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ABSTRACT

In this research, Fe-Si-B/carbonyl iron soft magnetic composites were prepared
with the aim of having low magnetic loss and temperature-dependent charac-
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19 May 2023 teristics. An increase in the carbonyl iron powder content resulted in an increase
of saturation magnetization intensity in the Fe-Si-B/carbonyl iron hybrid
© The Author(s), under powder. The presence of carbonyl iron particles improved the coupling between

the Fe-Si-B particles, reducing iron loss and enhancing the magnetic perme-
ability of the soft magnetic composites, resulting in excellent magnetic proper-
ties even at high frequencies and temperatures. However, when the content of
carbonyl iron powder surpassed 25% and reached 40%, its effect on the mag-
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netic performance of the soft magnetic composites decreased.

1 Introduction

The rapid development of the power electronics
industry has driven the demand for electronic
equipment with high frequency, small integration,
light weight, and excellent DC superposition char-
acteristics. This has led to a growing need for power
magnetic materials that can function under high-fre-
quency transmission conditions, which is crucial for
the advancement of ultra-large-scale digital-inte-
grated circuits in high frequency [1, 2]. Soft magnetic
composite materials are an integral part of integrated
circuits and come in various forms, including FeSi,
Mn-Zn ferrite, Fe-Si-B-P-Cu, Fe-Si-B, and Fe-Cu-
Nb-Si-B, etc. According to the different properties of

these magnetic powders, they are usually used in
different fields. For example, FeSi is mainly used in
magnetic cores for filters and inductors. The high-
permeability Mn-Zn ferrite material is mainly used
in electronic circuits for wideband transformers,
pulse transformers, and other fields. The magnetic
permeability of Fe-5i-B series amor-
phous/nanocrystalline alloy powder is lower than
the above two soft magnetic materials, but it has the
advantages of higher resistivity, high-saturation flux
density, etc., which can be used in switching power
supply and power inductors. [3-6]. As digital-inte-
grated circuits continue to shrink in size and increase
in frequency, soft magnetic composites are facing
higher performance demands. The ability to maintain
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low magnetic loss and high magnetic permeability
under high-frequency magnetic fields is essential in
determining the performance of these materials.

Studies have been conducted on the properties of
soft magnetic composites operating at high frequen-
cies > 1 MHz [7-9]. Fe-Si-B amorphous composites
are popular due to their high-saturation magnetic
induction, low high-frequency magnetic losses, and
low coercivity [10, 11]. The magnitude of eddy cur-
rent losses depends on factors such as frequency,
amplitude, and shape of the magnetic field, as well as
the geometric shape and size of the material. Amor-
phous metals have lower eddy current losses at high
frequencies compared to crystalline metals because of
their unique disordered atomic arrangement [12, 13].
However, Under the same molding pressure, the
high hardness of amorphous magnetic powder
makes the forming of soft magnetic composite
materials more difficult than that of iron-nickel and
iron-silicon magnetic powders [14]. This leads to
strong interaction forces during the pressing process,
which affects the performance of the composite
material. Increasing the molding pressure decreases
the yield, while lowering it decreases the perfor-
mance of the composite.

In this paper, a novel method for fabricating soft
magnetic composites with high-frequency character-
istics is proposed. High frequency with low magnetic
losses soft magnetic composites were prepared by
adding low hardness and small particle size carbonyl
iron powder to Fe-5i-B amorphous powder particles.
Carbonyl iron powder has the characteristics of small
particle size (below 10 pm). Which is widely used in
the manufacture of magnetic materials because of its
high magnetic flux rate at high frequency and ultra-
high frequency and has an irreplaceable role in the
preparation of high-frequency soft magnetic com-
posite materials. The carbonyl iron powder particles
with low hardness and small particle size not only
play the role of filling the gap during the pressing
process of the soft magnetic composite material, but
also can effectively improve the cracking phe-
nomenon caused by the large internal stress of the
Fe-Si-B amorphous soft magnetic composite mate-
rial. Specifically, the method produces composites
with magnetic loss below 500 kW/m> at a magnetic
induction intensity of 20mT and a frequency of
1 MHz.
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2 Experimental materials and methods

High-frequency soft magnetic composites were pre-
pared using Fe-Si-B amorphous powder as raw
material and carbonyl iron powder as additive in this
experiment. The Fe-Si-B amorphous powder pre-
pared by the combined water and gas atomization
method contains 2.4wt% Si, 3.5wt% B, 0.6wt% C,
0.5wt% Cr, and Fe in balance. BASF’s carbonyl iron
powder with different mass ratios were added to Fe-
Si-B amorphous powders to preparation of soft
magnetic composites. By testing the magnetic prop-
erties of several groups of soft magnetic composites,
the effects of different content of carbonyl iron
powder additives on the magnetic losses, perme-
ability, and other properties of soft magnetic com-
posites at high frequency were investigated. The
content of carbonyl iron powder additive is 7.7wt%,
14.3wt%, 25.0wt%, and 40.0wt% of Fe-Si-B/carbonyl
iron-mixed powder, respectively.

The powder particles were uniformly passivated
with 0.2wt% phosphoric acid solution diluted with
10wt% acetone solution, and 2wt% high-tempera-
ture-resistant silicone resin diluted with 10wt% ace-
tone solution was used as a binder. The Fe-Si-B/iron
carbonyl hybrid powder particles were prepared in
long strips by granulation, which is conducive to
particle flow, and 0.2wt% aluminum stearate as a
lubricant is beneficial to the compression molding of
the soft magnetic composite. The soft magnetic
composites were molded with a pressure of
1500 MPa, dimensional parameters of 14.00 mm
outer diameter, 7.95 mm inner diameter, and
annealed to 420 °C for 120 min. After annealing, the
magnetic properties such as relative permeability,
magnetic loss, and complex permeability were tested
by winding 25 turns of insulated copper wire on the
surface of the soft magnetic composite.

The particle size distribution of the powder parti-
cles was measured by a HELOS&RODOS laser par-
ticle size analyzer. X-ray diffractometer was used for
phase analysis of powder particles and the mor-
phology of powder particles before and after granu-
lation was photographed by Hitachi s-3000n scanning
electron microscope. The hysteresis loops of the
powder samples were tested using a LakeShore 7404
vibrating sample magnetometer. The element distri-
bution and valence state of the powder surface were
tested by JXA-8530 F PLUS EPMA and thermo sci-
entific K-Alpha + X-ray electron spectrometer,
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respectively. The tests on the relative permeability
and iron loss of the soft magnetic composites were
performed using the IWNATSU soft magnetic B-H SY-
8219 analyzer from Iwasaki. The complex perme-
ability of the soft magnetic composites was measured
by using a WK6500b precision impedance analyzer.

3 Results and discussion

The XRD patterns of Fe-Si-B and carbonyl iron
powders are shown in Fig. 1a, and the XRD patterns
of Fe-5i-B show a typical amorphous state. The
particle size distribution of Fe-Si-B amorphous
powder and carbonyl iron powder is shown in
Fig. 1b. The particle size distribution test results
show that the particle size of carbonyl iron is much
smaller than that of Fe-Si-B powder, which helps
carbonyl iron particles to fill the voids between Fe—
Si-B particles effectively. The morphologies of Fe-Si-
B amorphous powder and carbonyl iron powder are
shown in Fig. 1c and d, and the approximately
spherical particles are more conducive to the molding
of soft magnetic composites. The particle morphology
of the powder after granulation is also shown in
Fig. 1e and f. The spherical carbonyl iron powder
with small particle size is filled in the gaps between
the large particles to act as a lubricating buffer to
increase the density and improve the performance of
the soft magnetic composite. The EPMA test results
of Fe-Si-B/25%wt carbonyl iron hybrid particles
after insulation coating are shown in Fig. 2. The
phosphoric acid passivation and high-temperature-
resistant silicone resin-insulation-coating process can
form an insulating layer on the surface of the powder
particles, which can effectively reduce the high-fre-
quency magnetic loss of the soft magnetic compos-
ites. The EPMA test results on the surface of the
mixed particles show that the phosphoric acid and
high-temperature-resistant silicone resin contain Si,
P, and O elements uniformly distributed on the sur-
face of the particles, which indicates that the insula-
tion coating effect is good and uniformly forms an
insulation layer on the surface of the powder parti-
cles. The magnetic loss of the soft magnetic composite
material prepared before and after insulation coating
under the conditions of magnetic induction intensity
of 20mT and 1MHz were 554.13 kW/m’® and
474.36 KW/m>, respectively. This indicates that
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insulation coating can effectively reduce the loss of
soft magnetic composite materials.

Figure 3 shows the XPS results of Fe-Si-B and Fe-
Si-B/ferric carbonyl hybrid powder coatings. Fig-
ure 3a shows the presence of Fe, O, P, Si, and B ele-
ments on the surface of the powder particles after the
insulating coating. The addition of different mass
fractions of carbonyl iron powder had no effect on the
surface elements of the hybrid particles after coating.
The detailed information of each element is shown in
Fig. 3b—f [14, 15], which shows that the addition of
carbonyl iron powder has no negative effect on the
insulation coating effect of the hybrid particles.
Referring to Figs. 1, 2, and 3, the carbonyl iron
powder effectively filled the voids between the large
particles and the insulating coating process formed a
relatively uniform insulating coating layer on the
surface of the particles.

The VSM detection results of Fe-Si-B and Fe-Si-
B/carbonyl iron hybrid particles after insulation
coating are shown in Fig. 4a. The hysteresis lines of
the five groups of powder particles after insulation
cladding were tested with a vibrating sample mag-
netometer, and the test results showed that the sat-
uration magnetization intensity of the powder
particles increased with the increase of the mass
proportion of carbonyl iron powder. The saturation
magnetization intensity of the powder particles
directly affects the high-frequency performance of the
soft magnetic composites. The high-frequency per-
formance of the soft magnetic composites was
enhanced with the increase of the saturation magne-
tization intensity of the magnetic powder. With the
increase of the mass ratio of carbonyl iron powder,
the magnetization intensities of the five groups of
powder particles at 1 T magnetic field were 166.84
emu/g, 171.55 emu/g, 176.09 emu/g, 176.81 emu/g,
and 185.39 emu/g, respectively. The coercivity and
remanence of the mixed powder particles hardly
changed with the increase of the mass ratio of car-
bonyl iron powder, maintaining the excellent soft
magnetic properties, as shown in Fig. 4b.

In order to research the effects of Carbonyl iron
additives on the molding process of soft magnetic
composite materials, the density of soft magnetic
composite materials was detected, and the test results
are shown in Table 1. The density of soft magnetic
composites increases with the increase of carbonyl
iron additive content, which indicates that carbonyl
iron additive can significantly reduce the interaction
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Fig. 1 a XRD results of carbonyl iron and Fe-Si-B powders,
b Particle size distribution of carbonyl iron and Fe-Si-B powders
(c) and d Morphology of Fe-Si-B amorphous powder and

force between Fe-Si-B amorphous particles during
the compression of soft magnetic composites. During
the compression molding process, the carbonyl iron
additive not only fills the voids between the particles,
but also acts as a lubricant to reduce the friction
between the particles and prevent the insulation
coating from peeling off. The density of soft magnetic
composites is also one of the important factors
affecting their magnetic properties. The increase in
density leads to the reduction of voids inside the soft
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iron powder (e) and f Morphology of Fe-Si-
B/carbonyl iron-mixed powder after granulation

magnetic composites, which can significantly
increase the magnetic permeability of soft magnetic
composites 16-19]. The microstructure of soft mag-
netic composites was photographed to investigate
more visually the effect of carbonyl iron additives on
the density of soft magnetic composites. Figure 5
shows the microstructure of the soft magnetic com-
posites with carbonyl iron content of Owt% and
25wt%, respectively. It can be seen from the fig-
ure that the soft magnetic composites without
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Fig. 3 a XPS full spectrum detection results of Fe—Si—B/carbonyl iron-mixed powder particles after adding different mass fractions of
carbonyl iron powder, b Fe2p, ¢ Si2p, d Bls, e Ols, and f P2p

carbonyl iron additives have almost no deformation
of the internal particles, which makes it possible that
there are more voids between the particles and is the
reason for their low density. The soft magnetic

composites with carbonyl iron additives contain a
large number of deformed carbonyl iron particles,
which leads to a significant increase in the density of
the soft magnetic composites.
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Fig. 4 Hysteresis loops of Fe—Si—B/carbonyl iron-mixed powder
particles after adding carbonyl iron particles with different mass
fractions

In order to further research the properties of Fe-Si-
B/carbonyl iron soft magnetic composites, the iron
loss and relative permeability of Fe-Si-B/carbonyl
iron soft magnetic composites were tested under
different magnetic induction magnitude B,, and
magnetic field frequencies. The relative magnetic
permeability of Fe-Si-B/carbonyl iron soft magnetic
composites at different frequencies when the mag-
netic induction strength is 50 mT is shown in Fig. 6a.
The magnetic permeability of the soft magnetic
composites was significantly increased by about 25%
with the increase of the proportion of carbonyl iron
powder. In addition, the relative permeability test
results show that the relative permeability of the soft

' ] Mater Sci: Mater Electron (2023) 34:1169

magnetic composites has excellent stability. The rel-
ative magnetic permeability of the soft magnetic
composites fluctuated within a small range with the
change of magnetic field frequency. The iron loss of
Fe-Si-B/carbonyl iron soft magnetic composites at
different frequencies is shown in Fig. 6c. Magnetic
field frequency is an important factor affecting the
iron loss of soft magnetic composites. The iron loss of
soft magnetic composites also increases rapidly with
the increase of magnetic field frequency, and the
addition of carbonyl iron powder particles has a
subtle effect on the iron loss of soft magnetic com-
posites below 1 M frequency. Under the same con-
ditions, the iron loss of soft magnetic composites
decreases with the increase of carbonyl iron content.

The relative permeability and iron loss of the soft
magnetic composites were tested at a magnetic
induction strength of 20 mT at high-frequency mag-
netic fields. The test results showed that the relative
magnetic permeability of Fe-Si-B/carbonyl iron soft
magnetic composites still had excellent stability
under high-frequency magnetic fields, as shown in
Fig. 6b. With the increase of the weight ratio of car-
bonyl iron powder particles, the iron loss of Fe-Si-
B/carbonyl iron soft magnetic composites under
high-frequency = magnetic  field  significantly
decreased, indicating that the addition of carbonyl
iron powder particles reduced the iron loss Soft
magnetic composites at high frequency. When the
mass proportion of carbonyl iron powder particles is
greater than 25%, the decreasing trend of iron loss of
soft magnetic composites becomes slow, as shown in
Fig. 6d. The iron losses of the five groups of samples

Table 1 Density of soft

magnetic composites with Owt%

Content

7. 7Twt%

14.3wt% 25.0wt% 40.0wt%

different carbonyl iron additive

Density 6.178 £+ 0.022

6.321 £+ 0.092

6.485 £ 0.024  6.708 £ 0.026  6.920 £ 0.019

contents (g/cm®)

Fig. 5 Microstructures of the
soft magnetic composites with
carbonyl iron content of Owt%
and 25wt%. a Owt% and

b 25wt%
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Fig. 6 a and b Relative permeability as function of magnetic field
for Fe-Si-B/carbonyl iron soft magnetic composites with different
carbonyl iron contents measured at 50 and 20 mT. ¢ and d The

at 1 MHz magnetic field frequency are 521.51 kW/
m’, 519.33 kW/m®, 495.53 kW/m®, 474.36 kW/m’,
and 492.98 kW/m>, respectively, which are lower
than the values reported in the literature [7, 20, 21].

In general, the iron loss of soft magnetic compos-
ites is the result of the combined effect of hysteresis
loss and dynamic loss. Hysteresis loss (P) as the loss
due to hysteresis behavior can be obtained by calcu-
lating the area of the hysteresis loop. Hysteresis loss
can usually be expressed by Eq. 1. The dynamic loss
mainly includes the eddy current loss between par-
ticles (P™"), the eddy current loss inside the particle
(PZ?’”), and the residual loss (P,) [22-26]. They can be
expressed as follows:

ua
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content of carbonyl iron and frequency at Bm = 50mT and 20mT

P, =f}{HdB, (1)

where f is the frequency, H is the magnetic field,
and B is the magnetic induction.
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where d,gis the effective diameter of eddy current
which can be regarded as the thickness of the Fe-Si-
B/carbonyl iron soft magnetic composites, f is the
geometric coefficient, drcis the diameter of the Fe-Si-
B/carbonyl iron particles, pgyc, is the resistivity of
the soft magnetic composite, prc is the resistivity of
the Fe-Si-B/carbonyl iron particles, G is the dimen-
sionless coefficient, S is the cross section of the Fe-Si—
B/carbonyl iron soft magnetic composites perpen-
dicular to the magnetic flux direction, and n is the
number of active domain walls. The iron losses of the
soft magnetic composites under different magnetic
field conditions were separated by a nonlinear fitting
method, and the data obtained are shown in Fig. 7. It
can be seen from Fig. 7a and b that the hysteresis loss
and dynamic loss of the soft magnetic composites
vary with the increase of the carbonyl iron additive
content. The increase in carbonyl iron content leads to
a rise in hysteresis loss and a decrease in dynamic
loss in soft magnetic composites. The dynamic loss of
soft magnetic composites is highly sensitive to
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magnetic field frequency and magnetic induction
magnitude, and the dynamic loss increases rapidly
with the increase of magnetic induction magnitude
and magnetic field frequency. However, the dynamic
loss of Fe-Si-B/carbonyl iron soft magnetic com-
posites at high frequencies shows a decreasing trend
with the increase of carbonyl iron additive content, as
shown in Fig. 7d. Soft magnetic composites have
severe eddy current effects at high frequencies.
Although the small voids inside the soft magnetic
composites help reduce eddy current losses, a high
resistivity insulating cladding can reduce eddy cur-
rent losses more effectively. The use of carbonyl iron
powder particles with D50 of 4.27 pm mixed with
large particle size Fe-Si-B can fill the gaps between
large powder particles. The presence of carbonyl iron
powder enhances the coupling between the particles
and contributes to less eddy current loss at high fre-
quencies. Meanwhile, the insulating coating on the
surface of the particles within the high-density soft
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Fig. 7 Different frequency at 50 mT and 20mT for different carbonyl iron contents Fe—Si—B/carbonyl iron soft magnetic composites with
loss separation including (a)/(b) hysteresis loss and (c¢)/(d) dynamic loss
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magnetic composite can effectively reduce the effect
of eddy current effect at high frequencies.

The relative permeability and iron loss of Fe-Si-
B/carbonyl iron soft magnetic composites were tes-
ted at five temperature points of 25 °C, 50 °C, 75 °C,
100 °C, and 125 °C at different magnetic induction
magnitude to research the temperature stability of
Fe-Si-B/carbonyl iron soft magnetic composites, and
the results are shown in Fig. 8. The magnetic per-
meability of the soft magnetic composites increased
slightly with the increase of the test temperature, and
accordingly, the iron loss of the soft magnetic com-
posites decreased slightly with the increase of the
temperature. The analysis of the relative permeability
and iron loss test results of Fe-Si-B/carbonyl iron
soft magnetic composites over a wide temperature
range shows that the Fe-Si-B/carbonyl iron soft
magnetic composites have a low temperature
dependence in the temperature range of 25 to 125 °C.
Meanwhile, the relative permeability and iron loss of
the soft magnetic composites remain excellent at
higher temperatures compared to room temperature.

The above mentioned that the addition of carbonyl
iron additives will improve the high-frequency per-
formance of soft magnetic composites. To verify this
claim, the complex permeability tests were per-
formed for Fe-Si-B/carbonyl iron soft magnetic
composites with different carbonyl iron contents
below 100 MHz with frequency variation, and the
results are shown in Fig. 9. It can be seen from Fig. 9
that the real part pi’ of the complex permeability of the
soft magnetic composite material has good high-
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frequency stability below 10 MHz. The permeability
of soft magnetic composites increased from 30 to
about 38 with the increase of carbonyl iron additive
content. The imaginary part p” of the complex per-
meability of Fe-Si-B/carbonyl iron soft magnetic
composites in Fig. 9 also has excellent high-frequency
stability in the range of 0.1 to 10 MHz, and the con-
tent of carbonyl iron additives has almost no effect on
it. When the frequency is 1 MHz, the corresponding
imaginary parts p” of the soft magnetic composites
with 0 wt%, 7.7 wt%, 14.3 wt%, 25.0 wt%, and 40.0
wt% of carbonyl iron additives are about 0.092, 0.106,
0.115, 0.125, and 0.128, respectively, which are much
smaller than the values reported in Refs [27-29],

Real part @ 0wt% v 25.0wt% |
50 F 2
o TIWt% ©  40.0wt% R
< 40 A 143wt% o 20
N Booooooonaeoaaaaaaaaaa0000000000000000000000000033330000000000 .
3() e i
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Fig. 9 Complex permeability of Fe-Si—B/carbonyl iron soft
magnetic composites with different carbonyl iron contents below
100 MHz
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Fig. 8 Relative permeability and iron loss of Fe-Si-B/carbonyl iron soft magnetic composites at different temperatures and external

magnetic fields (25wt% carbonyl iron)
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indicating that the soft magnetic composites have a
lower magnetic loss at high frequencies and are
suitable for high-frequency devices. The results in
Fig. 9 also show that the cutoff frequency f; is well
above 50 MHz for all Fe-Si-B/carbonyl iron soft
magnetic composites, so the residual loss caused by
the positive and negative transformation of the high-
frequency magnetic field can be ignored.

In this study, the magnetic property characteriza-
tion of annular soft magnetic composite samples is an
important step in the development of power induc-
tors. On the premise of reducing the magnetic loss of
soft magnetic composites as much as possible, dif-
ferent types of power inductors can be designed
based on the permeability of soft magnetic compos-
ites to meet the different requirements of integrated
circuits.

4 Conclusions

In summary, a novel method of preparing high-fre-
quency Fe-Si-B/carbonyl iron soft magnetic com-
posites with low iron loss characteristics by adding
carbonyl iron powder with high-saturation magneti-
zation intensity is proposed. The saturation magne-
tization intensity of Fe-Si-B/carbonyl iron hybrid
powder particles increases with the increase of mass
fraction of carbonyl iron powder. The density of the
soft magnetic composites increased with the increase
of the mass ratio of carbonyl iron powder. SEM
images of soft magnetic composites show that the
filling of small carbonyl iron particles between the
voids is an important factor in the increase of density
of soft magnetic composites. With the increase of
carbonyl iron powder content, the relative perme-
ability and iron loss of Fe-Si-B/carbonyl iron soft
magnetic composites were optimized accordingly.
The loss separation of the iron loss reveals that the
dynamic loss of the soft magnetic composites domi-
nates the loss at high-frequency conditions. Soft
magnetic composites fabricated at the same time have
sound temperature stability and the temperature
variation has less effect on their performance. The
results of complex permeability tests show that Fe-
Si-B/carbonyl iron soft magnetic composites have
excellent high-frequency stability. This study has
potential commercial value in the research and
development application of high-frequency power
electronic devices.
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