powder was analyzed. Unannealed powder was passivated in
1 wt% phosphoric acid water solution containing 0.5 wt% acetone
for 30 min, and then the passivated powder was vacuum dried at
373 K. 1.5 wt% silicone resin as an insulating agent and 0.5 wt% zinc
stearate as a lubricant were added to the dried powder and evenly
mixed for 30 min. Toroidal soft magnetic composites (also referred
to as magnetic powder cores) with an outer diameter of 14 mm, an
inner diameter of 8 mm, and a height of 3.6 mmwere fabricated by
unidirectional cold pressing under a pressure of 1600 MPa at room
temperature. The compacted cores were annealed at 423 K, 693 K,
743 K, 793 K, and 843 K for 1 h in nitrogen and then cooled to room
temperature in the oven.

The internal structural characteristics of the powder were
analyzed by X-ray diffraction (XRD, Bruker D8 Discover), and the
morphology of the powder was observed by a scanning electron
microscope (SEM, FEI Nova nanoSEM450). Bright-field images were
obtained with selected area electron diffraction (SAED) using a
transmission electron microscope (TEM, FEI Talos F200). Endo-
thermic and exothermic reactions of the powder during heating
were measured by differential scanning calorimetry (DSC, Netzsch
DSC404) in an argon atmosphere with the flow rate of 50 mL/min.
The particle size of the powder was measured by a laser particle
size meter (Malvern Mastersizer 2000), and the saturation



Fig. 1. Schematics of the three atomization methods: (a) Water atomization, (b) Gas atomization and (c) Gas-water combined atomization.

Table 1
Median size and oxygen content of powder for fabricating magnetic powder cores.

Powder Median size D50 (mm) Oxygen content (wt%)

WA powder 26.1 ± 0.2 0.087 ± 0.001
GA powder 25.6 ± 0.2 0.012 ± 0.001
CA powder 25.2 ± 0.2 0.059 ± 0.001
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polarization magnetization (Js) and coercivity (Hc) were measured
at room temperature with a vibrating sample magnetometer (VSM,
LakeShore 741) under a maximum applied field of 796 kA/m. The
core loss of the magnetic powder cores was measured by a BeH
analyzer (IWATSU-SY-8232) under different frequencies of
10 kHz, 50 kHz, 100 kHz, 150 kHz, and 200 kHz with Bm of 0.05 T.
The effective permeability (me) and DC bias performance were
measured by an LCRmeter (Agilent E4980A) under 1 V and 100 kHz
frequency with 30 turns of copper wire of 0.35 mm diameter
twisted on powder cores. The effective permeability was calculated
as:

me ¼
L:le

m0N2:Ae
(1)

Here, me is the effective permeability, L is the inductance of
magnetic powder cores measured by the LCR meter, le is the
effective magnetic circuit length of magnetic powder cores, N is the
number of copper wires turns (30 in this measurement) twisted on
the surface of magnetic powder cores, Ae is the effective cross-
sectional area of magnetic powder cores, and m0 is the perme-
ability of vacuum (4p � 10�7 H/m).

3. Results and discussion

3.1. Powder properties

Fig. 2 shows the SEM morphology of the WA, GA, and CA
Fe73.5Si13B11Cr1C1.5 (at%) powder with the size of�60 mm. SomeWA
powder particles have long rod shape and sharp protrusions on the

surface, as seen in Fig. 2a. During the WA procme ¼ L,le
m0N2,Ae

ess,

owing to the high cooling rate, the solidification time of the metal
droplets was shorter than the spheroidization time, and spher-
oidization of some particles had not completed before solidifica-
tion. During the GA process, the solidification time of the metal
droplets was longer than that of spheroidization, and spheroid-
ization had completed before solidification, so most particles are
spherical as seen in Fig. 2b. On the other hand, because of the lower
cooling rate, some flying melt droplets collided with solidified
particles and ultimately covered the surface of those particles,
leading to a coarse surface. Fig. 2c shows that nearly all CA powder
has a spherical shape, with the best sphericity among the three
kinds of powder. Relevant research has determined that after a
metal liquid is broken up by a gas or water jet during the atomi-
zation process, the subsequent solidification process is related to
3

the temperature of the droplets, cooling medium, viscosity and
surface tension of the liquid metal. Under the action of the surface
tension, the powder tends to spheroidize, and the shape of the
powder is determined by the spheroidization time and solidifica-
tion time [37e39]. If the solidification time of the metal droplets is
longer than the spheroidization time or the difference between
both is not significant, spheroidization completes before solidifi-
cation. Under this condition, the powder particles generally have
spherical shape. Otherwise, the surfaces of the powder particles are
rough, and their shapes are irregular.

Fig. 3 shows the XRD patterns of the three kinds of powder with
different particle sizes. A small sharp peak is present on the base of
the broad diffuse halo at approximately 45� diffraction angle (2q) in
the XRD patterns for all the �150 þ 105 mm powder, which is more
obvious for the gas powder. These results indicate that the powder
is mostly amorphous but partially crystallized. No sharp peaks
present in the pattern of the �105 þ 60 mm WA and GA powder,
whose XRD patterns show only a broad diffuse halo, but a small
sharp peak still exists in the XRD pattern of the �105 þ 60 mm GA
powder. In addition, only a broad diffuse halo and no sharp peak
appears in the XRD pattern of all three kinds of the�60 mmpowder.
Under the same particle size interval, amorphous structure for-
mation in the GA powder is more difficult than in the WA and CA
powder, which verifies that GA has a lower cooling rate than WA
and CA, but WA and CA have similar cooling rates. Owing to the
amorphous structure formed in coarse powder and the spherical
shape, CA has advantages over both WA and GA.

Figs. 4e6 show TEM bright field images, SAED results and the
high-resolution images of the �60 mm WA, CA and GA powder,
respectively. For the WA and CA powders, the bright field images
are very similar and homogeneous, and no grains or other phases
have precipitated. Only diffuse haloes are present in the SAED im-
age, and a disorder lattice arrangement is shown in the high-
resolution image. All TEM results indicate that the WA and CA
powders are almost amorphous, which is consistent with the XRD
patterns. In contrast, the TEM results of the GA powder exhibit
obvious differences from the other two powders. Many fine grains
below the 5 nm size are embedded unevenly in the amorphous
matrix as seen in Fig. 6a. Discontinuous bright rings with spots
located on their periphery appear in the SAED image, which in-
dicates that many grains exist in the powder and that these grains
have a preferred orientation. The precipitated grains are identified
as the a-Fe(Si) phase. As seen in Fig. 6c, the crystal lattice has a
periodically regular arrangement, and the lattice plane distance is
approximately 0.204 nm. A fast Fourier transform (FFT) was per-
formed in the red rectangle area, revealing bright spots presenting
the a-Fe(Si) lattice plane, indicating a single crystal. Though
nanoscale grains precipitated in the amorphous matrix, their very
fine size caused diffraction peak broadening so that no sharp peaks
appear. From the TEM results, the reason for crystallization in the
GA powder is that the cooling rate of GA is lower than WA and CA.

DSC curves of the three kinds of powder with the particle size
of �60 mm are shown in Fig. 7, and no glass transition temperature



Fig. 2. SEM morphology of the Fe73.5Si13B11Cr1C1.5 powder with �60 mm particle size: (a) WA, (b) GA and (c) CA.

Fig. 3. XRD patterns of the Fe73.5Si13B11Cr1C1.5 powder with different particle size: (a) WA, (b) GA and (c) CA.

Fig. 4. TEM pattern of the Fe73.5Si13B11Cr1C1.5 WA powder with �60 mm particle size: (a) Bright field image (b) SAED pattern and (c) High-resolution image.

Fig. 5. TEM pattern of the Fe73.5Si13B11Cr1C1.5 CA powder with �60 mm particle size: (a) Bright field image (b) SAED pattern and (c) High-resolution image.

T. Zhao, C. Chen, X. Wu et al. Journal of Alloys and Compounds 857 (2021) 157991
Tg can be identified. The first crystallization onset temperature Tx1
and first peak temperature Tp1 of each powder are listed in Table 2.
Tx1 and Tp1 are respectively 817.7 K and 826.9 K for the GA powder,
820.9 K and 826.4 K for theWA powder, and 824.3 K and 831.0 K for
the CA powder. Since nanograins precipitated in the GA powder
before heating, thus supplying nucleation locations for crystalli-
zation, the driving force for crystallization decreased, and Tx1 and
4

Tp1 are relatively low. Both the WA and CA powders are almost
amorphous, but the cooling rate of the metal droplets during WA is
higher than GA. The higher cooling rate results in more amorph-
ization in the WA powder, resulting in higher energy for crystal
transitions. Additionally, each DSC curve has a small second
exothermic peak after the first exothermic peak, indicating that
after the first crystallization, a second crystal phase arises with the



Fig. 6. TEM pattern of the Fe73.5Si13B11Cr1C1.5 GA powder with �60 mm particle size: (a) Bright field image (b) SAED output and (c) High-resolution image and FFT of the selected
area.

Fig. 7. DSC curves of the Fe73.5Si13B11Cr1C1.5 powder with �60 mm particle size (10 K/
min heating rate).

Table 2
Characteristic temperatures from the DSC curves of the three kinds of powder.

Powder Tx1 (K) Tp1 (K)

GA power 817.7 826.9
WA powder 820.9 826.4
CA powder 824.3 831
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heating temperature continually rising.
As seen in Fig. 8, no obvious peak appears in the XRD patterns of

the three kinds of powders annealed at 693 K, 743 K, and 793 K
below Tx1 in nitrogen for 1 h, which indicates that not much
crystallization took place in any powder. When an amorphous alloy
is annealed at a temperature below the first crystallization onset
temperature Tx1, structural relaxation occurs, and the atoms rear-
range from a high-energy amorphous state to a low-energy crystal
state. For the powder, the internal stress generated during atomi-
zationwas relieved. After the powder was annealed at 843 K, which
is above Tx1, sharp peaks appeared in the XRD pattern, and peaks
location and intensity conformed to ICDD card number 03-065-
9130, indicating the precipitation of the a-Fe(Si) crystalline phase.

Fig. 9 shows hysteresis loops and the partial enlarged detail
around zero of the annealed powder with�60 mmparticle size. The
magnetic polarization intensity Js of the WA powder, CA powder
and GA powder was 1.07 T, 1.09 T, and 1.12 T, and the coercivity Hc
was 151.7 A/m, 156 A/m, and 413.8 A/m, respectively. WA and CA
powders are almost amorphous, while GA powder generates some
5

a-Fe(Si) grains. The Js of powder can be expressed as following:

Js ¼ Jcrys Vcry þ Jams
�
1�Vcry

�
(2)

Here, Jscry and Jsam are the saturation magnetic polarization in-
tensity of crystalline and amorphous phases, and Vcry is the volume
fraction of the crystal phase. Because the amorphous phase con-
tains metalloid elements such as P and B, its Jsam is not generally
greater than 1.5 T, while the Jscry of crystalline phase a-Fe(Si) can
reaches 2.1 T. Therefore, when a-Fe(Si) crystal phase precipitates in
the GA powder, Js will rise up.

Hc of soft magnetic materials is proportional to the magneto-
crystalline anisotropy constant K1 and internal stress and is related
to irreversible magnetic domain displacement and domain rotation
during demagnetization [40]. The existence of a-Fe(Si) nanograins
with a preferential orientation inside the GA powder increases the
magnetocrystalline anisotropy of the powder. The higher cooling
rate of the WA powder leads to higher internal stresses. In a low
magnetic field, domain motion is hindered by magnetocrystalline
anisotropy more than internal stress. Therefore, despite higher in-
ternal stress in the WA powder, the coercivity of the WA powder is
lower than the GA powder. In addition, the grain boundaries of
disorderly distributed grains in GA powder pin domain walls and
impede the magnetic domain movement, which further increases
Hc. Themicrostructure and phase state are similar in the CA andWA
powder, and Hc is nearly equal as well.
3.2. Evaluation of powder application

To evaluate the application of Fe73.5Si13B11Cr1C1.5 (at%) atomi-
zation powder in soft magnetic composites, toroidal magnetic
powder cores were fabricated using the same process. Fig. 10 shows
the variation in the effective permeability me with increasing
annealing temperature. The effective permeability me of the GA, CA
and WA magnetic powder cores annealed at 423 K is respectively
19.2, 19.7, and 20.4 and increases gradually with annealing tem-
perature to the maximum values of 25.8, 26.9, and 29.7 after
annealing at 793 K. Subsequently, me drops sharply at the annealing
temperature of 843 K.

The magnetization process is affected by many factors. The
magnetization mechanism includes domain wall displacement and
domain rotation process. The resistance of domain wall displace-
ment comes from internal stress and impurities, while the resis-
tance of domain rotation is mainly affected by magnetocrystalline
anisotropy, internal stress and demagnetization field energy. The
initial permeability mi (or initial susceptibility ci) is proportional to
Js2 and inversely proportional to the saturation magnetostriction ls,
internal stress s, magnetocrystalline anisotropy constant K1 and
impurity concentration b inside the material.



Fig. 8. XRD patterns of the Fe73.5Si13B11Cr1C1.5 powder with �60 mm particle size annealed at different temperatures in nitrogen for 1 h: (a) WA, (b) GA and (c) CA.

Fig. 9. Hysteresis loops of the unannealed Fe73.5Si13B11Cr1C1.5 powder with �60 mm particle size: (a) Hysteresis loops and (b) Partially enlarged details of the loops.

Fig. 10. Effective permeability me of magnetic powder cores vs. annealing temperature.
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As seen from Fig. 8, when the powder was annealed below
793 K, no obvious crystallization occurred, but internal stress
generated during atomization and core formation was relieved,
thereby decreasing the magnetoelastic energy and enabling the
magnetic domains to move more easily, which tended to increase
me. When themagnetic powder cores were annealed at 843 K above
Tx1, crystallization occurred, and a-Fe(Si) grains precipitated, not
only increasing the magnetocrystalline anisotropy but also gener-
ating new grain boundaries, which hindered domain walls motion
and magnetization, so me began to degrade.
6

me ¼1þ 4p� ðmi � 1Þ
4pþ Nðmi � 1Þqi (3)

Under the same fabricating conditions, me of the magnetic
powder cores changes from high to low as WA > CA > GA. For soft
magnetic composites, magnetic charges aggregate on the surface of
the metal soft magnetic powder, resulting in a large demagneti-
zation field inside the powder. Note that me can be expressed as in
Refs. [41].

Here, qi is the volume percentage of a magnetic phase, mi is the
permeability of the phase, and N is the demagnetization factor.
Thus, me inversely depends on the demagnetization factor N of the
metal powder. TheWA powder has irregular particles, resulting in a
small demagnetization factor and a larger contact area between the
particles after pressing, so for the same binder (nonmagnetic
phase) content, me of the WA magnetic powder cores is higher than
other powders. Owing to point contact between the spherical
powder particles in the GA and CA powders and the resulting large
demagnetization factor, a relatively high demagnetization field
exists inside the magnetic powder cores, so me is lower for these
cores than for the WA magnetic powder cores. Furthermore, me of
the CA magnetic powder cores is slightly higher than the GA cores.
Because the cooling rate of the GA powder is lower than the CA
powder, a-Fe(Si) nanograins with a preferential orientation arise
inside the GA powder, which leads to easier crystallization upon
annealing and a highermagnetocrystalline anisotropy. As a result, it
is more difficult to magnetize the GA powder than the CA powder.

Magnetic powder cores are usually used under both direct
current (DC) and alternating current (AC) existing in a circuit, which
requires a suitable DC bias or DC superposition characteristic. That
is, in the superimposed DC magnetic field, the decrease in perme-
ability is as low as possible. Under this condition, the permeability
is called the incremental permeability [42]:
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mD ¼ 1
m0

DB
DH

(4)

Here, DH is the peak value of the alternating magnetic field
intensity, DB is the peak value of the corresponding magnetic in-
duction intensity, and m0 is the vacuum permeability. When the
alternatingmagnetic field intensity approaches zero, the limit value
of incremental permeability is defined as the reversible
permeability

mrev ¼ lim
DH/0

mD (5)

Fig. 11 is a schematic diagram of the incremental permeability
[35]. Under a certain DC magnetic field, an AC magnetic field with
an amplitude of DH/2 is superimposed on the magnetization curve
to form a small elliptical hysteresis loop at one point on the
magnetization curve. As the DC magnetic field increases, the
magnetic induction intensity gradually reaches the saturation
magnetic induction intensity Bs, and magnetization becomes
increasingly difficult. The slope of the small hysteresis loop also
gradually tilts toward the H axis, thus decreasing the incremental
permeability. The tendency of saturation in the magnetic powder
cores is the reason for the decrease in the incremental permeability.
Delaying this saturation tendency is a way to improve the DC bias.

The decreasing trend in the incremental permeability with an
increasing DC magnetic field is related to the material, shape, and
particle size of the powder and the preparation process of the
magnetic powder core. With a lower stress and fewer inclusions
and defects inside the material, the reversible magnetization stage
is prolonged, which can delay reaching saturation. The variation in
the relative permeability of cores annealed at 793 K with an
increasing DCmagnetic field is shown in Fig.12. The permeability of
all three kinds of magnetic powder cores decreases with the field
strength. Here, the permeability of the WA magnetic powder cores
drops the most, followed by the GA cores permeability and finally
the CA cores permeability. Under a DC magnetic field of 7.96 kA/m,
the relative permeability of the cores is 83.3%, 80.1%, and 75.9%,
respectively, which indicates that the CA magnetic powder cores
have the best DC bias performance. Because of the identical
composition, nearly identical particle size, and identical prepara-
tion process for the three cores, the powder shape and internal
state of the material are the factors primarily influencing the DC
Fig. 11. Schematic diagram of incremental permeability.

7

bias characteristics. As mentioned above, a demagnetization field
exists between the particles, so the actual magnetic field intensity
inside the material is lower than the applied magnetic field. The
actual magnetic field intensity between spherical powder particles
with a high demagnetization field is lower than the irregular
powder with a low demagnetization field, so the CA and GA mag-
netic powder cores tend to saturate more slowly than the WA
magnetic powder cores. In addition, more crystalline phases exist
in the GA powder, which makes reversible magnetization more
difficult than for the CA powder, resulting in a faster decrease in the
incremental permeability for the GA powder than for the CA
powder.

To save energy, reduce the operating temperature of magnetic
powder cores and prolong the service life of electronic devices, the
energy loss of the magnetic powder cores should be minimized.
The core loss consists of three parts: the hysteresis loss, residual
loss, and eddy current loss, wherein the residual loss comes from
magnetization relaxation and resonance of the domain walls,
which is only important under high frequencies andweakmagnetic
fields. By omitting this residual loss, the total loss can be expressed
in Ref. [43]:

Pcv ¼ Ph þ Pe ¼ KhB
n
mf þ KeB2mf

2 (6)

Here, Pcv is the total core loss, Kh is the hysteresis loss coefficient,
Ke is the core loss coefficient, Bm is themagnetic field amplitude, f is
the frequency, and n is a constant.

The hysteresis loss and eddy current loss have different gener-
ation mechanisms, so it is necessary to separate them within the
total loss. At constant Bm, dividing both sides of Eq. (6) by f yields:

Pcv
f

¼KhB
n
m þ KeB2mf ¼ aþ bf (7)

Pcv/f is linearly related to f. Measuring the total loss at different
frequencies and linearly fitting data points, one can obtain the
hysteresis loss and eddy current loss as

Ph ¼ af (8)

Pe ¼ bf 2 (9)

Fig. 13 shows a comparison between themeasured total loss and
the sum of the calculated hysteresis loss and eddy current of
Fig. 12. DC bias of the magnetic powder cores annealed at 793 K.



Fig. 13. Core loss comparison between the measured and calculated values of mag-
netic powder cores annealed at 793 K (Bm ¼ 0.05 T).

Fig. 15. Hysteresis loss of magnetic powder cores annealed at different temperatures
(f ¼ 50 kHz, 100 kHz; Bm ¼ 0.05 T).
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magnetic powder cores annealed at 793 K according to Eqs. (7)e(9).
The relative error is larger at low frequencies (10 kHz, 50 kHz), and
the maximum is 27%. However, the relative error is less at high
frequencies (100 kHz, 150 kHz, 200 kHz), and the maximum is 7%.
The authors find the calculated results acceptable. Fig. 14 shows the
measured loss values of cores annealed at different temperatures
under f¼ 100 kHz and Bm ¼ 0.05 T. The total core loss of GA, CA and
WA cores annealed at 423 K is 1083 mW/cm3, 991 mW/cm3, and
1291 mW/cm3, respectively. With the rising annealing tempera-
ture, the core loss decreases gradually to a minimum of 278 mW/
cm3, 258 mW/cm3, and 306 mW/cm3, respectively, for 793 K
annealing. When the annealing temperature is increased further to
843 K, the corresponding core loss increases sharply to 1375 mW/
cm3, 1278 mW/cm3, and 1509 mW/cm3.

Figs. 15 and 16 show the calculated hysteresis loss and eddy
current loss, respectively, both of which exhibit a consistent change
trend with the total loss. Under the same test conditions, the hys-
teresis loss is larger than the eddy current loss. With the annealing
temperature rising, the stress caused in the powder during the
Fig. 14. Measured total core loss of magnetic powder cores annealed at different
temperatures (f ¼ 100 kHz, Bm ¼ 0.05 T).

Fig. 16. Eddy loss of magnetic powder cores annealed at different temperatures
(f ¼ 100 kHz, Bm ¼ 0.05 T).
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atomization process and core fabrication decreases gradually, so
the obstacles to domain wall movement decrease. After annealing
at 793 K, the hysteresis loss of the cores decreases to their mini-
mum values: 213 mW/cm3, 172 mW/cm3, and 166 mW/cm3 for the
WA, GA and CA magnetic powder cores, respectively. When
annealed at 843 K above the first crystallization temperature Tx1, all
three powders are substantially crystallized, and the generated a-
Fe(Si) nanograins increase themagnetocrystalline anisotropy of the
material, resulting in a great increase in the hysteresis loss.

The eddy current loss also first decreases and then increases
with the annealing temperature. In the cores annealed at 793 K, the
eddy current loss is the lowest: 98 mW/cm3, 90 mW/cm3, and
73 mW/cm3 for the WA, GA and CA cores, respectively. When the
annealing temperature rises to 843 K, the eddy current loss also
increases, but the amplitude is smaller than the hysteresis loss. The
eddy current loss is directly related to the resistivity of the material.
No long-range order exists in an amorphous alloy, but there is a
short-range order. Electrons scattered by disordered atoms and
vacancy defects predominantly determine the resistivity at room



Fig. 17. Comparison of me and core loss of crystalline and amorphous powder cores: (A)
Fe50Ni50 (wt%), (B) Fe93.5Si6.5 (wt%), (C) Fe89.5Si5Cr5.5 (wt%), (D) Fe78Si9B13 (at%), and (E)
Fe73.5Si13B11Cr1C1.5 (at%).
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temperature. During the annealing process, amorphous alloys un-
dergo a relaxation process and transition tomore stable amorphous
or crystalline states, thereby changing the structural and chemical
short-range ordering. At lower annealing temperatures, atoms with
smaller diameters such as B and Si move short distances to create
vacancies and disrupt this short-range order, consequently
increasing the resistivity. With the annealing temperature rising,
the completion of atomic rearrangement tends to increase the
ordering until crystallization begins and grains form; as a result,
electron scattering decreases, the alloy conductivity increases, and
the resistivity decreases [44]. As a result of this change in the re-
sistivity, the eddy current loss first decreases and then increases.

Figs. 14e16 also show that at the same annealing temperature,
the total loss of theWA powder cores is the highest, followed by the
GA powder cores and then by the CA cores. The CA powder particles
have the most spherical shapes and the smoothest surfaces, which
is beneficial for insulation coating, while the protrusions on the
surfaces of the irregular particles in the WA powder can easily
puncture the insulating layer when cores are fabricated, causing
eddy current to pass between particles and a resulting higher loss.

Both magnetocrystalline anisotropy and stress anisotropy
hinder domain movement; although there is no macroscale mag-
netocrystalline anisotropy in amorphous alloys, there is stress
anisotropy. WA has the fastest cooling rate in the three kinds of
atomization processes, which results in a larger internal stress in-
side the powder particles, so during repeated magnetization, the
hysteresis loss is higher than the other two processes. In contrast,
GA and CA have lower cooling rates, resulting in less internal stress
and a lower hysteresis loss. Furthermore, because a nanocrystalline
a-Fe(Si) phase forms inside the GA particles, the corresponding
magnetocrystalline anisotropy is higher than the CA powder, so the
hysteresis loss of the CA powder is higher than the GA powder.

In order to compare the properties of Fe73.5Si13B11Cr1C1.5 (at%)
powder with other soft magnetic powders, Fe50Ni50 (wt%),
Fe93.5Si6.5 (wt%), and Fe89.5Si5Cr5.5 (wt%) crystalline powder cores,
and Fe78Si9B13 (at%) amorphous powder cores were fabricated with
the same forming pressure and binder content. As seen in Fig. 17,
although me of the Fe73.5Si13B11Cr1C1.5 (at%) powder cores is lower
than crystalline powder cores, the core loss is the lowest among
these alloys powder, which indicates that the CA powder is suitable
for high-frequency applications.
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4. Conclusions

Aiming to obtain the spherical amorphous powder, the authors
developed CA technology, prepared Fe73.5Si13B11Cr1C1.5 (at%)
amorphous powder by the WA, GA and CA processes and corre-
sponding magnetic powder cores, and compared the properties of
the resulting preparations. The results indicate that:

C The cooling rate of metal droplets during GA is the lowest
among the three techniques, and a-Fe(Si) nanograins with
preferred orientation precipitate inside the �60 mm powder.
The cooling rate of the metal droplets during WA and CA is
higher than that of GA, and the �60 mm powder is entirely
amorphous. Hc of WA, CA and GA is 151.7 A/m, 156 A/m, and
413.8 A/m, respectively. The WA powder contains some
irregular particles, but the CA powder particles are almost
spherical.

C When the magnetic powder cores are annealed at temper-
atures below Tx1, the effective permeability me increases and
the core loss decreases with temperature. When the tem-
perature exceeds Tx1, me decreases rapidly, and the core loss
increases sharply. When the magnetic powder cores are
annealed at 793 K, me reaches the maximum whereas the
core loss reaches the minimum. Furthermore, me of the WA,
GA and CA magnetic powder cores is 29.7, 25.8, and 26.9,
respectively, and the corresponding total core loss is
306 mW/cm3, 278 mW/cm3, and 258 mW/cm3, wherein the
hysteresis loss accounts for the majority of the total core loss.

C The CA magnetic powder cores have the best DC bias char-
acteristic of the three types. The relative permeability is
83.3% at an applied DC magnetic field of 7.96 kA/m.
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